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Advancements in Heavy Metal Remediation: A Comprehensive Review of Physical, Chemical and Biological Strategies

				   					
Abstract
The objective of the review is to highlight the various ways to remediate heavy metal contamination especially Chemical remediation technologies which are of tremendous interest because they can remove and decompose contaminants in contaminated areas. Environmental contamination remains one of the most important global issues. Efforts are made to prevent the discharge of toxic substances into the environment. Many technologies for the remediation of soil, surface water, and groundwater have been developed over time. Nanoremediation and Biological methods, including phytoremediation and mycoremediation, are also discussed for their eco-friendly and cost-effective potential. This review focuses on various remediation strategies, including precipitation, flocculation, adsorption/ ion exchange, chemical oxidation, and soil washing among others. Remediation technologies are typically always intergrated, however, they can also be utilised alone. The type of pollutants and site conditions will determine which system is most cost-effective and efficient. Future Research should be directed towards improving existing and developing new environmentally friendly remedial solutions.
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Introduction.
Soil pollution from various anthropogenic and natural activities poses a significant threat to the environment and human health (Dhanapal et al., 2024). In recent decades, soil has been contaminated by the hazardous and toxic pollutants that produced from the anthropogenic sources such as disposal of chemical wastes from industrial, abandoned use of fertilizers and pesticides, and other potential chemical sources which lead to the contamination of soil (Kristanti et al., 2021). Heavy metals are dangerous pollutants which occur either geogenic or due to anthropogenic activities; they can be harmful when present for a long time in the soil because they can easily undergo chemical transformation and can be assimilated by plants which when consumed by humans can be injurious to health (Shamsuddeen et al., 2024). Many scholars have reported the effects of heavy metals on animals, plants, soil and human health. (Iqbal et al.,2023 & Kumari et al.,2022). Heavy metals are nondegradable and can alter the structure, diversity, and function of the ecosystems which can pose serious threats to the environment (Iqbal et al.,2023 & Younas et al., 2022). They have a density higher than 5 g/cm3 and atomic mass greater than (>20) Heavy metals are natural component of the soil that originate from weathering of parent material of soil, called “Pedogenesis” though they occurred naturally, their concentration in the soil is very low and increases gradually (Bakshi & Abhilash., 2020). Both plants and microbiomes suffer due to the presence of heavy metals in the soil. They can cause stress which may results in the production of ROS (Reactive Oxygen Species), which harms the vital macromolecules within an organism and has an effect on the ecology and nutritional value of crops and vegetation. The Challenges of environmental pollution have taken on social dimensions, especially the advent of  modern industrialization which has  recently taken a dangerous trend. (Ozyigit et al., 2022). Soil pollution increases the amount of heavy metal within the ecosystems (Nkoh et al.,2022). Remediation of contaminated soil with heavy metals involves different approaches that can be categorized into physical, chemical and biological methods (Rasafi et al.,2023 & Cai et al., 2017).  Many research showed remediation technology of Contaminated Soil with heavy metals is classified under three techniques: (1) enhancing the mobility of  metals within the soil to facilitate separation (2) replacing and fixing the existing type of heavy metal in the soil to reduce its mobility (3) removal of  metal from farms and preventing them from spreading and contaminating the environment (Xie et al.,2012). In heavy metal remediation some methods ‘Contain’ pollutants, e.g precipitation, sorption, drain system, slurry wall; Some methods remove pollutants e.g thermal, electrokinetic, air sparging, flushing, excavation and other methods degrade pollutants e.g chemical oxidation, permeable reactive barriers, phytoremediation and stimulated attenuation. (Javanovic et al., 2021). 
HARMFUL EFFECT OF HEAVY METALS
Heavy metals are well-known environmental pollutants owing to their toxicity, longevity in the atmosphere, and ability to accumulate in the human body via bioaccumulation. The pollution of terrestrial and aquatic ecosystems with toxic heavy metals is a major environmental concern that has consequences for public health. Most heavy metals occur naturally, but a few are derived from anthropogenic sources. Heavy metals are characterized by their high atomic mass and toxicity to living organisms. Most heavy metals cause environmental and atmospheric pollution, and may be lethal to humans. Heavy metals can become strongly toxic by mixing with different environmental elements, such as water, soil, and air, and humans and other living organisms can be exposed to them through the food chain (Mitra et al., 2022).  Some of the harmful effects of some heavy metals on humans include kidney disease, headache, hypertension, itai itai disease, cancer of the lungs, prostate diseases of the bone, lymphocytosis, Azheimers disease, Anorexia and chronic nephropathy among others. The major concern regarding heavy metal contaminants is they are persistent, non-biodegradable and toxic in nature. (Amin et al., 2021). Heavy metal (loid) contamination has risen globally exponentially which negatively affects human health, this however has been an emerging challenge across the planet and pose a significant risk to food security and crop productivity, especially in populous countries. (Rai et al., 2019).
METHODOLOGIES
STRATEGIES OF REMEDIATION
Before any remediation decision, the most important step is to conduct site characterization so as to determine the type and nature of contaminant as this will aid in decision making. Detailed information on the contaminant has to be taken into consideration. After getting all the necessary data about the contaminant, then decision about remedial action is made which involves design, implementation and monitoring. It is equally important to note that each site may have different characteristics and as such they must be treated differently (Shamsuddeen et al., 2024). Remediation technologies are basically classified into two main strategies which are In situ remediation and ex situ remediation. Insitu remediation treats the pollutant within the original place without moving the polluted soil while  ex situ remediation is carried out by excavating and removal of the polluted soil and taken elsewhere for treatment (Chen et al., 2022).  
TYPES OF REMEDIATION
The major types of remediation include physical remediation, chemical remediation and biological remediation (Rasafi et al.,2023 & Cai et al., 2017).
PHYSICAL REMEDIATION
Physical remediation entails the removal of contaminated soil from the location. This technique effectively removes substantial quantities of soil rapidly and efficiently; nevertheless, it can be expensive and may not be appropriate for many locations. Types of physical remediation encompass soil washing, soil replacement, Electrokinetic methods, and vitrification techniques.
Soil washing technique: This method of remediation involves treating the contaminated soil using physical means by washing or replacing the contaminated soil (Yao et al., 2012). In soil washing the pollutants are dissolved or mobilized using water or a mixture of water and chemical additives. The contaminants are subsequently removed from the soil using physical techniques like flotation or sedimentation. Any Chemical to be use for soil washing must have the capability of breaking strong bonds between the soil and metals and at the same time dissolve the metals.  When soil contaminated with heavy metal is washed with aqueous solution of chelating reagent, it readily binds with the metal to form complex which is soluble in water and the metal gets removed from the contaminated soil (Sun et al., 2020). EDTA is also widely used for washing contaminated soil because of its ability to form water soluble complexe with many  heavy metals (Voglar & Lestan., 2014). 
Soil replacement: The method of Soil replacement is easy, fastest and a direct way of physical remediation. The contaminated soil is carefully excavated, removed, treated and replaced directly or blended with uncontaminated soil using technique like landfilling, surface capping and capsulation. Barrier walls are inserted to prevent spread from the contaminated sites. Physical barriers that are constructed with impermeable materials like cement, steel, bentonite, and grout, are used for capping, vertical and horizontal containment. This method is straightforward and can easily reduce the movement of heavy metals from the soil into the groundwater (Cha,2024).
Electrokinetic Remediation:
The insitu method of electrokinetic remediation mobilizes and removes contaminants from low-permeability soil using a low-intensity electric field. This method of remediation technology can separate contaminants from the soil by either electromigration, electropercolation and electrophoresis in the low-density DC electric field (Sun et al., 2023). The contaminants moves toward the electrodes where they are collected and extracted when an electrode is placed into the contaminated soil and a direct current is delivered to the electrodes. Adams (2022) showed that significant advancements have been achieved in the use of composite materials and conductive polymers for electrodes, which lead to more constant electric fields and faster rates of contaminant migration, in order to boost the electrodes' durability and effectiveness.  
Vitrification : In Vitrification process,  the polluted soil is heated to a temperature of 1,200°C until it melts and forms into a material that resembles glass. This technique stops pollutants from seeping into the environment and lowers their bioavailability(Trifunović ,2021). Adam et al., (2023) described the use of fluxing agents to lower the melting temperature required for vitrification, and they demonstrated that doing so can reduce carbon emissions and energy costs. Furthermore, improvements in furnace design and the use of other energy sources, such as plasma arcs, have improved vitrification's effectiveness and environmental sustainability as a rehabilitation method.
Chemical remediation: Chemical remediation employs the use of chemicals in removal of heavy metals or contaminants. Pollutants, especially persistent organic chemicals can be eliminated or rendered immobile using chemical remediation technology. Techniques of heavy metal remediation include ion exchange and precipitation processes ,Adsorption, electrostatic attraction, complexation, which caused the redistribution of Heavy metals from soil liquid phases to solid phases, restrict their mobility and bioavailability(Singh and Singh,2023).
Precipitation : The formation of solid in a solution or on the surface during the sorption process is known as precipitation. Insoluble compounds are created when metal ions dissolved in water and react with other substances. Various separation procedures can then be used to remove the precipitate that has developed. pH and concentration are the primary factors influencing the precipitation process. In alkaline liquids, heavy metals frequently create insoluble hydroxides. By adding appropriate precipitating agents, they can be precipitated as sulfides, carbonates, and sulfates. If environmental factors such as pH is altered, this process can be undone.  Sometimes, in situ precipitation of specific salts or oxides is used for remediation, which results in the co-precipitation and adsorption of pollutants ; e.g Insitu hydrous ferric oxide can be employed to treat subsurface iodine contamination (Wang et al.,2020a).
Complexation: In the complexe formation of heavy metals within the pores of biochar and on the surface; basic and acidic functional groups such as carboxylic, phenolic, carbonyl and hydroxyl are essential. Compared to biochar produced by pyrolysis, which involves high temperatures, low temperature biochar has more polar functional groups.  Metal immobilization is caused by the formation of outer and inner sphere complexes with oxygenated (acid) functional groups. Complexation is the most common method of adsorption with charcoal for metals that are soluble.
Flocculation: Flocculation is the most popular technique for removing suspended particles from water. It uses flocculants, also known as clarifying or flocking agents, which speed up the clustering of colloidal particles, which are typically not subject to gravity and cannot be filtered (Panalytical, 2024).
Adsorption and ion exchange: This method is commonly used to remove both inorganic and organic pollutants, such as pesticides, different hydrocarbons, heavy metals and non-metallic ions. It is frequently characterized as a surface phenomenon where contaminants build up at the interface between two phases (Rashed., 2013). When a highly porous material (adsorbent) and a pollutant-containing solution (adsorbate) come into contact, the pollutants are deposited on the solid surface due to intermolecular forces of attraction. Adsorption can either be Physical where adsorption doesn't depend on the molecules' electrical characteristics. Intermolecular forces between the adsorbent and the adsorbate are the cause of it. It can either be Chemical adsorption where the adsorbent and the adsorbate create a chemical connection and Electrostatic adsorption, also known as ion exchange where  adsorption is frequently categorized as ion exchange because it contains Coulombic attractive forces that produce ion-ion interactions. The process by which mobile ions from an external solution that comes into contact with the solid phase replace easily exchangeable ions in the solid phase is known as ion exchange(Ahmed et al.,2024).
Chemical Oxidation: In order to decompose organic contaminants, chemical oxidants are introduced to contaminated locations using the well-established process known as in situ chemical oxidation. Either less hazardous chemicals or carbon dioxide and water are produced from organic pollutants. The primary oxidants are ozone, permanganate, persulfate, hydrogen peroxide/Fenton's reagent and a few more readily available oxidants. They are preffered  due to their affordability, oxidizing ability, non-toxicity, and availability. Because each oxidants might have a different reaction chemistry, the choice is based on the type and nature of the contaminant as well as the features of the polluted site. Chemical oxidation has been applied in recent years in conjunction with enzymes, inorganic catalysts, ultraviolet (UV) light, ultrasonic (US), or a mix of oxidants (Insitu ISCO,2022).
Biological remediation
 To eliminate heavy metal pollutants from the environment, this method uses biological processes found in microbes and plants or both. Compared to other remediation techniques, bioremediation is  more economical and environmentally beneficial means of removal of heavy metals and other contaminants from the environment. Chemical and physical techniques have shown to be costly and occasionally inefficient, particularly in situations with low metal concentrations. Additionally, these techniques typically result in large volumes of toxic sludge. Microorganisms employ for the removal of heavy metals in contaminated soils are bacterial, yeast, fungi and algae. For better results Bioremediation is achieved successfully when many bacterial strains are used rather than a single strain of organism.(Khadka, 2023).
Mycoremediation: This form remediation  employ the use of Fungi in bioremediation technique.  The metals can be sequestered by fungi via biosorption and bioaccumulation. This method involves the introduction of "bioremediation fungi" or "mycofilters," into the contaminated areas through  enzymatic breakdown, bioaccumulation, or conversion into inert forms. The fungi have the capacity to degrade or change the pollutants into less dangerous compounds (Kumar et al., 2021). 
Phytoremediation:  This bioremediation method uses plants to eliminate heavy metals from the environment. This approach works better and more efficiently When contaminants are present in the plant's root zone and cover a large region, , This method include  strategies like phytoextraction, phytofiltration , phytostablization, phytovolatilization and phytodegradation. (Chai,2024)
Phytoextraction : A type of phytoremediation known as phytoextraction uses plants to remediate, eliminate, or break down harmful pollutants, typically metals that are harmful to living things at low concentrations in both soil or water.(Cha,2024., Tabassum & Mazar., 2023).  Additionally, it has been demonstrated that phytoextraction is a cost-effective and environmentally friendly method of removing heavy metals like lead, Zinc and Cadmium (Remigio et al., 2020).
Phytofiltration: This is another form of phytoremediaion which includes techniques like rhizofiltration, blastofiltration, and caulofiltration. Those techniques remove contaminants from water using plant systems (Chai,2024). Rhizofiltration focuses on using plant roots to actively absorb pollutants, including heavy metals, from water. According to Abdullahi (2015) rhizofiltration is a practical way to clean up water, particularly for pollutants like Cd and Cr. Blastofiltration employs certain plant seedlings to remove heavy metals like lead and cadmium from water by making use of the plant's capacity to absorb these metals and lower their concentration, thereby purifying the water. Caulofiltration uses plant shoots. Both methods are effective and environmentally beneficial ways to treat polluted water (Yan et al., 2020). Despite being primarily intended for water purification, rhizofiltration has proven effective over time in eliminating organic compounds and heavy metals from contaminated water sources. The special ability of plants to absorb and accumulate heavy metals and other pollutants is what makes the natural filtration process work. To maintain the efficacy of rhizofiltration, this technique necessitates routine plant harvesting. The continual cleaning of the contaminated water is guaranteed by the continuous cycle of plant growth, absorption and harvest .  Rhizofiltration is a sustainable, economical, and environmentally beneficial way of treating water. The plant Typha latifolia's  rhizofiltration capacity for eliminating heavy metals from wastewater was examined by Wang et al., (2020) where he showed how successful the plant is at purifying contaminated water. Typha angustifolia is also another aquatic plant that exhibits high rhizofiltration ability. It can absorb Cd and Zn at rates of 12 mg per plant and 58 mg per plant, respectively. 
Phytostabilization : This method is also referred to as "in-place activation. The technique uses green plants to stabilise or localise soil metal pollutants inside their roots or close to the rhizosphere, hence reducing human exposure to them ;these method is economical, straightforward, environmentally benign, and do not necessitate substantial work (Chai,2024., Mazar & Tabassum., 2023). In addition to physically fortifying the soil against the effects of rain, erosion, and leaching, dense canopy plants and roots systems, like grass species, also stop contaminants from migrating off-site (Shen et al., 2022). The ability to alter the speciation of trace elements in the soil with the goal of decreasing their solubility and exchangeable fraction is one of phytostabilization's main objectives. Limiting the intake of trace elements by crops stabilises the plant canopy, and limiting plant mobility improves the ecosystem (Oladoye et al., 2022). By carefully selecting and using plant species that may form connections with soil contaminants, this technique effectively prevents heavy metals from moving to other locations or bodies of water (Aloud et al., (2022). By creating a barrier of defense, these plants keep pollutants where they are. According to research by Lorestani (2023), applying these amendments can significantly lower the bioavailability of copper and arsenic in contaminated soils, particularly when paired with the growth of white lupin. This suggests a workable strategy for the phytostabilization of polluted areas. phytostabilization alters the soil properties that influence pollutant speciation and immobilization.Because they contain compounds that interact with soil contaminants and aid in their precipitation or immobilization, plant exudates from plant roots are also crucial for phytostabilization.(Yan et al.,2020). 
 Phytovolatilization: This method is used to eliminate organic contaminants like chlorinated solvents; heavy metals and other contaminants are mostly absorbed by plant roots, which are then transformed into volatile or gaseous forms before being released into the atmosphere by transpiration (Muthusaravanan et al., 2020). When working with volatile heavy metals and certain organic molecules, this approach works well. (Aloud et al., 2022). Plant species that are known to be able to absorb volatile pollutants through their roots are chosen for this approach. Only heavy metals like mercury and selenium which may exist in the environment as gaseous species but do not necessarily do so, can be converted by plants into less dangerous or harmless gases within their tissues upon absorption. 
Phytodegradation: This is the breakdown of metal contaminants by plant metabolic processes following uptake from the soils . In phytoremediation of organics, plant metabolism contributes to the contaminant reduction by transformation, stabilisation break down or volatilising contaminant compounds from soil and groundwater. All phytoremediation technologies are not exclusive and may be used simultaneously, but the metal extraction depends on its bio available fraction in soil.(Chai, 2024).
Nanoremediation 
The phrase "nano-bioremediation" refers to the process of removing harmful contaminants using environmentally friendly nanomaterials or nanoparticles, or the enhancement of microbial activity through the use of nanoparticles (Amin et al., 2021).  One of the main benefits of this technology is that it works well in deep soils and can be used in conjunction with other methods such as bioremediation. Nanotechnology not only lowers the cost of cleaning up polluted sites but also slows down the progress time(Benjamin et al., 2019). New methods for the synthesis of nanomaterials have emerged in recent decades. The bottom-up and top-down techniques are the two main ideas used to create the nanomaterial with the appropriate size, shape, and function. Nanoparticles are created from smaller molecules using the bottom-up approach. It also covers methods such as chemical vapour deposition, laser pyrolysis, sol-gel techniques, etc. Additionally, the top-down approach incorporates the creation of nanoparticles using a variety of methods, including lithography and sputtering (Kandiah and Chandrasekaran., 2021).Even though many nanoparticles were created in recent years using traditional top-down and bottom-up methods, very few of them are in use today since they are made from hazardous chemicals, and the byproducts they produce pose a major threat to humankind. Furthermore, the usage of these nanoparticles in agricultural fields is prohibited due to a lack of research regarding their toxicity and health risks to humans. These days, the "green synthesis" approach is often utilised to get over this restriction. Green synthesis uses biologically derived extracts, like those from bacteria and plants, to create nanoparticles (Andrade-Zavaleta et al., 2022).
Conclusion: The significance that remediation plays as a long-term remedy for heavy metal contamination in soil ecosystems is highlighted by economic factors, societal acceptance, and regulatory consequences. This review examined a number of heavy metal remediation methods, tactics, and strategies. Despite the potential of some of the remediation techniques outlined, it is important to recognize their limits, including their long-term efficacy and potential ecological effects. Future research should evaluate long-term sustainability, ecological integration, investigate synergies with microbial remediation and nana technology and also  focusing on various species of plants with enhanced metal absorption. 
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