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ABSTRACT

Metal oxide nanoparticles (MONPs) have emerged as one of the most significant classes
of nanomaterials owing to their unique physicochemical, optical, catalytic, magnetic, and biological
properties. Conventional synthesis approaches for MONPs often involve toxic reducing agents, high
energy consumption, hazardous solvents, and environmentally harmful by-products. In recent years,
green synthesis has gained considerable attention as an eco-friendly, cost-effective, sustainable,
and biologically compatible alternative for nanoparticle production. Green synthesis utilizes natural
resources such as plant extracts, bacteria, fungi, algae, biopolymers, and agricultural wastes
for the reduction and stabilization of nanoparticles. This review comprehensively discusses the
principles, mechanisms, and recent advances in the green synthesis of metal oxide nanoparticles.
The article highlights various biological sources employed for nanoparticle fabrication, factors
affecting synthesis, characterization techniques, and important classes of MONPs including zinc
oxide, titanium dioxide, iron oxide, copper oxide, magnesium oxide, cerium oxide, nickel oxide, and
aluminum oxide nanoparticles. Additionally, biomedical, environmental, catalytic, agricultural, energy,
and sensing applications of green synthesized MONPs are critically discussed. The review further
examines toxicity concerns, commercialization challenges, scalability issues, and future perspectives
associated with green nanotechnology. The growing integration of nanotechnology with sustainable
chemistry and biotechnology is expected to accelerate the development of environmentally benign
nanoparticle synthesis routes for advanced industrial and biomedical applications.
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INTRODUCTION

Nanotechnology has revolutionized modern
science and technology by enabling the manipulation
of matter at the nanoscale. Nanoparticles generally
possess dimensions ranging from 1 to 100 nm and
exhibit unique physical, chemical, electronic, optical,
and magnetic properties compared with their bulk
counterparts. Among various nhanomaterials, metal
oxide nanoparticles (MONPs) have attracted substantial
interest due to their remarkable stability, tunable
surface chemistry, high surface-to-volume ratio, and
multifunctional properties.

Metal oxide nanoparticles are extensively
utilized in catalysis, drug delivery, biosensing, energy
storage, environmental remediation, cosmetics,
agriculture, electronics, antimicrobial coatings, and
biomedical engineering. Zinc oxide (Zn0O), titanium
dioxide (TiO,), iron oxide (Fe,O, and Fe,O,), copper
oxide (CuQ), magnesium oxide (MgO), nickel oxide
(NiO), ceriumoxide (CeQ,), andaluminum oxide (Al,O,)
nanoparticles are among the most widely studied
MONPs.

Traditional methods for synthesizing metal
oxide nanoparticles include physical and chemical
approaches such as sol-gel synthesis, hydrothermal
methods, chemical reduction, precipitation,
microwave-assisted synthesis, laser ablation, thermal
decomposition, and vapor deposition techniques.
Although these methods can produce nanoparticles
with controlled morphology and high purity, they
often require expensive instrumentation, elevated
temperatures, toxic solvents, hazardous chemicals,
and large energy inputs. Furthermore, conventional
methods may generate environmentally harmful waste
products and pose risks to human health.

The increasing concern regarding
environmental sustainability and green chemistry has
led researchers to explore eco-friendly alternatives for
nanoparticle synthesis. Green synthesis represents
an environmentally benign approach that utilizes
biological entities or natural extracts as reducing,
stabilizing, and capping agents. Biological systems
contain a wide range of phytochemicals, enzymes,
proteins, polysaccharides, flavonoids, terpenoids,
alkaloids, and phenolic compounds capable of reducing
metal ions into stable nanoparticles.

Green synthesis offers several advantages
over conventional methods, including low toxicity,
biocompatibility, simplicity, renewable resources, lower
energy requirements, and improved environmental
safety. Additionally, biologically synthesized
nanoparticles often demonstrate enhanced biomedical
compatibility and functional properties due to the
presence of naturally derived surface functional groups.
The growinginterestin sustainable nanotechnology has
stimulatedextensiveresearchonthesynthesisof MONPs
using plant extracts, microorganisms, agricultural
wastes, marine organisms, andbiodegradable polymers.

The integration of green chemistry principles
with nanotechnology has opened new opportunities for
developing safer and more sustainable nanomaterials.
This review article provides a detailed overview of
greensynthesis strategies formetal oxide nanoparticles,
including synthesis mechanisms, influencing
parameters, characterization methods, applications,
toxicity concerns, challenges, and future prospects.

Fundamentals of Green Nanotechnology

Green nanotechnology refers to the design, synthesis,
and application of nanomaterials using environmentally
sustainable methods that minimize toxicity, waste
generation, and energy consumption. It integrates
the principles of green chemistry with nanoscience to
develop safer materials and processes.

The fundamental objectives of green nanotechnology
include:

1. Reduction of hazardous chemical usage.
2. Utilization of renewable and biodegradable
resources.

3. Energy-efficient synthesis methods.

4 Prevention of toxic by-products.

5. Developmentofbiocompatible nanomaterials.
6 Sustainable industrial scalability.

Green synthesis methods employ biological systems
such as:

. Plant extracts

. Bacteria

J Fungi

. Algae

. Yeast

J Biopolymers

. Agricultural residues
. Natural enzymes
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These biological entities contain biomolecules
capable of reducing metal precursors and stabilizing the
synthesized nanoparticles.

Principles of Green Chemistryin Nanoparticle Synthesis
The synthesis of nanoparticles using green chemistry
principles focuses on:

. Safer solvents and reaction conditions

J Renewable feedstocks

J Reduced derivative formation

. Catalyticratherthan stoichiometric processes
. Design for degradation

. Atom economy

J Waste minimization

Biological molecules act simultaneously as reducing
and capping agents, thereby eliminating the need for
separate toxic chemicals.

Advantages of Green Synthesis

Green synthesis possesses several important

advantages:

Environmental Advantages

. Reduced toxic emissions

. Minimal hazardous waste

. Biodegradable reagents

J Lower environmental pollution
Economic Advantages

J Low-cost raw materials

. Reduced energy consumption

J Simple experimental procedures
. Scalability potential

Biomedical Advantages

J Enhanced biocompatibility

J Reduced cytotoxicity

. Surface functionalization by biomolecules
J Improved therapeutic efficiency
Technical Advantages

J Better stability

J Controlled morphology

. Multifunctionality

. Simultaneous reduction and stabilization

Limitations of Green Synthesis

Despite significant benefits, green synthesis faces
certain limitations:

. Difficulty in controlling particle size
distribution

. Variability in biological extract composition

. Challenges in large-scale production
. Limited mechanistic understanding

. Reproducibility concerns

J Stability issues during storage

Biological Sources for Green Synthesis of Metal Oxide
Nanoparticles

Biological sources play a central role in eco-friendly
nanoparticle synthesis. Different biological systems
contain various biomolecules that facilitate reduction
and stabilization processes.

Plant-Mediated Synthesis

Plant extracts are among the most widely used
biological resources for nanoparticle synthesis due to
their availability, simplicity, rapid reaction rates, and rich
phytochemical content.

Phytochemicals Involved in Reduction
Plant extracts contain:

. Polyphenols

. Flavonoids

. Tannins

. Alkaloids

. Saponins

J Terpenoids

. Proteins

. Carbohydrates
J Organic acids

These compounds donate electrons to metal ions and
facilitate nanoparticle formation.

Mechanism of Plant-Mediated Synthesis

The green synthesis process generally involves:
Preparation of plant extract.

Mixing with metal precursor solution.
Reduction of metal ions.

Nucleation and growth.

Stabilization and capping.

. Recovery and purification.

The functional groups present in plant metabolites
interact with metal ions and convert them into stable
nanoparticles.

o0~ 0~

Common Plants Used
Severalplants have beenemployedforMONP synthesis:

. Azadirachta indica (Neem)
. Aloe vera
. Moringa oleifera
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J Ocimum sanctum (Tulsi)
. Camellia sinensis (Tea)

. Citrus species

. Hibiscus rosa-sinensis

. Eucalyptus globulus

. Mangifera indica (Mango)

Plant-mediated synthesis is particularly attractive due
to rapid synthesis kinetics and simplicity.

Bacteria-Mediated Synthesis

Bacteria can synthesize nanoparticles either
intracellularly or extracellularly through enzymatic
reduction processes.

Mechanisms
Bacterialenzymessuchasreductasesreduce metalions
into nanoparticles. Cell wall components also contribute
to stabilization.

Advantages

. Rapid growth

. Easy genetic manipulation

. Controlled synthesis

. Large-scale cultivation
Limitations

. Sterility requirements

. Complex downstream processing
J Sensitivity to environmental conditions
Common bacterial strains include:

. Bacillus subtilis

. Escherichia coli

. Pseudomonas aeruginosa

J Lactobacillus species

Fungal-Mediated Synthesis

Fungi are excellent candidates for nanoparticle
synthesis because they produce large quantities of
extracellular enzymes and proteins.

Benefits

. High metal tolerance

. Large biomass production

J Easy recovery of nanoparticles

. Enhanced secretion of reducingbiomolecules
Common fungi include:

. Aspergillus niger

J Fusarium oxysporum

J Penicillium species

J Trichoderma species

Algae-Mediated Synthesis

Marine and freshwater algae contain bioactive
metabolites capable of reducing metal ions.
Advantages include:

J High growth rates

J Abundant polysaccharides
. Renewable biomass

. Environmental sustainability

Algae-mediated synthesis has gained increasing
interest for biomedical and environmental applications.
Biopolymer-Assisted Synthesis

Biopolymers such as chitosan, starch, cellulose,
alginate, gelatin, and dextran can serve as reducing
and stabilizing agents.

Biopolymer-assisted synthesis offers:

. Enhanced biocompatibility

. Controlled release properties
. Improved colloidal stability

. Biomedical applicability

Mechanisms of Green Synthesis

The green synthesis of metal oxide nanoparticles
involves multiple physicochemical and biochemical
processes.

Reduction Mechanism

Biomolecules present in biological extracts reduce
metalions through electron transfer reactions. Phenolic
compounds and flavonoids are particularly effective
reducing agents.

The reduction process typically includes:

. Electron donation

. Metal ion neutralization

J Formation of atomic clusters
. Nucleation

. Particle growth

Nucleation and Growth

Once metalions are reduced, nucleation occurs. Small
nuclei aggregate and grow into nanopatrticles. The
growth phase is influenced by:

J Temperature

° pH

J Concentration

J Reaction time

. Biomolecule composition

Stabilization and Capping
Biomolecules adsorb onto nanoparticle surfaces
and prevent aggregation. Functional groups such



RAWAT., Orient. J. Phys. Sciences, Vol. 11 (01), 09-18 (2026) 13

as hydroxyl, carbonyl, amino, and carboxyl groups
contribute to stabilization.

Formation of Metal Oxides

Metal hydroxides initially form and subsequently
undergo oxidation or calcination to produce metal
oxide nanoparticles.

Factors Affecting Green Synthesis
Several parameters influence nanoparticle synthesis
efficiency, morphology, and stability.

pH

pH strongly affects:

. Reduction potential
. Nucleation rate

. Particle size

. Stability

Alkaline conditions often favor smaller particle sizes.
Temperature

Temperature influences:

. Reaction kinetics

. Crystal growth

. Morphology

J Yield

Higher temperatures generally increase reaction rates
but may also promote aggregation.

Concentration of Metal Precursors

Increasing precursor concentration can increase
nanoparticle yield but may affect uniformity and
stability.

Extract Concentration

The concentration of biological extract determines the
availability of reducing and capping agents.
Reaction Time

Longer reaction times may enhance crystallinity but
may also result in aggregation.

Calcination Conditions

Calcination temperature affects:

. Crystallinity

. Phase purity

. Surface area

. Optical properties

Characterization Techniques for Metal Oxide
Nanoparticles

Characterization is essential for understanding
nanoparticle properties.

UV-Visible Spectroscopy

UV-Visible spectroscopyis usedto monitornanoparticle

formation and optical properties.
Applications include:

. Surface plasmon resonance analysis
. Band gap estimation
. Stability monitoring

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR identifies functional groups involved in reduction
and stabilization.

Important information obtained:

J Biomolecule interactions
. Surface chemistry
J Capping agent identification

X-Ray Diffraction (XRD)
XRD determines:

. Crystal structure

J Crystallite size

. Phase purity

. Lattice parameters

The Debye—Scherrer equation is commonly used to
estimate crystallite size.

Scanning Electron Microscopy (SEM)
SEM provides information about:

. Surface morphology
. Particle aggregation
. Shape and size distribution

Transmission Electron Microscopy (TEM)
TEM offers high-resolution imaging of nanoparticles.
Applications include:

. Shape analysis
J Particle size determination
. Lattice fringe analysis

Dynamic Light Scattering (DLS)
DLS measures:

. Hydrodynamic size
. Colloidal stability
. Size distribution

Zeta Potential Analysis

Zeta potential indicates colloidal stability and surface
charge.

Energy Dispersive X-ray Spectroscopy (EDS)

EDS confirms elemental composition.
Thermogravimetric Analysis (TGA)

TGA evaluates:
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. Thermal stability
. Organic residue content
. Decomposition behavior

Green Synthesized Metal Oxide Nanoparticles
Zinc Oxide Nanoparticles (ZnO NPs)

ZnO nanoparticles are among the most extensively
studied MONPs.

Properties

. Wide band gap

. High exciton binding energy
. UV absorption

. Antimicrobial activity

J Photocatalytic properties

Green Synthesis
Zn0O nanoparticles have been synthesized using:
. Aloe vera

. Neem

J Green tea

. Lemon peel extracts
J Bacterial cultures
Applications

J Antibacterial agents
J Sunscreens

. Drug delivery

J Water purification

J Biosensors

Titanium Dioxide Nanoparticles (TiO2 NPs)
TiO2nanoparticlespossessexcellentphotocatalyticand
self-cleaning properties.

Applications

. Photocatalysis

J Solar cells

. Environmental remediation
J Cosmetics

J Antimicrobial coatings

Green synthesis of TiO2 nanoparticles has been
achieved using plant extracts and microbial systems.
Iron Oxide Nanoparticles

Iron oxide nanoparticles exhibit magnetic behavior
useful for biomedical and environmental applications.

Types

. Magnetite (Fe304)

. Hematite (Fe203)
Applications

J MRI contrast agents

. Hyperthermia treatment
. Drug delivery

. Wastewater treatment

. Magnetic separation

Copper Oxide Nanoparticles (CuO NPs)
CuO nanoparticles are inexpensive semiconductors
with antimicrobial and catalytic properties.

Applications

J Antimicrobial coatings
. Catalysis

. Sensors

. Energy devices

Magnesium Oxide Nanoparticles (MgO NPs)
MgO nanoparticles possess high thermal stability and
antibacterial activity.

Applications

J Biomedical materials

J Environmental remediation
. Catalysis

. Food packaging

Cerium Oxide Nanoparticles (CeO2 NPs)
Cerium oxide nanoparticles exhibit antioxidant
behavior due to reversible oxidation states.

Applications

. Neuroprotection

. Anti-inflammatory agents
. Catalysis

. Fuel additives

Nickel Oxide Nanoparticles (NiO NPs)
NiO nanoparticles are useful in:

J Supercapacitors
. Catalysis

. Batteries

J Sensors

Aluminum Oxide Nanoparticles (AI203 NPs)
Aluminum oxide nanoparticles exhibit:

. High hardness
. Thermal stability
. Corrosion resistance

Applications include ceramics, coatings, and catalysis.

Biomedical Applications of Green Synthesized MONPs
Green synthesized MONPs have gained significant
attention in biomedicine due to their enhanced
biocompatibility and reduced toxicity.

Antimicrobial Activity

MONPs exhibit strong antibacterial, antifungal, and
antiviral properties.

Mechanisms

. Reactive oxygen species generation
J Membrane disruption

. Protein denaturation

. DNA damage

Zn0O, CuO, and TiO2 nanoparticles are especially
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effective antimicrobial agents.

Anticancer Applications

Greensynthesized nanoparticlesdemonstrate selective
toxicity toward cancer cells.

Mechanisms include:

. Oxidative stress induction
J Apoptosis activation

. Mitochondrial dysfunction
. DNA fragmentation

Drug Delivery Systems
MONPs are promisingcarriersfortargeted drugdelivery.
Advantages include:

. Controlled release
. Enhanced bioavailability
. Surface functionalization
J Magnetic targeting

Bioimaging and Diagnostics

Iron oxide nanoparticles are extensively used for
imaging applications due to their magnetic properties.
Wound Healing Applications

Antimicrobial MONPs accelerate wound healing by
preventing microbial infections and promoting tissue
regeneration.

Environmental Applications

Wastewater Treatment

Greensynthesized MONPsare effective adsorbentsand
photocatalysts for pollutant removal.

Pollutants Removed

. Heavy metals

J Dyes

J Pharmaceuticals

. Pesticides

. Organic contaminants

Photocatalytic Degradation

TiO2 and ZnO nanoparticles are widely used for
photocatalytic degradation of pollutants under UV or
visible light.

Air Purification

MONPs can remove toxic gases and volatile organic
compounds.

Environmental Sensors

Metal oxide nanoparticles are usedin gas sensors and
biosensors for environmental monitoring.

Agricultural Applications

Nanotechnology has emerged as an important tool for
sustainable agriculture.

Nano-Fertilizers

MONPs improve nutrientdelivery efficiency and reduce

fertilizer loss.

Nano-Pesticides

Green synthesized nanoparticles provide controlled
pesticide release and reduced environmental toxicity.
Plant Growth Promotion

ZnO and Fe-based nanoparticles enhance:

. Seed germination
. Photosynthesis
. Nutrient uptake
. Crop productivity

Disease Management
Nanoparticles exhibit antimicrobial activity against
plant pathogens.

Catalytic and Energy Applications

Catalysis

MONPs possess high catalytic activity due to large
surface area and active surface sites.

Applications include:

. Organic synthesis

. Dye degradation

. Water splitting

. Hydrogen production

Energy Storage

NiO, Fe304, and TiO2 nanoparticles are used in:
. Lithium-ion batteries

. Supercapacitors

. Fuel cells

Solar Energy Applications
TiO2 and ZnO nanoparticles are utilized in photovoltaic
devices and dye-sensitized solar cells.

Toxicity and Safety Concerns

Although green synthesis reduces toxicity compared
with conventional methods, nanoparticle safety
remains a major concern.

Factors Affecting Toxicity

. Particle size

. Surface charge

. Shape

. Concentration

. Exposure duration

. Agglomeration state

Human Health Risks
Potential risks include:

. Oxidative stress

. Inflammation

J Genotoxicity

. Cytotoxicity

. Organ accumulation
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Environmental Risks
Nanoparticles released into ecosystems may affect:

. Soil microorganisms
. Aquatic organisms

. Plant growth

. Food chains

Need for Regulatory Frameworks
Comprehensive regulations are needed for:

. Toxicity evaluation

. Environmental monitoring
J Safe disposal

J Industrial production

Challenges in Green Synthesis

Despite rapid progress, several challenges remain.
Reproducibility

Biological extracts vary with:

. Plant species

J Geographical conditions
. Seasonal variation

J Extraction methods

This variability affects reproducibility.
Scale-Up Limitations
Industrial-scale production faces challenges related to:

. Process standardization
. Cost optimization

. Continuous synthesis

. Product uniformity

Mechanistic Understanding

The exact molecular mechanisms underlying
nanoparticle formation remain incompletely
understood.

Purification and Stability

Recovery and long-term storage stability remain
significant concerns.

Regulatory and Commercialization Issues
Commercial implementation requires:

. Quality control

J Toxicological evaluation
. Regulatory approval

. Cost competitiveness

Future Perspectives

Thefuture of green synthesized MONPs appears highly
promising due to increasing demand for sustainable
nanotechnology.

Important future directions include:

Avrtificial Intelligence and Machine Learning
Al-assisted optimization can improve:

. Process prediction

. Particle size control
. Reaction optimization
. Scalability

Hybrid Nanomaterials
Combining metal oxides with:

. Polymers

. Carbon nanomaterials
. Biomolecules

. Quantum dots

can enhance multifunctionality.

Personalized Nanomedicine

Green synthesized nanoparticles may contribute to
precision medicine and targeted therapeutics.
Circular Economy Approaches

Utilization of agricultural and industrial wastes for
nanoparticle synthesis supports sustainable resource
management.

Advanced Characterization and In Situ Studies
Modern analytical tools can provide deeper
understanding of nanoparticle formation mechanisms.
Industrial Commercialization

Future research should focus on:

. Continuous flow synthesis

. Process automation

. Green reactor systems

. Regulatory compliance
CONCLUSION

Green synthesis of metal oxide nanoparticles
has emerged as an environmentally friendly and
sustainable alternative to conventional nanoparticle
synthesis methods. Biological systems such as plants,
bacteria, fungi, algae, and biopolymers provide efficient
reducing and stabilizing agents for nanoparticle
production. Green synthesized MONPs exhibit
remarkable physicochemical and biological properties
suitable for diverse applications including medicine,
environmental remediation, catalysis, agriculture,
energy storage, and sensing.

Plant-mediated synthesis has become
particularly popular because of its simplicity,
cost-effectiveness, scalability potential, and rich
phytochemical diversity. Significant progress has been
achievedinthesynthesisofZnO, TiO,, Fe,O,, CuO,MgO,
CeO,, NiO, and Al,O, nanoparticles using eco-friendly

approaches.

Despite these advances, challengesrelatedto
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reproducibility, scalability, mechanistic understanding,
purification, toxicity assessment, and regulatory
approval still need to be addressed. The integration of
biotechnology, materials science, artificial intelligence,
and green chemistry is expected to accelerate the
development of advanced sustainable nanomaterials.
Futureresearchshouldemphasizelarge-scalesynthesis,

standardization protocols, life-cycle assessment,
and safe commercialization strategies. Green
nanotechnology holds enormous potential for
creating next-generation multifunctional materials
while minimizing environmental impact and promoting
sustainable development.
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