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The	increasing	burden	of	water	pollution	due	to	industrialization,	urbanization,	and	agricultural	activities	has	intensi�ied	the	need	for	
sustainable	and	ef�icient	wastewater	treatment	technologies.	Conventional	treatment	methods	often	suffer	from	limitations	such	as	high	
cost,	secondary	pollution,	and	inef�iciency	in	removing	emerging	contaminants.	In	this	context,	biogenic	nanoparticles	have	emerged	as	
a	 promising	 eco-friendly	 alternative	 due	 to	 their	 unique	 physicochemical	 properties	 and	 green	 synthesis	 routes.	 This	 review	
comprehensively	examines	the	role	of	biogenic	nanoparticles	in	water	treatment,	with	particular	emphasis	on	heavy	metal	removal	and	
pathogen	control.	The	mechanisms	underlying	adsorption,	reduction,	photocatalysis,	and	antimicrobial	activity	are	critically	discussed.	
Various	biological	sources,	including	plants,	bacteria,	fungi,	and	algae,	used	in	nanoparticle	synthesis	are	highlighted.	Furthermore,	the	
review	 evaluates	 recent	 advancements,	 challenges	 in	 large-scale	 application,	 and	 future	 prospects	 for	 integrating	 biogenic	
nanotechnology	into	wastewater	management	systems.	The	�indings	suggest	that	biogenic	nanoparticles	hold	signi�icant	potential	for	
developing	cost-effective,	sustainable,	and	ef�icient	water	puri�ication	strategies.
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1.	Introduction
Access to clean and safe water is a fundamental prerequisite for 
human health, ecological sustainability, and socio-economic 
development. However, rapid industrialization, urban 
expansion, and intensi�ied agricultural practices have 
signi�icantly deteriorated global water quality. Wastewater 
streams originating from industries such as mining, 
electroplating, textiles, pharmaceuticals, and agriculture 
contain a complex mixture of contaminants, including heavy 
metals, organic pollutants, and pathogenic microorganisms [1]. 
These pollutants are persistent, bioaccumulative, and often 
toxic even at low concentrations, posing severe risks to both 
human populations and aquatic ecosystems. Heavy metals such 
as lead (Pb), cadmium (Cd), arsenic (As), chromium (Cr), and 
mercury (Hg) are of particular concern due to their non-
biodegradable nature and long-term ecological impacts. Their 
accumulation in water bodies can lead to biomagni�ication 
across food chains, resulting in chronic health issues such as 
neurological disorders, organ damage, and carcinogenic effects. 
In parallel, microbial contamination—including bacteria, 
viruses, and protozoa—remains a leading cause of waterborne 
diseases, especially in developing regions where wastewater 
treatment infrastructure is inadequate [2]. The coexistence of 
chemical and biological pollutants makes wastewater treatment 
a multifaceted challenge requiring integrated and ef�icient

remediation strategies. Conventional wastewater treatment 
technologies, including coagulation-�locculation, chemical 
precipitation, ion exchange, membrane �iltration, and biological 
processes, have been widely employed to address water 
contamination. While these methods have achieved varying 
degrees of success, they are often associated with signi�icant 
limitations. These include high operational and maintenance 
costs, generation of secondary pollutants such as sludge, limited 
ef�iciency in removing trace contaminants, and inability to 
simultaneously target diverse classes of pollutants [3], the 
increasing emergence of antibiotic-resistant microorganisms 
and recalcitrant organic compounds further underscores the 
inadequacy of traditional approaches, nanotechnology has 
emerged as a transformative tool in environmental remediation, 
offering novel materials with enhanced reactivity, selectivity, 
and ef�iciency. Nanoparticles, owing to their high surface area-
to-volume ratio and tunable physicochemical properties, have 
demonstrated exceptional performance in adsorption, catalysis, 
and antimicrobial applications [4], conventional methods of 
nanoparticle synthesis often rely on hazardous chemicals, high 
energy inputs, and complex procedures, raising concerns 
regarding environmental sustainability and toxicity, the concept 
of biogenic or green synthesis of nanoparticles has gained 
signi�icant traction. 
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intracellular or extracellular mechanisms. Microorganisms 
possess enzymatic systems capable of reducing metal ions 
under mild conditions, thereby enabling precise control over 
nanoparticle characteristics. However, challenges such as 
maintaining sterile conditions and longer synthesis times limit 
their large-scale application. Recent advancements have 
focused on optimizing synthesis parameters such as pH, 
temperature, reaction time, and precursor concentration to 
achieve nanoparticles with desired properties [8], the 
integration of green chemistry principles with nanotechnology 
has led to the development of reproducible and scalable 
synthesis strategies. 

3.	Characterization	of	Biogenic	Nanoparticles
The characterization of biogenic nanoparticles is a critical step 
in understanding their physicochemical properties and 
functional performance in wastewater treatment applications. 
Comprehensive characterization enables the determination of 
particle size, shape, surface morphology, crystallinity, elemental 
composition, and surface charge, all of which in�luence their 
reactivity, stability, and interaction with contaminants. 
Advanced analytical techniques are employed to achieve 
accurate and reliable characterization of these nanomaterials 
[9]. Techniques such as transmission electron microscopy 
(TEM) and scanning electron microscopy (SEM) are widely used 
to analyze morphology of nanoparticles, providing high-
resolution images that reveal structural details at the nanoscale. 
Dynamic light scattering (DLS) is commonly employed to 
measure particle size distribution and assess colloidal stability 
in aqueous solutions. X-ray diffraction (XRD) analysis helps 
determine the crystalline nature and phase composition of 
nanoparticles, which is essential for understanding their 
catalytic and adsorption properties. Fourier-transform infrared 
spectroscopy (FTIR) plays a crucial role in identifying functional 
groups present on the nanoparticle surface, particularly those 
derived from biological capping agents, thereby providing 
insights into the mechanisms of synthesis and stabilization, 
techniques such as energy-dispersive X-ray spectroscopy (EDX) 
and X-ray photoelectron spectroscopy (XPS) are used to analyze 
elemental composition and surface chemistry. Zeta potential 
measurements are essential for evaluating surface charge and 
predicting the stability of nanoparticles in suspension [10]. The 
combination of these characterization techniques provides a 
comprehensive understanding of nanoparticle properties, 
which is essential for optimizing their performance in 
environmental applications. 

Biogenic nanoparticles are synthesized using biological entities 
such as plants, bacteria, fungi, and algae, which act as natural 
reducing and stabilizing agents. This approach not only 
minimizes the use of toxic chemicals but also enhances the 
biocompatibility and environmental safety of the resulting 
nanomaterials [5]. The biomolecules present in these biological 
systems—such as proteins, enzymes, polysaccharides, and 
secondary metabolites—play a crucial role in controlling 
nanoparticle size, shape, and functionality, thereby in�luencing 
their performance in water treatment applications. Biogenic 
nanoparticles have demonstrated remarkable potential in 
addressing key challenges in wastewater treatment. Their 
ability to adsorb and reduce heavy metal ions, degrade organic 
pollutants through photocatalytic processes, and inactivate 
pathogenic microorganisms positions them as multifunctional 
agents for integrated water puri�ication systems [6]. For 
instance, silver nanoparticles synthesized from plant extracts 
exhibit strong antimicrobial properties, while iron-based 
nanoparticles are highly effective in the removal of arsenic and 
chromium through redox reactions. Similarly, metal oxide 
nanoparticles such as zinc oxide (ZnO) and titanium dioxide 
(TiO₂) synthesized via green routes have shown promising 
photocatalytic activity for degrading organic contaminants.

2.	Green	Synthesis	of	Biogenic	Nanoparticles
The green synthesis of biogenic nanoparticles has emerged as a 
sustainable and eco-friendly alternative to conventional 
physical and chemical synthesis methods. Unlike traditional 
approaches that often require high energy inputs and toxic 
reagents, biological synthesis utilizes natural resources such as 
plant extracts, bacteria, fungi, and algae as reducing and 
stabilizing agents. These biological systems contain a wide array 
of bioactive compounds—including �lavonoids, alkaloids, 
terpenoids, proteins, and enzymes—that facilitate the 
reduction of metal ions into nanoparticles while simultaneously 
capping and stabilizing them. This dual functionality eliminates 
the need for additional chemical stabilizers, making the process 
inherently safer and more environmentally benign [7]. Plant-
mediated synthesis is particularly advantageous due to its 
simplicity, scalability, and cost-effectiveness. Various plant 
parts, including leaves, roots, fruits, and bark, have been 
successfully employed to synthesize nanoparticles such as 
silver, gold, zinc oxide, and iron oxide. The phytochemicals 
present in these extracts not only reduce metal ions but also 
in�luence the size, morphology, and surface properties of the 
nanoparticles. Similarly, microbial synthesis using bacteria and 
fungi offers controlled nanoparticle production through

Table	1:	Types	of	Biogenic	Nanoparticles	and	Their	Roles	in	Wastewater	Treatment
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4.	 Mechanisms	 of	 Heavy	 Metal	 Removal	 by	 Biogenic	
Nanoparticles
Biogenic nanoparticles exhibit remarkable ef�iciency in the 
removal of heavy metals from wastewater through multiple 
physicochemical mechanisms. These mechanisms include 
adsorption, reduction, ion exchange, and surface complexation, 
often occurring simultaneously to enhance removal ef�iciency. 
The high surface area-to-volume ratio of nanoparticles provides 
abundant active sites for interaction with metal ions, making 
them highly effective adsorbents [11]. Adsorption is the primary 
mechanism through which nanoparticles remove heavy metals 
such as lead, cadmium, chromium, and arsenic. Functional 
groups present on the surface of biogenic nanoparticles—such 
as hydroxyl, carboxyl, and amine groups—facilitate the binding 
of metal ions through electrostatic attraction and coordination 
interactions. In addition to adsorption, reduction processes play 
a signi�icant role, particularly in the transformation of toxic 
metal species into less harmful forms. For instance, hexavalent 
chromium [Cr(VI)], a highly toxic and carcinogenic form, can be 
reduced to trivalent chromium [Cr(III)], which is less toxic and 
more stable. Ion exchange mechanisms involve the replacement 
of ions on the nanoparticle surface with heavy metal ions 
present in wastewater. This process is particularly effective in 
nanoparticles synthesized using biological materials that 
contain exchangeable ions. Surface complexation further 
enhances removal ef�iciency by forming stable complexes 
between metal ions and functional groups on the nanoparticle 
surface. The synergistic action of these mechanisms contributes 
to the high ef�iciency and versatility of biogenic nanoparticles in 
treating complex wastewater systems. Environmental factors 
such as pH, temperature, and the presence of competing ions 
signi�icantly in�luence these mechanisms [12]. Therefore, 
optimizing operational conditions is crucial for maximizing 
removal ef�iciency. Understanding these mechanisms at a 
molecular level is essential for designing advanced 
nanomaterials with enhanced performance and selectivity.

5.	Antimicrobial	and	Pathogen	Control	Mechanisms
Biogenic nanoparticles possess strong antimicrobial properties, 
making them highly effective in controlling pathogenic 
microorganisms in wastewater systems. Their antimicrobial 
activity is primarily attributed to their ability to disrupt 
microbial cell structures and interfere with essential cellular 
functions. Nanoparticles such as silver, zinc oxide, and copper 
oxide have been extensively studied for their broad-spectrum 
antimicrobial effects against bacteria, viruses, and fungi. One of 
the key mechanisms involves the generation of reactive oxygen 
species (ROS), including hydroxyl radicals, superoxide ions, and 
hydrogen peroxide [13]. These reactive species induce oxidative 
stress within microbial cells, leading to damage of cellular 
components such as lipids, proteins, and DNA. This oxidative 
damage ultimately results in cell death. Additionally, 
nanoparticles can attach to the microbial cell membrane, 
causing structural disruption and increased permeability, 
which leads to leakage of intracellular contents. The mechanism 
is the release of metal ions from nanoparticles, which can 
penetrate microbial cells and interact with intracellular 
biomolecules. These ions interfere with enzymatic activities, 
protein synthesis, and DNA replication, thereby inhibiting 
microbial growth and proliferation. Biogenic nanoparticles may 
also exhibit enhanced antimicrobial activity due to the presence 
of bioactive compounds from biological synthesis, which can 
synergistically enhance their effectiveness, nanoparticles can 

prevent bio�ilm formation, which is a major challenge in 
wastewater treatment systems [14]. By disrupting quorum 
sensing and inhibiting microbial adhesion, biogenic 
nanoparticles reduce the formation of bio�ilms and enhance the 
ef�iciency of disinfection processes. Despite their effectiveness, 
it is important to evaluate the potential toxicity of nanoparticles 
to non-target organisms and ensure their safe application in 
environmental systems.

6.	 Environmental	 and	 Toxicological	 Considerations	 of	
Biogenic	Nanoparticles
While biogenic nanoparticles are often regarded as 
environmentally benign alternatives to chemically synthesized 
nanomaterials, their large-scale application in wastewater 
systems raises important ecological and toxicological concerns. 
The perception of “green synthesis” does not inherently 
guarantee ecological safety, as the behavior, persistence, and 
transformation of nanoparticles in complex environmental 
matrices remain insuf�iciently understood. Once introduced 
into aquatic systems, nanoparticles may undergo aggregation, 
dissolution, or interaction with natural organic matter, thereby 
altering their physicochemical properties and biological 
activity. These transformations can in�luence their toxicity 
toward non-target organisms, including aquatic �lora, fauna, 
and bene�icial microbial communities involved in nutrient 
cycling. Studies have shown that certain nanoparticles, such as 
silver and zinc oxide, may exert cytotoxic effects through 
oxidative stress, membrane damage, and interference with 
cellular metabolic pathways, even when synthesized via 
biological routes. Furthermore, bioaccumulation and trophic 
transfer of nanoparticles through the food chain pose long-term 
ecological risks [15]. The release of metal ions from 
nanoparticles can also contribute to secondary pollution, 
particularly under varying pH and redox conditions in 
wastewater environments. Therefore, comprehensive 
ecotoxicological assessments, including chronic exposure 
studies and life-cycle analyses, are essential to evaluate their 
environmental impact. Another critical concern is the potential 
development of nanoparticle-induced resistance in microbial 
populations. Continuous exposure to sub-lethal concentrations 
of antimicrobial nanoparticles may trigger adaptive responses, 
similar to antibiotic resistance mechanisms. Regulatory 
frameworks for nanoparticle usage in environmental 
applications are still evolving, and there is a pressing need to 
establish standardized guidelines for their safe deployment, 
disposal, and monitoring. Thus, while biogenic nanoparticles 
hold signi�icant promise, their environmental sustainability 
must be critically evaluated through interdisciplinary research 
integrating nanotechnology, ecology, and toxicology.

7.	Challenges	and	Limitations	in	Practical	Implementation
Despite the promising laboratory-scale results, several 
challenges hinder the large-scale application of biogenic 
nanoparticles in wastewater treatment systems. One of the 
primary limitations is the lack of standardization in synthesis 
protocols. Biological synthesis methods are highly sensitive to 
variations in precursor concentration, pH, temperature, and 
biological extract composition, leading to inconsistencies in 
nanoparticle size, shape, and functionality [16]. This variability 
directly affects their performance ef�iciency and reproducibility, 
which are critical parameters for industrial applications. 
Another signi�icant challenge is scalability. While green 
synthesis methods are cost-effective and environmentally 
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friendly at small scales, translating these processes into large-
scale production systems remains complex. Issues such as 
maintaining sterility, controlling reaction kinetics, and ensuring 
uniformity in nanoparticle characteristics pose technical 
dif�iculties. Additionally, the yield of nanoparticles from 
biological systems is often lower compared to conventional 
chemical methods, which may limit their commercial viability. 
The recovery and reuse of nanoparticles from treated 
wastewater also present operational challenges. Ef�icient 
separation techniques, such as membrane �iltration or magnetic 
recovery (in the case of magnetic nanoparticles), are required to 
prevent nanoparticle loss and secondary contamination. 
However, these processes can increase operational costs and 
complexity. Furthermore, long-term stability and storage of 
biogenic nanoparticles remain concerns, as they may undergo 
oxidation, aggregation, or loss of activity over time [17]. 
Economic considerations, including cost-bene�it analysis and 
infrastructure requirements, also play a crucial role in 
determining feasibility. While the initial synthesis may be 
inexpensive, integration into existing wastewater treatment 
plants may require signi�icant modi�ications. Addressing these 
challenges requires advancements in nanomaterial 
engineering, process optimization, and interdisciplinary 
collaboration between researchers and industry stakeholders.

8.	Future	Perspectives	and	Research	Directions
The future of biogenic nanoparticles in wastewater treatment 
lies in the development of more ef�icient, sustainable, and 
application-speci�ic nanomaterials. Emerging research is 
increasingly focused on hybrid and multifunctional 
nanoparticles that combine properties such as adsorption, 
catalysis, and antimicrobial activity within a single system. 
These advanced materials can enhance treatment ef�iciency 
while reducing the need for multiple treatment steps, thereby 
improving overall process sustainability. One promising 
direction is the integration of biogenic nanoparticles with 
advanced treatment technologies such as membrane �iltration, 
photocatalysis, and constructed wetlands. Nanocomposite 
membranes embedded with biogenic nanoparticles can 
signi�icantly improve �iltration ef�iciency and reduce biofouling. 
Similarly,  coupling nanoparticles with solar-driven 
photocatalytic systems offers an energy-ef�icient approach for 
degrading persistent organic pollutants in wastewater. The use 
of arti�icial intelligence and machine learning in nanoparticle 
design and process optimization is another emerging area [17]. 
Predictive models can help identify optimal synthesis 
conditions, nanoparticle characteristics, and treatment 
parameters, thereby accelerating the development of tailored 
solutions for speci�ic contaminants. Additionally, the 
exploration of novel biological sources, including extremophiles 
and genetically engineered microorganisms, may lead to the 
production of nanoparticles with enhanced stability and 
functionality. From a sustainability perspective, future research 
should emphasize life-cycle assessment and circular economy 
approaches. The recovery and recycling of nanoparticles, as well 
as the utilization of waste biomass for nanoparticle synthesis, 
can signi�icantly reduce environmental impact. Furthermore, 
interdisciplinary collaborations involving material scientists, 
environmental engineers, microbiologists, and policy-makers 
are essential to bridge the gap between laboratory research and 
real-world implementation.

9.	Conclusion
Biogenic  nanoparticles  represent  a  transformative 
advancement in the �ield of wastewater treatment, offering an 
eco-friendly and versatile solution for addressing critical 
environmental challenges such as heavy metal contamination, 
microbial pollution, and the presence of emerging organic 
pollutants. Their unique physicochemical properties, coupled 
with sustainable synthesis approaches, position them as 
promising alternatives to conventional treatment methods. The 
ability of these nanoparticles to simultaneously perform 
multiple functions—including adsorption, catalysis, and 
antimicrobial activity—enhances their applicability in complex 
wastewater systems, the transition from laboratory-scale 
research to large-scale implementation requires careful 
consideration of several factors, including synthesis 
standardization, scalability, environmental safety, and 
economic feasibility. While the green synthesis approach 
reduces the environmental footprint of nanoparticle 
production, potential ecological risks associated with their 
release into natural systems cannot be overlooked. 
Comprehensive risk assessments and the development of 
robust regulatory frameworks are essential to ensure their safe 
and responsible use, the integration of biogenic nanoparticles 
with advanced treatment technologies and the adoption of 
innovative research approaches will play a crucial role in 
unlocking their full potential. With continued advancements in 
nanotechnology and a strong emphasis on sustainability, 
biogenic nanoparticles have the potential to revolutionize 
wastewater treatment systems and contribute signi�icantly to 
global water security and environmental protection.
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