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Reductive immobilization has been a commonly used technique to detoxify Cr(VI) from soil; however, it's
challenging to remove the reduced Cr from soil to prevent its re-oxidation. This work explored a natural
magnetic composite for the remediation, mineralization, and magnetic removal of Cr(VI) from the soil. It
consists of 77% magnetite and 23% pyrrhotite with strong magnetic properties. A series of character-
ization tests show that composites of magnetite and pyrrhotite are interlaced and closely bonded, and
contain no other heavy metals. The Cr(VI) removal rate increases with the decrease in composite particle

Ié:y words: size. A kinetics study shows that removing Cr(VI) by the composite is likely through both adsorption and
Magnetic reduction. Acidic conditions are more favorable for the immobilization of Cr(VI), at 45.8 mg Cr(VI)

removal per g of composite at pH 2. After 100 days of in-situ treatment by the composite, the leaching
concentration (TCLP) of Cr(VI)-contaminated soil was 1.95 mg L™, which was below the EPA limit
(5 mg L) for hazardous waste. After reduction, the composite was separated from soil by magnetic
characteristics, and 58.2% of Cr was found mineralized. The post-treatment Cr-containing composite was
analyzed by SEM-EDS, Raman spectra, and XPS. It was found that Cr was mineralized on the surface of
the composite in the form of Cr(OH)3, Cry03, and FeCr,04, This indicates that reduction and minerali-
zation of Cr(VI) in the soil can be accomplished through natural magnetic mineral composites and easily
separated and removed from the soil, achieving a complete soil cleanup.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cr is widely used in industrial applications, such as leather
tanning, electroplating, wood preservation, printing, and dyeing
[1]. A large amount of Cr slag is produced as a result of these pro-
cesses, and along with the leaching of rain, releases copious
amounts of Cr into soil and groundwater [2—6]. The most common
states of Cr are Cr(Ill) and Cr(VI), which are present in the natural
environment. In basic solutions above pH = 6, Cr(VI) forms the
tetrahedral yellow chromate ion CrO3~; between pH 2 and 6, CrO3~
and the orange-red dichromate ion Cr,07" are in equilibrium [7]. In
general, Cr(VI) compounds are more toxic than Cr(Ill) compounds.
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This is attributed to the stronger oxidizing power and the higher
membrane transport of the former chemical compound [8]. Tissue
damage, irritative lesions of the skin and respiratory tract, and cell-
mediated allergic reactions caused by exposure to Cr(VI) are well
documented [9—11]. Due to its serious threat to the human body
and environment, the World Health Organization (WHO) recom-
mends the maximum allowable contaminant level to be
0.05 mg L~! of Cr(VI) in drinking water [12]. Unlike Cr(VI), Cr(Ill) is
relatively stable in the environment and is considered an essential
element for human and plant nutrition [13,14]. Therefore, reducing
Cr(VI) to Cr(Ill) is usually a key mechanism to remediate Cr-
contaminated soil.

Traditional techniques are applied to remediate contaminated
soil, including chemical reductions [15], electrokinetic processes
[16], soil washing [17], and phytoremediation [18]. In recent years,
in situ remediation of Cr-contaminated soil by delivering reactive
materials into the soil has been considered a promising technology.
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Materials such as biochar, nZVI, nano-FeS,, nano-MnFe;04, nano-
Fe304 and their composites are widely studied for this process
[19—27]. However, these synthetic nanomaterials usually have
relatively high costs and toxicity [28—30]. Other low-cost and eco-
friendly materials are necessary to reduce and immobilize Cr(VI) in
contaminated soils. If Cr(VI) remains in the soil after reduction, it
can be easily re-oxidized; however, complete reduction and
mineralization of Cr(VI) to separate it from the soil remains a
difficult problem.

Pyrrhotite is a common natural iron sulfide and shows a non-
stoichiometric composition as Fey_4S, where x varies from 0 (FeS)
to 0.125 (Fe;Sg) [31]. Fe?* and $?~ in the lattice are electron donors,
making pyrrhotite a rare reducing agent in nature [32]. Previous
studies have shown that natural pyrrhotite can effectively remove
Cr(VI) from aqueous solutions [33,34]. However, natural iron sul-
fide usually contains a variety of heavy metals; as a result, there are
few studies on its application in soil remediation. Magnetite is
widely distributed in soils and sediments [35,36]. It has been
proven that magnetite possesses certain adsorption and removal
capacities for Cr(VI) in various solutions [37,38]. Additionally,
magnetite is frequently used as a magnetic carrier to facilitate the
recovery of materials after remediation [39—41]. Given that these
two minerals are commonly associated in nature and can remove
Cr(VI), their composite is likely to be a low-cost and eco-friendly
material for remediation of Cr-contaminated soil.

The main objectives of the study are to investigate the effec-
tiveness of natural magnetic mineral composites (pyrrhotite and
magnetite) to immobilize Cr in soil. Thus, the characterizations of
the composite are studied, and the capability of the composite to
reduce Cr(VI) is examined by a series of solution experiments and
in-situ soil remediation tests. We used the magnetic characteristics
of the composite to separate Cr from the soil and analyze its phase
to showcase the mineralization of Cr(VI) by the natural pyrrhotite/
magnetite composites.

2. Materials and methods
2.1. Materials

The natural magnetic mineral composite (pyrrhotite/magnetite)
was obtained from an iron mine in Shanxi, China, and crushed in
the laboratory. The Cr(VI)-simulated solution was prepared in the
laboratory by using potassium dichromate (K,CrO7 99%) with an
initial concentration of 100 mg L™'. Other Cr(VI) solutions with
different initial concentrations were made through dilution. pH
was adjusted by adding dilute hydrochloric acid (HCI, 3%) or sodium
hydroxide (NaOH, 1%) solution. Cr(VI)-contaminated soil used in
the in-situ remediation tests was prepared in the laboratory. Cr-free
soil was collected from Hunan, China. Cr(VI)-contaminated soil was
prepared by mixing 0.5 L of K»Cr,07 solution with 1 kg of air-dried
soil. This was stirred thoroughly until the mixture was air-dried to a
constant weight: the resulting Cr(VI) concentration was
500 mg kg~ ! [42]. The soil was completely dried and sterilized for
use in subsequent experiments. All the chemicals used in this study
were analytical and purchased from Sinopharm Chemical Reagent
Co., Ltd.

2.2. Batch experiments

The mineral composites with different particle sizes (>270 pm;
150—270 pm; 75—150 um; and 48—75 um) were added into 50 mL
simulated solutions of 100 mg L~! Cr(VI) to study the effect of
particle sizes on Cr(VI) reduction. The adsorption kinetics were
analyzed by pseudo-first-order and pseudo-second-order models,
respectively. Another set of experiments was performed by adding
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1 g L~ mineral composites into solutions with different initial pH
to find out the influence of pH value on the saturated reduction
capacity of the composites. Deionized and deoxygenated (dissolved
oxygen < 0.3 mg L~!) water was prepared and used throughout the
experiment [43]. All Cr(VI) removal reactions were carried out in
the 100 mL H;SO4-cleaned conical flask and conducted in
triplicates.

2.3. In-situ soil remediation tests

In order to simulate the in-situ remediation effect of Cr(VI) in the
soil by the magnetic mineral composites, different qualities of the
mineral composite (5, 10, 15, and 20 wt%) with the particle size of
48—75 um were mixed with the prepared Cr(VI)-contaminated soil
[42]. Deionized water was used to adjust the water content of soil
(10%, 20%, 30%, 40%. and 50%) to simulate the effects of different
water conditions on in-situ remediation of Cr(VI). During the
experiment, the sealing film was used to seal the soil system to
maintain water content and eliminate the influence of atmospheric
oxidation. All experiments lasted 100 days and were conducted in
triplicates. After conducting the reactions, both the control and
experimental soil were completely dried. A group of soil with a 50%
water ratio was used as an external magnetic field to separate the
magnetic minerals from the soil. The Cr content of separated
magnetic minerals and soil was analyzed to study the distribution
of Cr(VI), and a series of analyses were performed to verify the
mineralization of Cr(VI) in the soil.

2.4. Chemical stability of Cr in the soil

Toxicity characteristic leaching procedure (TCLP) has been
widely applied to assess the effectiveness of toxic metals immobi-
lization procedures in contaminated soil [22,44—46]. The method is
conducted as follows: air-dried soil samples were extracted with
the TCLP fluid (5.7 mL of glacial acetic acid in deionized water,
diluted to 1 L, and maintained pH of the solution at 2.88 + 0.05) for
18 h at a solid-to-solution ratio of 1 g—20 mL on a rotating shaker at
room temperature (21 + 1 °C) [47]. Cr(VI) concentration in the TCLP
fluid and the simulation solutions was measured at 540 nm with a
UV-—visible spectrophotometer (Thermo Fisher EVOLUTION 220)
using a diphenylcarbazide reagent. The un-leachable Cr(VI) in the
soil was tested after digestion with an inductively coupled plasma
atomic emission spectrometer (Spectro BLUE SOP) in accordance
with the method HJ 491-2019 of China.

2.5. Analytical methods

The pH value was measured by a pH meter (Metler Toledo EL20)
with a combined glass electrode. A vibrating sample magnetometer
(Agico MFK1-FA) was used to analyze the magnetic properties of
the samples at 300 K. The surface morphology test of samples was
observed on the field emission environmental scanning electron
microscopy (Thermo Fisher Quattro ESEM). Courtesy of the school
of physics at Peking University, elemental composition analysis was
completed with an accompanying X-ray energy spectrometer. XRD
analysis of the composite was performed with an X-ray diffrac-
tometer (Philips X'PertPro) in the school of chemistry and molec-
ular engineering at Peking University. Raman analysis was
performed on a Laser-Raman micro-spectroscopy (Renishaw, inVia
Reflex) at the school of earth and space sciences, Peking University,
with a scanning range of 100—1400 cm™~ .. XRF analysis was carried
out on the X-ray fluorescence spectrometer (Thermo ARL ADVANT’
XP+) at the school of earth and space sciences, Peking University.
XPS analysis was completed on the X-ray photoelectron spectros-
copy (Kratos AXIS Supra) at Peking University.
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3. Results and discussion
3.1. Characterization of the natural magnetic composite

Natural ores were collected from mines and broken in the lab-
oratory. The composites were obtained through a simple magnetic
separation. The crystal structures of the samples were investigated
by an X-ray diffractometer. As shown in Fig. 1a, the samples have
sharp diffraction peaks, indicating a high degree of crystallization of
the natural minerals. Diffraction peaks of the composite can be
indexed as two minerals, pyrrhotite and magnetite. Typical
diffraction peaks such as (110), (—221), and (402) crystal planes at
20 = 15.3°, 29.9°, and 43.7°, respectively, indicate that the mineral
is pyrrhotite (PDF#52-1516). Diffraction peaks at 20 = 30.1°, 35.4°,
and 62.5° correspond to (220), (311), and (440) crystal planes of
magnetite (PDF#11-0614). Since there are no peaks of other min-
eral phases in the XRD pattern, a semi-quantitative analysis can be
carried out by RIR value. The two minerals account for 77%
magnetite and 23% pyrrhotite in the composite.

Both magnetite and pyrrhotite particles demonstrate the pres-
ence of a ferromagnetic state [48,49]. Fig. 1b displays the magnetic
hysteresis loop of the natural mineral composites at room tem-
perature. The saturation magnetization value (Ms) of the composite
in this paper is approximately 68 emu g, the values of coercivity
(Hc) is about 0.25k Oe, and the remanence (Mr) is 8.7 emu g”,
values which are lower than those of synthesized Fe3O4 nano-
particles [50] However, these values are significantly higher than
natural pyrrhotite [49]. It should be noted that the magnetic
characteristics of minerals are significantly affected by particle size
[51]. Immobilized materials used in this study are composited of
these two minerals, possessing the strong magnetism of magnetite
and the high reactivity of pyrrhotite. Therefore, we can use the
magnetic characteristics of the minerals and their composites to
conduct magnetic separation of the treated soil and allow for
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subsequent research on the mineralization of Cr(VI).

The morphology of the natural composite was observed from
the SEM images in Fig. 1c. After crushing and screening, the min-
erals have taken on an irregular shape. The particles have clear
edges and are relatively smooth, but there is a small amount of
debris adsorbed on the surface of the particle due to magnetic
properties. Through in-situ X-ray energy spectrum mapping anal-
ysis, we found that the mineral particle is mainly composed of Fe, S,
and O. It should be noted that Fe is evenly distributed on the
mineral surface while O is interlaced with S. This indicates that iron
oxide and iron sulfide in the mineral-composites are interlaced and
closely bonded; reductive iron sulfide can be effectively exposed
and involved in the reduction of Cr(VI) as well.

In-situ microscopic Raman analysis was performed on the
labeled positions in Fig. 1¢, with corresponding results shown in
Fig. 1d. The position marked in pink shows three Raman peaks,
located at 306, 538, and 665 cm™. This is consistent with the
Raman peak positions of Fe304 reported in the previous study [52].
The shift of the peaks at 314, 360, and 379 cm! indicated pyr-
rhotite [53,54] and can be observed at positions that are marked
yellow.

In general, natural iron sulfide has other heavy metals to replace
the cations in the mineral crystal lattice, such as Pb, Zing, etc. It will
partially dissolve within reactions, which causes secondary pollu-
tion and limits the application of natural iron sulfide in pollution
remediation. No other heavy metals were present on the surface of
the mineral composites by EDS in Fig. 1c. In order to further verify
the risk of secondary contamination of natural mineral composites,
a total element analysis of the mineral was performed through XRF.
According to Table 1, the highest concentration of the elements was
Fe, O, S, Si, Ca, Na, Al, Mg, Mn, and Ti. Fe, O, and S concentrations in
the mineral composites exceeded 95%, while the remaining ele-
ments were all less than 10 mg kg~'. No other heavy metals (Pb, Cd,
As) were found in the natural minerals used in this study.

80
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Fig. 1. a, XRD patterns of the natural minerals composite. b, Magnetic hysteresis loop of the composite. ¢, SEM images of the composites and element mapping of the particle. d, in-

situ Raman analysis of the composite.
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Table 1
The elemental composition of the minerals by XRF.
El Fe 0] S Si Ca Na Al Mg Mn Ti
Wt% 63.15 25.04 8.61 1.42 0.762 0.314 0.244 0.143 0.137 0.091
StdErr 0.15 0.12 0.12 0.04 0.037 0.017 0.007 0.007 0.004 0.004
a 11 b 2 c 70
10 —a— >270 pm u >270 um m >270 um -
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Fig. 2. a, Cr(VI) removal in solutions by different particle sizes of minerals. b, The pseudo-first-order kinetic fitting. ¢, The pseudo-second-order kinetic fitting.

3.2. Aqueous Cr(VI) removal

3.2.1. Influence of the particle size on the Cr(VI) removal

Parallel experiments were conducted to investigate the influ-
ence on the particle size of mineral composites in regards to Cr(VI)
removal. As shown in Fig. 2a, the reduction of Cr(VI) pertaining to
different mineral particle sizes can reach equilibrium within
150 min in solutions with pH 5.56. Moreover, the removal rate
decreases with the increase of mineral particle size: with a mineral
particle size larger than 270 pm, the removal rate of Cr(VI) was 39%;
between 150 and 270 pm, the removal rate increased to 55%; and
between 75—150 pm and 48—75 um the remove rate was 60% and
62%, respectively. This indicates the influence of particle size on the
removal rate of Cr(VI) is gradually weakened across a certain range
due to limited exposure of the highly reactive pyrrhotite over a
smaller surface area. As a result, it needs to be broken down into
smaller particle sizes to ensure easier access and participation of
pyrrhotite in Cr(VI) reduction.

Fig. 2b and c show the fitting results of the pseudo-first-order
and the pseudo-second-order kinetic studies, respectively. Table 2
lists the corresponding parameters of kinetic equations. When
the mineral particle size was larger than 270 pum, the removal
process did not fit the pseudo-second-order kinetics model
(R? = 0.8724) but lined up with pseudo-first-order kinetics with a
higher coefficient of determination (R? = 0.9942) for the plots of t/
Qt versus t. This indicates that the removal of Cr(VI) is conducted
mainly by physical adsorption at this particular particle size.
However, in relation to other particle sizes, the removal of Cr(VI)
fits the model pseudo-second-order kinetics instead. The coeffi-
cient of determination R? of the pseudo-second-order equation
increased from 0.9717 to 0.9987 when the particle size decreased
from 150—270 um to 48—75 pm. This means that with the decrease
of particle size, Cr(VI) removal is more inclined to undergo

Table 2
The parameters of the kinetic equations.

chemisorption in correspondence to the exposed surface area of
pyrrhotite. Furthermore, the increase of k, indicates that the
adsorption rate will increase inversely with particle size. The
decrease of particle size of mineral composite means the increase of
specific surface area, and a larger specific surface area can absorb
more Cr(VI), so the removal rate of Cr(VI) increases with the
decrease of particle size [26,33].

3.2.2. Influence of the initial pH on Cr(VI) removal

Atdifferent pH values, the mineral composites were added to the
Cr(VI) solutions, and the amount of Cr(VI) removal per gram of
composite was calculated after balancing the reaction. According to
the results in Fig. 3, the mineral composites exhibited higher reac-
tivity for Cr(VI) removal under acidic conditions. The amount of
Cr(VI) removal per gram of composite is 45.8 and 43.6 mg g~ when
the pH of the solution is 2 and 3, respectively. When the pH was
raised to 4, the removal rate decreased significantly to 33.6 mg g~
and continued on this trend with the further increase of pH value. At
pH 9, the amount of Cr(VI) removal per gram was 24.1 mg g~ . This
effect of pH on the removal of Cr(VI) is the result of acidic conditions
causing pyrrhotite (pHpzc = 2—3) and magnetite (pHp,c = 6-7) to
adopt a positive charge on its surface, which is conducive to the
adsorption of Cr(VI) anions [37,55]. Pyrrhotite will dissolve under
acidic conditions (pH < 5) and release Fe?* and S®~ ions [56], which
can enhance reactional activity through direct electron transfer to
Cr(VI). Therefore, when Cr(VI) solution is neutral and alkaline (pH
7-9), the adsorption and reduction rates of Cr(VI) are weak due to
competition of OH™ with Cr(VI) on adsorption sites. This, along with
precipitates such as Fe(OH)s, will deposit on the surface and cause
composites to lose reactivity rapidly [57].

Cr contaminated soils found in southern China are mostly acidic,
with a pH range of 4—6 [58], which is conducive to using natural
magnetic mineral composites as a form of soil remediation. The

The pseudo-first-order

The pseudo-second-order

Qe (mgg) ki (min~") Qe (mgg ) ky (min~") R?
>270 um 19.44 0.024 0.9942 21.99 0.48 0.8724
150-270 um 26.58 0.031 0.9306 27.15 122 0.9717
75-150 um 31.21 0.032 0.9723 30.26 151 0.9896
48-75 um 32.45 0.038 0.9618 31.52 1.83 0.9987
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Fig. 3. Amount of Cr(VI) removal per gram of composite under different initial pHs.

main mineral components in soil are quartz and feldspar, and there
are also some clay minerals. These minerals usually have a negative
charge on the surface under acidic conditions [59,60], which is one
of the reasons why the Cr(VI) anion is easy to migrate in soil.
However, the mineral composite used in this paper has a positive
charge on the surface at this pH value. When the Cr(VI) anion mi-
grates with an aqueous solution in soil, it will be pre-adsorbed by
the material and then reduced on the surface. Therefore, the
moisture content in soil may be one of the main factors affecting
the soil remediation by the composite. In the following, we carried
out in-situ remediation experiments using Cr contaminated soil.

3.3. Reduction of Cr(VI) in the contaminated soil

3.3.1. The TCLP leachability of the Cr(VI) contaminated soil after
remediation

In order to test the in-situ effects of treatments of Cr(VI)-
contaminated soil in natural environments, the immobilization
efficiency of the composites was measured. The soil used in this
experiment was collected from Hunan Province, China, with a pH
value of 4.02 and an average water ratio of 29.23%. To remove the
influence of microorganisms on the reduction process of Cr(VI), the
soil was sterilized before experimenting. Fig. 4 illustrates the TCLP
leachability of Cr(VI) in treated and untreated soil under different
conditions over 100 days. The highest leachability of Cr(VI), with an
extraction rate of 69.8%, was observed in untreated soil with 0%
water content. In the control group (no mineral composites in soil),
leachable Cr(VI) concentration decreased slightly as the water ratio
increased after 100 days of deposits. This may be due to the ability

70
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— 2
3 = ~
230 §§
© 8S
- o
5 20 75
2 o%s
10 =

0 5 10 15 20
Mineral dosage (wWt%)

Fig. 4. The TCLP leachability of Cr(VI) under different water ratios and dosages of
composites.
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of clay minerals in the soil to immobilize Cr in the presence of
water. As a result, when mineral composites were added to the
contaminated soil, the leaching capacity of Cr(VI) decreased after
100 days of in-situ remediation. This indicates that adding natural
mineral composites to the contaminated soil can effectively reduce
Cr(VI) in soil, and subsequently the leaching risk of Cr. This trend
becomes more significant with the increase in mineral dosage. In
the experimental group with 30% water content, the TCLP-
leachability of Cr(VI) was reduced to 49.6% when the mineral
dosage was 10% and 29.1% when the mineral dosage was increased
to 20%. However, we found that when the soil was completely dry
(0% water ratio), the treatment group supplemented with 20%
mineral material did not prominently reduce Cr(VI). Soil moisture is
one of the key parameters in heavy metal contaminated soil
remediation that will influence efficiency [4]. The Cr(VI) TCLP
leachability of the composites-treated soil with the variation of soil
moisture was investigated. The extraction rate of Cr(VI) was 60.3%,
56.1%, 49.6%, 29.6%, and 22.6% at a different soil moisture levels of
10%, 20%, 30%, 40%, and 50%, respectively, with the addition of 10%
mineral composites. An increase in soil moisture corresponds to
significant decreases in the leaching rate of Cr(VI). Leaching rates
were 35.1%, 22.6%, 10.7%, and 7.8% when the soil moisture level
increased to 50% at different dosages (5%, 10%, 15%, and 20%) of
mineral composites. At a 20% mineral dosage, the leaching con-
centration was 1.95 mg L~! after 100 days of treatment at a soil
moisture level of 50%; this was below the EPA TCLP limit (5 mg L™ 1)
for hazardous waste (USEPA Method 1311, 1990). The increase of
water content improves the migration and transformation of Cr in
soil, conducive to the pre-adsorption of Cr(VI) by mineral com-
posites and reduction by pyrrhotite. Therefore, the soil remediation
process of Cr(VI) can be improved by increasing soil moisture.

3.3.2. Cr percentage in soil and the magnetic composite after
separation

Since mineral composites have magnetic properties, soil reme-
diation (50% water ratio and mineral dosage 20%) can be accom-
plished through the easy and efficient separation of soil from
magnetic minerals using an external magnetic field. The percentage
of Cr in soil and the magnetic composites was analyzed, with the
results being shown in Fig. 5. In the control group, 63.8% of Cr can
be leached by TCLP in the untreated soil, which means that about
60% of Cr is susceptible to migration. After treatment, only 3.6% of
Cr is leached in the soil, indicating that a large amount of Cr is
converted to stable phases through treating contaminated soil with
magnetic minerals. Furthermore, we compared the percentage of
Cr present in separated soil and magnetic minerals and found up to
58.2% of Cr was enriched in magnetic minerals. Under these

V7 unleachable Cr [__]leachable Cr
Magnetic X
' separation (R
E ;
Treated
soil
Soil 41.8%
Untreated
soil
0 20 40 60 80 100

Cr percentage (%)

Fig. 5. Cr percentage in soils and the magnetic composite.
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experimental conditions, the magnetic composites can adsorb
mobile Cr from the soil for transportation to the surfaces, allowing
its mineralization into more stable phases. Therefore, it is impor-
tant to characterize the phase of these Cr-containing products that
are enriched on the surface of the composites.

3.4. Characterization of the Cr(VI) products on the magnetic
composite

The Cr-loaded composites particles formed after Cr reduction in
the soil were characterized using SEM-EDS, Raman techniques, and
XPS. The results shown in Fig. 5 demonstrate that in-situ remedi-
ation significantly reduces the amount of leachable Cr(VI) in the
soil. This indicates that Cr(VI) was converted to an insoluble solid
phase. The image of SEM (Fig. 6a) shows that a large number of new
flocculent mineral phases were attached to the surface of the
composites after the occurrence of the reaction. The mapping of
EDS (Fig. 6a) shows that the Cr distribution is consistent with these
newly formed minerals. Unattached Cr-bearing minerals on the
surface of particles were dominated by S, and none of the Fe and O
were enriched.

To further confirm the mechanism of the Cr(VI) reduction process
and specify possible Cr species present on the surface, Raman
spectroscopy was applied to the same sample. Results are shown in
Fig. 6b. The new solid phases attached to the surface of pyrrhotite
particles have several new peaks. Wang et al. [61] found that Raman
peaks for Hematite were located at 227,292, 411,497,and 1319 cm ™.
In the present study, it was found that the new products have Raman
peaks at 220, 286, 405, 492, and 1312 cm™'; these peaks shifted
positions to the left compared with those reported in similar liter-
ature. This shift may be due to the unique phase of Cr(III), or chro-
mite, present within the crystal lattice [61]. Predecessors pointed
out in the literature that the Raman spectral pattern of chromite
consists of a major broad peak near 685 cm™! and a shoulder near
650 cm~! [62,63]. Thus, the peak near 686 cm~! in Fig. 6b is
consistent with the peaks for chromite in solid products.

Element valence and chemical oxidation states of surface and
near-surface species of chromite were investigated using XPS. All
spectra were drawn and analyzed using the Casa-XPS software [38].
The Cr 2p spectrum of the Cr-bearing minerals can be divided into
three individual component peaks, which originated from the
Cr(Ill) atom and overlap with each other. According to Moulder
et al. [64], the Cr 2p peak for Cr oxides occurs at binding energy
ranges of 575—580 eV. As shown in Fig. 6b, the peaks at binding
energies of 577.5, 577.0, 575.9, and 575.7 eV can be assigned to
Cr(Ill) species, indicating its complete reduction. Biesinger et al.
[65] observed that FeCry04 peaks are found at binding energies of
575.9, 577.0, and 577.9 eV. Lastly, Pratt et al. [66] revealed that the
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Cr03 peak is found at binding energies of 575.7 eV, and the peak
found at binding energies of 577.5 eV belongs to Cr(OH)s. The
theoretical mass proportion of FeCryO4 is about 54.9%, 30.9% for
Cr(OH)3, and 14.2% for Cr0s. These results are consistent with the
element mapping and Raman data.

Based on SEM-EDS, Raman, and XPS data, it can be found that
Cr(VI) in the soil is effectively reduced and immobilized; it is
further mineralized on the surface of the composites in the form of
Cr(OH)3, Cr03, and FeCr,04.

3.5. The mechanism of remediation

Combined with the experimental results of this paper and
previous literature [67,68], we can infer that the mechanism of
remediation of Cr(VI) contaminated soil by the magnetic mineral
composites should include: Cr(VI) in the contaminated soil is dis-
solved in aqueous solution and exists in soil solution as Cry0%~.
Under the acidic condition, the surface of the mineral composite is
positively charged, and the Cr,0%  in the soil solution is pre-
adsorbed on the surface of the magnetic composite under elec-
trostatic action. Fe(Il) and S(II) on the surface of mineral composites
transfer electrons to Cr(VI) in the following ways:

6Fe(ll) + Cry03~ + 14H" — 2Cr(Ill) + 6Fe(Ill) + 7H,0
3S(I) + Cry03~ +14H* — 2Cr(Ill) + 3S + 7H,0

Cr(Ill) co-precipitates with Fe(Il) and Fe(Ill) on the mineral
surface, forming minerals and covering the surface of composite
particles.
Cr(IIT) + Fe(Ill) + 30H™ — (Fe,Cr)(OH)3
2Cr(IlT) + Fe(Il) + 80OH™ — FeCr04 + 4 Hy0
2Cr(Ill) + 60H™ — Cr03 + 3H0

Under the external magnetic field, the Cr-containing products
are separated from the soil along with the magnetic composites, so

as to completely reduce the content of Cr in the soil and funda-
mentally solve the problem of Cr re-oxidized after the remediation.

4. Conclusion

In summary, we found a natural mineral composite consisting of
77% magnetite and 23% pyrrhotite with strong magnetic properties.
Magnetite and pyrrhotite in the mineral composites are interlaced
and closely bonded. XRF results show the absence of other heavy
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Fig. 6. a, SEM-EDS mapping image of the magnetic composite after the reaction. b, The Raman spectra of products. ¢, The XPS spectra of Cr 2p.
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metals. Aqueous Cr removal experiments exhibit the significant
immobilization effect of the composites on Cr(VI). This immobili-
zation effect increases inversely with composite particle size. When
the particle size is less than 150 pm, this allows for higher exposure
of pyrrhotite surface area. The removal of Cr(VI) by the composite
occurs through chemical adsorption. Acidic conditions are more
favorable for the immobilization of Cr(VI). In this study, when the
pH was 2, the amount of Cr(VI) removal per gram of composite was
45.8 mg g~ L. After 100 days of composite in-situ remediation, the
leaching concentration (TCLP) of Cr(VI)-contaminated soil was
1.95 mg L. After remediation, composites were separated from
the soil by a magnetic field, and 58.2% of Cr was enriched through
magnetic minerals. It was found that Cr was enriched on the surface
of the composites in the form of Cr(OH)s;, Cry03, and FeCry04.
Therefore, we concluded that in-situ reduction and mineralization
of Cr(VI) in the soil could be carried out effectively by natural
magnetic mineral composites and easily separated and removed
from contaminated soil. This offers a novel approach to achieving
clean remediation of soil contaminated by Cr(VI) and other haz-
ardous oxyanions such as uranium.
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