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Abstract 
Soil contamination with heavy metals is a significant environmental concern, as it threatens 
ecosystems and human health. Traditional remediation methods are often costly and 
environmentally harmful. In recent years, eco-friendly amendments have emerged as a promising 
alternative for immobilizing heavy metals in contaminated soils. This review explores the chemical 
mechanisms, including adsorption, precipitation, and complexation, through which these 
amendments reduce the mobility and bioavailability of heavy metals. Eco-friendly materials such 
as biochar, lime, phosphates, and organic matter have shown efficacy in mitigating metal 
contamination. Future research should focus on optimizing these techniques, understanding the 
long-term stability of immobilized metals, and scaling up their application for large-scale 
remediation. Collaboration between researchers, policymakers, and industries is key to promoting 
the adoption of these sustainable practices in soil management. 
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1. Introduction 
Soil contamination with heavy metals is a growing issue due to industrial, agricultural, and 
urban activities. Metals such as lead (Pb), cadmium (Cd), arsenic (As), mercury (Hg), and 
chromium (Cr) are toxic to living organisms, disrupting ecosystems and posing significant 
health risks [1][2]. These metals can accumulate in soils over time, making them difficult 
to remove and posing long-term environmental and health threats. Traditional methods of 
soil remediation, such as excavation and chemical treatments, are expensive, labor-
intensive, and environmentally unsustainable [3][4]. These techniques often lead to 
secondary environmental impacts, such as the release of contaminants into surrounding 
areas or the production of hazardous waste [5][6]. In contrast, over recent decades, eco-
friendly amendments have emerged as promising solutions to reduce the mobility and 
bioavailability of these metals in contaminated soils. These amendments, including 
biochar, lime, phosphate, and organic materials, have been shown to immobilize heavy 
metals through various chemical mechanisms, including adsorption, precipitation, and 
complexation [7][8]. This review focuses on these chemical mechanisms and provides 
insights into the effectiveness of these amendments in immobilizing heavy metals, as well 
as their potential for broader application in soil management. 

2. Mechanisms of Heavy Metal Immobilization in Soils 
The immobilization of heavy metals in soils involves several chemical mechanisms that 
reduce their bioavailability and mobility. These mechanisms include: 

• Adsorption and Desorption: Soil particles such as clays, oxides, and organic matter can 
adsorb heavy metals, significantly reducing their availability for plant uptake. This process 
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limits the mobility of metals by binding them to the soil matrix, thus reducing their 
bioavailability [1][2]. Adsorption is influenced by factors such as pH, ionic strength, and 
the nature of soil particles [3]. 

• Precipitation: Amendments such as phosphates can react with metal ions to form insoluble 
compounds, thus reducing the solubility of metals like Pb and Cd. For example, phosphate 
ions can form metal-phosphate complexes, effectively decreasing metal mobility in the soil 
[4][5]. This process is particularly effective in soils with low pH, where metals are more 
soluble [6]. 

• Complexation: Organic amendments, such as humic substances and other organic matter, 
form stable complexes with heavy metals. These complexes reduce the reactivity of metals, 
preventing their uptake by plants and microorganisms. Complexation occurs through the 
functional groups of organic materials, which have a high affinity for binding metal ions 
[7]. 

• Redox Reactions: Changes in the redox state of metals can affect their solubility. 
Amendments like biochar can alter the redox conditions in soils, leading to the precipitation 
of metals as less soluble forms. For instance, biochar can promote the reduction of soluble 
metal ions to insoluble forms, effectively reducing their bioavailability [8][9]. Redox-
driven processes also play a key role in immobilizing metals such as As and Cr, which are 
sensitive to changes in oxidation states [10]. 

3. Eco-Friendly Amendments for Heavy Metal Immobilization 
Several eco-friendly amendments have been shown to reduce the mobility and 
bioavailability of heavy metals in contaminated soils. These amendments include: 

• Biochar: Biochar, a stable form of carbon produced from organic materials, is effective in 
adsorbing heavy metals due to its large surface area and functional groups that interact with 
metal ions. Studies have demonstrated its ability to immobilize metals such as Pb, Cd, and 
As by adsorbing metal ions onto its surface and forming stable complexes [8][9]. The high 
porosity and presence of functional groups like carboxyl and phenolic groups make biochar 
an effective material for reducing metal mobility in contaminated soils [10][11]. 

• Lime: The addition of lime increases soil pH, which can precipitate heavy metals as 
hydroxides or carbonates, thus reducing their solubility. This method is particularly 
effective in acidic soils where metals like Pb, Cd, and Zn are highly soluble [12][13]. Lime 
also neutralizes soil acidity, leading to increased microbial activity that can further 
immobilize metals through biological processes [14]. 

• Phosphates: The addition of phosphates, such as rock phosphate or soluble phosphorus, 
leads to the formation of insoluble metal phosphates that significantly reduce the solubility 
of metals like Pb and Cd. Phosphate amendments promote the precipitation of metal ions 
as metal-phosphate complexes, thereby reducing their bioavailability and preventing plant 
uptake [15][16]. Phosphate-induced precipitation is especially effective for metals with a 
high affinity for phosphate ions. 
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• Organic Matter: The addition of organic materials like compost and manure enhances the 
soil's ability to bind heavy metals through mechanisms such as complexation, adsorption, 
and increased microbial activity. Organic matter improves soil structure and increases 
cation exchange capacity (CEC), facilitating the immobilization of metals by binding to 
metal ions through organic functional groups [17]. Additionally, microbial activity 
associated with organic amendments can promote the reduction of soluble metal species to 
less mobile forms [18] 

4. Chemical Reactions Involved in Immobilization 
The chemical reactions involved in the immobilization of heavy metals are essential for 
understanding the effectiveness of various amendments. These reactions include: 

• Formation of Metal-Organic Complexes: Organic materials, such as humic substances 
and polysaccharides, can bind with metal ions, forming stable complexes that reduce metal 
mobility and bioavailability. The formation of these metal-organic complexes prevents 
metals from being readily available for plant uptake and microbial activity, thus effectively 
reducing their environmental impact [19][20]. These complexes also enhance the long-
term stability of metals in soils by preventing their release back into the soil solution. 

• Precipitation of Metal Phosphates: Phosphate amendments react with heavy metals to 
form insoluble metal phosphates (e.g., Pb₃(PO₄)₂, Cd₃(PO₄)₂), thereby reducing metal 
solubility and bioavailability. Phosphate-induced precipitation is particularly effective for 
metals like lead and cadmium, which readily form insoluble phosphates. These reactions 
not only reduce the mobility of the metals but also minimize their potential for leaching 
into groundwater [21][22]. 

• Adsorption on Soil Particles: Soil minerals, particularly clays and iron oxides, provide 
adsorption sites for metal ions. This reduces metal availability to plants and organisms, as 
adsorbed metals are less likely to enter the soil solution. Adsorption is influenced by factors 
such as pH, ionic strength, and the presence of competing ions, which affect the binding 
capacity of soil particles for heavy metals [23][24]. The high surface area of clays and iron 
oxides makes them particularly effective at adsorbing a wide range of heavy metals. 

• pH-Dependent Precipitation: The solubility of many metals, such as arsenic and lead, 
decreases with increased soil pH, resulting in the precipitation of metal hydroxides or 
carbonates. For example, at high pH, lead can precipitate as lead carbonate (PbCO₃) or lead 
hydroxide (Pb(OH)₂), making it less mobile and bioavailable. The adjustment of soil pH 
using amendments like lime can thus be an effective strategy for immobilizing metals in 
contaminated soils [25][26]. This pH-dependent precipitation is particularly beneficial in 
acidic soils, where metals tend to be more soluble and mobile. 

5. Case Studies and Application of Eco-Friendly Amendments 
Numerous studies have assessed the effectiveness of different amendments in 
immobilizing heavy metals in contaminated soils. For example, research by [27] 
demonstrated the successful use of biochar in reducing Pb and Cd concentrations in 
polluted soils, with biochar significantly reducing the bioavailability of these metals 
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through adsorption. Other studies, such as those by [28][29], highlighted the ability of lime 
to reduce the bioavailability of As in acidic soils. The addition of lime increased the pH, 
promoting the precipitation of arsenic as less soluble forms, thereby decreasing its mobility 
and uptake by plants. Additionally, phosphate amendments were shown to significantly 
reduce the solubility of Pb in contaminated soils, with the formation of metal phosphates 
effectively immobilizing Pb [30][31]. In another study, the application of organic 
amendments, such as compost and manure, was found to decrease Cd uptake in agricultural 
soils by enhancing the soil's capacity to bind the metal through complexation and 
adsorption [32]. 

6. Environmental and Economic Implications 
The use of eco-friendly amendments for heavy metal immobilization offers several 
environmental benefits, including reduced toxicity to plants and animals and improved soil 
fertility. These amendments, by reducing the bioavailability and mobility of toxic metals, 
help restore contaminated soils, enhancing their quality for agricultural use. Additionally, 
these methods are cost-effective compared to traditional remediation approaches, such as 
soil excavation or chemical treatments, which are labor-intensive and often result in the 
disruption of ecosystems. The adoption of eco-friendly amendments in agricultural and 
industrial contexts could contribute to sustainable land management, improving soil health, 
reducing pollution, and supporting long-term productivity [6]. Furthermore, these 
techniques have the potential to lower remediation costs and minimize the environmental 
footprint of heavy metal contamination, making them an attractive alternative for large-
scale application. 

7. Future Directions 
Eco-friendly amendments present a viable solution for mitigating heavy metal 
contamination in soils. The chemical mechanisms involved, including adsorption, 
precipitation, and complexation, play crucial roles in reducing the mobility and 
bioavailability of heavy metals [26][27]. Future research should focus on optimizing 
amendment application methods to improve efficiency and minimize environmental 
impacts. Understanding the long-term stability of immobilized metals in soils is also 
essential to ensure that the amendments provide lasting remediation effects [28]. Moreover, 
scaling up these techniques for large-scale remediation efforts, particularly in contaminated 
industrial and agricultural sites, is a priority [29]. Researchers should also investigate the 
synergistic effects of combined amendments and explore novel materials that could further 
enhance metal immobilization [30]. Collaboration between researchers, policymakers, and 
industries will be essential to implement these strategies effectively and promote the 
widespread adoption of eco-friendly amendments in soil management practices [31]. 

8. Conclusion 
In conclusion, eco-friendly amendments provide an effective and sustainable solution for 
the immobilization of heavy metals in contaminated soils. By utilizing chemical 
mechanisms such as adsorption, precipitation, and complexation, these amendments reduce 
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the mobility and bioavailability of toxic metals, preventing their uptake by plants and 
minimizing their environmental impact. The application of materials like biochar, lime, 
phosphates, and organic matter has demonstrated promising results in mitigating soil 
contamination, offering a more cost-effective and environmentally friendly alternative to 
traditional remediation methods. However, further research is needed to optimize 
amendment application methods, explore novel materials, and assess the long-term 
stability of immobilized metals. As the world faces increasing soil contamination due to 
industrialization and urbanization, the widespread adoption of eco-friendly amendments in 
soil management can significantly contribute to sustainable land use and environmental 
protection. Collaboration among researchers, policymakers, and industries is crucial to the 
successful implementation of these strategies, ensuring a cleaner, safer, and more 
sustainable future for agricultural and industrial lands. 
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