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Abstract: Nanofine zero−valent iron (nZVI) is a new, eco−friendly material with strong reducing and
adsorbent properties that can be used to clean up heavy metal−affected soils. Herein, nZVI encapsu-
lated with carboxymethyl cellulose (CMC−nZVI) is synthesized via an aqueous−phase reduction
technique and subsequently deployed to evaluate its effectiveness in Cr(VI) soil remediation. The
characterization analysis used SEM−EDS, XRD, XPS, and LSV to determine the relevant properties
of the material. The results show that at an initial Cr(VI) concentration of 169.5 mg·kg−1, 93.2% of
Cr(VI) was removed from the soil after 10 h of treatment with CMC−nZVI at pH 3.3. The kinetic
analysis showed that CMC−nZVI had the maximum equilibrium adsorption capacity for removing
Cr(VI) from soil at 105.3 mg·g−1. This followed a pseudo−second−order kinetic model. The study
shows that CMC−nZVI converts Cr(VI) to Cr(III), which forms complexes with Fe(III) ions in the
presence of hydroxide ions (OH−) to form a highly stable compound that eventually adsorbs into the
nanomaterial’s surface for efficient removal.

Keywords: CMC−coated nanoscale zero−valent iron; removal; chromium−containing soil;
removal mechanism

1. Introduction

Rapid economic development is often accompanied by industrial damage to the en-
vironment, which results in severe contamination of soil resources, such as heavy metal
pollution. In particular, high chromium concentrations are found in factories in the elec-
troplating, textile, and metallurgical industries [1]. Moreover, trivalent chromium and
hexavalent chromium are commonly used in industry, making chromium in contaminated
soil present in these two valence forms [2]. Many nations and areas consider Cr(VI) to be
one of the priority pollutants [3,4]. Under natural conditions, Cr(VI) exists in a stable and
crystalline form with high stability. In polluted soils, the leachability of Cr(VI) is greatly
increased, facilitating its entry into the ecosystem and accumulation in plants, notably
crops, via soil migration, thereby endangering human and animal health [5]. It would seem,
then, that the pollution management of Cr(VI), a heavy metal in the soil, has become an
urgent environmental problem.

Recently, a new nanomaterial restoration technology has been attracting increasing
attention because of its good eco−friendly properties and high efficiency [6]. It is thought
that the freshly made nZVI has a high diffusivity ‘r’ in soil because of its improved mobility,
a large specific surface area, and high reactivity [7]. According to certain research, nZVI is
frequently utilized in a variety of environmental treatments, including dye [8], phenol [9],
and some heavy metals [10,11]. However, the magnetic and van der Waals forces present in
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bare nZVI severely affect the dispersion of the material [12], causing particles to aggregate
and form micron−sized flocs. This ultimately reduces the mobility of nZVI particles and
the efficiency of remediation of pollutants. It has been suggested that a variety of materials
could be used to modify nZVI in order to prevent aggregation and improve the persistence
of its dispersion. These include biochar [13], chelating agents [14], bentonite [15], clay [16],
and anionic polymers [17]. In particular, food−grade sodium anionic polymers, such as
CMC, have been widely used to stabilize nZVI particles [18,19]. In addition, it was found
that nZVI stabilized with CMC is also a very effective Cr(VI) reducing agent [20].

Although modified nZVI has been used extensively for removing heavy metal ions
from contaminated waters, few researchers have focused on the remediation of chromium
−containing soils by CMC−nZVI. Soil experiments are more complex and have more
influencing factors compared with water treatment experiments. The detection of the
experimental results is also more complicated than for water treatment, with soil tests
adding drying and leaching steps and taking a longer time. For this reason, a CMC−nZVI
treatment method for Cr(VI)−contaminated soil is needed, along with a study of the impact
of other parameters on the remediation ability (such as the type of material, the amount
of material, the starting pH of the soil, and the beginning Cr(VI) concentration of the soil).
Examining how CMC−coated nZVI aids in soil detoxification from hexavalent chromium
is crucial.

This research successfully produced nZVI stabilized with carboxymethyl cellulose
(CMC−nZVI) and assessed its efficacy in addressing soil contamination by chromium in
its hexavalent form. Furthermore, an attempt was made to quantify the characteristics
of CMC−nZVI and assess its removal efficiency for hexavalent chromium. Furthermore,
the potential mechanisms of Cr(VI) adsorption, reduction, and precipitation complexation
in soil by CMC−nZVI were also explored, which provided valuable insights and tech-
nical guidance for the on−site treatment of heavy−metal−contaminated soil areas with
CMC−nZVI.

2. Materials and Methods
2.1. Materials

Experimental chemicals are shown in Table S1 of the Supplementary Material. The
following reagents were all of analytical purity grade and approved for direct use without
further processing. The entire experiment was conducted with deionized water.

2.2. Analysis and Sampling of Soil

This study utilized soil samples collected from four different areas of the former Chang-
sha Chromite Factory (latitude 28◦11′49′ ′ N and longitude 112◦58′42′ ′ E). Four groups of
soil were air−dried and ground into small particles; subsequently, these materials were
sifted using a sieve with a mesh size of 1 mm to prepare them for the following experi-
mental procedures. The characteristics of the soil were examined according to standard
protocols [21,22]. The soil texture was comprised of clay and sand, with respective propor-
tions of 99.2% and 0.8%. Using the DTPA extraction method (GB/T 23739–2009) [23], the
Cr(VI) values in four distinct locations were 101.2, 169.5, 202.2, and 315.2 mg·kg−1, in that
order. Meanwhile, the pH was approximately 6.8 based on the diphenylcarbodihydrazide
spectrophotometry method (GB 7467–87) [24].

2.3. CMC−nZVI Synthesis

The CMC−nZVI was synthesized with CMC as a coating material, while the nZVI was
generated by liquid−phase reduction. Different CMC−nZVI were synthesized by varying
mass ratios of CMC and iron (MCMC:Miron = 0.5:1, 1:1, or 2:1) as follows. To summarize,
within a 500 mL flask featuring three necks, a mixture comprising 100 mL of ethanol and
purified water (80% volume fraction, purged with pure argon gas for 60 min to eliminate
dissolved oxygen) was prepared, and 1.21 g of FeCl3·6H2O was dissolved under mechanical
stirring and a continuous flow of pure argon. Subsequently, we explored the possibility
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of reducing the aggregation of nZVI particles by introducing a newly formulated NaBH4
solution (0.34 g NaBH4 added to 50 mL solution) into the above solution. Finally, under
the condition of mechanical agitation, different quantities of CMC (0.125, 0.25, or 0.50 g,
each in a 10 mL volume) were introduced into the solution and stirred for 20 min, thereby
obtaining CMC−nZVI, which contains 0.25 g of nZVI. Equation (1) provides a helpful
representation of the reaction.

4Fe3+ + 3BH−
4 + 9H2O → 4Fe0

(s) ↓ +3H2BO−
3 (aq) + 12H+ + 6H2(g) ↑ (1)

After the aforementioned procedure, vacuum filtration was used to remove the black
particles, and anhydrous ethanol was used to rinse them. Furthermore, the resulting
material was vacuum−dried at 60 ◦C for 48 h.

2.4. Materials Characterization
2.4.1. Characterization of nZVI Before and After Coating

Freshly prepared nZVI and CMC−nZVI were freeze−dried and ground into fine
particles in an anaerobic environment for characterization experiments. The shape and di-
mensions of the materials, both pre− and post−coating, were examined using a JSM−7500F
Scanning Electron Microscope (SEM) from Applied Scientific Instruments (Shanghai) Co.,
Ltd. (Shanghai, China). Concurrently, the BET surface area was measured using a PM7240
Brunauer–Emmett–Teller (BET) analyzer from Huapu Hengchuang Instruments (Beijing)
Co., Ltd. (Beijing, China). Additionally, the material composition was characterized using
a D8−ADVANCE X−ray diffractometer (XRD) from Softron Biotechnology (Beijing) Co.,
Ltd. (Beijing, China) and a Thermo Kalpha X−ray photoelectron spectrometer (XPS) from
Thermo Fisher Scientific, Waltham, MA, USA. Anodic polarization curves of both nZVI and
CMC−nZVI were examined by electrochemical workstations (LSV, CHI760E, Hangzhou
Junsheng Scientific Equipment Co., Ltd. (Hangzhou, China)).

2.4.2. Cr(VI) Characteristics Both Before and After CMC−nZVI Treatment

SEM was used to examine the CMC−nZVI’s morphology both before and after the
soil treatment. The sample’s elemental makeup and distribution within a specific zone
were identified using an Energy Dispersive Spectroscope (EDS, Hitachi Regulus 8100, FEI,
Hillsboro, Oregon, USA) system, which is part of the Scanning Electron Microscopy setup.
The materials were analyzed for elemental composition and chemical morphology using
XRD and XPS.

2.4.3. Recovery of CMC−nZVI

A 500 mL beaker containing the CMC−nZVI−treated soil was filled with 200 mL
of anhydrous ethanol, which was constantly agitated to ensure complete mixing. The
uniformly mixed soil was slowly poured into the magnetic separator (XCGS−50, Jiangxi
Barrick Mineral Processing Equipment Co., Ltd., Jiangxi, China) to recover CMC−nZVI.
Finally, the collected CMC−nZVI was dried by a freeze−drying machine.

2.5. Batch Experiments
2.5.1. Coating Ratio Investigation Experiment

Variants of CMC−nZVI, each with distinct coating ratios, were synthesized employing
the liquid−phase reduction method. They were labeled as control samples, sample No. 1,
sample No. 2, and sample No. 3 (MCMC:Miron = 0:1, 0.5:1, 1:1, and 2:1, respectively). The
four materials were placed in different vessels, and six time periods of 0 h, 1 h, 1 d, 3 d, 5 d,
and 7 d were photographed to observe the oxidation of each group.

After adding 200 mL of potassium dichromate solution to a 500 mL flask and mechan-
ically stirring the liquid at room temperature at 300 rpm, the experiment for the removal
of Cr(VI) was carried out. The addition of CMC−nZVI initiated the reaction. At intervals
(5, 10, 20, 30, 40, 50, 60, and 90 min), 10 mL of solution was collected and centrifugally
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filtered for subsequent analysis. The primary reaction parameters utilized in the experiment
were CMC−nZVI to treat a chromium(VI) solution with a concentration of 128 mg·L−1

at 20 ◦C and a pH of 7. The mass ratios (support ratios) of CMC to nZVI solid were 0:1
(bare nZVI), 0.5:1, 1:1, and 2:1, with an application rate of 1.25 g·L−1. A UV–Vis spectropho-
tometer (UV−4800, UNICO (Shanghai) Instrument Co., Ltd. (Shanghai, China)) was used
to measure Cr(VI) content in the solution. The average values of the three experimental
outcomes were the final results, and three duplicates of each experiment were conducted.

2.5.2. Experiments for Cr(VI) Removal in Soils

A 1000 mL beaker was filled with 500 g of precisely weighed soil. Then, the specified
doses of nZVI solids were diluted with deionized water so that the particles were uniformly
dispersed in the solution. To ensure that the water content of each soil was the same, dry
soil was used for this experiment. The amount of deionized water used was 30% of the soil
mass. Lastly, a mixer was used to completely mix the previously described solution into
the soil. Up to this point, the experimental reaction was activated. First, 20 g of soil was
quantitatively sampled at regular intervals (0.5, 2, 4, 6, 8, and 10 h). After drying the soil at
high temperatures to stop the nZVI and Cr reactions from continuing, the leaching method
was used to assess the Cr concentration (GB/T 23739–2009 and GB 7467–87). Taking into
account three different factors, the study assessed how well CMC−nZVI removed Cr(VI)
from the polluted soil. The study assessed different factors: initial Cr(VI) concentrations in
soil (101.2, 169.5, 202.2, and 315.2 mg·kg−1), initial soil pH levels (3.3, 5.1, 6.8, 8.7, and 10.1),
and CMC−nZVI quantities applied (0.5, 1.0, 1.5, and 3.0 g·kg−1).

2.6. Data Analysis and Processing

The treated Cr(VI) solution was slowly poured into a cuvette measuring 25 mm. With
a UV–Vis spectrophotometer, we measured the absorbance at 540 nm to find the amount of
Cr(VI) in the solution [25]. The removal rate (R) and adsorption capacity (q) of Cr(VI) were
calculated using Equations (2) and (3). In order to gain a deeper understanding of the char-
acteristics of the adsorption process, the experimental data of CMC−nZVI for the removal
of Cr(VI) at different pH levels were fitted by the pseudo−first−order kinetic equation
(see Equation (4)) and the pseudo−second−order kinetic equation (see Equation (5)).
The experimental data of CMC−nZVI for the removal of Cr(VI) at various pH levels
were fitted using the pseudo−first−order kinetic equation (see Equation (4)) and the
pseudo−second−order kinetic equation (see Equation (5)) in order to examine the charac-
teristics of the adsorption process. The kinetic model categorized as pseudo−first−order
indicated a physical adsorption phenomenon; conversely, a chemical adsorption mecha-
nism was suggested by the pseudo−second−order kinetic model.

R =
C0 − Ct

C0
× 100% (2)

q =
m
M

(3)

ln(qe − qt) = ln qe − k1t (4)

t
qt

=
1

k2q2
e
+

t
qe

(5)

where R—removal rate (%), C0—initial mass concentration (mg·L−1 or mg·kg−1), Ct—the
mass concentration at time t during the reaction (mg·L−1 or mg·kg−1), q—removal capacity
(mg·g−1), M—the dosage of CMC−nZVI (g), m—removal of Cr (mg), qe—equilibrium
adsorption (mg·g−1), qt—adsorption at time t (mg·g−1), k1—pseudo−first−order kinetics
equation adsorption rate constant (min−1), k2—pseudo−second−order kinetics equation
adsorption rate constant (g·mg−1·min−1).
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3. Results and Discussion
3.1. Investigation of the Properties of CMC−nZVI

The naked nZVI particles, which were roughly 100 nanometers in size and primarily
spherical in shape, are shown in Figure 1a. However, nZVI particles have a tendency
to group together and create clump−like agglomerates because of van der Waals forces
and magnetic interactions [26]. These results are consistent with previous studies [27].
CMC−nZVI exhibited uniform dispersion with a low tendency to aggregate (Figure 1b),
which is attributed to the significant increase in surface repulsion of the material after
CMC coating of nZVI, resulting from both electrostatic potential repulsive effects and steric
potential repulsive effects [28]. It is also worth noting that nZVI and CMC−nZVI had
specific surface areas of 11.48 and 51.58 m2·g−1, respectively. The result was related to the
use of the CMC coating material, which effectively prevents nZVI agglomeration [29]. This
aligns with the findings from the SEM study.
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Figure 1. SEM images of (a) nZVI and (b) CMC−nZVI.

Figure 2 shows the XRD profiles of nZVI and CMC−nZVI. nZVI and its CMC−modified
counterpart both displayed diffraction patterns associated with the BCC lattice of the α−Fe phase,
specifically the (110) crystallographic plane, which is indicative of iron in its zero−valent state be-
ing the predominant constituent, characterized by distinctive peaks within the 2θ range of 45 ◦~46◦.
The peak of Fe2O3 appeared in the nZVI spectrum, indicating that some of the nZVI has been
oxidized during the sample preparation. The effective inclusion of the carbon−containing poly-
meric substance CMC was demonstrated by the development of the C peak in the CMC−nZVI
spectrum. Furthermore, the Fe0 peak in the CMC−nZVI spectrum was not distinct, which was
due to the incorporation of organic matter.Clean Technol. 2024, 6, FOR PEER REVIEW  6 
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Figure 3 illustrates the XPS patterns of nZVI and CMC−nZVI. Both materials have
five forms of iron: FeOOH, Fe(III), Fe(II), Fe2O3, and Fe0. The total percentage of Fe2+ and
Fe0 in CMC−nZVI was 32.29%, and the total percentage of Fe2+ and Fe0 in nZVI was only
9.10%, which was 23.19% higher than bare nZVI. The Fe0 content rose from 0.07% to 12.63%,
suggesting that the CMC coating decreased the oxidation of nZVI.
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Figure 4 illustrates the anodic polarization curves of nZVI and CMC−nZVI. In the
electrochemical analyzer, the oxidation reaction occurred at the anode. This reflects the
stability of CMC−nZVI and bare ZVI at a specific voltage. Figure 4b suggests that the
oxidation potential of CMC−nZVI (1.70 V) was higher than bare nZVI (1.55 V), indicating that
CMC−nZVI was present in the soil for a longer time and had a longer effective action time.
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3.2. Coating Ratio Investigation Results

Figure 5 shows the antioxidant properties of bare nZVI (control sample) and CMC−nZVI
(mass ratio MCMC:Miron = 0.5:1, 1:1, and 2:1). The four experimental groups in this study were
in the same environment and were exposed to air. Other factors were controlled identically
during the experiments, such as specimen mass, vessel type, placement, etc. The color of bare
nZVI changed from black to brown after 1 h, as it had been oxidized completely. The oxidation
duration of nZVI was prolonged by the addition of CMC. Additionally, nZVI’s antioxidant
qualities gradually improved as the dosage of CMC was raised. It was observed that when the
mass ratio of CMC to nZVI was in excess of 2:1, the CMC−nZVI storage time in the air was
found to be longer than 5 days.
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Figure S1 displays the outcomes of CMC and nZVI’s elimination of Cr(VI) from the
solution at various ratios. The adsorption capacity and removal rate of Cr(VI) increased
as the mass ratio of CMC to nZVI was raised, as shown in Figure S1a–c. This implies that
CMC enhances the CMC−nZVI adsorption performance and prevents nZVI from clumping
together. The clearance rate of Cr(VI) reached 98.5% in 90 min when the mass ratio of
CMC to nZVI was 1:1. Increasing the mass ratio to 2:1 had little further effect on the Cr(VI)
removal efficiency. Simultaneously, 101.12 mg·g−1 was the new adsorption capacity, up
from 100.88 mg·g−1. The results indicated that the viscosity of CMC−nZVI increased after
the cladding ratio exceeded 1:1, which affected the fluidity and dispersion of the material
in the solution and did not significantly enhance the removal effect. As a result, 1:1 was the
ideal ratio for carrying out further trials.

3.3. Experiments for Cr(VI) Removal in Soils Investigation Results

At CMC−nZVI doses of 0.5, 1.0, 1.5, and 3.0 g·kg−1, the equilibrium adsorption
capacities and removal efficiencies of Cr(VI) are shown in Figure S2a–c. The rate at which
Cr(VI) is removed was found to rise as the dosage of CMC−nZVI increased. After 10 h,
66.6% of Cr(VI) was eliminated with a CMC−nZVI dosage of 1.5 g·kg−1, but only 43.2%
was eliminated with a dosage of 0.5 g·kg−1. The rationale is that as the CMC−nZVI dosage
increases, the number of active sites increases, which greatly improves the removal rate
of Cr(VI) [30]. However, the elimination (%) by 8 h was little impacted by additional
CMC−nZVI dosage increases (over 1.5 g·kg−1). As the dose increased, CMC−nZVI’s
adsorption ability for Cr(VI) dropped from 146.6 to 39.17 mg·g−1 (Figure S2c). This reason
for this is a reduction in the quantity of Cr(VI) adsorbed per unit mass of CMC−nZVI. In
light of the cost of CMC−nZVI and the Cr(VI) removal efficiency, it seems reasonable to
suggest that a dosage of 1.5 g·kg−1 may be an appropriate option.

Figure S2d–f shows the elimination rates and the sorption capacity at equilibrium
of CMC−nZVI for various levels of Cr(VI). The maximum efficiencies for decolorization
reached after 10 h were 73.2%, 66.6%, 59.3%, and 39.8% at initial concentrations of 101.2,
169.5, 202.2, and 315.2 mg·L−1, respectively. It appears that the high initial concentration
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of Cr(VI) may have contributed to the saturation of adsorption sites on the CMC−nZVI
surface. Each concentration of CMC−nZVI had an adsorption capacity of 49.4 mg·g−1,
75.3 mg·g−1, and 80.0 mg·g−1. One possible explanation for this phenomenon is that the
higher starting Cr(VI) concentration may have contributed to an increased mass transfer
barrier for the Cr(VI) molecules to overcome when approaching the CMC−nZVI sur-
face [18]. As a result, the adsorptive capacity of CMC−nZVI increased in relation to the
initial concentration of Cr(VI).

Figure S2g–i shows how CMC−nZVI affects the equilibrium adsorption capacity and
removal rate of Cr(VI) at various soil pH levels. The adsorption capacity dropped from
105.3 to 48.5 mg·g−1 and the Cr(VI) removal rate dropped from 93.2% to 42.9% when the
pH rose from 3.3 to 10.1. The pH value significantly impacts the redox interaction between
nZVI and Cr(VI), which is similar to the conclusions of other customized nZVI in removing
Cr(VI) [31,32]. On the one hand, in an acidic environment, a high H+ concentration in
the soil might hasten the disintegration of the inert oxide covering on the nZVI surface.
Fe0 exposure promotes electron release, which makes it easier for nZVI and Cr(VI) to come
into contact and improves removal efficiency. On the other hand, H+ has the ability to neu-
tralize OH− and lessen the production of hydroxide precipitates. Alkaline circumstances
promoted the hydroxide precipitates Fe(OH)3 and Cr(OH)3, which could potentially coat
the surface of nZVI, prevent the transport of electrons from Fe0 to Cr(VI), and render
nZVI inactive.

3.4. Adsorption Kinetics Analysis

The process of elimination of Cr(VI) progressed rapidly for the initial two hours and
approached the removal equilibrium after four hours, as shown in Figure S2a,d,g. This is
because there were a lot of adsorption and reduction sites on CMC−nZVI during the first
removal stage. Furthermore, the high concentration of CMC−nZVI in the soil increased
the mass transfer driving force between the Cr(VI) and the interfacial material, facilitating
the extraction of heavy metal ions [33]. During the elimination process, the oxidation of
the Fe0 on the surface of CMC−nZVI caused the reactive sites to finally become saturated.
Consequently, the efficacy of eradicating Cr(VI) was restricted.

Given the significant effect that pH has on the removal of Cr(VI) by CMC−nZVI, an
adsorption kinetics analysis was conducted with pH as a variable. Appropriate parameters
were obtained from the pseudo−first (4) and pseudo−second (5) order kinetic models.
The results of the kinetic model fitting are depicted in Figure 6, while the parameters
derived from kinetics at varying initial pH values are detailed in Table S2. Comparing the
data of the pseudo−first and the pseudo−second−order kinetic model, the latter had a
correlation coefficient between 0.997 and 0.998. Since the actual value of Qe was comparable
to the theoretical value, and the kinetic model matched the pseudo−second−order kinetics
well, the removal of Cr(VI) from soil by CMC−nZVI was a chemisorption process that
included both chemical reduction and physical adsorption. This process is determined by
two factors: one is determined by electron transfer and valence bonding forces, and the
other is determined by physical diffusion [34]. Figure 7 illustrates the fitting results of the
adsorption isotherm curve model. The parameters obtained from the isothermal adsorption
model under different initial concentrations are shown in detail in Table S3. In contrast to
the Freundlich isothermal adsorption model, the Langmuir isothermal adsorption model
had an R2 greater than 0.95. Compared to the Freundlich model, it is more accurate in
describing the adsorption process. At 123.465 mg·g−1, the qm value was more in line
with the experimental value. This suggests that the monolayer homogeneous chemical
adsorption occurred at locations on the CMC−nZVI surface and that no communication
occurred between the adsorbate molecules. Combined with Table S2, it can be known
that removing Cr(VI) from the soil by CMC−nZVI is a chemical adsorption process. In
comparison to other materials, CMC−nZVI has been observed to have a greater adsorption
capacity for Cr(VI) removal. This can be attributed to the distinctive nature of the nZVI
material and the CMC loading of nZVI.
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4. Mechanism Analysis

Further investigation was conducted into the Cr(VI) removal process using CMC−nZVI,
SEM−EDS, XRD, and XPS spectroscopy. The materials used for the aforementioned character-
ization were separated using a magnet. Please refer to Figure 8 for the SEM−EDS spectra of
CMC−nZVI before and after the reaction with Cr(VI). Prior to the reaction, there was no aggre-
gation of nZVI particles, and the particle size was decreased because of the dispersive impact
of CMC (Figure 8a). Following the reaction of Cr(VI), the morphology of the material changed,
and a large amount of fluffy material was produced, which was caused by the oxidation of Fe0

by Cr6+ and was also considered to be the complex hydroxide precipitates of Fe−Cr, further
proving that the removal process contained a redox reaction (Figure 8b). Comparing spectra
1 and 2 in Figure 8c, spectra 2 show a noticeable decrease in the Fe peak and an increase in
the Cr peak. In addition to the Fe, O, and C components, the CMC−nZVI−Cr surface also
contained a notable amount of Cr elements, which were distributed quite evenly (Figure 8d).
The elimination mechanism was shown to involve adsorption as a result of CMC−nZVI’s
reaction with Cr(VI) and showed adsorption of Fe−Cr complexes on the surface.
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redox process with Cr(VI) within the soil caused Fe0 to be consumed. Fe(III) was produced
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Figure S3 exhibits the XPS analysis, which was performed before and after interacting
with Cr(VI) and CMC−nZVI. Figure S3a,b illustrate the overall spectra of CMC−nZVI
and CMC−nZVI−Cr, respectively. The comparison revealed that the appearance of a Cr
peak (b) confirmed that CMC−nZVI adsorbs Cr, which supports the aforementioned XRD
analysis. In the iron spectrum shown in Figure S3c, it can be observed that there are five
peaks present, namely Fe0 at 707 eV (12.63%), Fe2O3 at 711 eV (28.31%), Fe(II)−satellite at
714 eV (19.66%), Fe(III)−satellite at 718 eV (15.78%), and FeOOH at 724 eV (23.62%). When
the Cr(VI) was removed (Figure S3d), the Fe0 peak at 707 eV disappeared, the Fe(II) content
decreased, and the Fe2O3 content increased. This implies that over the course of treatment,
Cr(VI) oxidized Fe0 and Fe(II). After the reaction of Cr(VI) with CMC−nZVI (Figure S3e),
the binding energy peaked at 576 eV for Cr(III) (CrxFe1−x(OH)3 and FeCr2O4) and 586 eV
for Cr(VI) based on the percentage of Cr in different valence states. The fact that 70.72% of
Cr(III) was adsorbed on the material’s surface further demonstrates that a sizable portion
of Cr(VI) was decreased.

Both the kinds of metal ions that are present in the soil and the effectiveness of CMC−nZVI
are significantly impacted by pH. This also has a significant impact on the removal of metal
ions. The Cr−O2−H2O system’s E−pH diagram is shown in Figure 10. HCrO4

− and CrO4
2−

are the predominant forms of Cr(VI) in the pH ranges of 2~6.47 and 6.47~14. Under acidic
conditions, Fe0 is more easily oxidized to Fe(II) or Fe(III), releasing electrons. Chromate anions,
such as HCrO4−, CrO42−, and others, acquire electrons in the soil, converting Cr(VI) to Cr(III)
(Equations (6)–(9)). But in alkaline circumstances, a lot of OH− causes hydroxide precipitates
of Fe(II), Fe(III), and Cr(III) to form (Equations (10)–(12)). These precipitates cover the surface
of nZVI to stop electron transfer and lower its activity. Meanwhile, the complex precipitation
of Fe(III) and Cr(III) forms (Equations (13) and (14)). These complexes are extremely stable
and are not easily re−dissolved into the ionic state so that the heavy chromium metal can be
effectively removed. Since the materials used for characterization are involved in the reaction
under weakly alkaline conditions, a hydroxide complex of iron−chromium is present in the
characterization results.

2HCrO−
4 + 3Fe0 + 14H+ → 3Fe2+ + 2Cr3+ + 8H2O (6)

HCrO−
4 + 3Fe2+ + 7H+ → 3Fe3+ + Cr3+ + 4H2O (7)

2CrO2−
4 + 3Fe0 + 8H2O → 3Fe2+ + 2Cr3+ + 16OH− (8)

CrO2−
4 + 3Fe2+ + 4H2O → 3Fe3+ + Cr3+ + 8OH− (9)

Fe2+ + 2OH− → Fe(OH)2 ↓ (10)

Fe3+ + 3OH− → Fe(OH)3 ↓ (11)

Cr3+ + 3OH− → Cr(OH)3 ↓ (12)

(1 − x)Fe3+
(ag) + xCr3+

(ag) + 3H2O → CrxFe1−x(OH)3 ↓ +3H+
(ag) (13)

(1 − x)Fe3+
(ag) + xCr3+

(ag) + 2H2O → CrxFe1−x(OOH) ↓ +3H+
(ag) (14)

The mechanism by which CMC−nZVI removes Cr(VI) from soil encompasses three
primary effects, as illustrated in Figure 11. (1) Redox effect: nZVI has a strong reducing
property and reduces the highly mobile Cr(VI) in the soil to the stable Cr(III) by releasing
electrons. (2) Adsorption: the large specific surface area and tiny particle size of CMC−nZVI
provide it with a powerful adsorption capability. This capability is particularly evident at
the onset of the reaction, where the surface of nZVI adsorbs a significant amount of Cr(VI)
to facilitate electron transfer. (3) Complexation precipitation effect: a portion of Fe(III) and
Cr(III) forms hydroxide precipitates (Fe(OH)3 and Cr(OH)3) that adhere to the soil. Another
portion, due to the presence of OH− ions in the soil, forms iron−chromium hydroxide
complexes (CrxFe1−x(OH)3). These complexes are relatively stable and less likely to be
re−leached into the ionic state, thereby achieving the goal of immobilizing chromium.
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5. Conclusions

CMC−nZVI was effectively synthesized in this work, and its effectiveness in elimi-
nating Cr(VI) under several circumstances was examined. CMC may improve antioxidant
capacity, stop nZVI from aggregating, and increase the likelihood that contaminants will
interact with nZVI. As the CMC−nZVI dosage and reaction time rose, the removal efficacy
of Cr(VI) improved proportionately, even if the pH value and concentration of Cr(VI)
dropped. Additionally, the CMC−nZVI elimination process of Cr(VI) was more in line
with the pseudo−second−order kinetic model than it was with them. Compared to the
Freundlich mode, the experimental results in this investigation were more consistent with
the Langmuir isothermal adsorption model. This suggests that the removal of hexavalent
chromium is governed by a chemisorption mechanism. Two factors determine this pro-
cess: one is determined by electron transfer and valence bonding forces and the other by
physical diffusion. Furthermore, because an alkaline environment promotes complexation
precipitation and an acidic environment promotes electron transfer (redox), pH is crucial in
the removal of Cr(VI). Further research on the mechanism of CMC−nZVI for removing
hexavalent chromium from soil indicates that the removal process involves three mecha-
nisms: redox, adsorption, and complexation precipitation. In summary, CMC−nZVI has
great application prospects in effectively removing hexavalent chromium from soil.
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used in the experiment; Table S2: Fitting results of the kinetic equation under different pH; Table
S3: Isotherms parameters for Cr adsorption onto CMC−nZVI; Figure S1: (a) Comparison of Cr(VI)
removal using CMC-nZVI with various ratios (CMC:nZVI mass ratio). With a pH of 7, an initial
Cr(VI) content of 128 mg·L−1, and a temperature of 20 ◦C, the dosage of nZVI and CMC-nZVI is
1.25g·L−1; (b) Removal rate of different coated ratio; (c) Equilibrium adsorption of different coated
ratio; Figure S2: Effect of Different Factors on CMC−nZVI’s Cr(VI) Removal; Figure S3: XPS Spectra
of CMC−nZVI Before and After Cr(VI) Reaction.
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