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Abstract: The (110) facets of hematite have excellent adsorption performance for chromium. We
aim to obtain hematite with a large specific surface area and exposed (110) facets by using natural
needle-like goethite as the precursor. The derived hematite shows a significant increment in the
removal capacity of chromium by six times compared with goethite under the same experimental
conditions. Structural model fitting of extended X-ray absorption fine structure (EXAFS) spectroscopy
suggested that the interatomic distance of Cr-Fe was approximately 3.6 Å for the Cr (VI) coordinated
hematite with exposed (110) facets, which was characteristic of the form of bidentate binuclear surface
complex. Molecular dynamic simulations for the arrangement of Cr (VI) in (110) facets of goethite
and hematite indicated the superiority of hematite adsorption for chromium. We optimized efficient
and economic permeable reactive barrier (PRB) materials by crystal plane adjustment based on these
experimental and theoretical results. It was found that the life span of the column even reached 610
PVs when the initial concentration of Cr (VI) was 20 mg/L, which indicates its potential application
in the field of PRB medium material.

Keywords: hematite; goethite; (110) facet; PRB; adsorption; Cr (VI)

1. Introduction

Hexavalent chromium, Cr (VI), is a common groundwater contaminant [1,2]. Long-
term exposure to Cr (VI) will significantly impact human health and can even cause cancer
and distortion [3]. Chromium exists in two stable forms of Cr (III) and Cr (VI) in natural
water. Chromium’s toxicity, stability, and solubility depend on its oxidation state. Cr (VI)
has higher solubility and toxicity than Cr (III), and Cr (III) can be complexed by organic
acid to be made bioavailable [4]. In soil environments, Cr (VI)’s mobility, reactivity, and
bioavailability depend on adsorption reactions on iron oxide minerals [5,6]. Due to their
superior adsorption performance, abundant reserves, and environmentally benign nature,
iron oxides attract intensive attention [7,8]. Chromate exists in the form of anions in water
and is usually combined with a positively charged adsorbent on the surface, especially iron
oxides like hematite [9].

Natural hematite from different origins or synthesized by various methods has dif-
ferent exposed crystal facets and mainly expose (101), (112), (110), and (104) facets [10,11].
Hematite is usually facet-dependent for removing pollutants [12,13]. Different distributions
of hydroxyl sites vary from every crystallographic facet, so there are wide variations in
adsorption capacities for pollutants caused by the facet differentiation [14–17]. Based on
the above research, the adsorbent can have higher adsorption performance by adjusting
different exposed crystal facets [14,18]. Huang et al. used different synthesis methods to
prepare hematite with different exposed crystal facets. They found that the adsorption
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of Cr (VI) on (110) facets of hematite was higher than that on (001) facets [19]. In recent
years, more porous minerals with the micro-/meso-porous structure have been used to
remove pollutants, such as Cr (VI), from aqueous because of their high specific surface
area (SSA) [20,21]. Permeable reactive barrier (PRB), an in situ remediation technology,
uses porous materials as a medium to remove contaminants from groundwater [22,23].
Various calcined-based adsorbents with chemical stability are used because of their large
ionic exchange capacity and low density, especially porosity [24,25]. It has been found that
porous hematite has a better removal effect on As (V), which was prepared by calcinating
natural siderite and goethite [26]. Previous studies have shown that naturally occurring
iron (hydrogen) oxides may have better reactivity than synthetic ones [27]. Calcinating
pristine goethite at different temperatures will produce many internal pores and become
hematite after dehydration, which significantly improves its surface area [28].

In this paper, hematite with larger internal pores was prepared by calcining the
precursor—natural goethite—and the produced hematite had higher exposure to specific
crystal facets (110). The pristine mineral and calcined products were characterized by
XRD (X-ray diffraction), HRTEM (High-resolution transmission electron microscopy), FTIR
(Fourier transform infrared spectrometer), and BET (Brunauer–Emmet–Teller) to ascertain
the effect and rules of calcining temperature on its morphology and phase transformation.
The adsorption process was studied by equilibrium and kinetic adsorption experiments.
According to the results of static adsorption, the hematite (goethite calcined at 350 ◦C for
1 h) was used for the first time as the filler of a PRB column, and the service life of the
barrier was estimated.

2. Materials and Methods

The natural goethite and hematite were collected from Chenzhou, Hunan Province, in
southern China. The crude ore was crushed and sieved through a 200-mesh sieve. After
sieving, the high-purity goethite powder was calcined at 25, 150, 250, 350, 450, and 550 ◦C
in a muffle furnace at a heating rate of 5 ◦C/min for 1 h. A 2.8287 g aliquot of K2Cr2O7 was
dissolved in 1 L of deionized (DI) water to prepare a stock solution of Cr (VI).

2.1. Characterizations

XRD was conducted on an X-ray powder diffractometer (D8 Advance, Bruker, Ger-
many) with Cu Kα1 (λ = 1.5406 Å) radiation at 40 kV and 100 mA, a scanning speed of
8◦ 2θ/min, and a step size of 0.02◦ 2θ from 5◦ to 90◦. The samples were evenly mixed with
the KBr at a mass ratio of 1:40, and then were scanned by FTIR spectrophotometer (Spec-
trum 100, PerkinElmer, Waltham, MA, USA) to obtain the FTIR spectra. X-Ray Fluorescence
Spectrometer (XRF, Thermo electron corporation, ARLADVANT X, MA, USA) was used to
confirm the chemical composition of the sample with Kα spectra of the elements. Addition-
ally, the morphologies of the samples were observed by HRTEM (JEM-2100, JEOL, Tokyo,
Japan), and the BET specific surface area was determined from N2 adsorption–desorption
isotherms by an automated gas sorption instrument (Micro Active for ASAP 2460, Atlanta,
USA). The UV-Vis spectrophotometer (Shanghai, Precision Scientific Instrument Co., Ltd.,
Shanghai, China) was used to detect the removal amount of Cr (VI).

2.2. Removal of Cr (VI)

The batch experiments of removal of Cr (VI) on goethite and its calcined products
were carried out by changing the initial concentration and contact time while the adsorbent
dosage was fixed at 5 g/L. Standard solutions with different concentrations of 5, 10, 20, 50,
75, 100, 150, and 200 mg/L were obtained by diluting the stock solution, and a volume of
20 mL Cr (VI) solution was used in all batch experiments, and the pH of the solution was
adjusted to neutral with 0.1 M KOH and 0.1 M HCl. After a day of shaking on a reciprocal
shaker at 150 rpm, the mixture was centrifuged at 8000× g rpm for another 10 min. Using
a reciprocal shaker to shake the mixture for 0.1, 0.25, 0.5, 1, 2, 4, 8, 12, and 16 h with the
initial concentration of 200 mg/L, the equilibrium Cr (VI) concentrations were determined
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by testing the suspensions. The 1, 5-diphenylcarbazide method was used to figure out
the residual Cr (VI) concentration of the solution by UV-vis spectrophotometer in glass
cuvettes with 10 mm optical path at a wavelength of 540 nm [29].

2.3. Transport of Cr (VI)

The calcined material hematite (20~50 mesh) was then packed into glassy columns
to simulate a PRB reaction column (Figure S1). The columns were 3.6 cm in diameter and
15 cm in total height, filled with quartz sand, hematite, and quartz sand from bottom to top
(the particle size of quartz sand is 2~3 mesh). The filling height of each medium material
was 5 cm, and the total weight of the hematite was 102 g per column. The columns were
fed with DI water until they were fully saturated. The volumes of hematite and pore could
be calculated, respectively, from the weight difference before and after immersion, and
the bulk density of the hematite was 2.01 g/cm3. The ratio of the volume of water under
saturated conditions to hematite determined that the porosity of the packed columns was
0.59. The groundwater flow rate was simulated according to the porosity of the hematite,
and the flow rate was set at 0.42 mL/min. Cr (VI) aqueous solutions with concentrations
of 5 mg/L and 20 mg/L of simulated pollutants were fed into the two experimental
columns, respectively, in an upward direction using a 2-head peristaltic pump in an upward
direction, and the Darcy flux was 4.17 cm/h. The effluents were taken and measured for
the adsorption concentration every 8 h. Then, the solution was switched to DI water
and fed it for desorption when a breakthrough happened in experimental columns. The
hematite had good hydraulic properties, which can be seen from the hydraulic conductivity
(3.46 cm/h) of the hematite, indicating that the hematite was feasible as a permeable
reactive barrier material.

2.4. Cr K-Edge EXAFS Spectroscopy

SPring-8 (Super Photon ring-8) at JASRI (Japan Synchrotron Radiation Research In-
stitute) was applied to measure the Cr K-edge EXAFS spectroscopy of hematite after the
adsorption reaction. The calibrated Si (111) double crystal monochromator was used to
scan the incident X-ray energy across the Cr K-edge EXAFS region. The electron energy
was about 8.0 GeV, and the current was about 99.5 mA in the storage ring. In the transmis-
sion mode, the compound K2Cr2O7 was detected as a reference, and the sample after the
adsorption reaction was measured in the fluorescence mode in the case of a relatively low
Cr concentration. R-space was originated in EXAFS data by performing Fourier transform
on the χ(k) function. Details of data acquisition are provided in Supplementary Materials
Text S1. The data were manipulated by making use of the program Artemis to fit all data
sets in R-space [30]. The fitting was performed to optimize the coordination number (CN)
and the distance (R) as well as the disorder factor(σ2). The first shell (Cr-O) fit was the basis
of the energy shift value, and higher shell fitting was acquired by fixing at these values.
The FEFF model was utilized to clarify the phase and amplitude functions of the adsorber
and backscatters [31]. The same parameters were applied to model the spectrum after
back-transforming and fitting every single peak in the Fourier transform spectra.

2.5. Methods of Molecular Simulation

The sorption sites of Cr (VI) on goethite and hematite were investigated by molecular
simulation in the module Forcite of Materials Studio 7.1 [32]. The parameters a = 4.598 Å,
b = 9.951 Å, c = 3.018 Å, and α = β = γ = 90◦ for goethite and a = 5.028 Å, b = 5.028 Å,
c = 13.736 Å, and α = β = 90◦, γ = 120◦for hematite were applied to describe the resulting
primitive unit cell, and it was the basis of building a series of (3 × 2 × 1) supercells. The
Generalized Gradient Approximation (GGA) was used to optimize the primitive unit cells
of these two minerals for the exchange-correlation potential (PW91). It was applicable for
relatively weak interactions in the model. Periodic boundary conditions, k-point, and plane
wave basis set were applied by CASTEP, and ultrasoft pseudopotentials were adopted. The
energy cutoff was 300 eV for the plane wave expansion, and just one special k-point situated
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at (0.00, 0.00, 0.00) was permitted in the Brillouin zone. The later analyses were based on the
data collected on the last 200 ps when the time was 1 ns and the setting of the time step was
1 fs at the temperature of 298 K. Density functional theory–Dispersion (DFT-D2)-correction
was employed to obtain all the GGA-PW91 calculations. More explanation of these terms is
provided in Text S2 [33].

2.6. Simulation of Cr (VI) Transport

HYDRUS-1D (version 4.16) was employed to simulate the experimental column data.
The one-dimensional transport behavior of solutes in porous media was described as
sequential first-order decay and reversible sorption by the partial differential equation in
the former study [34].

3. Results and Discussion
3.1. Characterization of Goethite and Calcined Product

The XRD patterns of goethite and its calcined products are shown in Figure 1. All
peaks of the pristine mineral were identified as goethite with no impurities by comparing
with the standard pattern (JCPDS No. 8-97), which was consistent with the XRF results
(Table S1, Supplementary Materials) showing that the content of iron oxides existed in the
form of goethite was as high as 95.95%. When the calcination temperature was varied from
350 to 550 ◦C, the peaks of goethite disappeared, and new characteristic peaks appeared,
which were identified as hematite. The intensity of the peak increased with increasing
temperature. According to the peak intensity of the standard diffraction pattern JCPDS
No. 1-1053, it indicated that after calcination at a temperature above 350 ◦C, the obtained
hematite had a preferred development of (110) facets indicated by a sharp diffraction
peak, which could be seen in the pink area in Figure 1. This was also consistent with the
exposed crystal facet in the literature [19]. The grain size determined from the (110) facet
was much larger than that from the other facets by calculating with the Scherrer formula
(Table S2) [35]. This indicated that perhaps the hematite formed after calcination exposes
the (110) facet. In addition, the diffraction peak intensity of this facet gradually increased
when we prolonged the calcination time, and the hematite crystal grains grew along the
c-axis (Figure S2, Supplementary Materials).
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Figure 1. XRD patterns of goethite and calcined goethite at different temperatures.

In order to explore the change of functional groups with calcination temperature,
the technique of FTIR was utilized. The FTIR spectra of different samples were shown in
Figure 2. The goethite at 25 ◦C showed that the stretching of OH- could cause a broad band
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at 3112 cm−1 [36]. A distinct absorption band at 1650 cm−1 was caused by H2O [37]. The
bands at 894 and 799 cm-1 were due to bending vibrations of Fe-O-H in goethite [38]. The
band at 460 cm−1 was due to symmetric Fe-O stretching vibration. When the goethite was
calcined, hydroxyl groups coordinated with iron atoms on the surface, and a new band
at 3380 cm−1 developed, which was attributed to the OH-stretching, and the position of
H2O-band would shift to 1630 cm−1 [39]. A set of new bands at 519.0 and 431.6 cm−1

appeared and represented characteristics of hematite [40].
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Figure 2. The FT-IR spectroscopy of pristine goethite and the calcined products of goethite at different
temperatures for 1 h. (a) all spectrum, (b) regions of 1800-450 cm−1.

The TEM images in Figure 3 showed the morphology of pristine goethite (a, b, c) and
hematite at 350 ◦C (d, e, f), respectively. The images revealed that goethite is rod-like,
acicular, and bulky in nature [28]. The lattice fringes of 0.421 nm in the image (Figure 3c)
were consistent with the (110) facet of goethite [41], while the lattice fringes of calcined
goethite (0.252 nm) in Figure 3f were consistent with the (110) facet of hematite [42]. It can
be observed that the external appearances of the calcined samples are retained from natural
goethite in Figure 3d. This also supported the conclusion that calcining goethite at high
temperatures could make the produced hematite preferentially oriented and control its
exposure to a specific crystal plane (110). Furthermore, plenty of slit-like micropores were
parallel to the elongated direction of the hematite microcrystal. Obviously, this was caused
by the dehydroxylation of goethite.
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To determine the BET surface area, the N2 adsorption/desorption isotherms were
tested, and the results are given in Figure S3. The adsorption/desorption isotherms of
goethite and hematite belonged to the type-II category according to the IUPAC classification,
which means the meso-porosity is due to capillary condensation [43]. The hysteresis loop
of goethite could be classified as H2-type, and the desorption line dropped sharply at
medium relative pressure. The corresponding hole for this type of hysteresis loop was a
slit composed of parallel plates that were close together. At high p/p0, the hysteresis ring
shape of the calcined goethite did not exhibit any limiting adsorption and was classified as
H3-type. This type of isotherm was caused by the aggregation of plate-like particles into
pores [44]. This also supported the TEM image above, which showed that long and narrow
pores were produced by massive goethite after calcination.

The Brunauer-Emmett-Teller (BET) surface area of goethite was 36.6 m2/g. After
calcination at 350 ◦C, the surface area increased to the maximum of 124.4 m2/g, and then the
surface area reduced rapidly with the increasing temperature beyond 350 ◦C. Meanwhile,
the total pore volume reached its maximum value at 350 ◦C. The pore volume of goethite at
25 ◦C was 0.033 cm3/g and increased to the maximum of 0.216 cm3/g at 350 ◦C (Liu et al.,
2013). Liu et al. pointed out that with the increase in calcination temperature, the hydroxyl
group of goethite would be gradually removed, which resulted in the specific surface area
having a significant increase at 350 ◦C. Then, there was a decrease when heating goethite
above 350 ◦C due to grain coarsening. Hence, it can be seen that hematite calcined at 350 ◦C
had the maximum number of active surface sites from the results of surface area and pore
volume (Table 1). The insertion in Figure S3 exhibited the Barrett-Joyner-Halenda (BJH)
pore size distribution curve of the samples. The pore size reached 8.3 nm at 350 ◦C and
decreased sharply to 1.8 nm when the temperature reached 450 ◦C, and then there was no
significant change as the temperature went up. The pore size showed that the adsorbents
were mesoporous in nature. In addition, these findings coincided with the TEM analysis
results. When the calcination temperature of goethite reached 350 ◦C, the phase would
turn into hematite and produce a large number of nano-scale slits inside. This also exposed
the (110) facets, which were favorable for adsorption performance.

Table 1. BET surface area and pore characteristics of goethite and its calcined products at different
temperatures.

Sample 25 ◦C 150 ◦C 250 ◦C 350 ◦C 450 ◦C 550 ◦C

Surface Area (m2/g) 36.6 81.2 92.6 124.4 115.0 114.0
Pore Volume (cm3/g) 0.033 0.086 0.129 0.216 0.060 0.065

Pore Size (nm) 1.8 2.4 5.0 8.3 3.5 3.0

3.2. Adsorption Isotherm

The adsorption capacity and affinity of adsorbent can be obtained using adsorption
isotherms. The isotherm study was used to determine the amount of pollutant adsorbed
per unit of adsorbent and remaining in the solution at equilibrium. The data obtained from
the batch experiment were analyzed using isotherm models such as Langmuir [45–47] and
Freundlich [48,49] (Text S3, Supplementary Materials). Table S3 shows that the adsorption
behavior of Cr (VI) onto hematite was not a multi-molecular adsorption process. According
to Table S4 [39,50,51], the conclusion that goethite and hematite had poor adsorption
performance could be drawn. To compare the removal ability of Cr (VI), the hematite
derived from goethite, the hematite ore (collected from Chenzhou, Hunan Province, XRD
pattern was shown in Figure S4a), and goethite ore were used to remove Cr (VI). The
adsorption capacity of Cr (VI) onto the hematite derived from goethite was 2.95 mg/g
(Figure 4a) under the condition of pH 7 in this paper, which was about six times that of
goethite (0.49 mg/g) and 3.4 times of hematite ore (0.86 mg/g) (Figure S4b). The pH value
exerted a tremendous influence on chromium adsorption, and the adsorption of HCrO4

−

onto hematite under acidic conditions was much stronger than that of CrO4
2− at neutral
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pH [19,52]. The result showed that hematite had a higher adsorption capacity than other
sorbents listed in the table.
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3.3. Adsorption Kinetics

In the research field of solid–liquid adsorption, the more widely used kinetic adsorp-
tion models are the pseudo-first-order kinetic model [53] and the pseudo-second-order
kinetic model [54] (Text S4, Supplementary Materials). The adsorption data of hematite (cal-
cined at 350 ◦C) were fitted by these two dynamics models as described above (Figure 4b).
Compared with the calculated equilibrium capacity of both kinetic models, the value of the
pseudo-second-order model (3.0 mg/g) was closer to the experimental equilibrium capacity.
The adsorption equilibrium was reached after 8 h. The pseudo-second-order kinetic model
showed an excellent linear correlation with an R2 value of 0.9969 (Table S5). Therefore, the
adsorption of Cr (VI) onto hematite could be described in pseudo-second-order kinetics.

3.4. The Local Coordination Environment

The adsorption mechanism of Cr by hematite can be determined by the Cr (VI)/hematite
coordination environment, which can be conducted by Cr K-edge EXAFS spectroscopy
measurements. A coordination environment of Cr (VI)/hematite was determined by Cr
K-edge EXAFS spectroscopy measurements. Fourier transformation of the χ(k) function
created a radial structure-function, and the information of interatomic distance within the
material could come from the corresponding peak position. Since there was no correction
for the phase shifts, there was a slight deviation from the actual interatomic distances
(Figure 5a). The experimental spectra and the parameters (R, CN, and σ2) could be fitted to
a theoretical model by back-transforming the spectra based on the optimized fit and the
parameters, and the R factors (goodness of fit) of the local coordination environment for Cr
(VI) adsorption on hematite are shown in Table S6. The local coordination environment
was confirmed by fitting the Fourier filtered χ(k) function (0~4 Å) (Figure 5b). In the
Fourier transform curve, the fitting results for the first peak were consistent with the
experimental data with an average distance (1.65 Å) of four oxygen atoms to the central Cr
atom. Compared with the Cr-O bond (RCr-O) length of the tetrahedral species (HCrO4

−) in
previous reports, this average bond length of RCr-O matched very well [55,56]. The distance
of 2.7 Å is accounted for by Cr-O-O double-scattering [57]. CNCr-Fe was found to be 0.6,
and RCr-Fe was approximately 3.36 Å for Cr (VI) adsorption, which accorded with previous
studies on the adsorption of Cr (VI) onto hematite [17]. The average interatomic distance
of Cr-Fe was 3.36 Å, which was consistent with the Cr-Fe distance of the Cr (VI) complexes
in the form of bidentate binuclear. Different complexation reactions could take place on
different crystal facets of hematite independently. Hence, Cr (VI) was complexed on the
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(110) facets of hematite in the form of bidentate binuclear according to the existence of
average Cr-Fe interatomic distances.
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Figure 5. The k3-weighted K-edge EXAFS spectra (a) of Cr (VI) on hematite show the fit (solid black
line) of the theoretical curve to the experimental curve (red spheres). Fourier-transformed spectra
(b) of Cr (VI) adsorbed on hematite resulting in a radial structure-function. The peak positions
correspond to the distances of the atomic shells but are uncorrected for phase shifts.

3.5. Molecular Simulation

The radial distribution of Cr and Fe can be simulated with software. The study of the
arrangement of Cr, goethite, and hematite was based on Fe representing iron (hydr)oxide
and Cr (central positive group in K2Cr2O7) representing K2Cr2O7, with the results shown
in Figure 6c,d. Initially, goethite was located at 22~37.5 Å, while arrangements of Cr stayed
at 3.5~8 Å and 9~10.3 Å. Hematite was located at 21.7~38 Å, while arrangements of Cr
stayed at 11~14.2 Å and 15.3~18 Å. When goethite was calcined, the distance between
chromium and goethite was longer than between chromium and hematite. This means
the phase transition resulting from calcination strongly affects locations of Cr and thermal
modification renders a shorter distance of Cr to hematite, indicating stronger interaction.

Crystals 2023, 13, x FOR PEER REVIEW 9 of 13 
 

 

 
Figure 6. Fitting of Cr adsorption on (110) plane of goethite (a) and hematite (b); the distribution of 
Fe/Cr on (110) plane of goethite (c) and hematite (d). 

3.6. Column Transport of Cr (VI) 
Chromium removal has been studied by column experiments in many pieces of lit-

erature [58,59]. The ratio of the treated water volume to the pore volume (PV) of the 
packed material is defined as the life span of the column. When the pollutant concentra-
tion of the effluent is half of the input concentration, the ratio of the number of PVs is used 
to evaluate the performance of the column [60,61]. The PVs value of the goethite column 
was 7, indicating only negligible sorption of Cr (VI) (Figure S5), and there was no Cr (VI) 
reduction according to the concentration at the complete breakthrough, which was almost 
the same as the input concentration. 

The Cr (VI) solute transport behavior and breakthrough curves were shown in Figure 
7a, b. At an initial concentration of 5 mg/L and 20 mg/L, the columns reached saturation 
after continuous operation for 552 h and 502 h, respectively. When Ct/C0 = 0.5, the number 
of PVs was about 871 for a column with an initial concentration of 5 mg/L and 610 PVs for 
20 mg/L. The HYDRUS-1D solute transport model was used to fit the Cr (VI) transport 
results through hematite columns under different conditions. The hematite had a disper-
sion of 23 cm under the initial concentration of 5 mg/L and a dispersion of 2.6 cm under 
the input concentration of 20 mg/L, and the coefficient of determination R2 was 0.95 and 
0.99, respectively, when the experimental data were fitted by the software HYDRUS-1D 
(Table 2). Compared with the higher adsorption capacity in the batch experiment, the ad-
sorption capacity in the column experiment at different input concentrations was 2.67 and 
1.3 mg/g, respectively. There were two main reasons for the smaller adsorption capacity 
of the column experiment. 

Figure 6. Fitting of Cr adsorption on (110) plane of goethite (a) and hematite (b); the distribution of
Fe/Cr on (110) plane of goethite (c) and hematite (d).



Crystals 2023, 13, 79 9 of 12

3.6. Column Transport of Cr (VI)

Chromium removal has been studied by column experiments in many pieces of
literature [58,59]. The ratio of the treated water volume to the pore volume (PV) of the
packed material is defined as the life span of the column. When the pollutant concentration
of the effluent is half of the input concentration, the ratio of the number of PVs is used
to evaluate the performance of the column [60,61]. The PVs value of the goethite column
was 7, indicating only negligible sorption of Cr (VI) (Figure S5), and there was no Cr (VI)
reduction according to the concentration at the complete breakthrough, which was almost
the same as the input concentration.

The Cr (VI) solute transport behavior and breakthrough curves were shown in Figure 7a,b.
At an initial concentration of 5 mg/L and 20 mg/L, the columns reached saturation after
continuous operation for 552 h and 502 h, respectively. When Ct/C0 = 0.5, the number of
PVs was about 871 for a column with an initial concentration of 5 mg/L and 610 PVs for
20 mg/L. The HYDRUS-1D solute transport model was used to fit the Cr (VI) transport
results through hematite columns under different conditions. The hematite had a dispersion
of 23 cm under the initial concentration of 5 mg/L and a dispersion of 2.6 cm under the
input concentration of 20 mg/L, and the coefficient of determination R2 was 0.95 and 0.99,
respectively, when the experimental data were fitted by the software HYDRUS-1D (Table 2).
Compared with the higher adsorption capacity in the batch experiment, the adsorption
capacity in the column experiment at different input concentrations was 2.67 and 1.3 mg/g,
respectively. There were two main reasons for the smaller adsorption capacity of the
column experiment.
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Table 2. Parameter values obtained from HYDRUS-1D for Cr (VI) transport through columns packed
with hematite in different concentrations.

Column
αL

a K b H c Sm
d C0 µL

e R2

(cm) (L/g) (L/g) (mg/g) (mg/L) (h−1)

Hematite 23 373 0.151 2.67 5 0.0018 0.9472
Hematite 2.6 1622 0.122 1.30 20 0.0020 0.9894

Batch 0.2 2.95
a Denotes dispersity; b denotes empirical coefficients; c denotes treatment efficiency; d denotes sorption amount;
e denotes first-order decay constant.

On the one hand, hematite with a larger size was used in the column experiment to
avoid column blockage, which also reduced its specific surface area. On the other hand,
the hydraulic retention time in the column experiment was too short to react adequately
between Cr (VI) and hematite. However, the solute transport in column experiments was
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more similar to practical engineering applications than batch experiments if the hematite
was used as packing materials in PRB.

4. Conclusions

Goethite and hematite are common iron oxides in the earth’s crust, and these minerals
greatly influence the mobility and transport of chromium in the crust. Many researchers
have studied the surface adsorption of different crystal facets of hematite and the internal
adsorption mechanism from the molecular level and confirmed that the hematite (110)
facets have a high adsorption capacity for Cr (VI). Goethite naturally has a needle-like
morphology and exposes (110) crystal planes. This study used the characteristics of goethite
to obtain hematite that inherits its morphology through simple calcination, thereby realizing
the control of exposed specific facets of hematite. The adsorption performance of hematite
was greatly improved, and the Cr (VI) was complexed on the surface of hematite in
bidentate and binuclear. Hematite was used as a PRB reactive media material, and it was
found that the PVs of the column even reached 610 when the initial concentration of Cr
(VI) was 20 mg/L. The saturated adsorption time was significantly prolonged compared to
the goethite column. As far as we know, this is the first time that hematite with exposed
(110) facets has been prepared using goethite as a precursor, and it is the first time that
hematite with exposed specific facets has been used as a PRB medium material to remove
Cr (VI) from groundwater. It is confirmed that hematite has excellent prospects in the
remediation of chromium-containing wastewater in situ and provides an approach for the
green utilization of iron oxide minerals.
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