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Abstract. Heavy metal contamination poses a significant threat to ecosystems and human 

health due to its toxicity, persistence, and bio accumulative nature. Conventional remediation 

methods, such as chemical precipitation and ion exchange, often suffer from high costs, ineffi-

ciency, and secondary pollution. To address these limitations, this study explores nanoparticle-

based bioremediation as a sustainable and efficient approach for heavy metal removal. The 

integration of nanotechnology with biological remediation processes leverages the high surface 

area and reactivity of nanoparticles to enhance microbial, enzymatic, and plant-based metal 

uptake and transformation. Various nanomaterials, including metal nanoparticles, metal oxide 

nanoparticles, carbon-based nanoadsorbents, and bio-nanoparticles, demonstrate exceptional 

heavy metal adsorption and stabilization capabilities. Additionally, green synthesis methods 

using plant extracts and microorganisms provide eco-friendly nanoparticle production path-

ways. This review highlights the mechanisms of nanoparticle-assisted remediation, such as 

adsorption, redox reactions, and enhanced biofilm formation, which accelerate heavy metal 

detoxification. Despite its potential, challenges such as nanoparticle toxicity, environmental 

persistence, and large-scale application barriers require further investigation. The study empha-

sizes that future research should prioritize eco-friendly synthesis techniques, scalable deploy-

ment strategies, and environmental risk assessments to optimize nanoparticle-based bioreme-

diation for practical applications. This approach offers a promising pathway toward cleaner 

ecosystems and sustainable heavy metal management. 
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1. Introduction

Heavy metal contamination is a significant global environmental concern due to its 

toxicity, persistence, and bio accumulative nature. Industrialization, mining, and im-

proper waste disposal have led to the widespread release of heavy metals such as lead 

(Pb), mercury (Hg), cadmium (Cd), and arsenic (As) into soil and water bodies [1]. 

Unlike organic pollutants, heavy metals do not degrade over time and can persist in 

the environment for decades, posing serious health risks to humans and ecosystems. 

Exposure to these metals can lead to severe health issues, including neurological dis-

orders, kidney damage, and carcinogenic effects. Hence, developing efficient and 

sustainable methods for heavy metal removal is a critical area of research [2, 3]. 
Traditional remediation techniques, such as chemical precipitation, ion exchange, and 

membrane filtration, have been widely used for heavy metal removal. However, these 

approaches often suffer from high operational costs, secondary waste generation, and 
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inefficiency in treating low-concentration metal pollutants [4]. Additionally, physical 

and chemical remediation strategies may alter soil and water chemistry, leading to 

long-term ecological imbalances. Due to these limitations, researchers have turned to 

biological approaches that harness microorganisms, plants, and enzymes for heavy 

metal remediation, collectively known as bioremediation [5, 6]. 

Bioremediation offers an eco-friendly and cost-effective alternative by utilizing natu-

ral biological processes to detoxify heavy metal pollutants. Microbial remediation 

relies on bacteria, fungi, and algae capable of adsorbing, accumulating, or transform-

ing metals into less toxic forms through mechanisms such as biosorption, bioaccumu-

lation, enzymatic transformation, and redox reactions [7, 8]. Phytoremediation, on the 

other hand, employs metal-tolerant plants that can absorb, translocate, and stabilize 

heavy metals within their roots or aerial parts, using strategies such as phytoextrac-

tion, phytostabilization, and phytovolatilization. Alongside biological methods, physi-

cal and chemical remediation strategies play crucial roles in managing contaminated 

environments. Physical remediation techniques include methods such as soil washing, 

where contaminants are separated from soil particles using chemical solvents or sur-

factants; thermal desorption, which uses high temperatures to volatilize pollutants; 

and vitrification, where contaminated soil is melted to form a stable glass-like materi-

al that immobilizes heavy metals. These methods offer rapid removal but may be 

energy-intensive and require extensive infrastructure. Chemical remediation, on the 

other hand, involves the application of chemical agents to transform heavy metals into 

less mobile or less toxic forms. Techniques include chemical precipitation, where 

reagents such as lime or sulfides induce the formation of insoluble metal compounds; 

oxidation-reduction reactions, which change the valence state of metals to reduce 

their toxicity or mobility (e.g., Cr(VI) to Cr(III)); and chelation, where chelating 

agents like EDTA form stable complexes with metals, enhancing their extraction from 

soil or water. However, these chemical approaches may pose risks of secondary pollu-

tion and require careful management of residual chemicals. Although physical and 

chemical remediation strategies offer relatively fast and targeted solutions, they often 

come with high operational costs and potential environmental disturbances. In con-

trast, biological approaches while more sustainable and less invasive, are often limited 

by slow remediation rates and reduced efficacy under high contaminant loads. To 

address these limitations, the integration of nanotechnology with bioremediation has 

emerged as a cutting-edge solution, enhancing metal uptake, improving microbial 

viability under stress, and enabling targeted delivery of remediation agents [9, 10]. 

Nanoparticle-based bioremediation combines the high reactivity and surface area of 

nanoparticles with the selectivity and adaptability of biological systems [11]. Engi-

neered nanoparticles, including metal nanoparticles (such as iron and silver), metal 

oxide nanoparticles (like Fe₃O₄ and TiO₂), carbon-based nanomaterials (such as gra-

phene oxide), and bio-nanoparticles (such as nanobiochar), have shown exceptional 

potential for heavy metal adsorption, reduction, and stabilization [12]. These nanopar-

ticles can enhance microbial and enzymatic activity, improving the overall efficiency 

of bioremediation. Additionally, green synthesis methods using plant extracts, bacte-

ria, and fungi have made nanoparticle production more sustainable and environmen-

tally friendly [13]. 

One of the key mechanisms through which nanoparticles facilitate heavy metal re-

moval is adsorption, where metals bind to the nanoparticle surface due to electrostatic 
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interactions, complexation, or ion exchange. Additionally, some nanoparticles can 

induce redox reactions, transforming toxic metals into insoluble or less hazardous 

forms [14]. Moreover, when combined with microorganisms, nanoparticles can en-

hance biofilm formation, enzymatic activity, and microbial growth, thereby accelerat-

ing the remediation process. The multifunctionality of nanoparticles makes them 

highly effective in treating diverse environments, including industrial wastewater, 

contaminated soils, and even atmospheric heavy metal pollutants [15]. 

Despite the promising applications of nanoparticle-based bioremediation, several 

challenges must be addressed before large-scale implementation. Concerns over na-

noparticle toxicity, environmental persistence, aggregation, and potential bioaccumu-

lation require thorough investigation to ensure safe and responsible use [16]. Addi-

tionally, cost-effective synthesis methods and scalable deployment strategies must be 

developed to make these technologies viable for industrial and environmental applica-

tions. Nevertheless, with ongoing advancements in nanotechnology, biotechnology, 

and environmental science, nanoparticle-assisted bioremediation holds immense po-

tential to revolutionize heavy metal removal and pave the way for a cleaner and 

healthier future [17]. 

2. Bioremediation Strategies for Heavy Metal Removal 

Bioremediation encompasses various strategies to mitigate heavy metal contamination 

in the environment. Key among these is microbial-assisted remediation, phytoremedi-

ation, enzyme-based bioremediation, and biosorption and bioaccumulation [18, 19]. 

Each method leverages biological processes to detoxify and remove heavy metals 

from contaminated sites. 

Microbial-Assisted Remediation - Microbial-assisted remediation utilizes microor-

ganisms, such as bacteria, fungi, and algae, to detoxify or immobilize heavy metals in 

contaminated environments. These microorganisms employ mechanisms like biosorp-

tion, bioaccumulation, biotransformation, and biomineralization to mitigate heavy 

metal toxicity [20]. For instance, certain bacteria can transform toxic metal ions into 

less harmful forms through redox reactions, thereby reducing their mobility and bioa-

vailability [21]. The effectiveness of microbial remediation is influenced by factors 

such as pH, temperature, and the presence of competing ions. Advancements in genet-

ic engineering have enabled the development of genetically modified microorganisms 

with enhanced capabilities for heavy metal uptake and transformation. However, chal-

lenges such as maintaining microbial activity in polluted environments and potential 

ecological impacts necessitate further research to optimize and safely implement this 

strategy [22]. 

Phytoremediation - Phytoremediation involves the use of plants to remove, stabilize, 

or degrade contaminants, including heavy metals, from soil and water. Plants suitable 

for phytoremediation can accumulate significant amounts of heavy metals in their 

tissues, a process known as phytoextraction. Species such as Brassica juncea (Indian 

mustard) and Helianthus annuus (sunflower) have demonstrated proficiency in accu-

mulating metals like lead, cadmium, and arsenic [17].  

This method is environmentally friendly and cost-effective, enhancing soil structure 

and fertility. However, its application is limited by factors such as the depth of the 

contaminated zone, plant growth rates, and the bioavailability of metals. Additionally, 
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the disposal of metal-laden plant biomass requires careful consideration to prevent 

secondary contamination [22]. 

Enzyme-Based Bioremediation - Enzyme-based bioremediation employs microbial 

enzymes to transform heavy metals into less toxic or more stable forms. Enzymes 

such as oxidases and reductases can alter the oxidation states of metals, reducing their 

solubility and mobility. For example, mercuric reductase can convert toxic mercury 

ions into elemental mercury, which is less harmful and more easily removed from the 

environment [23]. This approach offers specificity and efficiency under controlled 

conditions. However, challenges include the potential for enzyme denaturation in 

harsh environmental conditions and the need for continuous enzyme production or 

supplementation. Research into immobilizing enzymes on various supports aims to 

enhance their stability and reusability, making enzyme-based bioremediation a prom-

ising area for future development [24]. 

Biosorption and Bioaccumulation - Biosorption involves the passive binding of 

heavy metals to the cell walls of dead or inactive biomass, while bioaccumulation 

refers to the active uptake and internalization of metals by living organisms. Materials 

such as algae, fungi, and agricultural waste products have been identified as effective 

biosorbents due to their high surface area and affinity for metal ions [25].  

These methods are advantageous due to their cost-effectiveness, efficiency across a 

range of metal concentrations, and the availability of biosorbent materials. However, 

the regeneration and disposal of used biosorbents, as well as the potential release of 

accumulated metals back into the environment, present challenges that require careful 

management [26, 27]. Bioremediation, despite its eco-friendly approach, has several 

limitations that make it less efficient for large-scale and high-contamination scenarios. 

One major drawback is the slow remediation rate, as microorganisms and plants re-

quire significant time to adapt, grow, and process heavy metals [28]. Additionally, 

environmental factors such as pH, temperature, and nutrient availability can signifi-

cantly impact the efficiency of microbial or phytoremediation processes, making them 

less reliable in diverse conditions. Another challenge is the incomplete removal of 

heavy metals, as some biological systems may only immobilize rather than complete-

ly detoxify contaminants, leading to potential secondary pollution [29]. Nano biore-

mediation overcomes these limitations by integrating nanoparticles with biological 

systems to enhance heavy metal adsorption, transformation, and degradation. Nano-

particles provide a higher surface area, increased reactivity, and improved metal-

binding efficiency, accelerating the remediation process. Moreover, engineered na-

nomaterials can enhance microbial activity, protect enzymes from degradation, and 

facilitate the breakdown of complex metal contaminants. This approach not only 

speeds up bioremediation but also improves its effectiveness in extreme environmen-

tal conditions, making it a promising alternative for sustainable and rapid heavy metal 

removal [13, 30]. 

3. Nano-bioremediation 

Nano bioremediation is an innovative approach that integrates nanotechnology with 

biological remediation processes to address environmental contaminants, particularly 

heavy metals and organic pollutants [31]. This method leverages the unique properties 

of nanoparticles, such as their high surface area, reactivity, and ability to interact with 
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biological systems, to enhance the efficiency and effectiveness of traditional bioreme-

diation techniques [32]. By combining the strengths of nanotechnology and biology, 

Nano bioremediation offers a promising solution for the cleanup of polluted environ-

ments. The synthesis of nanoparticles for Nano bioremediation can be achieved 

through various biological entities, including plants, bacteria, fungi, and algae [33, 

34]. These organisms act as "nanofactories," producing nanoparticles in an eco-

friendly and sustainable manner. For instance, certain baalgae [ can reduce metal ions 

to form metallic nanoparticles, while plant extracts have been used to synthesize met-

al oxide nanoparticles [35, 36]. This biosynthetic approach not only minimizes the use 

of hazardous chemicals typically involved in nanoparticle production but also allows 

for the generation of nanoparticles with diverse functionalities suitable for environ-

mental remediation [37]. In the context of heavy metal remediation, Nano bioreme-

diation employs nanoparticles to adsorb, sequester, or transform toxic metal ions into 

less harmful forms [38]. For example, iron oxide nanoparticles have been utilized to 

remove arsenic from contaminated water sources effectively. The high surface area 

and reactivity of these nanoparticles enable them to interact with metal ions efficient-

ly, leading to their immobilization or detoxification. Additionally, the combination of 

nanoparticles with microbial systems can enhance the degradation of metal complex-

es, further improving remediation outcomes [39, 40]. 

Nano bioremediation also shows promise in the degradation of organic pollutants, 

such as pesticides and hydrocarbons. Nanoparticles can enhance the breakdown of 

these compounds by increasing their bioavailability to degrading microorganisms or 

by directly catalyzing their decomposition [41]. For instance, titanium dioxide nano-

particles have been employed as photocatalysts to degrade organic contaminants un-

der light irradiation, resulting in their mineralization into harmless end products. 

When combined with microbial degradation pathways, this approach can lead to more 

complete and efficient removal of organic pollutants from the environment [15]. The 

application of Nano bioremediation extends to various environmental matrices, in-

cluding soil, water, and air. In soil remediation, nanoparticles can be introduced to 

contaminated sites to immobilize heavy metals or degrade organic pollutants, thereby 

reducing their bioavailability and ecological risks [42]. In water treatment, Nano bio-

remediation strategies have been developed to remove contaminants from industrial 

effluents and drinking water sources. For example, silver nanoparticles synthesized 

using plant extracts have demonstrated antimicrobial properties, making them effec-

tive in disinfecting contaminated water [43]. 

Despite its potential, Nano bioremediation faces several challenges that need to be 

addressed for its widespread implementation. One significant concern is the potential 

toxicity and environmental impact of nanoparticles themselves [10]. While biological-

ly synthesized nanoparticles are generally considered more biocompatible, their inter-

actions with non-target organisms and ecosystems require thorough investigation 

[44]. Additionally, the fate and transport of nanoparticles in the environment are not 

fully understood, necessitating studies on their long-term behavior and potential ac-

cumulation in food chains [45]. Nano bioremediation represents a promising conver-

gence of nanotechnology and biological processes for environmental remediation 

[46]. By harnessing the unique properties of nanoparticles and the capabilities of bio-

logical systems, this approach offers enhanced efficiency and effectiveness in ad-

dressing a wide range of environmental contaminants [47]. Continued research and 
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development, coupled with careful consideration of environmental and societal impli-

cations, will be essential in realizing the full potential of nanobioremediation as a 

sustainable solution for environmental cleanup [48]. 

4. Nano-bioremediation based approaches for heavy metal remediation 

Nano bioremediation has garnered significant attention for its potential in mitigating 

heavy metal contamination across various environmental matrices. This approach 

synergistically combines nanotechnology with biological systems to enhance the effi-

ciency of heavy metal removal [47]. A comprehensive review highlighted the efficacy 

of engineered nanomaterials, such as zeolites, polymers, chitosan, metal oxides, and 

metals, in adsorbing substantial quantities of heavy metals from water, even at low 

concentrations [42]. The study emphasized the unique physicochemical properties of 

these nanomaterials that facilitate effective adsorption processes. In exploring the role 

of bio nanotechnology, another review discussed the potential of biologically synthe-

sized nanoparticles in eliminating heavy metals. The study addressed various chal-

lenges associated with their application, including stability, scalability, and environ-

mental impact, underscoring the need for further research to optimize these biogenic 

nanoparticles for practical use [42, 49].  

Carbon-based nanoadsorbents, particularly carbon nanotubes (CNTs), have been in-

vestigated for their capacity to remove heavy metals such as Cu²⁺, Zn²⁺, Pb²⁺, Co²⁺, 

and Cd²⁺. Kinetic studies revealed that these nanoadsorbents exhibit varying adsorp-

tion rates and capacities, with a preference for adsorbing Pb²⁺ ions over other metals. 

This preference is attributed to the specific interactions between lead ions and the 

surface functional groups of CNTs [50]. Research into nano-silica has demonstrated 

its efficiency in stabilizing heavy metals in contaminated soils. A study focusing on 

calcareous soils found that nano-silica effectively reduced the mobility and bioavaila-

bility of heavy metals, thereby mitigating potential environmental and health risks. 

The mechanism involves the formation of stable complexes between the nano-silica 

particles and heavy metal ions, leading to immobilization [51]. The development of 

various nanomaterials for wastewater treatment has been extensively reviewed, with 

an emphasis on their high adsorption capacities resulting from nanoscale effects. The-

se materials, including metal oxides and nanocomposites, have shown promise in 

removing heavy metals from polluted water through adsorption, precipitation, and 

catalytic degradation processes [52]. 

Integrating nanotechnology with phytoremediation techniques has led to the concept 

of nano-phytoremediation. A critical review examined how nanoparticles can enhance 

the uptake and accumulation of heavy metals by plants, thereby improving the effi-

ciency of phytoremediation. The nanoparticles facilitate increased root absorption and 

translocation of metals within the plant system [52]. A mathematical model described 

the adsorption of heavy metals on algal-bacterial photogranules within a sequencing 

batch reactor. The study provided insights into the roles of microbial species and ex-

tracellular polymeric substances in the adsorption process, highlighting the complex 

interactions that govern heavy metal sequestration in such systems [53]. Innovative 

approaches have also been explored, such as the use of floating treatment wetland 

systems (FTWS) made from local waste materials to cleanse polluted lakes. These 

systems effectively reduced concentrations of nitrates, heavy metals, and phosphorus 
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in the water, demonstrating a sustainable method for water purification. The plants 

used in FTWS absorb pollutants through their roots, while the floating mats provide a 

habitat for microbial communities that contribute to contaminant degradation [54].  

Green synthesis methods have been employed to produce iron nanoparticles using 

plant extracts. These biosynthesized nanoparticles have shown high efficiency in re-

ducing and removing toxic Cr(VI) from aqueous solutions, offering an eco-friendly 

alternative to conventional chemical synthesis methods [55]. Similarly, the biosynthe-

sis of silver nanoparticles using bacterial strains has been explored for lead removal. 

The resulting nanoparticles demonstrated significant potential in adsorbing and re-

moving Pb²⁺ ions from contaminated water, highlighting the role of microbial pro-

cesses in nanoparticle production and heavy metal remediation[56].Magnetic nano-

particles, such as functionalized magnetite (Fe₃O₄), have been investigated for arsenic 

removal from water sources. The magnetic properties of these nanoparticles facilitate 

easy separation after treatment, and their surface functionalization enhances specifici-

ty and capacity for arsenic adsorption [57]. 

The role of ZnO nanoparticles in enhancing the phytoremediation of cadmium-

contaminated soils by sunflower plants has been examined. The nanoparticles im-

proved plant growth and Cd uptake, suggesting a synergistic effect between the nano-

particles and the plant's natural remediation processes [58]. Gold nanoparticles conju-

gated with specific peptides have been developed for mercury detection and removal. 

These conjugates can detect and bind to mercury ions, facilitating their removal from 

aqueous environments through subsequent separation processes. Fungal-mediated 

synthesis of copper nanoparticles has been utilized for nickel remediation. Research 

highlighted the ability of fungi to produce copper nanoparticles that effectively re-

move Ni²⁺ ions from industrial effluents, demonstrating the potential of fungal pro-

cesses in Nano bioremediation. The photocatalytic properties of TiO₂ nanoparticles 

have been explored for lead degradation under UV light. A study demonstrated that 

these nanoparticles could degrade Pb²⁺ ions in water, converting them into less toxic 

forms through photocatalytic reactions. Chitosan-coated magnetic nanoparticles have 

been investigated for the adsorption of various heavy metals, including Cu²⁺, Zn²⁺, 

and Cd²⁺, from wastewater. The chitosan coating provides functional groups that en-

hance metal binding, while the magnetic core allows for easy separation after treat-

ment. 

Graphene oxide-based nanocomposites have been synthesized and shown to exhibit 

high adsorption capacities for multiple heavy metals, including arsenic, lead, and 

mercury. The large surface area and functional groups of graphene oxide contribute to 

its effectiveness in heavy metal removal. Silver nanoparticles have demonstrated dual 

functionality in exhibiting antimicrobial properties and removing heavy metals like 

Hg²⁺ and Pb²⁺ from contaminated water. This dual action makes them suitable for 

applications where both microbial contamination and heavy metal pollution are con-

cerns. Nanocellulose-based materials have been modified with functional groups to 

enhance their capacity to adsorb heavy metals such as Cr (VI) and Cd²⁺. 

Nanomaterial 
Synthesis 

Method 

Target 

Heavy 

Metals 

Mechanism/Applications Reference
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Zeolites, Poly-

mers, Chitosan, 

Metal Oxides, 

Metals 

Engineered 

Multiple 

metals 

(general) 

Adsorption at low con-

centrations due to high 

surface area and reactivity 

[42] 

Biogenic Nano-

particles 

Biological syn-

thesis 

Various 

metals 

Enhanced adsorption; 

challenges include stabil-

ity, scalability, environ-

mental impact 

[42, 49] 

Carbon Nano-

tubes (CNTs) 
Not specified 

Cu²⁺, Zn²⁺, 

Pb²⁺, Co²⁺, 

Cd²⁺ 

Strong Pb²⁺ preference 

due to surface functional 

group interactions 

[50] 

Nano-silica Not specified 

Heavy 

metals in 

calcareous 

soils 

Immobilization via stable 

complex formation, re-

ducing mobility and bioa-

vailability 

[51] 

Metal Oxides and 

Nanocomposites 
Not specified 

Multiple 

metals in 

wastewater 

Removal through adsorp-

tion, precipitation, catalyt-

ic degradation 

[52] 

Nano-enhanced 

Phytoremediation 

Nanoparticle-

assisted uptake 

Heavy 

metals 

(general) 

Enhanced root absorption 

and translocation of met-

als in plants 

[52] 

Algal-bacterial 

Photogranules 

Natural micro-

bial system 

Heavy 

metals 

(general) 

Adsorption via EPS and 

microbial interaction in 

sequencing batch reactors 

[53] 

Floating Treat-

ment Wetlands 

(FTWS) 

Eco-designed 

using waste 

Nitrates, 

Heavy 

metals, 

Phosphorus

Plant root absorption + 

microbial degradation in 

floating bio-mats 
 

[54] 

Iron Nanoparti-

cles 

Green synthesis 

(plant extracts) 
Cr (VI) 

Reduction and removal in 

aqueous solution 
[55] 

Silver Nanoparti-

cles (AgNPs) 

Microbial (bac-

terial) synthesis 
Pb²⁺ 

Adsorption and removal 

via microbial-mediated 

AgNPs 

[56] 

5. Future Perspective 

Nano bioremediation has emerged as a powerful and sustainable approach for ad-

dressing heavy metal contamination, integrating the advantages of nanotechnology 

with biological remediation processes. This technique enhances the efficiency of tra-

ditional bioremediation by leveraging nanoparticles' high surface area, reactivity, and 

bioactivity. Various studies have demonstrated the effectiveness of different nano-

materials, such as metal and metal oxide nanoparticles, carbon-based adsorbents, and 

bio-nanoparticles, in removing toxic heavy metals like lead, mercury, cadmium, and 

arsenic from soil and water. Additionally, integrating nanoparticles with microbial 

and plant-based remediation strategies has significantly improved contaminant degra-

dation, uptake, and immobilization. 
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Despite its promising potential, several challenges must be addressed before large-

scale implementation. Concerns regarding nanoparticle toxicity, environmental persis-

tence, cost-effective synthesis, and large-scale application remain key areas of re-

search. Future advancements should focus on developing eco-friendly nanomaterials, 

improving their stability in real-world environments, and ensuring minimal ecological 

risks. Continued interdisciplinary research and regulatory frameworks will be crucial 

in optimizing Nano bioremediation for widespread environmental restoration. With 

further innovation and responsible application, Nano bioremediation holds immense 

potential to revolutionize heavy metal remediation and contribute to a cleaner and 

healthier ecosystem. 

6. Conclusion 

Researchers have established that nanoparticle-based bioremediation represents a 

fundamental solution for extracting heavy metals from polluted sites through this 

paper. The combination of nanomaterials with biological systems through this method 

leads to advanced adsorption abilities together with better metal transformation and 

top-tier efficiency above conventional remediation methods. Several bioremediation 

measures including microbial treatment and phytoremediation together with enzyme 

degradation and biosorption techniques achieve better results when utilizing nanopar-

ticles. This research examines how nanomaterials with their wide range extends from 

carbon-based adsorbents to metal as well as bio-nanoparticles to treat various pollu-

tants within both soil and aquatic environments. The innovating use of nanoparticles 

in bioremediation creates an efficient and environmentally-friendly solution to handle 

environmental management while surpassing conventional method limitations. 
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