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Abstract
The environmentally friendly method involving the green synthesis of nanoparticles
considers biological agents like plants, microbes, algae, and fungi as reducing and
stabilizing agents. Unlike previous methodologies, this processes do not use toxic
reagents implying the need for more advanced environmentally friendly technology.
The process of biogenic synthesis entails reduction reactions that are facilitated by
phytochemicals, enzymes, and biomolecules, which gives rise to nanoparticles that
are stable and possess a specific size and morphology. Their physicochemical
Properties in terms of stability, shape and surface functionality are confirmed with
spectroscopic characterization technique(s): UV-Vis, FTIR, TEM, SEM, XRD,
and DLS. Green-synthesized nanoparticles have emerged for heavy metal removal,
organic pollutant degradation, air purification with nano-catalysts, as well as for
antimicrobial water treatment confirming its efficacy for environmental
remediation. The identified gaps such as lack of reproducibility, large scale
production, and possible toxicity fuels the advancement of technology Kalpana
Rao nanotechnology to be used widely. The evaluation of long term environmental
impact, optimization of synthesis parameters, and increase stability of produced
nanoparticles should be studied in depth. The application of sophisticated
analytical tools and machine learning together with green nanotechnology is
environmentally friendly and can broaden the scope nanotechnology while
accomplishing goals aligned with environmental remediation.
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INTRODUCTION

Nanotech has transformed and improved many
scientific fields on a global scale, with nanoparticles
being very important in many fields such as medicine,
electronics, catalysis, and environmental science
(Danish et al., 2022). Historically, nanoparticles
synthesis has depended on physical as well as
chemical methods that consume high amounts of
energy and use hazardous solvents, along with toxic
reducing agents which increases the risk of
environmental damage and human health
complications (Sonawane et al., 2023). For these
reasons, there has been a movement towards more

sustainable and green methods, which make use of
biological entities such as plant extracts, bacteria,
fungi, and algae in the form of green synthesis
(Samuel et al., 2022). This concept does not only
observe the tenets of green chemistry, but also
provides a novel approach in efficient nanoparticle
production which produces little or no waste. The
biological systems help in the reduction and
stabilization of metal ions. The end result is
nanoparticles with specific properties that are
required (Rafique et al., 2021).
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Green synthesis is largely defined by the ability of
biologically active molecules derived from living
organisms to reduce compounds and produce
nanoparticles. For example, plants contain secondary
metabolites such as flavonoids, ter-penoids, alkaloids
and polyphenols, which serve as natural reducing
and capping agents for the biomimetic synthesis of
nanoparticles of desired size and shape (Aigbe &
Osibote, 2024). The biomolecules’ functional groups
coordinate with metals, influencing the nucleation
and growth processes and inhibiting the clustering of
particles. In a similar way, microbial-assisted

synthesis employs the enzymatic and protein-
induced reduction of metal ions, thereby permitting
the synthesis of nanoparticles under mild conditions
(Tamboli et al., 2023). This approach enhances
biocompatibility and provides a more eco-friendly
solution by removing toxic reagents. The end
product is an implantable material that does not
cause the reaction of rejection by the body. Owing to
the presence of these specific physicochemical
features, green synthesized multifunctional
nanoparticles possess high efficiency in solving many
environmental

and biomedical problems (Jadoun et al., 2021).
In the range of environmentally-friendly
nanoparticles, metal and metal oxide nanoparticles
have exhibited a superb efficiency in the field of
remediation (Kaur et al., 2022). The presence of
Heavy metals, organic contaminants, and microbial
pathogens are dire threats to the ecosystems and
human health and therefore appropriate efficient
decontamination measures must be put in place
(Panhwar et al., 2021). Quaternary ammonium
nanoparticles like Silver, Gold, Zinc oxide, and Iron
oxide possess high catalytic and adsorption prowess
rendering them useful in water purification, soil
remediation, and air filtration (Nguyen et al., 2023).
These nanoparticles' high surface reactivity and
enhanced electron transfer allow organic pollutants
to be degraded using advanced oxidation processes,
while their affinity for toxic, metal ions allow
removal from heavily contaminated surroundings.

More so, silver and copper-based nanoparticles are
very effective in disinfection and biofilm control of
municipal wastewater treatment plants due to their
antibacterial activities (Zelekew et al., 2023).
The self-redox reaction and surface chemistry of
nanoparticles produced through green methods are
essential for their environmental uses. The electrons
of metal nanoparticles are so dense that they can
engage in redox processes that catalyze the
decomposition of organic pollutants such as dyes,
pesticides and pharmaceutical waste (El Messaoudi et
al., 2024). Magnetite (Fe₃O₄) iron oxide
nanoparticles have been extensively used in magnetic
separation processes because of superparamagnetic
ability. This characteristic makes the separation of
heavy metal ions like lead (Pb), cadmium (Cd) and
mercury (Hg) from industrial wastewater extremely
fast and easy (Bhandari et al., 2023). The
modification of composite and hybrid systems with
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green synthesized nanomaterials makes these
processes more effective by increasing their stability,
dispersability, and reuse in removing contaminants
from composite materials. Green synthesis of
nanomaterials presents an environmentally friendly

and highly efficient solution for global
environmental problems through the exploitation of
the unique electronic and structural features of
nanoparticles (Ying et al., 2022).

The adoption of green synthesis techniques is
extremely useful in alleviating the obstacles faced
during the fabrication of nanoparticles. Indeed,
chemical synthesis approaches are very effective only
when using reducing agents such as sodium
borohydride, and hydrazine which are extremely
harmful to the environment because of their toxicity
(Rafeeq et al., 2022). The processes involved in the
traditional techniques of producing nanoparticles
also incorporate high-temperature and high-pressure
which ultimately means that a lot of energy is used

and a lot of greenhouse gases produced (Anees et al.,
2024). On the other hand, synthesized nanoparticles
can be innocuously produced through utilizing
ambient temperature and relying on water or
ethanol-based solvents and biological reducing agents
which means that the production of nanomaterials
becomes more carbon friendly (García-Quintero &
Palencia, 2021). Green synthesis is eco-friendly
which makes it compliant with many sustainable
development goals, but the fact that it can also be
easily scaled makes it economically beneficial for
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large scale industrial implementations. Moreover, the
modification of nanoparticles using biological
approaches expands their use even more for catalysis,
energy storage, and biomedical engineering (Mahesh,
2024).
Many benefits come with green synthesized
nanoparticles, yet there are several things that can be
done to increase their practicality and efficiency
(Alprol et al., 2023). Issues like pH, temperature, and
precursor concentration can alter the yield, size
distribution, and stability (Shobana et al., 2025).
Additionally, the reproducibility and scalability of
green synthesis methods need advanced
characterization techniques and controlled
experimental conditions. Biogenic nanoparticle
formation is one of the molecular mechanisms that
must be better understood (Malik et al., 2023). In
the future, advancements in green synthesis
procedures should be complemented by novel
analytical techniques, such as in situ spectroscopy
and computational modeling, which are among the
next generation of tools in nanotechnology. With
improvements in synthesis techniques and
biomaterials being used, green nanotechnology can
substantially transform environmental cleanup
efforts and contribute to a circular economy (Malik
et al., 2023).

Problem Statement
Standard methods of synthesizing nanoparticles
usually require toxic chemicals which have dangerous
side effects. There is an increasing requirement to
develop a green alternative that uses biological agents
to create this alternative. That said, there are still
issues that need to be worked on such as the
reproducibility, stability, and large-scale production
of these nanoparticles for their use in environmental
remediation.

Significant of the Study
Nanoparticle synthesis using green methods proves
to be less toxic, cheaper, and an environmentally
friendly way to deal with pollution. As these methods
rely on natural reducing as well as stabilizing agents,
it generates less harmful waste while improving
compatibility with living organisms. It can also be
used for the remediation of contaminated water, air,

and other pollutants, proving to be much more
effective environmentally.

Aim of Study
The study intends to study the mechanism,
characterization, and application of environmentally
friendly synthesized nanoparticles and their ability to
remediate the environment. This research attempts
to determine the degree of effectiveness of these
nanoparticles in the removal of heavy metals,
degradation of organic pollutants, and microbial
activities in order to prove nanotechnology as an
alternative solution. Also, this research intends to
solve the problems of stability, scalability, and
toxicity in the development of green nanotechnology.

Green Synthesis as a sustainable approach for
environmental remediation
The green approach for synthesizing nanoparticles
using biological active agents like proteins,
polyphenols, alkaloids, and flavonoids during the
chemical reduction process is what green synthesis
chemistry focuses on. In this, the metal precursor
salts like chloroauric acid, zinc acetate, or silver
nitrate are reduced in a redox reaction which forms
nanoparticles. For instance, while using plant
extracts to synthesize silver nanoparticles (AgNPs),
the bioactive molecules in the extract participate in
electron transfer, reducing Ag⁺ to Ag⁰ (Ghaffar et al.,
2021).

AgNO3  → Ag+ + NO3
−

Ag+ + (reducing agent) → Ag0 (nanoparticles)
In a similar manner, the reduction of Au³⁺ ions from
HAuCl₄ or chloroauric acid is also done with plant
polyphenols to obtain gold nanoparticles (AuNPs)
(Alprol et al., 2023).

HAuCl4 + 3e− → Au0 + 4Cl−

When synthesizing zinc oxide (ZnO) nanoparticles,
the reduction of Zn ions accompanied with the
hydrolysis and condensation reactions happen to
form the oxide.

Zn(CH3 COO)2  + H2 O → Zn(OH)2  +
2CH3  COOH

Zn(OH)2  → ZnO + H2  O
The synthesized nanoparticles can be effectively
utilized for eliminating pollutants. For example,
silver and zinc oxide nanoparticles can
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photocatalytically degrade organic contaminants like
methylene blue in UV and visible light.

MB + hν →
Degradation products (CO2  ,H2  O, etc.)

Moreover, Heavy metals can be adsorbed using metal
nanoparticles like Fe₃O₄ by applying electrostatic
forces and complexation.

Mn+ + Fe3  O4  → M −
Fe3  O4 (adsorbed complex)

Switching hydrazine (N₂H₄) and sodium
borohydride (NaBH₄) for bio-based reducing agents
minimizes toxicity and energy usage while increasing
biocompatibility and making the process greener.
This approach is sustainable as it follows green
chemistry principles, which allows for the
environmentally friendly and cost-effective
production of nanoparticles for managing pollution,
purification of water, and removal of heavy metals
(Alprol et al., 2023).
Mechanisms of Green Synthesis

Green synthesis of nanoparticles involves the use of
biological agents such as plants, microbes, algae, and
fungi, which serve as natural reducing and stabilizing
agents. These organisms possess phytochemicals,
enzymes, proteins, and secondary metabolites such as
flavonoids, alkaloids, terpenoids, and polyphenols
capable of reducing metal ions into nanoparticles
(García-Quintero & Palencia, 2021). For example, in
the plant mediated synthesis, silver nitrate (AgNO₃)
is reduced by polyphenolic plant extracts to form
stable silver nanoparticles (AgNPs). This reduction
follows a general reduction mechanism:

Ag++Phytochemicals → Ag0 +
Oxidized phytochemicals

In a similar fashion, in microbial synthesis,
biomolecules such as reductase enzymes are secreted
to catalyze the reduction of the metal ions (Zulfiqar
et al., 2024). In the bacterial or fungal mediated
synthesis of gold nanoparticles (AuNPs), gold ions
(Au³⁺) are enzymatically reduced to initiate the
formation of the nanoparticles:

Au3+ + NADH → Au0 + NAD+

Stabilization and capping of nanoparticles serve to
agglomerate the particles, thus sustaining their size,
shape, and disparity (Mahesh, 2024). Biological
agents act as capping agents by coating the surface of
the nanoparticles and thus increase their stability.
Nanoparticles sourced from microbes serve as
stabilizers through the proteins and polysaccharides

while plants provide flavonoid and tannin steric
stabilizers (Alprol et al., 2023). For example, ZnO NPs

are synthesized when zinc acetate reacts with plant
flavonoids, causing reduction of Zn²⁺ and formation
of stable ZnO NPs:

Zn2+ + Flavonoid → ZnO + Oxidized flavonoid
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The green synthesis mechanism enables production
of nanoparticles with reduced environmental
consequences by avoiding the use of toxic chemicals
while exploiting biological systems’ chemical
pathways (Shobana et al., 2025). It is noteworthy that
the process is efficient, scalable, and results in the
production of functionalized surfaces nanoparticles
ideal for environmental remediation’s heavy metal
removal, pollutant degradation, and even
antimicrobial activities (Nzilu et al., 2023).

Approaches in Green Synthesis of Nanoparticles
Bottom-Up Approach
In the green synthesis bottom-up approach self-
assembling of atoms or molecules into nanoparticles
is enabled through chemical or biological processes
(Kumar et al., 2021). Hence, nucleation and
controlled growth processes are utilized, which aid in
facilitative processes through natural reducing and
stabilizing agents such as plant extracts, microbial
enzymes, and biomolecules. In green synthesis, Ag⁺,
Au³⁺, or Zn²⁺ metallic precursor ions reduction is
done through bioactive compounds in the form of
flavonoids, phenolics, or proteins, which leads to the
formation of nanoparticles. The reaction consists of
several steps: reduction of metal ions, nucleation,
and the growth and stabilization of the resultant
particles (Rafique et al., 2021). As an illustration, in
the use of plant extracts for the synthesis of silver

nanoparticles, the polyphenols reduce nanoparticles
of silver Ag⁺ ions to Ag⁰ and stable colloidal silver
nanoparticles is produced. This method of synthesis
is safe for our environment, as toxic reducing agents
like sodium borohydride NaBH₄ have been
eliminated (Ghaffar et al., 2021). This alone makes it
a favorable option for nanomaterial production. The
bottom-up approach facilitates better control of
nanoparticle size, shape, and crystallinity, improving
catalyzed environmental remediation, heavy metal
adsorption, photo-catalysis, and pollution
degradation (Kumar et al., 2021).

Top-Down Approach
A top-down strategy refers to the process of material
synthesis that begins with bulk materials and
converts them into nano-sized particles using
mechanical, chemical, or physical processes. The top-
down processes may comprise ball milling, laser
ablation, and green assisted etching, which are
already familiar for bulk metals or metal oxides
decomposition into nanoparticles (García-Quintero
& Palencia, 2021). Green synthesis incorporates
biotechnological or eco-friendly approaches for
greater sustainability. For example, in biogenic
milling, nanoparticles are etched and refined using
plant extracts or microbial metabolites to minimize
the adverse effects associated with conventional top
down approaches. A top-down method differs from
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the bottom-up strategy of nanomaterial synthesis
where nanostructures are constructed atom by atom.
In a top-down method (Zulfiqar et al., 2024),
nanostructures are derived from a bulk structure by
size reduction while keeping its physicochemical
properties intact. It is easier to produce larger
quantities of nanoparticles with this method, but it is
harder to maintain uniformity and stability. Still, this
technique is effective for generating functionalized
nanomaterials for environmental uses such as water
purification, heavy metal sequestration, and organic
pollutants’ biodegradable catalysis, which provide a
sustainable method for the nanoparticle fabrication
(Alprol et al., 2023).

Characterization of Green Synthesized
Nanoparticles
Characterization of green-synthesized nanoparticles is
crucial to gaining insights into their physicochemical
characteristics, structural constituents, and associated
functionalities (Nzilu et al., 2023). Several analytical
methods are adopted to verify nanoparticle
formation and evaluate their optical, morphological,
and crystallographic properties. One of the foremost
practices used to confirm nanoparticle synthesis is
evaluating surface plasmon resonance (SPR) for
which UV-Vis spectroscopy is often preferred
(Mahesh, 2024). The surface appearance of

nanoparticles during synthesis is indicative of their
size and distribution. For example, silver
nanoparticles (AgNPs) customarily exhibit a
resonance absorption peak between 400-450nm,
while gold nanoparticles (AuNPs) capture the
attention between 500-600nm (Shobana et al., 2025).
Fourier-transform infrared (FTIR) spectroscopy is
another critical technique which assists in evaluating
the functional groups responsible for the
stabilization of the nanoparticles. The role
biomolecules such as phenols, flavonoids, and
proteins that aid in capping and stabilizing the
nanoparticles is confirmed by the observation of
characteristic peaks in FTIR spectra. The changes in
position of peaks provides information on the
interaction of molecules due to the presence of metal
ions and the reducing agents during green synthesis
(Tamboli et al., 2023).
A lot of researchers in these areas have also started
using transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) in order to
observe the planar and 3D features of the samples.
In contrast to SEM, which provides lower
magnification images, TEM is able to image particles
at atomic resolution, thus enabling estimation of the
nanoparticle’s size, shape, and dispersion (Alprol et
al., 2023).
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In the case of SEM method, it provides the
topographical and structural details to assess the
presence of nanoparticle agglomerates or diplodocus
uniformity in synthesis (Rafique et al., 2021). The
assessment of nanoparticle crystallinity is done by X-
ray diffraction analysis (XRD), which informs about
the crystalline phase and purity of nanoparticles. The
characteristic diffraction peaks were allocated to the
specific lattice planes of metal nanoparticles,
confirming their crystalline nature. For instance,
strong diffraction peaks of silver nanoparticles at 2θ
are 38.1°, 44.3°, 64.4°, 77.5° corresponding to FCC
structure of Silver Metal (Nzilu et al., 2023). XRD
patterns also help in determining the average
crystallite size using Scherrer equation.

D=Kλ / βcosθ
Where D is the crystallite size, K is the shape factor
(commonly set to 0.9), λ is the X-ray wavelength, β is
the full width at half maximum (FWHM) of center
minus the diffraction peak, and θ is the Bragg angle.
Dynamic light scattering (DLS) is used to assess the
hyro-dynamic diameter of the nanoparticles in
colloidal suspensions to further confirm size
distribution and stability. DLS is particularly useful
in determining particle size and poly-dispersity index
(PDI), an index of size uniformity (Panhwar et al.,
2021). High size homogeneity is indicated with lower
PDI value. Furthermore, the analysis of zeta potential
is carried out to measure surface charge and assess
the stability of the nanoparticles; those exceeding a
zeta potential of ±30 mV tend to have a high stability
due to electrostatic repulsion suppressing aggregation
(Kumar et al., 2021). These characterization
techniques guarantee that the green synthesized
nanoparticles have the necessary physicochemical
properties for fabrication and environmental
remediation, as well as biomedical and catalysis
applications (Ghaffar et al., 2021).

Application in Environmental Remediation
Through the years, it has been observed that people
have sought for green-synthesized nanoparticles due
to its ability to single-handedly aid in recovering the
environment, especially in cleaning heavy metals out
of water (Tamboli et al., 2023). Several other known
nanoparticles are silver AgNPs, Iron oxide Fe3O4 NPs,
and Zinc oxide ZnO NPs. These elements have
proven to have the highest adsorption capacitive

owing to the enormous surface area, high reactivity,
and the presence of other metals bound to their
surfaces making metal ion binding easier (Panhwar et
al., 2021). The toxic and dangerous metals include
lead Pb2+, cadmium, and arsenic which are
eliminated from water solutions by undergoing
surface complexation, electrostatic interactions, and
redox reactions. A good example would be Fe3O4

nanoparticles, the ones with carboxyl and amine
groups (Mahesh, 2024). They bind with metals which
help in the chelation process forming complex
stables such as:
Fe3  O4  − COO− + Pb2+ → Fe3 O4  − COO-

Pb
As the other biosynthesized silver nanoparticles
possess the same features making them behave as
efficient adsorbents, they tend to reduce pollution
owing to ion-exchange and surface binding, thus
making water purification safe and easier (García-
Quintero & Palencia, 2021). These nanoparticles
play a significant part of controlling air pollution as
they serve as nano-catalysts helping in circumvention
oxidation of chemical processes AOPs for gaseous
pollutants. These active Titanium dioxide TiO2 and
cerium oxide CeO2 nanoparticles photo-catalyze
organic volatiles and nitrogen oxides NOx to non-
hazardous or less toxic substances under ultra-violet
or visible light (Alprol et al., 2023). The reaction of
the catalytic TiO2 nanoparticles under UV light is:

TiO2  + hν → e− + h+
h+ + H2 O → ⋅OH

⋅OH + VOCs → CO2  + H2 O
The ideal candidate for purifying the air for long
periods of time is these nanoparticles because they
do not lose effectiveness in multiple reaction cylces,
making them ideal for long-term usage. The
destruction of complex organic structures arising
from pollutants such as pharmaceuticals, synthetic
dyes, and pesticides relies heavily on green-
synthesized nanoparticles (Shobana et al., 2025). In
the oxidative photo-degradation process, ZnO, CuO,
and Fe203 nanoparticles serve the dual purpose of
catalysts as well as being the main active parts for
creating reactive oxygen species (ROS) such as
hydroxyl radicals (-OH) which, in turn, contribute to
the breakdown of big structures into smaller
constituents and hydroxyls capable of easily
undergoing further decomposition (Alprol et al.,

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7022


ISSN (E): 3006-7030 ISSN (P) : 3006-7022 Volume 3, Issue 3, 2025

https://theprj.org | Zafar et al., 2025 | Page 288

2023). The process of oxidation in color dyes for
example methylene blue (MB) dye is performed by
using.

MB + ⋅OH → Degraded Products
This breakdown of compounds not only assists the
elimination of color from the waste water but also
assists in the removal of toxic chemicals that are
likely to harm living organisms in water (Zulfiqar et
al., 2024). Hence, serving as a form of ecofriendly
treatment. Green-synthesized nanoparticles lead to
greater efficiency in these processes of degradation
without inducing secondary pollution via traditional
chemical processes.

AgNPs + O2  → Ag++⋅O2
−

⋅O2 −  + H2  O2 →⋅OH + O2 
Another contribution that significantly aids in the
treatment of water is in the antimicrobial activity of
[Ag] and [Cu] nanoparticles. The antibacterial action
of these metals consists in breaking the internal and
external membrane of pathogenic microorganisms by
oxidative stress together with release of metallic ions
resulting in destruction of the bacterial cells (Rafique
et al., 2021). The action of such contaminations is
based on the emission of active toxic forms of oxygen
that attack proteins, fats, and other nuclei,
represented by these toxic forms sap the oxidative
stamina of bacterial cells and hence charging green-
synthesized nanoparticles with great efficacy towards
bacteria free previously discussed pathogens is easy
such as E-coli (Panhwar et al., 2021), Pseudomonas
Aeruginosa and Salmonella. Integrating them into
filtration membranes and disinfection systems
provides a clean, green water treatment option that is
less harmful than traditional chlorine methods of
purification (Kumar et al., 2021).

Advantages over the conventional Method
The green synthesis of nanoparticles saves a lot of
time and money over the traditional physical and
chemical methods since these are mostly based on
the inexpensive biological resources that are non-
toxic and renewable (Tamboli et al., 2023). The
synthesis of nanoparticles typically depends on using
lethal chemical reducing agents like sodium
borohydride (NaBH₄) and hydrazine (N₂H₄) which
are very toxic as well as dangerous due the
environmental damage that they can cause with
harmful byproducts. But in contrast, green synthesis

uses plant extracts, microbial enzymes, and
biopolymers for reduction and stabilizing processes
and therefore, no chemicals that are hazardous are
needed (Nzilu et al., 2023). Natural phytochemicals
such as flavonoids, polyphenols, alkaloids, and
others provide the reducing power to facilitate the
formation of the nanoparticles through redox
reactions:

Flavonoid +Mn+ → M0 + Oxidized Flavonoid
Where Mn+ denotes the metal ions that are in the
form of zero valence level and thus can be classified
as nanoparticles. This eco-friendly method assures
that synthesis process is not only sustainable but also
does not contribute to secondary pollution (Panhwar
et al., 2021).
The green synthesis of nanoparticles is more
affordable in economic terms due to the significant
reduction in production costs (Mahesh, 2024). Now
instead of additional costs, the money that used to
go into process deeper into technology can be
centered and used for more future innovations. The
traditional methods make unnecessary and relaxed
economical spends on high temperature evocation
and impact for over destruction strongly to clean the
rest of the money resource waste. But with these new
ideas everything becomes very low, ultra-handle and
easy energy use, also no specialized use of green
means which delay impact in high environmental
costs (Rafique et al., 2021).
For instance, the room temperature biosynthesis of
silver nanoparticles (AgNPs) using plant extracts
takes place biomolecules simultaneously perform the
double function of reduction along with preventing
agglomeration to ensure stable colloidal dispersions.
The removal of poisonous reagents and highly energy
consuming treatments renders the green synthesis
economically competitive with conventional methods
and suitable for large scale industrial use (Ghaffar et
al., 2021).
Unlike chemically synthesized nanoparticles which
often retain toxic residues, green synthesized
nanoparticles encapsulating nontoxic biomolecules
demonstrate remarkably low cytotoxic effects making
them ideal for use in biomedical and environmental
fields. The -OH, -COOH, and -NH2 functional
groups from bio-molecular capping agents not only
improve the stability of the nanoparticles, but also
enable interaction with biological systems so they can
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be safely used in drug delivery, water purification,
and antimicrobial coatings (Tamboli et al., 2023).
These nanoparticles serve best for multiple
applications without endangering human health or
ecosystems due to the improved colloidal stability
and controlled surface functionalization. One of the
primary benefits of green synthesis is the extra waste
disposed of because it is the usual concern in
standard nanoparticle engineering (Rafique et al.,
2021). Strong acids, alkalis, and organic solvents are
frequently utilized in chemical synthesis methods,
producing toxic leftovers that necessitate expensive
waste disposal processes (Nzilu et al., 2023).
On the other hand, green synthesis creates
biodegradable wastes that are safe to throw away and
can be recycled in other industrial applications
(Kumar et al., 2021). For example, the left over plant
extracts from the synthesis of nanoparticles can be
used as bio-fertilizers or as a means of inhibiting the
growth of bacteria. The removal of harmful
substances and byproducts that are toxic in nature is
what unifies green synthesis and green chemistry.
This guarantee's green chemistry's core concept of
sustainability in the field of nanomaterial
development (Alprol et al., 2023).

Challenges and Future Perspectives
The green synthesis of nanoparticles faces the
challenge of reproducibility across multiple synthesis
batches. Plant extracts, microbial cultures, and
biopolymers are biological agents that contain
complex and diverse mixtures of biomolecules
(Panhwar et al., 2021). Variability in growth
conditions, extraction methods, and seasonal
changes can affect biomolecule class. These
variations lead to inconsistencies in nanoparticle size,
shape, and surface properties due to their effect on
the reduction, nucleation, and stabilization processes
(Alprol et al., 2023). In addition, the precise control
over numerous synthesis parameters that need to be
mastered makes the uniformity and predictability of
the characteristics of the nanoparticles extremely
challenging (Shobana et al., 2025). This is especially
problematic for applications that require extreme
rigidity, like catalysis and biomedicine. Development
of a robust in situ monitoring system or optimization
of reaction conditions and protocol standardization
can help address the reproducibility issues by

identifying key biomolecule responsible for
reduction and capping (Nzilu et al., 2023).
An additional important restriction is the industrial
applicability of green synthesis techniques. While
lab-scale biological extracts synthesis is fairly simple,
the challenge is enlarging the process and still
retaining the nanoparticles' physicochemical
properties (Zulfiqar et al., 2024). Issues in large scale
production include batch-to-batch inconsistency,
poor reaction yield, long synthesis time, and
difficulties related to purification and separation.
Conventional physical and chemical methods are
relatively easy to implement because they are fast and
yield a large amount of product, unlike green
synthesis that takes longer and needs stabilization
after reaction to prevent nanoparticles from merging
(Ghaffar et al., 2021). Increasing the practicality of
large scale production can be achieved by developing
continuous flow bioreactors, optimizing reaction
kinetics, and improving extraction methods for bio-
reducing agents (Alprol et al., 2023).
Even though green nanoparticles are eco-friendly,
their possible risks, toxicity, and application in
biomedicine and environment systems are still of
concern (Kumar et al., 2021). Plant and microbial
origin synthesized nanoparticles are believed to be
biocompatible, but the adverse biological
interactions and the ecological consequences are not
well known. Bioaccumulation, cytotoxicity, and
ecological impacts are affected by the bio-functional
groups on the surface, particle size, and surface
charge (Mahesh, 2024). The introduction of
nanoparticles in the land and water ecosystems could
cause unknown biological consequences which
require thorough toxicity analysis. In vitro and in
vivo toxicological tests, computational models, and
life cycle analyses are some of the advanced
technologies needed to assess safety and set
regulations for the use of these products (Shobana et
al., 2025).
Further studies should attend to maximizing the
effectiveness of green synthesis methods, augmenting
the stability of nanoparticles, and increasing their
actual and potential uses in different disciplines
(Alprol et al., 2023). The combination of
nanotechnology and AI or ML will enable predictive
modeling and process optimization, making green
synthesis processes more reproducible. The use of
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new biological materials, including extremophiles
microorganisms and marine algae, can serve as more
stable and functional thesauruses and capping agents
(Alprol et al., 2023). In addition, hybrid green
methods that integrate biological green methods with
chemical ones could also be developed to provide
options to some of the biological methods while
being fully green. Solving these problems with
interdisciplinary research and technological
innovations will lead to viable nanotechnology
options that consider environmental and industrial
needs (García-Quintero & Palencia, 2021).

Conclusion
The environmentally friendly synthesis of
nanoparticles is a promising solution in comparison
to the synthetic methods which are both chemical
and physical. This alternative is beneficial as it is
inexpensive, environmentally friendly, and ideal for
biological use especially in the field of environmental
protection. Biological agents like plant extracts,
microbes, algae, and fungi can serve as the reducing
and stabilizing agents, and this eliminates the need
for hazardous chemicals. Along with this, it ensures
the production of nanoparticles with customized
physicochemical properties. The use of
environmentally friendly nanoparticles in the
removal of heavy metals, destruction of organic
pollutants, as well as in the purification of water and
air illustrate their great potential in combating
environmental pollution. Nevertheless, issues
concerning stability, scalability, and possible toxicity
can be detrimental in implementing these and need
to be addressed. The further research in optimization
of synthesis, toxicity evaluation, and their mass
production will be impactful for the economic
advantages of green nanotechnology and will help
establish a sustainable future.
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