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Abstract: Nanoscale zero-valent iron (nZVI) has been broadly applied in the remediation of heavy
metals pollution. In this research, the toxicity characteristic leaching procedure (TCLP), the in vitro
gastrointestinal (IVG) method, and the diffusive gradients in thin-films (DGT) technique were used
to evaluate the effects of heavy metals in soil with remediation by nZVI. The results indicate that,
compared with the dose of 0.5 g·L−1, the nZVI in the dose of 1.0 g·L−1 can remove the heavy metals
in the soil. The leaching toxicities of the heavy metals (Cr, Cu, Zn, Pb) showed apparent decreases
after the remediation by nZVI. In the gastric phase, the highest bioaccessibility values of the Cr, Cu,
Zn, Pb were decreased by 27.2, 31.7, 11.7, and 20.1%, respectively. Moreover, in the gastric phase,
the highest bioaccessibility values of the Cr, Cu, Zn, Pb were decreased by 5.5, 1.29, 8.0, and 7.3%,
respectively. The availabilities of the heavy metals were also reduced. The above results show that
the nZVI effectively reduced the heavy metal pollution in the soil.

Keywords: nZVI; heavy metal soil pollution; TCLP; IVG; DGT

1. Introduction

Soil is the material basis for human survival. With the development of industry and
agriculture, and the application of the three main types of industrial wastes (municipal
solid waste, and agricultural fertilizers and pesticides), large amounts of heavy metals
are discharged into the environment [1]. Previous studies have shown that about 95%
of the pollutants produced in the world every year are discharged into the soil, and that
the pollution of heavy metals in the soil is becoming more and more serious [2–4]. The
pollution of heavy metals in soil is diverse. When heavy metals exist in the soil for a long
time, they reduce the soil quality of the surrounding area [5]. If heavy metals invade the
surface and enter the water area, they affect the global water environment, cause a serious
waste of ecological resources, and destroy the balance of the natural ecosystem [6]. Whether
the pollution is in industrial and mining wastelands, or in contaminated agricultural soil
in relatively small amounts, it is often manifested as the compound pollution of multiple
heavy metals [7]. The sources of heavy metal pollution are relatively complex. Heavy
metals often enter the environment in the form of inorganic and organic mixtures, and they
contain a variety of metals, which jointly produce a certain synergistic, or antagonistic,
effect, and which have an impact on organisms and ecosystems. Heavy metals cannot be
degraded by microorganisms; they can only undergo morphological transformation [8].
More complicated is that the various heavy metals that pollute the soil usually interact with
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each other, which creates difficulties in the application of heavy metal pollution controls
and remediation technologies [9]. Engineering technology, physical chemistry, and biotech-
nology can be used to control heavy metal soil pollution. Among the many heavy metal
treatment technologies, the stabilization technology for heavy metals is considered to be
cost-effective and eco-friendly [10]. More and more attention has been paid and gradually
applied to the remediation of heavy-metal-contaminated sites [11]. Among them, nanoscale
zero-valent iron (nZVI) technology is regarded as a relatively powerful technology because
of its simple operation process, high processing efficiency, low operating cost, low energy
consumption, and the easy availability of the materials [12]. Potential soil stabilization re-
mediation technologies have been successfully applied to the remediation of contaminated
soil by many researchers [13].

The current assessment methods of the soil ecological risk mainly include the chemical
leaching method, the biological method, and material structure characterization. Among
them, the toxic extraction method (GB 5086.2-1997), the in vitro simulated extraction
method (IVG), and the diffusive gradients in thin-films technique (DGT) have the ad-
vantages of accurate analysis results, simple operations, low costs, short experimental
periods, and strong controllability. Many countries have gradually begun to use these
methods in the risk assessment of heavy-metal-contaminated soil [13]. However, there
are few reports on the ecological risk assessment of nZVI after soil restoration [14–16].
Therefore, the above three methods were used in this study to comprehensively investigate
the leaching contents, bioavailabilities, and plant availabilities of contaminated heavy
metals in soil after remediation with modified nZVI, so as to provide a basis for the site
application of nZVI in the remediation of heavy metal pollution in soil.

2. Materials and Methods
2.1. Collection and Analysis of Soil Samples

The soil was collected from a high-pollution site (113◦45′23” N, 25◦0′36” E) in Shaoguan,
Guangdong Province, South China. After the soil sample is air-dried naturally, it is ground
and passed through a 2-mm nylon sieve for use [17] (Table 1).

Table 1. Properties and heavy metal contents of the tested soils.

Main Physical and Chemical Properties Testing Soil

Particle size distribution (mm) a

0.2–2.0 (%) 33.1
0.02–0.2 (%) 32.6

0.002–0.02 (%) 28.4
<0.002 (%) 5.9

pH b 5.32
Soil organic matter (g/kg) 31.6

CEC (cmol/kg) 6.38
Zn (mg/kg) 1830
Pb (mg/kg) 749
Cr (mg/kg) 70.3
Cu (mg/kg) 32.4

Note: a hydrometer method (TM-85 soil hydrometer); b liquid ratio: 2.5:1 (Sartorius PB-21 pH meter).

2.2. Preparation of the nZVI Solution

The nZVI used in the experiment was prepared by the liquid-phase reduction method [18].
At room temperature, with N2 protection conditions, a certain concentration of FeSO4·7H2O
solution (30% absolute ethanol + 70% deionized water) was added to a 500-mL three-necked
flask, and then, under the condition of the molar ratio of BH4

−/Fe2+ of 2.0, the NaBH4
solution was added dropwise to the solution, at a speed of 2d·s−1, and was then stirred
quickly with a mechanical stirrer. After the reaction, the solution was centrifuged, and
the supernatant was removed. The resulting black solid was washed with ethanol several
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times, and then the washed solid was vacuum-dried, ground, and placed in a brown bottle
filled with N2. The basic principle of the reaction can be found in [19]:

Fe2+ + 2BH4
− + 6H2O→ Fe0↓ + 2B(OH)3 + 7H2↑ (1)

The prepared nZVI was analyzed by transmission electron microscopy (TEM) and a
fully automatic surface area analyzer.

2.3. Preparation of Standard Solution

A certain mass of nZVI particles were weighed and dissolved in deionized water for
3 min. Totals of 100 g of soil were put into three beakers, which are referred to as S1, S2, and
S3. Then, the distilled water was added to the nZVI solution (0.5 g·L−1 and 1.0 g·L−1 of Fe0)
in order to reach the maximum soil water-holding capacity. The solution was equilibrated
for 14 days at room temperature, dried at 40 ◦C for 12 h, ground, and was then stored in a
sealed container.

2.4. Assessment of the Effects of Heavy Metals
2.4.1. Removing the Heavy Metals by the Toxicity Leaching Method

The leachate toxicities of the heavy metals were determined in accordance with, “Solid
waste leaching toxicity leaching method: horizontal oscillation method” (GB 5086.2-1997),
in order to evaluate the removal effect of the nZVI on the heavy metals [20]. Totals of
3.5 g each of Samples S1 and S2 were accurately weighed into 50-mL polyethylene bottles,
the extract was added (distilled water, pH values between 5.8 and 6.3), according to the
solid-to-liquid ratio of 1:10, and was fixed vertically on the shaker. The samples were then
shaken at a speed of 110 ± 10 times/min at room temperature for 8 h, and then passed
through a filtration system equipped with a 0.45-µm filter membrane, and then a vacuum
pump was used to filter and collect the filtrate for testing. Three parallel samples were set
up and a blank experiment was performed at the same time. The leaching toxicity of heavy
metals is expressed by the leaching coefficient:

LC = TLOb/LTOa × 100% (2)

where LC is the leaching coefficient; TCOb is the leaching toxicity of the heavy metals in
the soil before stabilization; and LTOa is the leaching toxicity of the heavy metals in the soil
after stabilization.

2.4.2. Removing the Heavy Metals by the IVG (In Vitro Gastrointestinal) Method

There were two main methods that are used to determine the effects of heavy metal
remediation: experiment and simulation. In the traditional heavy metal experiment method,
after the heavy metals enter the stomach through the mouth, they are further digested and
absorbed in the intestinal tract. The ratio of the amounts of heavy metals to the total amount
of heavy metals resolved in the stomach or intestines is called the “bioavailability” of soil
heavy metals, and it represents the maximum absorption of soil heavy metals by animals
or humans. As the in vitro method continues to mature, many countries have gradually
applied these methods (especially in vitro digestion models) to the risk assessment of heavy-
metal-contaminated soils. The IVG method is a method that was proposed by Rodriguez in
1999 to predict the bioavailabilities of heavy metals in soil [21]. This experiment uses the
IVG method to analyze the bioavailabilities of heavy metals in soil after ZVI remediation in
order to evaluate the effect of remediating heavy metal pollution.

The simulation experiment refers to the in vitro experiment evaluation method, as
described by Yin in [22]. The experiment sets three parallel samples and performs a blank
experiment at the same time, which is mainly divided into two stages:

(1) A total of 1.0 g of soil sample was weighed and passed through a 60-mesh sieve.
The soil sample was put into a 300-mL-tall glass beaker, and then 150 mL of gastric simulant
solution and a few drops of silica emulsion were added. The solution adjusted the pH to
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1.8 with concentrated hydrochloric acid and when placed in water at 37 ◦C. The solution
was then shacked for one hour and a reaction solution of 20 mL was injected. It was
then centrifuged at 5000 rpm for 20 min. The remaining liquid was filtered with a filter
membrane of 0.45 µm and was then stored at 4 ◦C for testing.

(2) A total of 20 mL of new gastric juice and a few drops of silica emulsion were added
in the beaker. The solution adjusted the pH to 5.5 with a NaHCO3-saturated solution.
Totals of 0.0525 g of pancreatic salt and 0.525 g of bile salt were added, and the solution was
shanked for one hour, injected with a reaction solution of 20 mL, and then centrifuged at
5000 rpm for 20 min. The remaining liquid was filtered, with a filter membrane of 0.45 µm,
and was stored at 4 ◦C for testing. The formula for calculating the bioavailability of heavy
metals in soil samples is as follows:

Bioavailability (%) = (CIV·VIV)/(Cs·Ms) × 100% (3)

where CIV is the total amount of specific soluble heavy metals (mg·L−1) in the reaction
liquid in the stomach or small-intestine phases of the in vitro test; VIV is the volume of
the reaction liquid in the reactor (L); Cs is the specific heavy metals in the soil content
(mg·kg−1); and Ms is the weight of the soil sample added to the reactor (kg).

2.4.3. Removing the Heavy Metals by the DGT (Diffusive Gradients in Thin-Films)
Extraction Method

Gradient film diffusion technology (DGT) is a new method for the in situ collection
and measurement of the availability, or bioavailability, states of heavy metals that can be
used to characterize the phytoavailability of heavy metals in contaminated soil [23,24].
The rapid adsorption of the DGT will lead to a decrease in the content of heavy metals
in the solution between the DGT and the soil. This promotes the release of particulate
heavy metals in the soil to replenish the soil solution. The measured effective heavy metals
include the free and unstable, which are released from the soil solution and the surface
of the soil particulate matter. The determination results not only reflect the static process
between the soil particles and the soil solution, but also include the dynamic process of the
soil solid-phase release to replenish the soil solution [25]. The absorption of heavy metals
by plants under natural conditions is a complicated process, which is mainly controlled by
diffusion. Therefore, the DGT method can better simulate and evaluate the process of the
plant uptake of heavy metals in the soil.

This experiment refers to the method of Song et al. for evaluating the Cd absorption by
ryegrass using DGT technology. Three parallel samples were set up and a blank experiment
was performed at the same time [26]. The main steps are as follows:

(1) A total of 50.0 g of soil sample is weighed and passed through a 2-mm sieve. The
soil layer thickness is maintained to 1.5 cm, water is added to ensure that the soil moisture
content to be tested reaches 60% of the maximum field-water-holding capacity, and it is
then stored at 25 °C for 48 h;

(2) Placement of DGT. After the DGT device is rinsed with pure water, the surface of
the filter membrane of the DGT device is lightly smeared with a small amount of the soil to
be tested, and then the device is carefully inserted into the soil to ensure that it is in good
contact with the soil, and it is then covered to maintain the soil moisture content. The time
and the room temperature are recorded at the same time;

(3) Recovery and extraction of DGT. After storage for 24 h, the DGT device is quickly
taken out, the surface is rinsed with pure water until it is clean, the DGT is disassembled,
the fixed membrane is taken out and placed in a 1.5-mL centrifuge tube, 1 mL of 1 mol·L−1

HNO3 is added, and it is shake for 24 h so that the binding phase is completely submerged,
and then it is left for 24 h after dilution to be tested. The sample is diluted from the
centrifuge tube and ICP-MS is used for the determination. According to the formula, the
effective content of heavy metal plants in the soil is calculated. The formula is as follows:

M = Ce(VHNO3 + Vgel)/fe (4)
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where Ce (ug·L−1) is the concentration of heavy metals in the 1 mol·L−1HNO3 solution;
VHNO3 is the volume of the 1 mol·L−1HNO3 solution soaking the binding phase; Vgel is
the volume of the binding phase, which is generally 0.15 mL; and fe is the elution factor of
each metal, which is generally 0.8.

3. Results and Discussion
3.1. Characterization of nZVI
3.1.1. The Characterization of the nZVI Structure

The nZVI was immersed in absolute ethanol, dispersed ultrasonically for 10 min, and
then scattered on a copper net to make an electron microscope sample. The shape and size
of the nZVI were observed with a JEM-200CX TEM under the condition of an accelerating
voltage of 200 KV. It can be seen from Figure 1 that the nZVI particles are spherical, with
a particle size of about 100 nm, and that they form a black agglomerated chain structure.
Since nZVI particles have a smaller wavelength than visible light, they absorb light waves
and become ideal black bodies, and because of the combined action of geomagnetism, the
magnetostatic force between the small particles, and the surface tension [27], the particles
are easy to agglomerate and so they look like clusters. This chain structure increases the
three-dimensional space of the adsorption between the particles and effectively improves
the adsorption performance of nZVI.
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3.1.2. Specific Surface Area (BET) of nZVI

The results show that the specific surface area of the nZVI particles prepared in this
experiment is 21.56 m2·g−1. From the BET surface area isotherm shown in Figure 2, it
can be seen that when the P/Po is between 0 and 0.3, a small amount of N2 is adsorbed.
The adsorption curve shown increases slowly, and then stabilizes. The adsorption amount
increases rapidly, and the adsorption curve increases rapidly when the P/Po reaches 0.7,
and desorption begins when the P/Po reaches 1. An adsorption/desorption hysteresis
loop appears between a P/Po of 0.7 and 1, which shows a Type I curve, which is typical of
microporous materials [28], and the nZVI has a certain adsorption capacity.

3.2. The Leaching Effects of Heavy Metals on the Basis of the TCLP Method

The experimental results are shown in Figure 3. It can be seen from the figure that,
compared with the control, the leaching contents of the different heavy metals in the soil are
reduced after 0.5 and 1 g·L−1 of nZNI. The nanoscale zero-valent iron (nZNI) is stabilized,
and the leaching contents of the different heavy metals are different. This may be related
to the initial contents and occurrences of the heavy metals [29]. The Zn had the highest
leaching toxicities among S1, S2, and S3 at 71.34, 56.2, and 22.35 mg·L−1, respectively. The
Cu had the lowest toxicities, at 2.30, 1.23, and 0.182 mg·L−1, respectively. According to the
definition analysis of the leaching coefficient, after 0.5 and 1 g·L−1 nZNI stabilizations, the
leaching coefficients of the Zn are 78.8 and 31.3%, respectively, and the leaching coefficients
of the Pb are 53.5 and 12.0%, respectively. The leaching coefficients of the Cr are 64.2 and
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18.2%, respectively, and the leaching coefficients of the Cu are 53.5 and 7.9%, respectively.
It can be seen that the stabilities of the heavy metals (Zn, Cr, Pb, and Cu) in the soil are
improved after the nZNI is stabilized. The leaching toxicity of each heavy metal is reduced,
which thereby reduces the ecological risk of the heavy metals in the soil. Compared with
the treatment with 0.5 g/L of Fe content, the heavy metal leaching content is reduced in the
treatment with 1.0 g/L of Fe content. This is because the Fe0 concentration increased with
the active sites of the reaction, which increased the pollution on the surface of the fresh
iron. The possibility of contact with the substance helps the reduction reaction of Fe0 [30].
Increasing the dosage is equivalent to increasing the surface area concentration of Fe0, and
the greater the surface area concentration, the faster the reaction rate and the higher the
pollutant removal rate [31–33].
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Figure 3. The leaching volumes of the Cu, Zn, Pb, and Cr in the soil.

3.3. The Leaching Effects of Heavy Metals on the Basis of the IVG Method

The dissolved contents of the heavy metals in the stomach stage are shown in Figure 4.
Compared with the control, after 0.5 and 1 g·L−1, the nZNI stabilized, and the contents
of the heavy metals (Cr, Cu, and Pb) in the soil in the stomach were reduced, while the
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0.5 g·L−1 nZNI showed no obvious stabilizing effect on the Zn in the soil. A total of
1.0 g·L−1 of nZNI can effectively reduce the Zn content in the soil. We further analyzed the
bioavailability of each heavy metal in simulated gastric juice (Table 2), and the results show
that, after 0.5 and 1 g·L−1, the nZNI was stabilized, the bioavailabilities of the Cr, Cu, Zn,
and Pb in the soil were 6.1, 20.8, 14.27, and 48.24%, respectively, and were decreased by
12.7, 42.8, 30.67, and 72.1%, respectively.
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Figure 4. The soluble concentrations of the heavy metals (Cu, Zn, Pb, Cr) in the gastric phase.

The dissolved contents of the heavy metals in the small-intestine stage are shown
in Figure 5. Compared with the control, after 0.5 and 1 g·L−1, the nZNI stabilized, and
the contents of Cr, Cu, Zn, and Pb in the stomach were decreased. We performed further
analysis on the bioavailability of each heavy metal in the simulated gastric juice (Table 2),
and the results show that after 0.5 and 1 g·L−1, the nZNI stabilized, the bioavailabilities
of the Cr, Cu, Zn, and Pb in the soil were 18.27, 46.35, 17.66, and 36.22%, respectively, and
they decreased by 38.64, 91.07, 4.16, and 13.54%, respectively.
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Figure 5. The soluble concentrations of the heavy metals (Cu, Zn, Pb, Cr) in the small-intestinal phase.

It can be seen from the results above that the availabilities of heavy metals in the
stomach are higher than those in the small intestine. The main reason for this is that the
pH in the stomach is lower than that in the small intestine. The availabilities of the heavy
metals in the stomach of the soil samples (S2 and S3) are lower than those of the stable
presoil (S1). This indicates that the nZNI had a certain stabilizing effect on the heavy metals
in the soil. It not only greatly reduced the soluble states of the heavy metal contents, but
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also thereby reduced their bioavailabilities. Among them, the stabilizing effect of 1.0 g·L−1

of nZNI is higher than that of 0.5 g·L−1 of nZNI.

Table 2. Bioaccessibilities of the heavy metals in gastric phase and small-intestinal phase (%).

NZVI Potency
(g/L)

Lower Bioavailability (%)

Cr Cu Zn Pb

The stomach
0.5 12.70 30.71 6.12 14.27
1.0 42.83 72.10 20.85 48.24

Small intestine
0.5 38.64 4.16 18.27 17.66
1.0 91.07 13.54 46.35 36.22

3.4. The Leaching Effects of Heavy Metals on the Basis of the DGT Method

The experimental results are shown in Table 3. It can be seen from the table that
the contents of the heavy metals in the soil samples, S2 and S3, are reduced, and that
the Cr and Cu in S3 are completely fixed by the nZNI. According to the definition of the
phytoavailability of heavy metals, the concentration of heavy metals in the 1 mol·L−1HNO3
solution is positively correlated with the phytoavailability content. Compared with S1, the
phytoavailability contents of the Cr, Cu, Zn, and Pb are also greatly decreased for S2 and
S3 because of the stronger adsorption capacities. This shows that nZNI stabilizes the heavy
metals drifting in the soil and greatly reduces the amounts of heavy metals that can be
absorbed by plants. Moreover, for various metals, the stabilizing effect of 1.0 g·L−1 of nZNI
is greater than that of 0.5 g·L−1 of nZNI.

Table 3. The concentrations of the heavy metals in 1 mol·L−1 HNO3 solution.

Soil Sample Cr Cu Zn Pb

S1 20.23 ± 2.03a 6.22 ± 0.37a 474.62 ± 5.09c 156.38 ± 4.15c
S2 2.53 ± 0.03b 3.74 ± 0.20b 391.65 ± 8.33b 31.28 ± 2.06b
S3 / / 253.03 ± 10.21a 8.39 ± 0.34a

4. Conclusions

The leaching contents of the four heavy metals in the soil were reduced after 0.5 and
1 g·L−1 of the nZNI stabilized. The bioavailabilities of the Cr, Cu, Zn, and Pb in the stomach
decreased by 12.7 and 42.8%, 30.67 and 72.1%, 6.1 and 20.8%, and 14.27 and 48.24% after 0.5
and 1 g·L−1 of the nZNI stabilized, respectively. Moreover, the bioavailabilities in the small
intestine decreased by 38.64 and 91.07%, 4.16 and 13.54%, 18.27 and 46.35%, and 17.66 and
36.22%, respectively. The phytoavailabilities of the heavy metals in the soil decreased after
0.5 and 1.0 g·L−1 of nZNI-stabilized remediation. In summary, nZNI can be applied to
effectively stabilize heavy metals in soil, thereby reducing the bioavailabilities and plant
availabilities of the heavy metals in the soil, and subsequently reducing the toxic effects of
heavy metals and their ecological risks in the soil.
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