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ABSTRACT
Bioremediation is an eco-friendly approach that utilizes microbes and plants to effectively remove a wide range of pollutants from the soil. Various strategies—such as bioventing, biopiling, biostimulation, bioattenuation, and bioaugmentation—are employed to enhance biological processes, breaking down complex soil contaminants into simpler, non-toxic forms. These byproducts are absorbed by plants and microorganisms, contributing to a healthier environment. While extensive research exists on bioremediation techniques and microbial mechanisms, reports on their practical applications and proven benefits remain limited. Therefore, developing effective bioremediation strategies is crucial to degrade pollutants at scale, preserve nutrient availability, and optimize microbial populations and processes, including biodegradation, biosorption, biomineralization, bioaccumulation, and biotransformation, tailored to specific contaminants. This paper reviews various bioremediation approaches and their potential as viable solutions for addressing emerging environmental pollutants. With continued advancements, microbial and phytoremediation could mitigate pollution and promote long-term environmental health












GRAPHICAL ABSTRACT
[image: ]



Keywords: Bioremediation, Contaminants, Bioremediation strategies, Microbial remediation, Phytoremediation.

1. INTRODUCTION

On a global basis, soil pollution gets a lot of attention, particularly in slag disposal areas, specialized industrial wastelands, and agricultural farmland (Inbit et al. 2024). Soil contamination is rapidly increasing with the development and growth of the population due to anthropogenic activities such as urbanization and industrialization (Yaqub, 2024). Presently, fertilizer or pesticide application, synthetic chemical manufacturing, fossil fuel burning, and mining are the worst causes of soil contamination such as heavy metal deposition (Adepoju et al. 2024) pesticide residue (Song et al. 2019), and hydrocarbon (Hoang et al. 2021). The presence of heavy metals in agricultural soil poses a serious threat to global food security due to their interference with various physiological processes in plants (Wang et al. 2023). Their toxic nature, bioaccumulation and low degradability pose significant nutritional, ecological, and environmental risks. Therefore, due to their toxicity and low degradability, they are considered high-priority contaminants (Zerizghi et al. 2022). Nowadays, various special pesticides have been introduced worldwide and have revolutionized the agricultural industry by controlling pests and maintaining crop yield (Mali et al. 2023). Hence, these pesticides may be an effective way to crop production, but their non-judicious use leads to a severe negative impact on the global environment (Wuepper et al. 2023). It has been reported that pesticide residues are tightly linked to soil, potentially threatening soil fertility (Alshemmari et al. 2021) and crop quality (Jia et al., 2023). Additionally, hydrocarbons are highly persistent organic pollutants due to their hydrophobicity, carcinogenic properties, and toxicity, contributing to environmental pollution (Chaurasia et al. 2024). These compounds are mainly attributed to human activities from incomplete combustion of organic materials, pipeline sabotage, crude oil refineries, and industrial waste. Consequently, they can negatively impact all environmental ecosystems, such as soil, and water (Ehis-Eriakha et al. 2024). Therefore, understanding the remediation of hydrocarbons is crucial due to their toxicity, which is associated with various harmful health effects in humans, such as mutagenicity, carcinogenicity, and developmental abnormalities (Sun et al. 2021).
Plants suffer from stress caused by soil pollutants, which significantly hinders their growth and development, leading to reduced plant productivity and potentially long-term ecological impacts (Titilayo et al. 2025). The presence of pollutants in soil not only adversely affects plant development but also negatively impacts soil texture, structure, and nutrient cycling along with the diversity, activity, and composition of microbial communities (Chahal et al. 2023). Multiple contaminants cause pollutant accumulation and amplification effects in organisms through the food chain, which is hazardous for wildlife, humans, and natural ecosystems. As a result, decontamination is necessary to improve the efficiency of contaminated soil ecosystems.
Based on above circumstances, extensive research has been performed to minimize soil contaminants and develop effective remediation strategies, including physiochemical and biological methods, while simultaneously reducing their impact from plant and soil. Presently, physicochemical strategies such as chemical oxidation, thermal desorption, soil washing, the use of nanomaterials, solidification, and electrokinetic remediation are commonly employed to remediate contaminated soil (Song et al. 2022). However, these methods can negatively impact soil quality by altering factors such as soil pH and texture, reducing organic content, and increasing oxidation potential. These changes may make it difficult to sustain vegetation in affected soil (Trellu et al. 2021). Therefore, in the current scenario, focusing on agricultural productivity, biological remediation known as bioremediation may be more suitable for maintaing soil health and cost-effective for large-scale in situ cleanup compared to physicochemical approaches (Ali et al. 2022). Bioremediation leverages the natural metabolic abilities of various soil microorganisms, including bacteria, fungi, archaea, and algae, to degrade, detoxify, or immobilize soil contaminants (Rahman et al. 2025). This process promotes sustainable soil ecosystems without producing secondary pollutants (Nie et al. 2020). Therefore, understanding microbial metabolism is essential for applying potential microbes in remediation processes. This review explains a sustainable approach to bioremediation that can contribute the scientific research, drive technological innovation, and support policy development to fully exploit the potential of microbial remediation. By harnessing the capabilities of microbes, we can foster a more sustainable and resilient future for restoring and stabilizing soil ecosystems. Keeping the above crucial consideration, the aim of this review is to find out the various soil bioremediation strategies and their significant role in the degradation of synthetic and organic contaminants and heavy metal passivation. This review aims to: (1) explore bioremediation strategies for addressing multiple contaminants, (2) elaborate on the mechanisms involved in the bioremediation of heavy metals, as well as organic and inorganic pollutants, and (3) conclude with the current needs and future directions for research in this field.
2. TYPES OF CONTAMINANTS AND THEIR SOURCE IN SOIL
The percentage of soil pollutants varies significantly depending on the region, the type of pollution, and land use. soil pollution negatively affects 20 to 25% of agricultural soils throughout the world. Heavy metals, pesticides, and industrial chemicals contribute to 30-40% of contamination cases. Specifically, heavy metals, pesticides, and petroleum hydrocarbons account for 15-20% of this contamination. Additionally, plastics are emerging as growing concerns, while other pollutants make up about 5-10%. In heavily industrialized areas, contamination levels can exceed 50%, particularly near mining sites, chemical plants, or locations with untreated waste disposal. Major source of pollutants and their contribution are illustrated in (Table 1) (Yaqub, 2025).
2.1 HEAVY METALS
The increasing level of heavy metal pollutants are a serious threat to crop production and quality, ecological safety, and human health, making them significant sources of soil contamination (Zhou et al. 2023). Heavy metals pose significant risks due to their toxicity, persistence in the environment, and potential to accumulate in living organisms. They can have mutagenic and carcinogenic effects on human and plant health, leading to both acute and chronic toxicity that disrupts physiological systems (Tomczyk et al. 2023). The United States Environmental Protection Agency has identified several particularly hazardous elements, including Cd, Cr, As, Pb, Cu, Zn, and Ni (Chen et al. 2015). Heavy metals in the soil can enter the human body through various routes, including the consumption of contaminated agricultural food products and drinking contaminated water. Excessive intake of potentially toxic elements, particularly As, Pb, and Cd, can lead to serious health issues such as cancer, kidney disease, nervous system disorders, and memory impairment (Zhao et al. 2014). Rahman and Singh (2019) revealed that high concentration of these heavy metals (As, Cd, Hg, Pb) in soil impose negative impact on plant growth and development as well as soil habitat.
The primary sources of toxic heavy metals are both natural (geogenic) and human-made (anthropogenic). Toxic heavy metals are widespread in bedrock, which serves as the natural parent material for soil, and they can be found in varying concentrations. Certain types of parent rock, such as basalt and shale, as well as primary minerals like pyrite and sphalerite, contain elevated levels of As, Cd, Cu, and Ni. This concentration is due to sulfur's strong affinity for these metals (FAO and UNEP, 2021). Human activities are significant sources of toxic metals in the pedosphere, which includes our soil environment. Major contributors to metal contamination began during the Anthropocene, particularly in the Bronze Age, mainly due to metal mining and processing (Meharg and Meharg, 2021). Mining operations excavate vast amounts of rock, often containing high levels of metals, and bring it to the surface. This process results in soil pollution through various means, such as leachate and runoff from mining waste, the irrigation of agricultural land with contaminated water, wind erosion that disperses waste rocks, and atmospheric deposition from metal smelters (Macklin et al. 2023).
2.2 PESTICIDE
The global reliance on pesticides application has been vital for preventing yield loss through insects and diseases and ensuring crop production (Tang et al. 2021). They incorporate different types of synthetic products, such as fungicides, insecticides, nematicides, herbicides, and rodenticides, which are applied in agricultural fields for pest control (Tsaboula et al. 2019). These pesticides have significantly contributed to improve food security. however, continuous and non-judicious use of these pesticides have resulted in widespread contamination of agricultural soils (Brühl et al. 2024). They are toxic to non-target organisms, including beneficial species that are essential for nutrient recycling and maintaining soil health (Silva et al. 2023). The accumulation and biomagnification of these pesticides increase exposure risks, which can lead to population declines and reduced biodiversity of soil ecosystems (Stuligross and Williams, 2021). Pesticide residues can be absorbed and accumulate as they move from soil to plants and then to human’s body. Their toxicity is associated with various human health issues, including headaches, nausea, skin rashes, neurotoxicity, cancer, and endocrine dysfunction. These effects can result from both direct and indirect exposure to pesticides (Kalyabina et al. 2021). Therefore, it is crucial to assess the ecological risks associated with pesticide residues in soil to develop effective regional risk mitigation strategies.
The main source of pesticide contamination comes from the use of agrochemicals such as insecticides, fungicides, and herbicides for pest control. Pesticide contamination in the soil is especially significant in agricultural areas (Grafkina and Pitryuk, 2022). When these chemicals are applied to croplands, a large portion of them gets absorbed into the soil (Fantke et al. 2011). Problems arise when excessive use leads to issues such as off-field spray drift, infiltration into groundwater, or surface runoff into nearby water bodies. Consequently, soil can become a major source of pesticide residues in various environmental compartments.
2.3 CRUDE OIL AND HYDROCARBON
Hydrocarbons are naturally occurring organic substances that are mostly produced from plant and animal fossils as a result of natural or human-caused processes. They are made up of carbon and hydrogen and serve as the basis for natural gas, crude oil, and coal, which provide a major amount of the world's energy. They contain many hazardous chemicals such as toluene, ethylbenzene, xylene, naphthalene, benzene etc. which is harmful to soil, plants, and human life. Intentionally or accidentally, hydrocarbon and their derivatives product are released into soil and oceans and primarily existed in three physical state such as solid, liquid and gas (Liu et al. 2019). Hydrocarbon and crude oil contaminants has taken on a worldwide scale because of the hazard it represents to all life form such as soil microbes, animals and human as well as groundwater quality. The hydrocarbon and their derivative adversely affect the environment. Thereby, the ecosystem's functioning along with its living microflora and nonliving components, deteriorates as a result of hydrocarbon contamination (Essabri et al. 2019).
2.4 SYNTHETIC FERTILIZER
Chemical fertilizers are synthetic substances that contain the high nutrient concentrations required for plant growth and development. These are man-made fertilizers that provide the required plant nutrient for higher crop yield. Fertilizers and other chemical products are inherent dangers in agriculture. Nonetheless, they remain critical tools for global food security, and their negative consequences cannot be overlooked, especially given the global target of sustainable agriculture. The chemical fertilizers play vital role in enhancing the crop productivity along with soil fertility. In agriculture, only 10% to 40% applied fertilizer can be directly utilized by plant and remaining fertilizers are available in insoluble form as inorganic salt which accounts a great threat for soil biodiversity (Zheng et al. 2019). Therefore, unreasonable long-term use of chemical fertilizers increases environmental pollution and soil acidity which has negative impact on crop yield and quality along with soil biodiversity (Battaglia et al. 2021; Seleiman et al. 2021).
2.5 PLASTICS
Plastic is a conveniently available, cost-effective, and accessible material which is commonly used in industries and in our daily lives all over the world, and they provide a great deal of convenience to humanity. Presently, it is undeniably due to increasing plastic production levels, use and disposal patterns, minimal recovery rates, and demographic details all are leading to an increase in plastic waste accumulation in the environment (Kumar et al. 2021). Even though plastics are persistent, only about 5% of them are recycled (Kumar et al. 2020). Brahney et al. (2020) estimated that the increasing utilization and demand of plastics will accumulate about 11 billion tons of plastic waste material in our environment by 2025. Surface embrittled plastics are micro-cracked by microbial-mediated, weathering conditions and mechanisms such as UV light and hydrolysis, and are increasingly degraded into small fragments term as microplastics, which are projected to cause severe environmental problems over a hundred years (Auta et al. 2017). Microplastic is called “white pollution” because of plastic garbage pollutes the ecosystem and will not disintegrate in the natural environment for at least 100 years (Ricardo et al. 2021).
Table: 1 Major source of pollutants and their contribution in soil pollution
	Pollutants
	Source of pollutants
	Estimated contribution

	Heavy metals (Pb, Cd, Hg), chemicals, solvents 
	Industrial Waste
	~30%

	Pesticides, herbicides, fertilizers
	Agricultural Chemicals
	~35%

	Arsenic, lead, sulfur, radioactive waste
	Mining & Smelting
	~20%

	Plastics, microplastics, heavy metals, e-waste
	Urban Waste & Landfills
	~15%



3. SIGNIFICANT ROLE OF MICROORGANISMS AND PLANTS IN BIOREMEDIATION
Soil microorganisms play an important role in cleaning and reclamation of contaminated soil for enhancing the degradation of toxic pollutants such as hydrocarbon, pesticides, heavy metals, and plastics (Verma et al. 2014). Soil rhizomicrobiome as a plant growth promoting rhizobacteria (PGPR) facilitates the bioremediation process along with plant growth mechanism through directly or indirectly in polluted soil. According to Thavamani et al. (2015), bacteria with the capacity for hydrocarbon metabolism and Cd tolerance displayed outstanding remediation capabilities in soil that had been contaminated by a variety of various contaminants. In tests for bacterial accumulation, Cd2+ (chemisorption) and Zn2+ (physisorption) were found to be primarily adsorbed onto the cell walls rather than accumulating inside the bacteria. Additionally, chelators, surfactants, and organic acids released by soil microbes are explored as modifying techniques to regulate the bioavailability of pollutants during the microbial remediation process in polluted soil. Moreover, the enzyme activity of soil microbes may efficiently remove pollutants such as petroleum hydrocarbons, polychlorinated biphenyls, Zinc, Lead, organophosphates, organochlorines, and carbamates (Sharma et al. 2018).
Phytoremediation is a plant-based mechanism using green and living plants to remove pollutants from a contaminated environment. Phytoremediation is recommended as cost effective, eco-friendly and economic remediation process for our environment. Plants depict their capabilities to absorb soil pollutants (organic pollutants, pesticide, heavy metals) at very low concentrations. They expand their root system and set up their rhizosphere eco-system into a soil matrix for translocation or accumulation of pollutants and regulate their bioavailability, thereby reclaiming the soil fertility (Jacob et al. 2018). Meanwhile, exudates released by plant roots attract abundance microbial populations which contributes to the degradation of pesticide residual. For example, differentgenotypes of Ricinus communis (castor) removed the Cd and DDTs from contaminated soil (Huang et al. 2011). Similarly, Zea mays plants showed a strong removal capacity of benzene and also removed 97 % of pesticides e.g. atrazine in soil (Feng et al. 2017). Various plants such as Cucurbita pepo, Lolium perenne, Spinacia oleracea,and Medicago sativa L. have revealed their capacity to degrade pesticides, organic pollutants, and heavy metals from contaminated soil (Zhang et al. 2019).
4. BIOREMEDIATION STRATEGIES
There are some treatment strategies of contaminated soil which has described by Rajendran and Gunasekaran (2019).
4.1 BIOSTIMULATION
This type of strategy involves the addition of particular nutrients and growth regulators to the contaminated soil and water to promote the activity of microorganisms. Moreover, environmental conditions such as oxygen, temperature, and pH enhance their metabolic activity (Adams et al. 2015). 
4.2 BIOATTENUATION 
Natural attenuation is the removal of maximum pollutants from a contaminated area using biological (aerobic and anaerobic biodegradation), chemical reaction (complexion and ion exchange), and physical (volatilization, sorption, diffusion, dilution, advection, and dispersion) (Li et al. 2010).
4.3 BIOAUGMENTATION
Bioaugmentation includes the incorporation of pollutant-degrading microbes which may be exotic and genetically modified to increase the biodegradation process of contaminants and also augment the metabolic pathway of indigenous microbial communities. Microorganisms are isolated from the contaminated site, cultivated separately, genetically altered, and then released back onto the site. For evidence, soil and groundwater contaminated with trichloroethylene and tetrachloroethylene result in the presence of all necessary microorganisms in contaminated areas. It is utilized to make sure that the in-situ microbes can eliminate and transform these pollutants into non-toxic ethylene and chloride (Niu et al. 2009).
4.4 BIOVENTING
Bioventing involves venting oxygen into the soil to promote the growth of native and introduced bacteria and fungi by supplying soil microbes with oxygen. It works with chemicals that degrade aerobically. Low airflow rates are used in bioventing to deliver just enough oxygen to support microbial activity. The most typical method of supplying oxygen is direct air injection into the soil with residual pollution using wells. As vapors flow slowly through biologically active soil, adsorbed fuel residuals and volatile chemicals are both biodegraded. Agarry and Latinwo, (2015) demonstrated that hydrocarbon-contaminated soil may be effectively bio-remediated through bioventing.
4.5 BIOPILES
Using biopiles is a method of storing excavated soil tainted with hydrocarbons that can be remedied aerobically. During the biodegradation process, biopiles (also called bioheaps, biocells, biomounds, and compost piles) are employed to lower petroleum concentrations in excavated soils. A system of pipework and pumps that either pushes air into the biopile under positive pressure or pulls air through the pile under negative pressure is used to supply air to the biopile system during this process. The breakdown of adsorbed petroleum pollutants increased as a result of increased microbial activity due to microbial respiration (Emami et al. 2012).
5. REMEDIATION MECHANISM OF MICROORGANISMS AND PLANTS
The persistent metals, hydrocarbon, plastics, synthetic fertilizers and pesticides in soils have escalated into a severe environmental concern because to their widespread use in industries and agriculture activities. Microbes have a lot of protective mechanism against toxicity of pollutants in contaminated soil.  An effective and promising method to clean up contaminated soils is known as bioremediation, which uses active microbes (Table 2) and plants (Table 3) to remove contaminants from soil (Fenner et al. 2013).
Table: 2 Microorganisms Involved in the Remediation of Pollutants
	Pollutants
	Used microbes
	Reference

	Heavy metals

	Cr and Cd 
	Bacillus cereus and Staphylococcus cohnii 
	(Liu et al. 2024)

	Cd, Hg, As Pb, and Ni
	Achromobacter denitrificans, Klebsiella oxytoca, and Rhizobium radiobacter.
	Atuchin et al. 2023)_

	Cd, As, and Pb, 
	Pseudomonas taiwanensis
	(Liu et al. 2022)

	Ni and Pb
	Achromobacter denitrificans, Klebsiella oxytoca, and Rhizobium radiobacter 
	Khan et al. (2025)

	Cd
	Burkholderia spp. 
	Li et al. (2023)

	Pesticide

	Fipronil, Profenofos and Chlorantraniliprole
	Ciceribacter azotifigens and Serratia marcescens 
	Shahid and Singh, (2024)

	Chlorpyrifos
	Serratia rubidaea
	Salem et al. (2022)

	Carbendazim, Methomyl, and Imidacloprid
	 Bacillus cereus, Pseudomonas aeruginosa, and Pseudomonas donghuensis
	Bandopadhyay et al. (2023)

	Hydrocarbons (Organic pollutants)

	Petroleum hydrocarbons
	Alcaligenes faecalis, Sphingobacterium spiritivorum and Stenotrophomonas rhizophila
	Ali et al. (2024)

	Polycyclic aromatic hydrocarbons (PAHs)
	Rhodococcus spp., Pseudomonas aeruginosa, Pseudomonas fuorescence,  Fusarium solani, and Talaromyces helices
	Imam et al., (2022)

	Pyrene and Benzo-pyrene
	Bosea, Mycolicibacterium, Arthrobacter, Paenibacillus, Bacillus, and Rhodococcus
	Kumari et al. (2022)

	Fluoranthene
	Chlorella vulgaris
	Tomar and Jajoo, (2021)

	Phenol
	Myroides xuanwuensis
	Wang et al. (2024)

	Biphenyland triphenylmethane
	Phanerochaetechrysosporium
	Erika et al. (2013)

	Oil contaminants

	Crude oil

	Xanthomonas boreopolis, Microbacterium schleiferi, Pseudomonas aeruginosa, and Bacillus velezensis 
	Tripathi et al. (2024)

	Crude oil and Diesel oil
	Bacillus coagulans, Bacillus cereus, Pseudomonas cepacia, Serratia ficaria and Citrobacter koseri
	Kehinde and Isaac (2016)

	Diesel oil
	Arthrobacter globiformis, Pantoea agglomerans, and Nitratireductor soli
	Espinosa-López et al., (2025)

	Crude oil
	Bacillus toyonensis, Bacillus sp. and Bacillus cereus
	Valizadeh et al. (2024)



Table: 3 Plants involved in the remediation of pollutants
	Pollutants
	Used plant
	Reference

	Cd, Ni, Cu, As, Cr,  and Pb
	Artemisia vulgaris
	Antoniadis et al. (2021)

	Cd and Zn
	Quercus texana
	Li et al. (2023)

	Pb and As
	Spergularia rubra and Lamarckia aurea
	Paniagua-López et al. (2024)

	Pb, Cd, and Cr 
	Helianthus annus 
	Waseem et al. (2024)

	Pentachlorophenol
	Typha angustifolia and Schoenoplectus 
	Werheni-Ammeri et al. (2023)

	Chlorpyrifos
	Mentha piperita
	Aioub et al. (2024)

	Hexazinone
	Canavalia ensiformes
	Teóflo et al. (2020)

	Atrazine 
	Zea mays
	Ibrahim et al. (2013)

	Triazophos
	Iris pseudacorus
	Li et al. (2014)

	Polycyclic aromatic hydrocarbons
	Eleocharis ochrostachys
	Al-Sbani et al. (2021)

	Petroleum hydrocarbons
	Scirpus grossus
	Sharuddin et al. (2024)

	Total petroleum hydrocarbons
	Lolium multiflorum, Trifolium repens and Medicago sativa
	Yousaf et al., (2022)



5.1 MICROBIAL REMEDIATION
Microbial bioremediation is a method for removing, degrading and immobilizing pollutants that involves microbes such as bacteria, fungi and archaea. Soil microbes degrade or immobilize metals and organic pollutants into end product using metabolism for cell growth (Verma and Kuila 2019). Therefore, microbes are essential component of remediation process for both aerobic and anaerobic decomposition. Due to their ability to thrive in a variety of environmental circumstances, microorganisms are best suited to be used in the treatment of polluted soils using a variety of ways such as biodegradation, biosorption, bio mineralization, bioaccumulation and biotransformation (Fig.1).


[image: ]
Fig 1. Remediation mechanism by microorganisms in soil
5.1.1 BIODEGRADATION
Microbial biodegradation occurs under aerobic or anaerobic circumstances. While various enzymes are involved in each situation, it appears that both aerobic and anaerobic microbial degradation should take place if mineralization is anticipated to occur.Pesticide biodegradation means incorporation of efficient microbial enzyme to break down the residue of pesticide into low molecular product. Various microbial diversity and their communities have a great ability to reduce pesticide persistency as eco-friendly. The anti-catabolic plasmid of microorganisms contains the pesticide-degrading gene, which encodes the contaminant-degrading enzymes. For example, lin gene of gram-negative soil bacteria inscribe the specific enzyme such as dehydrogenase, dehalogenase, and hydrolase which degrade the hexachlorocyclohexane (Pan et al. 2012). 
5.1.2 BIOTRANSFORMATION
Biotransformation is not degradation process but it transforms the toxic pollutants into other form which is less toxic or degradable by other microbial communities. It involves conversion of heavy metals, plastics and hydrocarbons to either a less toxic compound or a water-soluble state due to altered physic-chemical properties by soil microorganisms during bioremediation (Emenike et al. 2018). The heavy metals cannot be destroyed but can only be precipitated, leached, chelated, and methylated. To make the metals less poisonous, water-soluble, and perceptible, it is crucial to modify their redox state and convert them from organic to inorganic forms. In an oxidizing environment, microorganisms assist in the oxidation of the heavy metal, and nitrates and sulfates serve as terminal electron acceptors. The oxidation of organic contaminants proceeds more quickly due to the increased availability of the metals. Therefore, metal serve as terminal electron acceptor is known as dissimilatory metal reduction. For example, many bacterial and fungal communities transformed Cr (VI) to Cr (III) and Hg (II) into volatile Hg (0) which is soluble and less poisonous for the ecosystem (Hansda et al. 2016).
5.1.3 BIOADSORPTION
Bioadsorption is metabolism independent mechanism in which different heavy metals are absorbed by microorganism in their extracellular structures without any energy being used. Bioadsorption includes various mechanisms such as ion exchange, complexation, electrostatic interaction, diffusion, chelation, surface adsorption, and micro-precipitation which assist during effective bioremediation (Yang et al. 2015). This mechanism happens in the cell wall which has extracellular polymeric substance having acid-base properties. The cell walls, which are mostly made of lipids, polysaccharides, and proteins, provide various functional groups, such as amine, hydroxyl, phosphate, carbonyl, thiol, and sulfate groups. These compounds absorb pollutants through electrostatic, proton exchange, or micro-precipitation of heavy metals. For example, Cunnighamellaelegansand Saccharomyces cerevisiae were shown as bio-adsorbent and eliminate Cd and Zn through ion exchange process (Fang et al. 2010).
5.1.4 BIOMINERALIZATION
The process of converting ionic metals into solid minerals in cells and particular tissues while being influenced or controlled by biological organic matter is known as biomineralization. Depending on how much the product is regulated by biology, this mechanism can be classified into two groups (1) biologically induced mineralization which takes place outside of the cell, and (2) biologically controlled mineralization which involves two ways. Cations are first actively carried within the cell, where they are subsequently dispersed throughout the organic matrix. Second, cations accumulate in the cell to form vesicles, which are subsequently transferred outside of the cell where they disintegrate in the organic matrix to liberate cations and produce minerals. Many microbial communities play a significant role in the mineralization of heavy metals from polluted area. For example, In addition to being intensively researched for their ability to immobilize Pb ions, phosphorus solubilizing bacteria (PSB) are also capable of degrading organic phosphorus and releasing enzymes such as phosphatase and phytase. These released substances by PSB could enhance the mineralization of insoluble phosphate and increase the quick formation of lead phosphate in Pb-contaminated soil (Zhu et al. 2019).  
5.1.5 BIOACCUMULATION
Bioaccumulation is the metabolic process of microorganisms that accumulates pollutants inside the cell (Ayangbenro and Babalola 2017). Bioaccumulation includes active and passive process which is dependent on chemical, physical and biological activity for removal of pollutants. When a substance's concentration in the biosphere is significantly higher than in its surroundings, bioaccumulation occurs. Pollutants can affect the biota through the process of bioaccumulation. The lipophilic element of the cell membrane easily absorbs lipophilic pesticides using the octanol and water ratio parameters in cell metabolism. Microbial cells accumulate contaminants inthe cytoplasm in the form of insoluble products and by-products (Ojuederie and Babalola 2017). Meanwhile, soil pollutants (organic pollutants and heavy metals) significantly influence the bioaccumulation process. Furthermore, the coexistence of organic contaminants and heavy metals has a significant impact on bioaccumulation. 
5.2 PLANT-BASED REMEDIATION: PHYTOREMEDIATION
Phytoremediation is a plant-based remediation process that is an eco-friendly and cost-effective in-situ mechanism which involves rhizosphere associated microbes to remove, transfer, and stabilize the contaminants. Plants can significantly contributeto cleaning organic and inorganic pollutants as well as radionuclides using various mechanisms such as phytodegradation, phytoextraction, phytostabilization, phytovolatilization, and phytostimulation (Alkorta et al. 2004) (Fig.2).
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Fig 2. Remediation mechanism by plants in soil
5.2.1 PHYTODEGRADATION AND PHYTOTRANSFORMATION
Phytodegradation is the transformation of contaminants to less toxic, immobile, and more stable forms using the plant enzyme. Phytodegradation activity does not include only microbial enzyme but also include the plants enzyme such as nitroreductase, laccase, dehalogenase, nitrilase and peroxidase. For example, plant Canna indicaLinn. increase phosphatase enzyme activity which promote degradation of triazophos in rhizosphere (Cheng et al. 2007). Sometimes, organic pollutants are absorbed by roots through the stimulation process and degraded by dehalogenases and oxygenase enzyme activity inside the plants. A transgenic plant using an enzyme from bacteria that hydrolyzes organophosphorus destroyed more than 99 percent of the chemical methyl parathion after 14 days of growth (Wang et al 2008). 
5.2.2 PHYTOEXTRACTION
 Phytoextraction is the process through which pollutants are taken up by plant roots, transported through the soil, and then accumulated in plant tissues. The main purpose of phytoextraction is to accumulate or store large quantities of pollutants from soil in plants that can be disposed of. The pollutants are translocated by plants on two way; (1) Air to plants and (2) soil to plants (Singh and Singh 2017). In the air-to-plant system, heavy metal-containment particles are accumulated on plant surfaces, while, foliar-applied pesticide are absorbed by leaves and deposited on leave surface. For example, Gjorgieva et al. (2011) reported that some heavy metals such as Cd, Zn, Mn, Pb Ni and Cu were accumulated on foliar plant part of Robinia pseudoacacia, Urtica dioica andMatricaria recutita growing in the industrial field. In soil to plant system, the root systems absorb pollutants close to the root surface and mostly transmit them through the xylem vessels into the shoots and leaves. The bioaccumulation factor (bioconcentration factor) of the root depicts the capacities of phytoextraction pollutants and the translocation factor of the root system represents the translocation abilities in contaminated soil (Mercado-Borrayo et al. 2015). 
5.2.3 PHYTOSTABILIZATION
Phytostabilization is a stabilizing procedure that uses vegetation to minimize bioavailability or prevent the migration of contaminants in contaminated areas. The phytostabilization focuses on decreasing the movement and availability of contaminants, thus restricting their entry and leaching into groundwater and food systems, respectively (Khalid et al. 2017). Generally, plants containing fibrous root systems such as grasses, wetland species, and many herbaceous plants are preferred for stabilization of soil pollutants. For example, the plantsCecropia hololeucaMiq. and Cecropia hololeucaMiq. have the capacity for reducing the bioavailability of atrazine in pesticide-contaminatedfields. Pereira et al. (2013) found that Cordia africana plant prevented the movement of some heavy metals such as Cd, Pb, and Zn using the phytostabilization process in contaminated soil.
5.2.4 PHYTOVOLATILIZATION
Plants have great capability for conversion of original pollutants into volatile compounds which is released from plant body into atmosphere through transpiration, is known as phytovolatilization. Sometimes plants evaporate the pollutants in the volatile form directly through foliage and stem activity and indirectly from soil due to root activity (Limmer and Burken 2016). Contaminants are absorbed and translocated by plants by direct phytovolatilization that is more logical idea for understanding of phytoremediation. When root activities enhance the flux of volatile pollutants underground, this is known as indirect phytovolatilization. Pollutants that are easily converted into vapor and discharged into the atmosphere, such as volatile and semivolatile organic chemicals and some heavy metals, are subject to phytovolatilization. For example, pesticide trichloroethylene can be eliminated by volatilizing from the trunk of a poplar tree, leaves (0.34 ± 0.16 Kg/year), and soil-driven by root activity (0.48 ± 0.36 kg/year) (Doucette et al. 2013). Similarly, many pollutants can be removed through phytovolatilization such as heavy metals e.g. Hg, As, and Se, and pesticides e.g. carbon tetrachloride, methyl-tert-butyl ether, ethylenedibromide (Niti et al. 2013).  
5.2.5 PHYTOSTIMULATION
Phytoremediation is the performance of plants to alter the rhizosphere's properties through rhizodeposition stimulating the rhizomicrobial community to break down toxic pollutants into less toxic compounds. Phytostimulationplaysan important role in the mineralization of heavy metals e.g. Cu, Pb, Zn, Cd, As (Imperator et al. 2019), herbicides e.g. trifloxysulfuron-sodium (Santos et al. 2010), sulfentrazone (Belo et al. 2011) and hydrocarbon (Hoffma and Yarrow 2003). Various root exudates such as carbohydrates, protein, amino acids and organic acid are released by plant root for increasing the soil microbial population and their activity which have the ability to degrade toxic compounds. Plant roots can stimulate rhizomicrobiome in different pathways (Song et al. 2019); (i) plant root offers attachment of rhizomicrobiome on the surface as residency for proliferation. (ii) Plant roots enhance the potential of microbial function by releasing the root exudate and facilitating the nutrient dynamics in the rhizosphere. (iii) Root exudates change the properties of pollutants in the rhizosphere.
6. CURRENT CHALLENGES IN BIOREMEDIATION
Even though bioremediation has been applied successfully to treat contaminated sites, several issues sometimes arise that make the approach less advantageous. This results in various technology-related drawbacks and the necessity for more research, both of which impose several restrictions or limitations.
6.1 INCOMPLETE DEGRADATION
There is uncertainty regarding the amount to which a successful degradation process can occur because the idea of a complete transformation into nontoxic compounds is simply a theoretical probability (Das and Chandran 2011). Many factors play an important role in the breakdown of pollutants such as quantities and nature of pollutants. One illustration would be the fact that the daughter product's toxicity ended up being higher as compared to parent compound, demonstrating that the method of changing a compound into a safe compound is not always certain.
6.2 BIOLOGICAL SYSTEMS ARE HIGHLY SPECIFIC
Environmental elements have a crucial role in influencing the success of plant and microbial activity because plants or microbes are very condition-specific when performing a process, whether it is in connection to growth circumstances or degrading activity (Das and Chandran 2011). The environment, provided nutrient quality and quantity are extremely significant in observing the process after conditioning the place of interest. In practice, it may be challenging to maintain consistency when conditions differ from one contaminated site to another due to a variety of complicated existing ecosystems. Furthermore, even under perfect circumstances, the organisms are required to metabolize the supplied nutrients to contact with the relevant pollutant. Nutrient addition may have been mainly to enhance microbial growth under favorable conditions.  
6.3 INTRODUCTION OF NON-NATIVE ORGANISMS
Although the introduction of non-native species may have been done with the best of intentions to clean up the contaminated area, questions remain about whether the organisms do not present a hazard to other native creatures that are already present in the ecosystem. As more research is needed to understand the long-term impacts of the biodegradation process
6.4 TECHNOLOGY STILL IN ITS INFANCY
Although bioremediation has been successfully used on a variety of projects, it is still relatively new as a strategy for treating pollutants. Numerous studies need to be conducted to better understand the situation and build a sound theoretical foundation that will enable the advancement of current technology as well as the continued development of fresh approaches to increase efficiency and the scope of applications. Presently, there are many troubles onto generalizing a benchmark and pilot studies with regard to large scale operation (Kostka et al. 2011).
6.5 NOT ALL POLLUTANTS ARE BIODEGRADABLE
Only biodegradable pollutants are degraded by microbes but not all contaminants are degradable such as highly aromatic hydrocarbon and chlorinated organic compounds are unaffected by microbial degradation. Therefore, sometimes microbial remediation process may take more time as compared to other methods (Zeyaullah et al. 2009).  
6.6 TOXIC INTERMEDIATES DURING BIOREMEDIATION
The presence of native species and a high pollution concentration could both hinder the growth of inoculated microbes (Cycon et al. 2017). Sometimes toxic intermediates are released during the breakdown of HCN and lindane which inhibit the remediation capacity of inoculated microbes as well as some native microbial population growth.
7. FUTURE PROSPECT
· Many findings have been reported under controlled conditions in the lab. The experimental parameters should apply under field conditions, including pollutant and weather conditions. Further research should be conducted to verify the efficiency of bioremediation in natural conditions, using alternative pot experiments. Field application of any bioremediation process should be tested at multiple locations. It is necessary to screen naturally occurring highly efficient new microbes for practical application.
· In the process of bioremediation, it's important to not only focus on specific pollutants such as heavy metals, organic pollutants, and hydrocarbons, but also consider their metabolites. The byproducts of pollutants are often more toxic than the original pollutants and can persist in the soil for a long time.
· Plants for papermaking, phytomining, bioenergy, and wood processing should be managed for harvest and post-harvest. Harvesting waste material from plant biomass must not affect the natural ecosystem.
· It is important to have the right materials, infrastructure, and tools for experiments. In order to obtain accurate results, all the materials and tools should work properly at a high level of success after being used in a contaminated site. It's important to note that if the technology is not relatively advanced, a lack of specialized advanced instruments can ultimately hinder the ability to develop and conduct research on bioremediation processes.
· It is essential to consider the intricate interaction of two or more contaminants during phytoremediation and microbial-based remediation. Their interaction could be beneficial for degrading complex pollutants. In addition, it is important to focus on understanding the interaction between plants, microbes, and the interactions between different plants and different microbes in contaminated soil conditions.
8. CONCLUSION
It is imperative to conduct future studies and research to develop effective bioremediation techniques that are both environmentally friendly and socially acceptable. This is crucial for removing emerging pollutants and their toxic intermediate compounds, which continue to present significant challenges to ecosystems, natural resources, and human health. It is necessary to focus on isolating, culturing, and studying naturally occurring microbes and plants with unique metabolic pathways that enable their survival in polluted areas, as this holds great promise for bioremediation efforts.
Considering the current state of bioremediation, this paper emphasizes that various factors, such as the remediation mechanisms of plants and microbes, their activity, pollutant concentration, as well as the category and characteristics of pollutants, play crucial roles in efficient and eco-friendly bioremediation. Furthermore, the implementation of multidisciplinary strategies can enhance the predictability of removing pollutants from different environments. It is also important to prioritize the development and utilization of cutting-edge technologies for monitoring, preventing, and mitigating environmental and health concerns. Identifying future challenges is essential for minimizing the environmental impacts associated with emerging contaminants.
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