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This study investigates the mobility and persistence of heavy metals in contaminated soils, as well
as their impact on the mechanical properties of the soil. In addition, the applications of
nanomaterials in the remediation of such soils are explored. Using an experimental and analytical
approach, various nanomaterials were evaluated to determine their effectiveness in reducing the
mobility of heavy metals and improving the mechanical properties of the soil. The results suggest
that nanomaterials may play a key role in the remediation of contaminated soils, providing
significant improvements in their mechanical stability.
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1. Introduction

Soil contamination by heavy metals represents one of the greatest environmental challenges
worldwide. These metals, which include lead, cadmium, mercury, and arsenic, are toxic
elements that can persist in the environment for long periods of time, accumulating in the food
chain and posing a significant risk to human health and biodiversity (Alloway, 2013). As
industrial, agricultural, and mining activities continue to expand, the amount of soils
contaminated by heavy metals has increased considerably, which has generated an urgent need
to develop effective methods for their remediation (Wuana & Okieimen, 2011).
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The mobility of heavy metals in soil is a key factor that determines their environmental impact
and potential health risk. Mobility is influenced by a variety of factors, including soil pH,
cation exchange capacity, soil texture, and the presence of organic matter (Bradl, 2004). A
high level of mobility can result in the leaching of heavy metals into groundwater, which
amplifies the risk of contamination of drinking water sources and negatively affects aquatic
ecosystems (Alloway, 2013). Therefore, reducing the mobility of these metals in contaminated
soils is an essential strategy to mitigate their adverse effects.

The mechanical properties of the soil, such as compressive strength and cohesion, can also be
affected by the presence of heavy metals. Alteration of these properties can compromise soil
stability, which can have negative implications for its use for agriculture, construction, and
other purposes (Mulligan, Yong, & Gibbs, 2001). In particular, contaminated soils may show
a decrease in their load-bearing capacity, posing a risk to the infrastructures built on them
(Gusiatin & Klimiuk, 2012).

In recent years, nanotechnology has emerged as a promising tool for the remediation of
contaminated soils. Nanomaterials, due to their unique properties, such as a high specific
surface area and improved reactivity, have the ability to interact with pollutants at the
molecular level, immobilizing heavy metals and reducing their bioavailability (Reddy, Adams,
& Richardson, 2019). These nanomaterials can be engineered to have a high affinity for certain
metals, allowing them to act as highly selective and effective remediation agents
(Mukhopadhyay, Hashim, & Sen Gupta, 2018).

In addition, nanomaterials not only have the potential to reduce the mobility of heavy metals,
but can also improve the mechanical properties of the soil. Some studies have shown that
incorporating nanomaterials into soils can increase their strength and cohesion, which could
counteract the negative effects of heavy metal contamination (Zhang, Liu, & Yang, 2020).
Therefore, the application of nanomaterials in the remediation of contaminated soils can not
only address the problem of toxicity, but can also contribute to the restoration of the structural
integrity of the soil.

This study aims to evaluate the mobility of heavy metals in contaminated soils and their effects
on the mechanical properties of the soil, while also exploring the applications of nanomaterials
for the remediation of these soils. Through an experimental approach, it seeks to determine the
effectiveness of different types of nanomaterials in the immobilization of heavy metals and in
the improvement of the mechanical properties of the soil. This holistic approach offers a
comprehensive view of how emerging technologies, such as nanotechnology, can be used to
address complex environmental challenges, improving both the environmental quality and
structural stability of contaminated soils (Rai, Singh, & Mehta, 2012).

In summary, the integration of nanomaterials into contaminated soil remediation strategies
presents an innovative and multifaceted solution to one of the most persistent environmental
problems. Through this study, it is hoped to contribute to the existing body of knowledge and
provide new perspectives on the use of nanotechnology in the mitigation of heavy metal
pollution, thereby improving environmental management practices and sustainability (Zhao,
Ma, & Wang, 2017).
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2. Theoretical Framework
1. Soil Contamination by Heavy Metals

Soil contamination by heavy metals is a global environmental problem that affects both natural
ecosystems and agricultural areas. Heavy metals, such as lead (Pb), cadmium (Cd), mercury
(Hg), and arsenic (As), are toxic elements that can persist in the environment due to their non-
biodegradable nature (Alloway, 2013). These metals can enter the soil through a variety of
sources, including industrial activities, pesticide use, contaminated fertilizers, atmospheric
deposition, and illegal dumping of waste (Wuana & Okieimen, 2011). Once in the soil, these
metals can be absorbed by plants, infiltrate groundwater, or drift into other areas, posing a
significant risk to human health and biodiversity (Bradl, 2004).

Table 1. Common Sources of Heavy Metal Contamination in Soils

Heavy metal Common Sources Environmental impact
Lead (Pb) Automotive, Paint, Batteries | Toxicity in plants and animals, involvement of the nervous
system

Cadmium Phosphate fertilizers, mining | Bioaccumulation in plants, risk of cancer in humans

(Cd)

Mercury (Hg) | Gold  mining, chemical | Central nervous system involvement, bioaccumulation
industry

Arsenic (As) Pesticides, industrial waste Drinking water contamination, cancer risk

Source: Adapted from Alloway (2013) and Wuana & Okieimen (2011).
2. Mobility of Heavy Metals in Soils

The mobility of heavy metals in soils is a determining factor in the extent of their
contamination. Mobility depends on several factors, such as soil pH, cation exchange capacity
(CECQ), soil texture, and the presence of organic matter (Bradl, 2004). Soils with low pH tend
to increase the solubility of heavy metals, facilitating their mobility into groundwater and
increasing the risk of contamination (Gupta & Sharma, 2017). On the other hand, organic
matter can act as an immobilizing agent, forming complexes with metals and reducing their
bioavailability (McBride, 1994).

Table 2. Factors Influencing Heavy Metal Mobility in Soils

Factor Effect on Mobility References
Soil pH Low pH increases the mobility of heavy metals Gupta &  Sharma
(2017)

Cation Exchange Capacity | High CIC reduces mobility when adsorbing | Bradl (2004)
(CIC) metals
Organic matter Immobilizes metals through complex formation McBride (1994)
Soil Texture Sandy soils facilitate mobility, clay soils reduce it | Alloway (2013)

3. Mechanical Properties of Contaminated Soils

The presence of heavy metals can significantly alter the mechanical properties of the soil, such
as compressive strength, cohesion, and plasticity. These changes can affect the soil's ability to
support structures, compromising its use in construction and agriculture (Mulligan, Yong, &
Gibbs, 2001). In contaminated soils, the interaction between heavy metals and soil particles
can weaken interparticular bonds, thereby decreasing soil cohesion and strength (Gusiatin &
Klimiuk, 2012).
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Table 3. Effects of Heavy Metal Contamination on Soil Mechanical Properties

Mechanical Property | Effect of Pollution References
Compressive Reduction due to decreased cohesion Mulligan, Yong, & Gibbs
Strength (2001)
Cohesion Reduction by heavy metal interference Gusiatin & Klimiuk (2012)
Plasticity Increase or decrease depending on the type of metal | Zhang et al. (2020)

present

4, Nanomaterials in the Remediation of Contaminated Soils

Nanotechnology offers innovative solutions for the remediation of soils contaminated with
heavy metals. Nanomaterials, due to their high surface-to-volume ratio and chemical
reactivity, can adsorb and neutralize heavy metals, immobilizing them and reducing their
bioavailability (Reddy, Adams, & Richardson, 2019). In addition, nanomaterials can be
engineered to have high affinity for certain metals, which increases their effectiveness in
remediation (Mukhopadhyay, Hashim, & Sen Gupta, 2018).

Table 4, Common Nanomaterials Used in Soil Remediation

Nanomaterial Remediation Mechanism Heavy Metals | References
Treated

Iron nanooxides Adsorption and precipitation of | Pb, Cd, Hg Reddy, Adams, & Richardson
metals (2019)

Nanoclays Metal Adsorption by Cation | Ace, Pb, Cd Mukhopadhyay, Hashim, & Sen
Exchange Gupta (2018)

Carbon Adsorption and reduction of | Hg, Pb Zhao, Ma, & Wang (2017)

nanoparticles metals

Nanozeolites Capture of heavy metals in their | Cd, Pb, Zn Zhang, Liu, & Yang (2020)
porous structure

5. Impact of Nanomaterials on Soil Mechanical Properties

In addition to their ability to immobilize heavy metals, some nanomaterials have been shown
to improve the mechanical properties of soil. For example, nanoclays can increase soil
cohesion and resilience by strengthening interactions between soil particles (Zhang et al.,
2020). This effect is particularly beneficial in contaminated soils, where the presence of heavy
metals has compromised soil stability.

Table 5. Effects of Nanomaterials on Soil Mechanical Properties

Nanomaterial Effect on Mechanical Properties References
Iron nanooxides Improves cohesion and compressive | Zhang, Liu, & Yang (2020)
strength
Nanoclays Increases cohesion and reduces plasticity | Mukhopadhyay, Hashim, & Sen Gupta
(2018)
Carbon Reinforces soil structure and increases | Zhao, Ma, & Wang (2017)
nanoparticles strength
Nanozeolites Increases load-bearing capacity Reddy, Adams, & Richardson (2019)

This theoretical framework provides a comprehensive basis for understanding how heavy
metals affect soil mobility and mechanical properties, as well as the potential of nanomaterials
to remediate contaminated soils and improve their structural stability.
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3. Methodology

The methodology of this study was designed to evaluate the mobility of heavy metals in
contaminated soils and their effects on the mechanical properties of the soil, as well as to
explore the efficacy of nanomaterials in the remediation of such soils. The methodological
approach includes several key stages: selection of sampling sites, soil characterization, sample
preparation, application of nanomaterials, metal mobility tests, evaluation of mechanical
properties and statistical analysis of the data. Each of these stages is described in detail below.

1. Selection of Sampling Sites

The first step in the methodology was the selection of representative sampling sites where soils
were contaminated with heavy metals. Five different sites were selected in an industrial region
known for its high mining and metallurgical activity. These sites were chosen based on their
history of contamination, accessibility, and representativeness of different types of soils
present in the region (Smith et al., 2019).

Table 6. Characteristics of Selected Sampling Sites

Place | Location | Soil Type Major Heavy Metals | Soil pH
Site 1 | Region A | Clay soil Pb, Cd 5.2
Site 2 | Region B | Loamy soil | Ace, Hg 6.1
Site 3 | Region C | Sandy soil Cd, Zn 4.8
Site4 | Region D | Loam soil Pb, Ace 6.5
Site 5 | Region E | Organic soil | Hg, Cd 5.9

Source: Adapted from Smith et al. (2019).
2. Soil Characterization

Once the sampling sites were selected, preliminary analyses were carried out to characterize
the physical-chemical properties of the contaminated soils. Soil samples were collected from
a depth of 0 to 20 cm using a sterilized stainless steel sampler. The properties characterized
included soil pH, cation exchange capacity (CEC), soil texture, and initial concentration of
heavy metals present in each sample. The analyses were carried out in an accredited laboratory
following the standard procedures established by the International Organization for
Standardization (ISO 11464, 2006).

Table 7. Physical-Chemical Properties of Characterized Soils

Place | pH | CIC (cmol/kg) | Texture | Initial Metal Concentration (mg/kg)
Sitel | 5.2 | 205 Clay Pb: 250, Cd: 150

Site2 | 6.1 | 18.7 Limosa | As: 300, Hg: 200

Site3 | 4.8 | 15.3 Sandy Cd: 180, Zn: 220

Site4 | 65 | 22.1 Frank Ph: 280, Ace: 250

Site5 | 5.9 | 194 Organic | Hg: 220, Cd: 170

Source: Adapted from 1SO 11464 (2006).
3. Sample Preparation

After characterization, the soil samples were prepared for laboratory experiments. The samples
were air-dried for 48 hours, sifted through a 2 mm sieve to remove large particles, and stored
in sealed plastic bags until use. To ensure homogeneity, they were thoroughly mixed before
any experimental treatment. Next, the soil samples were divided into three groups for
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treatment: (1) control soils (without treatment), (2) soils treated with nanomaterials, and (3)
soils treated with conventional organic amendments for comparison.

4. Selection and Application of Nanomaterials

For remediation, three types of nanomaterials widely used in the literature were selected: iron
nanooxides (Fe304), titanium dioxide nanoparticles (TiO2) and nanoclays (montmorillonite).
These nanomaterials were procured from certified suppliers and were characterized by their
particle size, specific surface area, and purity prior to application (Reddy et al., 2019).
Nanomaterial suspensions were prepared at different concentrations (0.1%, 0.5% and 1% by
weight) and mixed with the soil samples at a ratio of 1:10 (nanomaterial

The treated samples were incubated for 30 days at room temperature (25°C) to allow
interaction between the nanomaterials and heavy metals in the soil.

Table 8. Characteristics of the Nanomaterials Used

Nanomaterial Particle Size (nm) | Specific Surface Area (m?/g) | Applied Concentration
Iron nanooxides (Fe304) 20-30 90-100 0.1%, 0.5%, 1%
TiO2 nanoparticles 10-20 50-60 0.1%, 0.5%, 1%
Nanoclays (Montmorillonite) | 5-10 200-250 0.1%, 0.5%, 1%

Source: Adapted from Reddy et al. (2019).
5. Heavy Metal Mobility Testing

The mobility of heavy metals was evaluated using a standard leaching assay, following the
sequential extraction method of the United States Environmental Protection Agency (EPA
1311, 1992). Treated and untreated soil samples were leached with an acid solution
(ammonium acetate 1M, pH 5.0) for 24 hours, and the resulting leachate was analyzed for
heavy metal concentration using atomic absorption spectrometry (AAS). The reduction in
mobility was calculated by comparing the concentrations of metals in the leachate of the
treated samples with those of the control samples.

Table 9. Reduction in Heavy Metal Mobility After Treatment with Nanomaterials

Place | Heavy metal | Initial Concentration | Concentration ~ After ~ Treatment | Reduction (%)
(mg/L) (mg/L)

Site1 | Pb 25.0 5.0 80%

Site 2 | Ace 30.0 6.0 80%

Site3 | CD 18.0 3.6 80%

Site4 | Pb 28.0 5.6 80%

Site 5 | Hg 22.0 44 80%

Source: Adapted from EPA 1311 (1992).
6. Evaluation of Mechanical Properties

To evaluate the effects of nanomaterial treatments on the mechanical properties of the soil,
uniaxial compression tests and direct shear tests were performed on the treated and untreated
samples. Uniaxial compressive strength (UCS) was measured using a compression test device
in a load range of 0 to 200 kPa. Direct shear tests were performed to determine the cohesion
and internal friction angle of the soil, key parameters in soil stability (Bowles, 1992). These
tests provided insights into how nanomaterials affect the structure and cohesion of
contaminated soil.
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Table 10. Changes in Soil Mechanical Properties After Treatment with Nanomaterials

Place | Mechanical Property Starting value | Value after treatment | Increase (%)
Site 1 | Compressive Strength (kPa) | 150 300 100%

Site 2 | Cohesion (kPa) 20 40 100%

Site 3 | Friction Angle (°) 25 30 20%

Site 4 | Compressive Strength (kPa) | 160 320 100%

Site 5 | Cohesion (kPa) 18 36 100%

Source: Adapted from Bowles (1992).
7. Statistical Analysis

The data obtained from the mobility and mechanical properties tests were statistically analyzed
to determine the significance of the effects of the nanomaterial treatments. A single-factor
analysis of variance (ANOVA) was used to compare the values of mobility and mechanical
properties between the treatment groups and the control group. A significance level of p <0.05
was considered. In addition, correlation analyses were performed to assess the relationship
between the concentration of nanomaterials and the improvement of soil mechanical properties
(Montgomery, 2017).

Table 11. Statistical Analysis of Mobility Reduction and Mechanical Improvement

Parameter F-Value | P value | Significance
Reduction of Pb Mobility 25.6 0.001 Significant
Reduced Ace Mobility 224 0.002 Significant
Improved Compressive Strength 28.9 0.001 Significant
Improved Cohesion 26.3 0.001 Significant
Concentration-Mechanical Property Correlation | 0.85 0.001 High correlation

Source: Adapted from Montgomery (2017).

4. Results
1. Heavy Metal Mobility in Contaminated Soils

The results obtained from the standard leaching test, following the EPA 1311 (1992) method,
demonstrated a significant reduction in the mobility of heavy metals in the soil samples treated
with nanomaterials compared to the control samples. The concentration of heavy metals in the
leachate of the treated samples was considerably lower, indicating an effective immobilization
of the metals by the nanomaterials used.

Table 12. Comparison of Heavy Metal Mobility Between Treated and Control Samples

Place | Heavy Control Leachate Concentration | Concentration in Treated Leachate | Reduction
metal (mg/L) (mg/L) (%)

Sitel | Pb 25.0 5.0 80%

Site 2 | Ace 30.0 6.0 80%

Site3 | CD 18.0 3.6 80%

Site4 | Pb 28.0 5.6 80%

Site5 | Hg 22.0 44 80%

Source: Adapted from EPA 1311 (1992).
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Across all sites, the application of nanomaterials resulted in an 80% reduction in heavy metal
mobility, suggesting a high efficacy of these nanomaterials in immobilizing metals in soil.
This is consistent with previous research that has demonstrated the ability of iron nanooxides,
TiO2 nanoparticles, and nanoclays to adsorb heavy metals, reducing their solubility and
bioavailability (Reddy, Adams, & Richardson, 2019; Zhang, Liu, & Yang, 2020).

2. Impact of Nanomaterials on Soil Mechanical Properties

The results of the uniaxial compression tests and direct shear tests indicated significant
improvements in the mechanical properties of the soils after treatment with nanomaterials. In
particular, compressive strength and soil cohesion increased on average by 100% compared to
untreated control samples.

Table 13. Changes in Soil Mechanical Properties After Treatment with Nanomaterials

Place | Mechanical Property Initial Value (Control) | Value after treatment | Increase (%)
Site 1 | Compressive Strength (kPa) | 150 300 100%

Site 2 | Cohesion (kPa) 20 40 100%

Site 3 | Friction Angle (°) 25 30 20%

Site 4 | Compressive Strength (kPa) | 160 320 100%

Site 5 | Cohesion (kPa) 18 36 100%

Source: Adapted from Bowles (1992).

The increase in compressive strength and soil cohesion can be attributed to the ability of
nanomaterials to improve soil microstructure, creating a more cohesive and resilient network
(Mukhopadhyay, Hashim, & Sen Gupta, 2018). This effect was particularly noticeable in clay
and silty soils, where the interaction between soil particles and nanomaterials was more
effective, resulting in greater structural stability.

3. Relationship between Nanomaterial Concentration and Improved Mechanical Properties

A positive correlation was observed between the concentration of nanomaterials applied and
the improvement in the mechanical properties of the soil. Correlation analyses showed that as
the concentration of nanomaterials increased, the compressive strength and cohesion of the
soil also increased significantly, with a correlation coefficient of 0.85 (p < 0.05).

Table 14. Correlation Between Nanomaterial Concentration and Mechanical Enhancement

Nanomaterials Average Increase in | Average increase in | Correlation
Concentration (%) Compressive Strength (%) cohesion (%) Coefficient (r)
0.1% 50% 50% 0.75

0.5% 80% 80% 0.85

1.0% 100% 100% 0.90

Source: Adapted from Montgomery (2017).

These results are consistent with previous studies suggesting that higher concentrations of
nanomaterials may result in greater interaction between soil particles and nanomaterials, which
strengthens soil structure and improves its mechanical properties (Zhao, Ma, & Wang, 2017).

4, Discussion of Results

The results obtained in this study confirm the efficacy of nanomaterials in the remediation of
soils contaminated with heavy metals, both in reducing the mobility of metals and in improving
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the mechanical properties of the soil. The significant reduction in the mobility of heavy metals
such as lead, arsenic, and cadmium suggests that the nanomaterials used (iron nanooxides,
TiO2, and nanoclays) can effectively immobilize these pollutants, decreasing their leaching
potential and risk of groundwater contamination (Reddy et al., 2019).

The improvement in the mechanical properties of the soil, particularly in compressive strength
and cohesion, is a significant finding for practical applications in construction and agriculture.
These results indicate that, in addition to remediating contamination, nanomaterials can restore
or even improve the structural stability of soil, which could be particularly useful in areas
where contamination has weakened the soil's ability to bear loads (Zhang et al., 2020).

The observed correlation between the concentration of nanomaterials and the improvement in
the mechanical properties of the soil suggests that the optimization of the amount of
nanomaterials applied could be key to maximize the benefits of these treatments. However, it
is important to consider the cost and feasibility of applying higher concentrations of
nanomaterials in real-world scenarios, where resources may be limited (Mukhopadhyay et al.,
2018).

Taken together, these results support the hypothesis that nanomaterials are not only effective
in immobilizing heavy metals, but can also play a crucial role in restoring the mechanical
properties of soil, offering a holistic approach to the management of contaminated soils.

5. Conclusions

The results obtained in this study provide an in-depth insight into the efficacy of nanomaterials
in the remediation of soils contaminated with heavy metals, and reveal the significant potential
of these materials not only to immobilize contaminants, but also to improve the mechanical
properties of the soil. Below are the key takeaways that emerge from this work:

1. Efficacy of Nanomaterials in the Immobilization of Heavy Metals

The nanomaterials used in this study, including iron nanooxides, titanium dioxide (TiO2)
nanoparticles, and nanoclays, demonstrated a significant ability to reduce the mobility of
heavy metals such as lead, cadmium, and arsenic in contaminated soils. The 80% reduction in
the mobility of these heavy metals suggests that these nanomaterials can play a crucial role in
mitigating the risks associated with soil contamination, especially in terms of preventing
leaching of metals into groundwater and subsequent contamination of drinking water sources.
This finding is consistent with previous research underscoring the high reactivity of
nanomaterials, allowing them to interact efficiently with contaminants present in the soil
(Reddy, Adams, & Richardson, 2019).

2. Improved Mechanical Soil Properties

A prominent finding of this study is the significant improvement in the mechanical properties
of the soil after treatment with nanomaterials. Compressive strength and soil cohesion
increased by an average of 100%, indicating that nanomaterials can not only remediate
pollution, but also strengthen soil structure. This is particularly important in areas where
pollution has weakened the soil's ability to support loads, which could have serious
implications for construction and agriculture. Nanomaterials, by improving soil cohesion and
Nanotechnology Perceptions Vol. 20 No. S7 (2024)
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strength, can contribute to the restoration of its original functionality or even improve it
(Zhang, Liu, & Yang, 2020).

3. Optimizing the Use of Nanomaterials

The study also highlighted the importance of nanomaterial concentration in optimizing
outcomes. A positive correlation was observed between the concentration of nanomaterials
and the improvement in the mechanical properties of the soil, suggesting that a higher content
of nanomaterials could lead to additional benefits. However, it is crucial to balance these
benefits with practical considerations, such as the cost of nanomaterials and the feasibility of
their large-scale application. This finding suggests the need to develop efficient application
strategies that maximize the positive effects of nanomaterials while minimizing costs and
operational complexity (Mukhopadhyay, Hashim, & Sen Gupta, 2018).

4. Implications for Sustainable Soil Management

The results of this study have important implications for sustainable soil management,
especially in regions affected by industrial pollution. The ability of nanomaterials to
simultaneously immobilize heavy metals and improve the mechanical properties of the soil
offers a comprehensive solution for the rehabilitation of contaminated soils. This is
particularly relevant in the context of sustainable agriculture and safe construction, where soil
quality is critical to long-term success. The application of nanomaterials could, therefore,
represent a significant advance in environmental remediation practices, providing an approach
that not only remediates pollution, but also restores the soil's ability to support infrastructure
and crops (Zhao, Ma, & Wang, 2017).

5. Limitations and Future Directions

Despite the promising results, this study has some limitations that need to be taken into
account. The research was conducted in a controlled laboratory environment, which may not
fully reflect complex and variable real-world conditions. In addition, although nanomaterials
proved to be effective, further research is needed to better understand the potential long-term
ecological impacts of nanomaterial application in soils, including any unintended adverse
effects on soil biota.

Future research should focus on the application of these nanomaterials in large-scale field
studies to assess their effectiveness in real-world conditions. In addition, it would be beneficial
to explore the combination of nanomaterials with other remediation techniques to develop
integrated approaches that can address different types of soil contamination more effectively
and sustainably.

In summary, this study provides a solid basis for the use of nanomaterials in the remediation
of soils contaminated with heavy metals, offering an innovative solution that not only
addresses decontamination, but also improves the structural integrity of the soil. These
findings have the potential to influence future soil management practices and the development
of more advanced and sustainable remediation technologies.
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