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Abstract

The unique physicochemical qualities of metal and metal oxide nanoparticles (MONPs), such as their huge
surface area and morphological flexibility, high catalytic activity, and superior optical, physical, and biological
capabilities, attracted a lot of attention. Their remarkable qualities have made them useful in a number of areas,
such as medication delivery, antimicrobials, sensing, environmental cleanup, catalysis, and cancer therapy.
Physical, chemical, and biological processes can all be used to create nanoparticles. Physical processes yield
very pure nanoparticles, but they require sophisticated equipment and consume lots of energy. Through
techniques including chemical reduction, sol-gel, hydrothermal, co-precipitation, and micro-emulsion, chemical
synthesis provides a high degree of control over the shape, size, and content of nanoparticles. However, this
approach produces hazardous outcomes and uses hazardous materials in several stages. The green approach,
on the other hand, incorporates biological materials, plant extracts, bacteria, fungi, algae, and even
agricultural waste in its operations, demonstrating affordability, sustainability, and environmental friendliness.
The natural phytochemicals found in plant extracts, including flavonoids, phenols, alkaloids, terpenes, tannins,
proteins, and carbohydrates, make them particularly promising. Compared to their products following
traditional synthesis, green synthesis nanoparticles have been shown to be less poisonous, more stable, more
compatible with living things, and to have a less environmental impact. Furthermore, because these
nanomaterials can produce reactive oxygen species, cause apoptosis, and have cytotoxic effects on cancer cells,
they have shown efficacy in photocatalytic degradation of organic compounds, their antibacterial qualities,
targeted therapy, and cancer treatment.This article serves as a comprehensive review of the methods of
synthesizing nanoparticles, discusses the principles of green synthesis, its biological sources, and presents
various applications of metal oxide nanoparticles synthesized via green synthesis in medicine and environment,
thus indicating their potential as sustainable materials for technological and clinical applications in the future.

Keyword : Green synthesis, Metal oxide nanoparticles , Plant-mediated synthesis, Biogenic synthesis, Anticancer
activity.

1. Introduction

In nanotechnology, the production of nanoparticles (NPs) has gained popularity. NPs are attractive due to their
versatile size and shape and exceptionally high surface area to volume ratio. The efficiency of nanoparticles is
also related to their special properties, including their ability to conduct heat, electricity, and light as well as
their catalytic efficiency. Metals and metal oxides, including gold, silver, nickel, copper, magnesium oxide,
titanium dioxide (TiO2), copper oxide, and zinc oxide (ZnO), are the NPs of major interest. These particles can
be useful in chemistry, medicine, and materials science because they possess unique physical and chemical
properties (Negrescu et al., 2022). Specifically, the metal oxide particles of interest include ZnO, TiO., CuO,
Fe;04, and MgO (Scrimin, 2021).Metal and metal oxide nanoparticles (NPs) are gaining popularity in the fields
of biochemistry and medicine because of their application in areas such as catalysis, tissue engineering, and as
antibacterial and anticancer agents. For instance, MgO nanoparticles have good stability, biocompatibility, and
strong anti-pathogenic activity including antiviral, antimicrobial, and antifungal properties. Conventional
techniques of production of these nanomaterials include chemical and physical methods, like sol-gel,
hydrothermal, method precipitation as well as pyrolysis methods. However, although these methods are
effective, they involve complicated manufacturing processes involving extreme conditions in the form of
elevated temperatures, pressure, toxic solvents, and dangerous reducing or stabilizing agents implying the threat
for both health and the environment. Metal nanoparticles (MNPs) and MONPs formed using these
environmentally friendly methods are now frequently used in personal care products, cosmetics, medicines,
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drug-delivery, and textile industries, indicating their significant industrial application (Alsaiari et al., 2023).
Green synthesis methods involve the use of microorganisms, plant extracts, proteins, and other biological agents
that act as biocapping and bio-reducing agents, serving as “bio-nanofactories,” which help in the preparation of
nanoparticles at nanoscale level. These methods are eco-friendly, biocompatible, non-toxic, and cost-effective.
Recent researches have shown that there have been major developments in the area of green synthesis using
various biological materials such as bacteria, fungi, algae, and plants. Green synthesis of nanoparticles involves
the use of biological entities such as bacteria, actinomycetes, fungi, yeast, algae and plant substances (El-Seedi
et al., 2024). The goal of green synthesis is to preserve the environment and law by replacing harmful chemicals
with environmentally friendly alternatives. Unlike traditional physical and chemical methods for nanoparticles
synthesis, biosynthesis allows for better control over the size and shape of nanoparticles and incorporates the
capping and stabilization influences that are produced by a variety of phytochemicals (Jadoun et al., 2021). As a
consequence, green nanoparticles have useful applications in the capacity of antibacterial and photocatalytic
substances as well as in adsorbents. In addition, green nanoparticles with magnetic properties are considered to
be highly biocompatible and non-toxic for purposes of targeted drug delivery and contrast enhancement in
magnetic resonance imaging as well as magnetic hyperthermia. In practice, many cases of successful fabrication
of silver, gold, platinum and palladium nanoparticles using various biological extracts obtained from fungi, red
algae, fruits and other natural objects are documented (El-Seedi et al., 2019). In traditional methods of synthesis
of nanoparticles, various chemical reduction methods like sodium borohydride reduction, sonochemistry, laser
ablation and sputtering are used. Although these techniques work well, they also entail the usage of harmful
substances, dangerous residues, and complicated processes with high consumption of power. On the contrary,
the method of green synthesis implies the use of organic materials (plant extract, algae, fungus, or
microorganisms) as substances that reduce materials and stabilize the process (Lithi et al., 2025). The process of
the creation of green nanoparticles is based on the precepts of the environmental science, which help the process
to be safer, more economical, and ecologically friendly. The first aspect is the usage of non-toxic solvents,
predominantly water, which is a natural solvent for the extraction of active components and is safe when
compared to organic solvents (Radulescu et al., 2023). The second important point is the use of organic reducing
and stabilizing agents from plants, algae, fungi, or microorganisms that contain many biomolecules, such as
phenolics, flavonoids, terpenoids, polysaccharides, amino acids, alkaloids, and proteins that are able to reduce
metal ions and stabilize the process. The green way of synthesis also provides the usage of the renewable
source, more specifically, leaves, flowers, seeds, fruits peels, and algae as they are cheap and eco-friendly
resources. The methodological approach is based on multiple general principles such as waste generation
reduction or elimination, use of non-toxic or low-toxicity materials, use of renewable biological resources,
minimization of energy use through easy processing conditions (for example, room-temperature or sunlight-
assisted synthesis), and prevention of secondary product formation. As the demand for the sustainable
production of nanomaterials rises, green synthesis is becoming one of the preferred methods, especially since
traditional methods generally involve the use of toxic reagents and environmentally harmful processes. Green
synthesis is well-matched with the fundamental principles of green chemistry which include the use of water as
a safe solvent, use of biomolecules for reduction and capping, reduced energy requirements, and the use of
renewable resources. The different biomolecules found in natural extracts such as phenolic compounds,
flavonoids, terpenoids, amino acids, alkaloids, polysaccharides are important in reduction, chelation, and
stabilization processes that occur during the synthesis of nanoparticles. The evolution of these eco-friendly
methods has been traced back to the early 2000s when Anastas and Warner introduced the Twelve Principles of
Green Chemistry in their landmark book Green Chemistry.

e Waste generation must be stopped by taking preventative measures; * Atom Economy The final product
should incorporate as many of the synthesis elements as possible;

o Less Hazardous Chemical Synthesis: Synthesis techniques that call for ingredients with little to no toxicity
to people or the environment should be prioritized;

e Creating Safer Chemicals: Materials should be created to perform with little to no toxicity;

e Safer Solvents When feasible, avoid using auxiliary chemicals or solvents;

e  Create Energy-Efficient Designs Energy consumption for synthesis should be kept to a minimum;
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e Use of Renewable Feedstocks: Whenever feasible, feedstock should be renewable and depletion should be
prevented;

e Minimize Derivatives Since blocking agents and protecting/deprotecting groups are the source of extra
waste, they should be avoided whenever possible;

e Catalysis Compared to stoichiometric agents, catalysis agents are preferred,

e Chemicals must be designed for degradation so that, upon completion of synthesis, they decompose into
non-toxic derivatives;

e  Analysis in Real Time to Prevent Pollution Real-time monitoring of the synthesis is necessary to ensure that
no harmful compounds are produced;

e To reduce the likelihood of hazardous mishaps, inherently safer chemicals for accident prevention agents
employed in product synthesis should be chosen.

2. Dyes- A major group of Organic compound

Dyes are colorful organic chemicals that add color to a variety of materials, including food items, paper, leather,
textiles, and polymers. They are categorized according to their source, ionic nature, application technique, and
chemical structure. Since many dye classes have varied chemical characteristics, solubility, and environmental
behavior, it is crucial to comprehend dye classification in order to choose the best wastewater treatment
techniques. The chemical structure of azo, anthraquinone, triphenylmethane, xanthene, indigoid, and
phthalocyanine colors determines their classification. About 60-70% of industrial dye production is made up of
azo dyes, which make up the main group of these. They are widely used due to their bright colors and low
production cost and have one or more azo (-N=N-) groups in their chemical structure. Anthraquinone dyes are
known to have good color fastness and stability owing to the presence of anthraquinone rings in their structure.
Triphenylmethane dyes like crystal violet and malachite green have strong color properties and excellent
tinctorial strength. Dyes can be classified into mno-reactive, direct, vat, disperse, acid, basic, and sulfur based on
the dyeing technique used. Reactive dyes form covalent bonds with textile fibers and they are extensively used
in the cotton industry. Direct dyeing refers to the dyeing of fibers without any processing chemicals. Disperse
dyes are used to dye synthetic fibers like polyester and vat dyes are insoluble in water and require a reduction
process before their application.Basic dyes are used for both paper and acrylic fibers, whereas acid dyes are
generally used for nylon, wool, and silk. Interestingly, mordant dyes are dependent on metal ions to adhere the
color onto fabrics; sulfur dyes are suitable for dark shades and have excellent wash fastness qualities. There are
three categories of dyes, which define the classification of the dyes: cationic, anionic, and non-ionic. Basic dyes
belong to the cationic group, while acid dyes and the rest of the dye types (reactive and direct) belong to the
category of anionic colors. This grouping is important as it is based on the affect of electrical charge on the
process of adsorption and photocatalytic treatment. Therefore, creating effective treatment technologies and
reducing environmental pollution require a grasp of dye classification (Robinson et al., 2001) Table 1.

Table 1- Types of Dyes and Major Application

Basis of | Type of Dye Characteristics Common Major
Classification Examples Applications
Chemical Azo Dyes Contain one or more azo | Methyl Orange, | Textile, paper,
Structure (-N=N-) groups; largest | Congo Red leather
dye class
Anthraquinone Contain  anthraquinone | Alizarin, Reactive | Textile industry
Dyes nucleus; excellent color | Blue 19
fastness
Triphenylmethane | Possess triphenylmethane | Crystal Violet, | Paper, textile,
Dyes structure; bright colors Malachite Green biological staining
Xanthene Dyes Highly fluorescent dyes Rhodamine B, | Cosmetics,
EosinY printing,
fluorescence
studies
Indigoid Dyes Based on indigo structure | Indigo, Tyrian | Denim and textile
Purple dyeing
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Phthalocyanine Metal-containing Phthalocyanine Textile, paints,
Dyes macrocyclic compounds Blue inks
Method of | Reactive Dyes Form covalent bonds | Reactive Black 5, | Cotton and
Application with fibers Reactive Blue 19 cellulose fibers
Direct Dyes Applied directly without | Congo Red, Direct | Cotton, paper
mordants Blue
Acid Dyes Applied in acidic | Acid Orange 7 Wool, silk, nylon
medium
Basic  (Cationic) | Positively charged dyes Methylene  Blue, | Acrylic fibers,
Dyes Crystal Violet paper
Vat Dyes Insoluble dyes reduced | Indigo Cotton textiles
before application
Disperse Dyes Slightly ~ water-soluble | Disperse Orange 3 | Polyester and
dyes synthetic fibers
Sulfur Dyes Contain sulfur groups; | Sulfur Black 1 Cotton textiles
economical
Mordant Dyes Require metal salts for | Alizarin Wool, leather
fixation
Ionic Nature Anionic Dyes Negatively charged in | Reactive, Acid, | Textile dyeing
solution Direct Dyes
Cationic Dyes Positively charged in | Methylene Blue, | Acrylic fibers,
solution Crystal Violet paper
Non-Ionic Dyes No ionic charge Disperse Dyes Synthetic fibers
Source Natural Dyes Derived from plants, | Turmeric, Indigo, | Textile, food
animals, or minerals Henna coloring
Synthetic Dyes Chemically manufactured | Methylene  Blue, | Industrial
Rhodamine B applications

3. Metal oxide nanoparticle

Because of their superior physicochemical characteristics and wide variety of uses, One of the most important
kinds of nanomaterials is metal oxide nanoparticles. Zinc oxide (ZnO), copper oxide (CuO), magnesium oxide
(MgO), iron oxide (FeOs), nickel oxide (NiO), cerium oxide, and titanium dioxide (TiO2z) (CeO:) are among the
metal oxide nanoparticles that are frequently investigated. High surface area, thermal stability, photocatalytic
activity, antibacterial behavior, and adsorption efficiency are just a few of the outstanding characteristics
displayed by these nanoparticles. Due to these features, they have found widespread application in fields such as
catalysis, biomedical applications, environmental remediation, and sensing technologies. They have attracted
large volumes of literature on their ability to eliminate organic pollutants and inhibit microbial growth (Klekotka
et al., 2021).

4. Method of nanoparticle synthesis

Nanoparticles can be made via physical, chemical, and biological methods. Physical techniques such ball
milling, evaporation-condensation, and laser ablation frequently call for costly machinery and high energy
usage. Although they offer good control over particle size, chemical processes like hydrothermal, sol-gel,
microemulsion, and chemical reduction techniques sometimes entail toxic reducing agents and dangerous
compounds. Greener and more sustainable methods of producing nanoparticles have been developed as a result
of the drawbacks of traditional synthesis methods (Gupta et al., 2023) .

4.1 Physical synthesis of nanoparticle

Physical methods of nanoparticle synthesis involve the production of nanoparticles through mechanical,
thermal, or radiation-based processes without the direct use of chemical reducing agents. These methods
generally choose either a bottom-up strategy, where nanoparticles are created by the condensation of vaporized
atoms, or a top-down strategy, which breaks down bulk materials into nanosized particles. The exceptional
purity, regulated crystallinity, and low chemical contamination of nanoparticles produced by physical synthesis
methods make them popular. However, compared to biological (green) synthesis processes, these techniques are
less cost-effective and environmentally sustainable because they typically call for costly equipment, significant

https://strjournals.com/index.php/asemb/index

62



AppliedScience,EngineeringandManagementBulletin[ASEMB]
ISSN:3049-3005
Vol. 3 No. 03(July-Sep) (2026) |Pg:59-70

energy usage, high temperatures, or vacuum conditions. Physical energy such as heat, laser light, electrical
charge, mechanical force, and evaporation of the bulk material into nanoparticles are used in the physical
synthesis of nanoparticles. The process parameters, such as temperature, pressure, and grinding time, affect the
properties of the nanoparticles. Physical techniques, on the other hand, are known to produce high-quality
nanoparticles, but at the disadvantage of high operating costs and limited scalability for standard laboratory
applications (Nagime & Chandak, 2024) Figure 1. image it can be explain
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Figure 1 - Physical synthesis of nanoparticle
4.2 Chemical Synthesis of Nanoparticles

Chemical synthesis is one of the best-known techniques for producing nanoparticles since it gives good control
over the size, shape, and composition of the particles. Nanoparticles are developed through chemical reactions
where precursor compounds react in a solution. Chemical synthesis methods include chemical reduction,
hydrothermal synthesis, co-precipitation, sol-gel synthesis, and microemulsion technique. In order to create
metal nanoparticles, the chemical reduction process reduces metal salts using reducing agents such as citrate,
hydrazine, and sodium borohydride. To reduce aggregation and regulate particle size, stabilizing agents or
surfactants are applied. The hydrolysis and condensation process involving alkoxide or inorganic salts, which
results in the development of a colloidal sol that eventually turns into a gel, is what defines the sol-gel
technique. This is followed by the processes of calcination and drying, thus obtaining nanoparticles that are pure
and homogeneous. Chemical synthesis methods are favored due to their simplicity, cost-effectiveness,
scalability, and ability to produce nanoparticles with desired properties. However, these methods may require
toxic chemicals and generate hazardous by-products, which can pose environmental and health concerns.
Therefore, proper handling and disposal of chemicals are essential during nanoparticle synthesis (Szczyglewska
et al., 2023) Figure 2.
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Figure 2- Chemical Synthesis of Nanoparticles
4.3 Green Synthesis of nanoparticle

Biogenic or "green synthesis" refers to the environmentally sustainable process of producing nanoparticles using
biological systems such as plants, microorganisms and organic proteins. Plant-mediated synthesis is now
gaining importance due to its simplicity, cost-effectiveness, speed and scalability. Plant extracts are rich in
phytochemicals such as flavonoids, phenols, alkaloids, terpenoids, tannins and proteins that serve as biological
reducing as well as stabilizing agents during the synthesis of nanoparticles. Through capping mechanisms, the
biological molecules both inhibit aggregation and transform metal ions into nanoparticles. Reduced toxicity,
fewer energy needs, eco-friendliness, improved biocompatibility, and cost-effectiveness are just a few benefits
that green synthesis has over traditional techniques. As a result, one of the most active fields of nanotechnology
research is biogenic synthesis (Ahmed et al., 2016) Figure .
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Figure 3 -Biological Green Synthesis of nanoparticle
4.4 Biological Sources for Green Synthesis
Plant Extracts

Plant-mediated synthesis is the most popular method because extracts are rich in phytochemicals capable of
reducing metal ions and stabilizing nanoparticles. Leaves, roots, ruits, bark, flowers, and seeds of plants like
Azadirachta indica, Ocimum sanctum, Aloe vera, Moringa oleifera, and Camellia sinensis are frequently used.
Different plant parts, including the seed, fruit, callus, bark, stem, flowers, and leaves, are used in plant-mediated
green synthesis processes to create metal and metal oxide nanoparticles of various sizes and shapes. Green
chemistry approach to synthesize copper oxide nanoparticles (CuONPs) was reported using extracts from the
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root, stem, and leaves of the Macleaya cordata (Wild.) R.BR as reducing and stabilizing agents. Copper acetate
precursor (Cu(CH 3COO),) was used for green synthesis of copper oxide nanoparticles through reduction and
oxidation reactions (Zhu et al., 2024). Parthenium hysterophorus was extracted aqueously using the method
described in Ref. 52, which involved dissolving 20 g of the plant sample in 200 mL of distilled water. The
mixture was constantly stirred while being cooked to 40 °C for 45 minutes on a hot plate. Whatman No. 1 filter
paper was used to filter the extract. After that, copper oxide nanoparticles were created using the extract. Copper
(IT) sulfate was used as a metal precursor in the synthesis of copper oxide nanoparticles. 1.59 g of CuSO4 was
dissolved in 100 mL of distilled water to create a 0.01 M CuSO4 solution. A color shift and UV-Vis
spectrophotometric measurement were used to track the creation of nanoparticles when the metal solution and
parthenium aqueous extract were combined in a 1:4 ratio. The nanoparticles were dried in an oven at 80 °C after
the colloidal solution was centrifuged for 15 minutes at 4000 rpm and repeatedly cleaned (Nzilu et al., 2023)
Figure 1.

Microorganisms

Bacteria, fungi, and yeasts possess intrinsic metal-reducing enzymes that can convert metal precursors into
nanoparticles. Bacillus, Pseudomonas, Aspergillus, and Fusarium species are commonly employed. Compared
to chemical and physical approaches, the production of NPs from biological sources (bacteria, actinobacteria,
yeast, fungi, algae, and viruses) is far safer. Since bacteria can be cultivated in artificial environments with an
ambient growth rate, they are preferred over other microbes for the production of NPs. Through their
extracellular or intracellular pathways, microbes can convert inorganic elements into nanoparticles (NPs) and
adapt to greater metal concentrations. Microbes absorb metal ions from their surrounding environment/media
and convert these metallic ions into elemental form via an enzymatic reduction (Koul et al., 2021). Numerous
biomolecules derived from bacteria, including proteins, polysaccharides, and enzymes, can function as reducing
agents to aid in the synthesis of NPs. The selection and isolation of bacteria is typically the first step in the
manufacturing of iron oxide nanoparticles. This involves cultivating the strain on particular media, such as
nutritional agar or BHI agar, and then incubating it It can also be necessary to have an atmosphere of carbon
dioxide. Conditions such as a carbon dioxide atmosphere may also be required. After the individual colonies are
obtained, they are placed in a nutritional medium, such as nutrient broth or Luria Bertani, and then they are
centrifuged and incubated. The source from which the materials should be extracted will depend on the method
employed for synthesis. The extraction will either come from the cell pellet (intracellular method) or the
supernatant (extracellular method). Fungal biomass, cell-free filtrate (CFF), or fungal cell filtrate (FCF) can all
be used to create metal nanoparticles. One of the easiest methods for producing nanoparticles is to use
mycelium. Centrifugation is used to obtain mycelium once the appropriate fungal organism has grown in the
chosen medium. After combining the acquired mycelium with the metal precursor salt solution, it is incubated at
28 °C for four to five days. The mixture is then filtered to produce colloidal nanoparticles (Zufiiga-Miranda et
al., 2023).

Algae and Cyanobacteria

The synthesis of metal and metal oxide nanoparticles has been carried out using algae as a green method of
fabrication. Unlike bacteria-based techniques, algae do not go through the processes of cellular maintenance.
Algae are a rich source of phytochemicals in the production of metal nanoparticles (Chaudhary et al., 2020). In
contrast, cyanobacteria and microalgae have attracted attention for green synthesis because of their
hyperaccumulation of heavy metals, increased CO2 fixation rate, absence of toxic waste, and their ability to
utilize biomolecules (pigments and enzymes) as reducing agents. Marine and freshwater algae are rich in
polysaccharides, pigments, and proteins that aid in metal ion reduction and nanoparticle stabilization. This
makes them a significant bio-manufacturer for nanoparticle production (Radulescu et al., 2023).

Agricultural and Industrial Waste

There are numerous potential uses for green-synthesized MtNPs in agriculture to boost agricultural output.
Products including nanopesticides, nanofungicides, nanobiosensors, and nanofertilizers are frequently produced
using MtNPs. These nano-based products can help increase the quality and yield of agricultural products, reduce
chemical pollution or even protect crops from environmental pressuresFruit peels, vegetable waste, sugarcane
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bagasse, rice husk, tea waste, and brewery waste provide an inexpensive resource for nanoparticle synthesis
while promoting waste valorization (Bahrulolum et al., 2021) figure 4.

&t
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Figure 4: Method for green synthesis metal oxide nanoparticle

5. Application of metal oxide nanoparticle

Synthetic dyes from textile, leather, paper, and printing industries are among the most frequent water
contaminants. They are often toxic, carcinogenic, and resistant to conventional biological treatment because of
their complex aromatic structures. Metal oxide nanoparticles (MO-NPs) have become one of the leading
materials for removing these dyes because of their high surface area, tunable band gaps, chemical stability, and

low cost. Two main mechanisms are used:

e Adsorption — dye molecules bind to the nanoparticle surface via electrostatic attraction, hydrogen

bonding, or complexation.

e Photocatalytic degradation — light excites electrons in the nanoparticle, generating reactive oxygen
species (ROS) that break down the dye into smaller, less harmful molecules (ideally CO2 and H20).

Table 2: Dye removal with different metal oxide nanoparticle

Nanoparticle Band Gap | Key Strengths Typical Dyes Treated
(eV)

TiO2 (Titanium | ~3.2 Most studied photocatalyst, chemically | Methylene blue, Rhodamine

dioxide) stable, non-toxic B, Congo red

ZnO (Zinc oxide) ~3.3 High electron mobility, low-cost | Methylene blue, Malachite
synthesis green

FesO4 / y-Fe20s (Iron | ~2.0 Magnetically separable, Fenton-like | Reactive dyes, azo dyes

oxides) activity

CuO (Copper oxide) ~1.2-1.7 Visible-light active, antibacterial Methyl orange, Eosin

SnO: (Tin oxide) ~3.6 Good  stability, often wused in | Methylene blue, Rhodamine
composites B

NiO (Nickel oxide) ~3.6-4.0 p-type semiconductor, good with | Various azo dyes
heterojunctions

MnO: (Manganese | ~1.3 Strong oxidizing ability, adsorption | Methylene blue, Crystal

oxide) capacity violet
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3. Mechanism of Photocatalytic Dye Degradation

1. Photon absorption: UV or visible light with energy > band gap excites an electron from the conduction
band (CB) to the valence band (VB), forming an electron—hole pair (e /h*).
Charge separation and migration: Holes and electrons move to the surface of the nanoparticle.

3. Production of reactive oxygen species (ROS):

e h"+H.O— «OH+H"

o ¢ +02— 0
Dye degradation: *OH and *O: radicals attack the chromophore groups (e.g., azo bonds, aromatic rings) of
the dye, breaking them into intermediates and eventually mineralizing them to CO:, H>O, and inorganic
ions.

2. Recombination loss: A major step that limits efficiency is the recombination of e~ and h* before reaching
the surface, which prevents degradation from occurring. For this purpose, doping materials, heterojunctions,
and composites are utilized.

Table 3: Factors Affecting Removal Efficiency

Factor Effect

pH Alters surface charge of NP and ionization state of dye; affects
adsorption/degradation rate

Catalyst dosage Having a larger amount will promote more active sites but if excessive amount are

used ,then may be light scattering or turbidity.

Initial dye concentration | Higher concentration may saturate active sites which may lead to a decrease in ,

degradation.

Light intensity/source Whether ultra violet or visible light is used influences which nanoparticle become
active.

Temperature In general increasing reaction rate will allow for an optimum level of reaction

beyond which desorption can take place.

Presence of ions/organic | Competing for active sites or scavenging of reactive oxygen species may occur.
matter

4. Conclusion:

Metal oxide nanoparticles have emerged as highly promising multifunctional nanomaterials for both
environmental remediation and biomedical applications. Their high surface area, tunable physicochemical
properties, excellent catalytic efficiency, and ease of surface functionalization make them effective agents for
the adsorption and photocatalytic degradation of textile dyes, contributing to sustainable wastewater treatment.
Simultaneously, these nanoparticles exhibit significant anticancer potential through mechanisms such as reactive
oxygen species generation, targeted drug delivery, apoptosis induction, and selective cytotoxicity toward cancer
cells. Despite these encouraging outcomes, challenges related to biocompatibility, long-term toxicity,
environmental fate, scalability, and clinical translation remain to be addressed. Future research should focus on
developing green synthesis approaches, improving nanoparticle stability and targeting efficiency, and
conducting comprehensive in vivo and clinical investigations. With continued advancements in nanotechnology,
metal oxide nanoparticles are expected to play a pivotal role in advancing sustainable environmental
management and next-generation cancer therapeutics, bridging the gap between laboratory research and
practical real-world applications.

Acknowledgement: Author would like to thanks Department of Chemistry, Shri Shankaracharaya Professional
University, Bhilai, Chhattisgarh, India.

References

1. Abdollahzadeh, H., Pazhang, Y., Zamani, A., & Sharafi, Y. (2024). Green synthesis of copper oxide
nanoparticles using walnut shell and their size dependent anticancer effects on breast and colorectal cancer
cell lines. Scientific Reports, 14, 20323. https://doi.org/10.1038/s41598-024-71234-4

2. Ahmed, S., Ahmad, M., Swami, B. L., & Ikram, S. (2016). A review on plants extract mediated synthesis of
silver nanoparticles for antimicrobial applications: A green expertise. Journal of Advanced Research, 7(1),
17-28. https://doi.org/10.1016/j.jare.2015.02.007

https://strjournals.com/index.php/asemb/index




AppliedScience,EngineeringandManagementBulletin[ASEMB]
ISSN:3049-3005
Vol. 3 No. 03(July-Sep) (2026) |Pg:59-70

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Al-darwesh, M. Y., Babakr, K. A., Qader, I. N., & Mohammed, M. A. (2025). Antimicrobial, anti-
inflammatory, and anticancer potential of green synthesis TiO2 nanoparticles using Sophora flavescens root
extract. Chemical Papers, 79(2), 1207—1221. https://doi.org/10.1007/s11696-024-03853-0

Algahtani, O. S., Muddapur, U. M., Kamat, K., Shenvi, A., Shaikh, I. A., Aljaezi, I., Al Kazman, B. S. M.,
Alshamrani, M. A., Khan, A. A., Al-Qahtani, A. M., Mannasaheb, B. A., & Ahmed, L. (2025). Sustainable
green synthesis of zinc oxide nanoparticles utilizing Zingiber officinale peel aqueous extract,
characterization, and determination of its anticancer and antimicrobial potential. PloS One, 20(11),
€0334685. https://doi.org/10.1371/journal.pone.0334685

Alsaiari, N. S., Alzahrani, F. M., Amari, A., Osman, H., Harharah, H. N., Elboughdiri, N., & Tahoon, M. A.
(2023). Plant and Microbial Approaches as Green Methods for the Synthesis of Nanomaterials: Synthesis,
Applications, and Future Perspectives. Molecules, 28(1), 463. https://doi.org/10.3390/molecules28010463
Althubiti, A. A., Alsudir, S. A., Alfahad, A. J., Alshehri, A. A., Bakr, A. A., Alamer, A. A., Alrasheed, R. H.,
& Tawfik, E. A. (2023). Green Synthesis of Silver Nanoparticles Using Jacobaea maritima and the
Evaluation of Their Antibacterial and Anticancer Activities. International Journal of Molecular Sciences,
24(22), 16512. https://doi.org/10.3390/ijms242216512

Bahrulolum, H., Nooraei, S., Javanshir, N., Tarrahimofrad, H., Mirbagheri, V. S., Easton, A. J., &
Ahmadian, G. (2021). Green synthesis of metal nanoparticles using microorganisms and their application in
the agrifood sector. Journal of Nanobiotechnology, 19(1), 86. https://doi.org/10.1186/s12951-021-00834-3
Chaudhary, R., Nawaz, K., Khan, A. K., Hano, C., Abbasi, B. H., & Anjum, S. (2020). An Overview of the
Algae-Mediated Biosynthesis of Nanoparticles and Their Biomedical Applications. Biomolecules, 10(11),
1498. https://doi.org/10.3390/biom10111498

Daimari, J., & Deka, A. K. (2024). Anticancer, antimicrobial and antioxidant activity of CuO-ZnO
bimetallic nanoparticles: Green synthesised from Eryngium foetidum leaf extract. Scientific Reports, 14(1),
19506. https://doi.org/10.1038/s41598-024-69847-w

Devi, K. S., Singh, A. R., Velmurugan, D., Devi, M. D., Lourembam, D. S., & Singh, N. R. (n.d.). Green
Synthesis of Copper Oxide Nanoparticles Using Coix lacryma jobi Leaves Extract and Screening of its
Potential Anticancer Activities | Journal of Pharmaceutical Research International. Retrieved 9 July 2026,
from https://journaljpri.com/index.php/JPRI/article/view/4351

El-Seedi, H. R., El-Shabasy, R. M., Khalifa, S. A. M., Saeed, A., Shah, A., Shah, R., Iftikhar, F. J., Abdel-
Daim, M. M., Omri, A., Hajrahand, N. H., Sabir, J. S. M., Zou, X., Halabi, M. F., Sarhan, W., & Guo, W.
(2019). Metal nanoparticles fabricated by green chemistry using natural extracts: Biosynthesis,
mechanisms, and applications. RSC Advances, 9(42), 24539-24559. https://doi.org/10.1039/c9ra02225b
El-Seedi, H. R., Omara, M. S., Omar, A. H., Elakshar, M. M., Shoukhba, Y. M., Duman, H., Karav, S.,
Rashwan, A. K., El-Seedi, A. H., Altaleb, H. A., Gao, H., Saeed, A., Jefri, O. A., Guo, Z., & Khalifa, S. A.
M. (2024). Updated Review of Metal Nanoparticles Fabricated by Green Chemistry Using Natural Extracts:
Biosynthesis, Mechanisms, and Applications. Bioengineering, 11(11), 1095.
https://doi.org/10.3390/bioengineering 11111095

Green synthesis of zinc oxide nanoparticles using Rhus coriaria extract and their anticancer activity
against triple-negative breast cancer cells—Google Search. (n.d.). Retrieved 6 December 2025, from
https://www.nature.com/articles/s41598-024-63258-7

Gupta, D., Boora, A., Thakur, A., & Gupta, T. K. (2023). Green and sustainable synthesis of nanomaterials:
Recent advancements and limitations. Environmental Research, 231, 116316.
https://doi.org/10.1016/j.envres.2023.116316

Jadoun, S., Arif, R., Jangid, N. K., & Meena, R. K. (2021). Green synthesis of nanoparticles using plant
extracts: A review. Environmental Chemistry Letters, 19(1), 355-374. https://doi.org/10.1007/s10311-020-
01074-x

Klekotka, U., Zambrzycka-Szelewa, E., Satuta, D., & Kalska-Szostko, B. (2021). Stability Studies of
Magnetite Nanoparticles in Environmental Solutions. Materials, 14(17), 5069.
https://doi.org/10.3390/mal4175069

Koul, B., Poonia, A. K., Yadav, D., & Jin, J.-O. (2021). Microbe-Mediated Biosynthesis of Nanoparticles:
Applications and Future Prospects. Biomolecules, 11(6), 886. https://doi.org/10.3390/biom11060886
Ks.,U.S,K.,G,V,G.K,D,P,C,A,T,S.D., V., K., & Changmai, N. (2016). Anti-proliferative effect
of biogenic gold nanoparticles against breast cancer cell lines (MDA-MB-231 & MCF-7). Applied Surface
Science, 371, 415-424. https://doi.org/10.1016/j.apsusc.2016.03.004

Letchumanan, D., Ibrahim, S., Nagoor, N. H., & Mohd Arshad, N. (2025). Green Synthesis of Copper
Oxide Nanoparticles Using Camellia sinensis: Anticancer Potential and Apoptotic Mechanism in HT-29 and
MCEF-7 Cells. International Journal of  Molecular Sciences, 26(15), 7267.
https://doi.org/10.3390/ijms26157267

https://strjournals.com/index.php/asemb/index



AppliedScience,EngineeringandManagementBulletin[ASEMB]
ISSN:3049-3005
Vol. 3 No. 03(July-Sep) (2026) |Pg:59-70

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lithi, I. J., Ahmed Nakib, K. I., Chowdhury, A. M. S., & Sahadat Hossain, Md. (2025). A review on the
green synthesis of metal (Ag, Cu, and Au) and metal oxide (ZnO, MgO, Co304, and TiO2) nanoparticles
using plant extracts for developing antimicrobial properties. Nanoscale Advances, 7(9), 2446-2473.
https://doi.org/10.1039/d5na00037h

Manik, J., Rajesh2, P., Baseril, J. R., & Selvakumar2, S. V. K. (2022). Green Synthesized Fe304
Nanoparticles as Silymarin Drug Carrier and their Anticancer Activity against Liver-HepG2 and Lung-
A549 Cancer Cells. Asian Journal of Chemistry, 34(9), 2363-2372.
https://doi.org/10.14233/ajchem.2022.23902

Masuku, N., Ogwuegbu, M. C., Mthiyane, D. M. N., Singh, M., & Onwudiwe, D. C. (2025). Green
Synthesis of TiO2 and Ag/TiO2 Nanoparticles Using Leaves Extract of Mondia Whitei and Evaluation of
Their Cytotoxicity Properties. Nanochemistry Research, 10(4), 405-415.
https://doi.org/10.22036/ncr.2025.495220.1445

Mongy, Y., & Shalaby, T. (2024). Green synthesis of zinc oxide nanoparticles using Rhus coriaria extract
and their anticancer activity against triple-negative breast cancer cells. Scientific Reports, 14(1), 13470.
https://doi.org/10.1038/s41598-024-63258-7

Nagajyothi, P. C., Muthuraman, P., Sreekanth, T. V. M., Kim, D. H., & Shim, J. (2017). Green synthesis: In-
vitro anticancer activity of copper oxide nanoparticles against human cervical carcinoma cells. Arabian
Journal of Chemistry, 10(2), 215-225. https://doi.org/10.1016/j.arabjc.2016.01.011

Nagime, P. V., & Chandak, V. S. (2024). A comprehensive review of nanomaterials synthesis: Physical,
chemical, and biological approaches and emerging challenges. Biocatalysis and Agricultural Biotechnology,
62, 103458. https://doi.org/10.1016/j.bcab.2024.103458

Namvar, F., Azizi, S., Rahman, H. S., Mohamad, R., Rasedee, A., Soltani, M., & Rahim, R. A. (2016a).
Green synthesis, characterization, and anticancer activity of hyaluronan/zinc oxide nanocomposite.
OncoTargets and Therapy, 9, 4549—4559. https://doi.org/10.2147/OTT.S95962

Namvar, F., Azizi, S., Rahman, H. S., Mohamad, R., Rasedee, A., Soltani, M., & Rahim, R. A. (2016b).
Green synthesis, characterization, and anticancer activity of hyaluronan/zinc oxide nanocomposite.
OncoTargets and Therapy, 9, 4549—4559. https://doi.org/10.2147/OTT.S95962

Negrescu, A. M., Killian, M. S., Raghu, S. N. V., Schmuki, P., Mazare, A., & Cimpean, A. (2022). Metal
Oxide Nanoparticles: Review of Synthesis, Characterization and Biological Effects. Journal of Functional
Biomaterials, 13(4), 274. https://doi.org/10.3390/jfb13040274

Nzilu, D. M., Madivoli, E. S., Makhanu, D. S., Wanakai, S. 1., Kiprono, G. K., & Kareru, P. G. (2023).
Green synthesis of copper oxide nanoparticles and its efficiency in degradation of rifampicin antibiotic.
Scientific Reports, 13(1), 14030. https://doi.org/10.1038/s41598-023-41119-z

Parveen, S., Kandwal, A., Rao, C. N., & Kumar, D. V. N. (2023). Green Fabrication of Titanium Dioxide
Nanoparticles and their Antimcrobial and Anticancer Activities. Asian Journal of Chemistry, 35(6), 1315—
1319. https://doi.org/10.14233/ajchem.2023.27570

R, M. A, B, G, Ms, M. J,, G, A,, & N,, S. (2019). Anticancer potential of zinc oxide nanoparticles
against cervical carcinoma cells synthesized via biogenic route using aqueous extract of Gracilaria edulis.
Materials Science and Engineering: C, 103, 109840. https://doi.org/10.1016/j.msec.2019.109840
Radulescu, D.-M., Surdu, V.-A., Ficai, A., Ficai, D., Grumezescu, A.-M., & Andronescu, E. (2023a). Green
Synthesis of Metal and Metal Oxide Nanoparticles: A Review of the Principles and Biomedical
Applications. International Journal of Molecular Sciences, 24(20), 15397.
https://doi.org/10.3390/ijms242015397

Radulescu, D.-M., Surdu, V.-A., Ficai, A., Ficai, D., Grumezescu, A.-M., & Andronescu, E. (2023b). Green
Synthesis of Metal and Metal Oxide Nanoparticles: A Review of the Principles and Biomedical
Applications. International Journal of Molecular Sciences, 24(20), 15397.
https://doi.org/10.3390/ijms242015397

Rasool, A., Kanagaraj, T., Mir, M. 1., Zulfajri, M., Ponnusamy, V. K., & Mahboob, M. (2022). Green
coalescence of CuO nanospheres for efficient anti-microbial and anti-cancer conceivable activity.
Biochemical Engineering Journal, 187, 108464. https://doi.org/10.1016/j.bej.2022.108464

Robinson, T., McMullan, G., Marchant, R., & Nigam, P. (2001). Remediation of dyes in textile effluent: A
critical review on current treatment technologies with a proposed alternative. Bioresource Technology,
77(3), 247-255. https://doi.org/10.1016/S0960-8524(00)00080-8

Saxena, R., Kotnala, S., Bhatt, S. C., Uniyal, M., Rawat, B. S., Negi, P., & Riyal, M. K. (2025). A review on
green synthesis of nanoparticles toward sustainable environment. Sustainable Chemistry for Climate Action,
6, 100071. https://doi.org/10.1016/j.scca.2025.100071

Scrimin, P. (2021). Synthesis, Interfaces, and Nanostructures: A Section of Nanomaterials (ISSN 2079-
4991). Nanomaterials, 11(11), 2850. https://doi.org/10.3390/nano11112850

https://strjournals.com/index.php/asemb/index

69



AppliedScience,EngineeringandManagementBulletin[ASEMB]
ISSN:3049-3005
Vol. 3 No. 03(July-Sep) (2026) |Pg:59-70

38.

39.

40.

41.

42.

Soliman, M. K. Y., Talib, A. H., Mahmoud, R., Ali, Z. A., Al-Haideri, H. H., Abalkhail, A., Binshaya, A. S.,
Salem, M. H., Al-Otibi, F. O., & Yassin, M. T. (2025). Ecofriendly magnesium oxide nanoparticles:
Anticancer, antimicrobial, and antidiabetic potentials in vitro. AMB Express, 15(1), 143.
https://doi.org/10.1186/s13568-025-01950-1

Szczyglewska, P., Feliczak-Guzik, A., & Nowak, 1. (2023). Nanotechnology-General Aspects: A Chemical
Reduction  Approach to the Synthesis of Nanoparticles. Molecules, 28(13), 4932.
https://doi.org/10.3390/molecules28134932

Venkatappa, M. M., Udagani, C., Hanume Gowda, S. M., Venkataramaiah, S., Casini, R., Moussa, I. M.,
Achur, R., Sannaningaiah, D., & Elansary, H. O. (2023). Green Synthesised TiO2 Nanoparticles-Mediated
Terenna asiatica: Evaluation of Their Role in Reducing Oxidative Stress, Inflammation and Human Breast
Cancer Proliferation. Molecules, 28(13), 5126. https://doi.org/10.3390/molecules28135126

Zhu, Y., Huang, L., Liang, M., Zhang, Z., Xie, H., Sheng, X., Li, X., Zhong, M., & Zhou, B. (2024). Green
synthesis of plate-shaped CuONPs using Macleaya cordata (Wild.) R.BR extracts for photocatalytic
degradation and antibacterial properties. Biomass Conversion and Biorefinery, 14, 29175-29187.
https://doi.org/10.1007/s13399-023-04943-x

Zuiiga-Miranda, J., Guerra, J., Mueller, A., Mayorga-Ramos, A., Carrera-Pacheco, S. E., Barba-Ostria, C.,
Heredia-Moya, J., & Guaman, L. P. (2023). Iron Oxide Nanoparticles: Green Synthesis and Their
Antimicrobial Activity. Nanomaterials, 13(22), 2919. https://doi.org/10.3390/nano13222919

https://strjournals.com/index.php/asemb/index

70



