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Abstract

Pongamia pinnata pods, a plentiful source of bioactive phytochemicals, have surfaced as a sustainable resource for the eco-
friendly synthesis of nanoparticles. This study reports the ecofriendly synthesis of zinc oxide (ZnO) nanoparticles utilizing
Pongamia pinnata pod extract and their incorporation into polyvinyl alcohol (PVA) to fabricate functional nanocomposite
films. The natural reducing and stabilizing agents provided by the phytochemicals such polyphenols, tannins, and flavonoids
in the extract made it a safer option than traditional procedures without sacrificing effectiveness. With clear peaks at 20 values
of 31.8°, 34.5°, and 36.3°, X-ray diffraction (XRD) verified the creation of hexagonal wurtzite ZnO. The average crystallite size
was estimated to be 18-25 nm using the Debye-Scherrer equation. Scanning Electron Microscopy (SEM) revealed spherical
nanoparticles with diameters ranging from 20-40 nm and moderate agglomeration, likely influenced by phytochemical sur-
face capping. These ZnO nanoparticles were uniformly embedded into a PVA matrix through solution casting, resulting in
transparent, flexible nanocomposite films. XRD analysis of the composite confirmed the preservation of ZnO crystalline struc-
ture within the amorphous PV A background. SEM images of the fractured film surfaces showed evenly dispersed nanoparti-
cles, suggesting strong interfacial bonding and minimal clustering. Incorporation of ZnO led to enhanced mechanical
strength, thermal stability, UV resistance, and antimicrobial activity in the films. This work demonstrates the dual benefits of
valorizing agricultural bio-waste for green nanoparticle synthesis and improving polymer functionality. The resulting
PVA-ZnO nanocomposites show strong potential for applications in sustainable packaging, biomedical materials, and envi-

ronmental remediation.
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Introduction

Growing concerns over environmental degrada-
tion and the demand for sustainable technologies have driv-
en researchers to explore eco-friendly alternatives for nano-
particle production. Among these, green synthesis has
emerged as a promising approach, utilizing plant-based re-
sources to create nanomaterials in a safer and more environ-
mentally responsible manner. Using plant extracts abun-
dant in bioactive compounds, green synthesis avoids the use
of hazardous reagents and the production of harmful
byproducts common in traditional chemical synthesis pro-
cesses. This not only minimizes ecological harm but also
aligns with principles of green chemistry. The use of plant
extracts facilitates the synthesis of nanoparticles under mild
conditions, reducing energy consumption and avoiding the
need for harmful solvents or extreme temperatures. As a re-
sult, green synthesis offers a sustainable pathway for nano-
material production, contributing to cleaner technologies
and environmentally conscious innovation across various
scientific and industrial fields. Nanoparticles can be effec-
tively synthesized using phytochemical-rich extracts from
Pongamia pinnata (also known as Millettia pinnata) pods
through green synthesis techniques. A wide variety of bioac-
tive chemicals, including as phenolics, alkaloids, and
flavonoids, are plentiful in this plant and are essential in the
production of nanoparticles. Natural reducing and stabiliz-
ing agents, these phytochemicals allow for the moderate
and environmentally benign conversion of metal ions into
stable nanoparticles. While previous research has primarily
focused on the leaves and bark of Pongamia pinnata, recent
studies have demonstrated the potential of pod extracts for
synthesizing metal nanoparticles such as silver and zinc
oxide. This green approach not only reduces the need for
hazardous chemicals but also aligns with sustainable and en-
vironmentally conscious practices in nanotechnology [7].
The widespread overuse of antibiotics and pharmaceutical
drugs has led to the emergence of resistant strains of patho-
gens and parasites, posing serious risks to public health and
environmental safety. At the same time, breast cancer re-
mains a major global concern, ranking as the second lead-
ing cause of cancer-related deaths among women. The
MCF-7 cell line, derived from human breast adenocarcino-

ma, is frequently used in cancer research due to its well-pre-
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served epithelial features. Given these challenges, there is an
urgent need to develop novel, eco-friendly therapeutic alter-
natives. This study utilized a green synthesis strategy to cre-
ate zinc oxide nanoparticles (ZnO NPs) utilizing Pongamia
pinnata seed extract (Pp-ZnO NPs). This method is eco-
friendly, affordable, and produces no harmful byproducts.
Several analytical methods were employed to characterize
the nanoparticles, such as ultraviolet-visible spectroscopy,
energy dispersive X-ray spectroscopy, scanning electron mi-
croscopy, and Fourier transform infrared spectroscopy
(FTIR). The Pp-ZnO NPs displayed potent antimicrobial ac-
tivity, particularly against Bacillus licheniformis (17.3 mm),
Pseudomonas aeruginosa (14.2 mm), and Vibrio parahae-
molyticus (12.2 mm) at a concentration of 25 pg/ml. They
also successfully prevented Candida albicans biofilm devel-
opment at a concentration of 50 pg/ml. Phenotypic altera-
tions were seen under phase contrast microscopy, and cyto-
toxicity tests demonstrated that Pp-ZnO NPs considerably
decreased the survival of MCF-7 breast cancer cells at doses
exceeding 50 pg/ml [8]. These findings suggest that green-
synthesized Pp-ZnO nanoparticles could serve as promising
dual-function agents with both antimicrobial and anti-
cancer potential. The green synthesis of ZnO nanoparticles
using Pongamia pinnata complements their integration into
PVA matrices, forming eco-friendly ZnO/PVA nanocom-
posites. Both studies share similar characterization methods
and highlight biomedical and environmental applications.
Together, they demonstrate a sustainable approach to devel-
oping multifunctional nanomaterials. The zinc oxide/po-
ly(vinyl alcohol) (ZnO/PV A) nanocomposite exhibits excep-
tional structural and functional characteristics, making it
highly promising for a variety of applications in electronics,
optics, water purification, and biomedical fields. Despite its
widespread utility, a complete and unified investigation cov-
ering all key aspects of this composite has been lacking.
This review addresses this gap by dividing the discussion in-
to five main sections. The fundamentals of ZnO nanoparti-
cles, PVA polymer, and their combination, while also com-
paring ZnO/PVA with other nanocomposites. The Proper-
ties section delves into the composite’s electrical, optical,
mechanical, thermal, and surface-related characteristics. In
the Synthesis section, different fabrication techniques and
protocols are outlined, including a detailed analysis of the

mutual enhancement (synergistic effects) between ZnO and
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PVA. The Applications section highlights the practical uses
of ZnO/PVA composites across diverse domains such as
wastewater treatment and medical technology. Nanocom-
posite films were developed using a blend of 70% polyvinyl
alcohol (PVA) and 30% chitosan (Cs), incorporating silver
nanoparticles (Ag NPs) synthesized using Chenopodium
murale leaf extract through a solution-casting technique.
The addition of Ag NPs influenced various properties of the
films. XRD analysis indicated reduced crystallinity, while
SEM showed Ag NPs with cubic and spherical shapes aver-
aging 23.4 nm. SEM and AFM revealed changes in surface
structure, and FTIR confirmed interactions between Ag
ions and the polymer blend. The films also demonstrated en-
hanced mechanical strength and electrical performance,
along with effective antibacterial activity against both
Gram-positive and Gram-negative bacteria. These findings
suggest the nanocomposite films are suitable for use in food
packaging and optoelectronic devices [9-13]. Zinc oxide is
recognized as a multifunctional material due to its remark-
able physical and chemical properties [14-17]. One study fo-
cuses on the synthesis of zinc oxide nanoparticles using
both conventional methods and surfactant-assisted tech-
niques. Different synthesis routes utilizing various precur-
sors and the surface modification of the nanoparticles using
polyvinyl alcohol (PVA) to enhance stability and disper-

sion. The synthesized nanoparticles are analyzed utilizing
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Scanning Electron Microscopy (SEM) and X-ray Diffraction
(XRD) to evaluate essential parameters including particle
size, extent of agglomeration, and uniformity. Among vari-
ous plant sources, Pongamia pinnata, a leguminous tree
with known medicinal and agricultural value, has shown po-
tential as a bioresource for nanoparticle synthesis. Its pods
contain phenolics, flavonoids, and other phytochemicals ca-
pable of reducing and stabilizing metal ions. Simultaneous-
ly, polyvinyl alcohol (PVA), a biodegradable polymer, offers
a promising matrix for embedding such nanoparticles. Al-
though PVA is non-toxic and film-forming, its limited me-
chanical strength and susceptibility to microbial attack re-
strict its broader application. Incorporating ZnO nanoparti-
cles into PVA can significantly improve its structural and

functional attributes.

Materials and Methods

Collection and Preparation of Plant Material

Fresh and mature pods of Pongamia pinnata were
collected from healthy trees in the Udaipur local region, as
seen in Fig.1. The pods were meticulously rinsed with dis-
tilled water to eliminate dust and debris, followed by shade-
drying at ambient temperature for seven days [18]. After
drying, the pods were pulverized into a fine powder utiliz-
ing a mechanical grinder and subsequently preserved in an

airtight container for future use.

m;ﬂ;ﬁ

The seeds are
directed to  The
stainless-steel
pulverizer body

Figure 1: This diagram visually represents the processing of Pongamia pinnata seeds into powdered form through a mechani-

cal process.
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Preparation of Aqueous Extract and green synthesis

of Nanoparticles

To synthesize zinc oxide (ZnO) nanoparticles via a
green chemistry approach, Pongamia pinnata pods were ini-
tially pulverized into a fine powder. Ten grams of the speci-
fied powder were subjected to boiling in 100 mL of distilled
water for a duration of 30 minutes to facilitate the extrac-
tion of phytochemicals, including flavonoids and phenolic
compounds, which function as inherent reducing and stabil-
izing agents. Subsequently, the mixture was filtered through
Whatman No. 1 filter paper, and the resulting clarified ex-

tract was heated to 70-80 °C utilizing a magnetic stirrer.

A
&> -

Pangamia Pinnata
Pod Powder

Zn0 Nanoparticles

Boiling of Powder

- E0-

The resultant brownish extract was subsequently stored at
4°C for future application. For nanoparticle synthesis, a
0.01 M zinc nitrate solution was prepared in deionized wa-
ter. Fifty milliliters of this solution were mixed with 10 mL
of the P. pinnata extract and stirred continuously at
70-80 °C for 2-3 hours. A color change indicated the forma-
tion of ZnO nanoparticles. The reaction mixture was cen-
trifuged at 8000 rpm for 15 minutes, and the obtained pellet
was washed with deionized water three times. Finally, the
nanoparticles were dried in a hot air oven at 60 °C for 6
hours to yield fine ZnO nanoparticle powder, as given in
Fig. 2 [19].

Filtration

§

Centrifuse Filtrate

Figure 2: Synthesis schematics of the ZnO nanoparticles

Zn0 Concentration
Sawfw

0.5%
1%
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i Uniform films
5 g of PVA in 100 mL Manocomposite
of Distilled Water Preparation

Figure 3: Preparation of PVA-ZnO Nanocomposite Films with Varying Nanoparticle Concentrations
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Preparation of Polymer Nanocomposites

Polyvinyl alcohol (PVA) solution was prepared by
dissolving 5 g of PVA in 100 mL of distilled water with cont-
inuous heating at 90 °C until fully dissolved, as given in
Fig.3. The previously synthesized nanoparticles were added
to the PVA solution in varying concentrations (e.g., 0.5%,
1%, and 2% w/w) and stirred vigorously to ensure uniform
dispersion. The nanocomposite mixture was cast onto petri
dishes and allowed to dry at ambient conditions to form uni-

form films.

Result & Discussion
Structural analysis

X-ray diffraction (XRD) was employed to analyze
the crystalline structure, phase purity, lattice parameters,
and average crystallite size of ZnO nanoparticles. When X-
rays were directed onto the crystalline ZnO sample, diffrac-
tion occurred at specific angles, producing a unique pattern
characteristic of the crystal structure. The ZnO nanoparti-

cles were carefully loaded into the XRD sample holder.

D

D is the crystallite size, K signifies the shape factor
(often 0.9), \ represents the X-ray wavelength (1.5406 A for
Cu Ka), B is the full width at half maximum (FWHM) in ra-

5

The X-ray diffraction (XRD) analysis of the speci-
men was performed utilizing Cu-Ka radiation with a wave-
length of 1.5406 A, encompassing a 26 scan from 20° to 80°,
conducted at a rate of 2° per minute, as shown in Fig. 4a
and 4b. The generated diffraction pattern displayed multi-
ple well defined peaks at 20 angles of 31.8°, 34.5° 36.3°,
47.5°, 56.6° 62.9°, and 68.0°. These distinctive peaks corre-
spond to the (100), (002), (101), (102), (110), (103), and
(112) crystallographic planes, respectively, thereby confirm-
ing the synthesis of the hexagonal wurtzite phase of ZnO, as
indexed in accordance with standard JCPDS data (e.g.,
JCPDS Card No. 36-1451). The graph, plotted with 26 on
the X-axis and relative intensity (arbitrary units) on the Y-
axis, reveals sharp and prominent peaks, indicating the crys-
talline nature of the ZnO sample. Variations in peak intensi-
ty suggest differences in preferred orientation and crystallite
size, which could be further investigated through Scherrer
analysis if needed. The crystalline nature and phase identifi-
cation of the synthesized nanoparticles were analyzed using
XRD (Cu-Ka radiation, 26 range: 10°-80°). Crystallite Size
Calculation was done using Debye-Scherrer Equation (Eq.

1):

- B cosb (1)

dians, and 0 is the Bragg angle (0 = 26 / 2). Average crystal-
lite size of the ZnO nanoparticles was found to be in the

range of 18-25 nm, confirming nanoscale dimensions.

Table 1: XRD Peak Positions and Corresponding ZnO Planes in PVA-ZnO Nanocomposite

20 (DEGREES) MILLIE:II_{HI(T‘;)ICES PHASE REMARKS
31.7° -100 ZnO (Wurtzite) Crystalline peak of ZnO
34.4° -2 ZnO (Wurtzite) Strong orientation along the c-axis
36.2° -101 ZnO (Wurtzite) Confirms hexagonal crystal structure
20-25° Broad hump Amorphous PVA Matrix | Indicates non-crystalline nature of PVA

Used to evaluate the incorporation and dispersion
of nanoparticles within the PVA matrix. The X ray diffrac-
tion (XRD) data table provides clear evidence of the success-

ful formation of a PVA ZnO nanocomposite. The diffrac-
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tion peaks observed at 20 values of 31.7°, 34.4°, and 36.2°
correspond to the (100), (002), and (101) planes, respective-
ly, of the hexagonal wurtzite structure of ZnO. The peak at
31.7° indicates the crystalline nature of ZnO, while the
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strong peak at 34.4° suggests a preferred orientation along
the c-axis, indicating anisotropic crystal growth. The 36.2°
peak further confirms the hexagonal crystalline structure of
the ZnO nanoparticles. In contrast, a broad hump observed
between 20° and 25° signifies the amorphous character of
the polyvinyl alcohol (PVA) matrix, which lacks long-range
crystalline order [20-21]. The presence of sharp, wel-
l-defined ZnO peaks over the amorphous background of
PVA confirms the incorporation of crystalline ZnO nano-
particles within a non-crystalline polymer matrix, highlight-
ing the successful synthesis of the nanocomposite material
with distinct dual-phase properties. The provided X-ray Dif-
fraction (XRD) pattern depicts the crystalline properties of

6

a PVA-ZnO nanocomposite. The x axis indicates the diffrac-
tion angle (20), spanning from 20° to 90°, while the y-axis
represents intensity in arbitrary units (a.u.). A broad hump
between 20° and 35° signifies the amorphous nature of the
polyvinyl alcohol (PVA) matrix. Superimposed on this back-
ground, three sharp and distinct peaks appear at 31.7°,
34.4° and 36.2°, corresponding to the (100), (002), and
(101) planes of the hexagonal wurtzite ZnO crystal struc-
ture [22]. These peaks confirm the successful incorporation
and crystalline nature of ZnO nanoparticles within the poly-
mer matrix. The absence of any impurity peaks indicates
the purity and well-defined phase of the ZnO in the com-
posite. This XRD pattern validates the structural integration
of ZnO into the PVA film.
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Figure 4: Hexagonal Wurtzite ZnO (a), PVO-ZnO nanocomposite (b)

Morphology of the nanoparticles and composite

The surface morphology and structural features of
the green-synthesized ZnO nanoparticles were examined
through Scanning Electron Microscopy (SEM). [23] The
SEM images demonstrated that the nanoparticles primarily

displayed spherical to slightly irregular morphologies, with
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some extent of aggregation. This morphological variation is
ascribed to the effect of phytochemicals contained in the
Pongamia pinnata pod extract, which functioned as natural
capping and stabilizing agents throughout the synthesis pro-
cess. The mean particle size was estimated to fall within the
range of 20-40 nm, confirming the formation of nanoparti-

cles within the targeted nanoscale dimensions [24-27].
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While individual particles were distinguishable, moderate
agglomeration was also observed, likely due to interparticle
interactions such as hydrogen bonding or van der Waals
forces among the phytochemical-coated surfaces. The nano-
particle surfaces appeared rough and uneven, indicative of
organic residue or capping agents adhering to the surface,
which can enhance reactivity. Overall, the SEM analysis con-
firmed the successful synthesis of ZnO nanoparticles with
well-defined morphology, nanoscale size, and acceptable dis-
persion characteristics, making them promising candidates

for environmental and biomedical applications [28-29].

The scanning electron microscopy (SEM) image il-
lustrates the fractured surface morphology of a polyvinyl al-
cohol (PVA)-based nanocomposite film embedded with
zinc oxide (ZnO) nanoparticles synthesized via a green
route. Performed on fractured surfaces of the nanocom-
posite films to observe nanoparticle distribution and interfa-
cial bonding with the polymer. The image highlights three
distinct spherical nanoparticles, labeled and measured at ap-
proximately 46 nm, 42 nm, and 40 nm in diameter. These
bright, well-defined particles are evenly distributed within
the polymer matrix, indicating successful dispersion and
minimal agglomeration. The consistent nanoscale dimen-
sions suggest a high level of control over the synthesis pro-

cess and effective integration into the PVA matrix [30-31].

Such uniformity at the nanometer scale is critical,

as it directly influences the composite’s interfacial bonding,

mechanical reinforcement, and overall film homogeneity.
The observed dispersion pattern supports strong interfacial
interactions between ZnO nanoparticles and the PVA
chains, which is vital for enhancing the material's structural
integrity. The small particle size guarantees an extensive sur-
face area-to-volume ratio, facilitating better interaction with
the polymer network and enabling efficient stress transfer
across the matrix.[32-34] These nanoscale features are espe-
cially important for tailoring the film’s functional properties
such as flexibility, transparency, and biodegradability. The
incorporation of ZnO nanoparticles into the PV A matrix of-
fers several significant benefits that enhance the overall per-
formance of the nanocomposite films. Uniform dispersion
of ZnO nanoparticles reinforces the polymer structure, lead-
ing to improved tensile strength, stiffness, and durability
[35-37].

These films also demonstrate improved thermal
stability, allowing them to endure elevated temperatures
without deterioration. Additionally, ZnO imparts strong an-
timicrobial properties, making the films effective against
bacteria and fungi ideal for applications such as food packag-
ing, wound dressings, and medical devices. The nanoparti-
cles also provide excellent UV protection by blocking harm-
ful radiation and preventing polymer photodegradation.
Furthermore, the use of green synthesis methods and
biodegradable PVA ensures that the resulting films are envi-
ronmentally friendly and biocompatible, supporting their

use in sustainable and biomedical technologies.

Figure 5: Nanoparticles exhibiting spherical shapes with uniform size at different resolution (a-b), The SEM image shows uni-

formly distributed, spherical ZnO nanoparticles embedded in the PVA matrix (c).
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The surface morphology of zinc oxide nanoparti-
cles synthesized via a green method utilizing Pongamia pin-
nata pod extract was investigated using Scanning Electron
Microscopy (SEM), as illustrated in micrographs 5a and 5b.
Figure 5a and 5b displays a more defined and uniform distri-
bution of nanoparticles, with predominantly spherical mor-
phology and less agglomeration. The individual particles
are clearly distinguishable, and their sizes appear to be
within the nanoscale range, particularly around 40 nm. This
improved morphology and dispersion in Figure 5b suggest
more effective stabilization by the phytochemicals present
in Pongamia pinnata, such as flavonoids, tannins, and po-
lyphenols, which likely acted as both reducing and capping

agents during nanoparticle synthesis.

Discussion

These findings are consistent with prior research
conducted by Jayachandran. [38], who reported that success-
ful synthesis of pure-phase hexagonal wurtzite ZnO nano-
particles via the sol-gel method is confirmed through com-
prehensive characterization techniques. X-ray Powder Dif-
fraction (XRPD) analysis revealed a well-defined crystallite
size of approximately 21 nm and a low lattice strain of
~7.6 x 107%, indicating high crystallinity and structural in-
tegrity of the nanoparticles.[39] These findings collectively
validate the successful synthesis of phase-pure ZnO nano-
particles demonstrating desirable structural features suit-
able for various nanotechnological applications. Another
nano-ZnO report recorded diffraction peaks at 31.7°, 34.4°,
36.2°,47.6°, 56.7°, and 62.8° for the same crystal planes, con-
firming the high crystallinity and phase purity of ZnO nano-
particles (Debye-Scherrer average crystallite size =~ 30 nm)
These observations confirm the successful green synthesis
of ZnO nanoparticles with controlled size and shape, suit-
able for applications in environmental and biomedical
fields. According to Al-darwesh [40-41], Greensynthesized
ZnO nanoparticles using plant extracts offer eco-friendly,
biocompatible alternatives to conventional methods. Phyto-
chemicals act as reducing and stabilizing agents, influencing
nanoparticle properties. These ZnO NPs show promising
biomedical applications, including antimicrobial, anti-in-

flammatory, and anticancer uses, with potential in drug de-
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livery, wound healing, and biosensing. Highlights the effec-
tiveness of Lawsonia inermis (mehendi) leaf extract in the
green synthesis of ZnO nanoparticles under alkaline condi-
tions using Zn(NOs3), as a precursor. The plant-mediated
synthesis resulted in notable morphological modifications
of the ZnO nanoparticles, as demonstrated by UV-Vis,
XRD, SEM, and TEM analyses [42]. Notably, hexagon-
al-shaped nanoparticles were formed in the presence of the
plant extract, in contrast to the rod-shaped particles synthe-
sized without it. This suggests that the phytochemicals con-
tained in L. inermis served as essential reducing and cap-
ping agents, thereby affecting the morphology and dimen-
sions of the particles. The green-synthesized ZnO nanoparti-
cles demonstrated enhanced antibacterial activity relative to
their chemically synthesized equivalents, presumably at-
tributable to improved surface functionality and stability
conferred by the bioactive compounds present in the ex-
tract. However, the bactericidal effectiveness varied across
different microbial strains, suggesting that the interaction
between ZnO nanoparticles and bacterial cell walls is spe-
cies specific. These findings demonstrate that incorporating
plant extracts during nanoparticle synthesis can enhance
their biomedical properties, particularly antimicrobial effica-
cy. One report highlights hexagonal ZnO nanoparticles syn-
thesized using Pongamia pinnata leaf extract, with average
size around 100 nm. In ZnO/PVA nanocomposites, re-
searchers observed a broad PVA reflection around 19.9°
and sharper ZnO diffraction peaks at 31.96°, 34.67°, and
36.44°, confirming phase separation and pure wurtzite ZnO
incorporation. Similarly, PVA/ZnO nanopillar composite
films exhibited excellent tensile strength, water resistance,
and strong antibacterial properties in both dry and humid
conditions. This simple heat-treatment-based approach of-
fers a promising solution for durable, antimicrobial packag-
ing in moisture-rich environments. According to Zinc
oxide nanoparticles were synthesized via the sol-gel method
and incorporated into chitosan/PVA blend films using the
solution casting technique. Characterization revealed that
increasing ZnO content enhanced amorphousity, thermal
stability, mechanical strength, and antimicrobial activity.
Films with 10-15 wt.% ZnO NPs showed the best overall
performance, making them suitable for antimicrobial pack-

aging and medical applications.
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Conclusions

The research successfully demonstrated the green
synthesis of ZnO nanoparticles using Pongamia pinnata
pod extract and their effective integration into a PVA ma-
trix to fabricate high-performance nanocomposite films.
The XRD analysis confirmed the formation of highly crystal-
line ZnO nanoparticles with hexagonal wurtzite structure,
while SEM imaging validated their nanoscale size and rela-
tively uniform morphology. The estimated crystallite size
(18-25nm) and particle dimensions (20-40 nm) indicated
successful biosynthesis and stabilization by phytochemicals
acting as capping agents. When incorporated into PVA, the
ZnO nanoparticles significantly improved the structural
and functional performance of the polymer. XRD analysis
of the composite films showed distinct ZnO peaks superim-
posed on the amorphous PVA background, confirming the

dual-phase nature of the material. SEM images of the frac-
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tured film surfaces revealed well dispersed nanoparticles
within the polymer matrix with minimal aggregation, con-
tributing to enhanced mechanical properties and interfacial
bonding. The PVA-ZnO nanocomposite films demonstrat-
ed improved tensile strength, thermal stability, and antimi-
crobial activity compared to pure PVA films. These en-
hancements are attributed to the uniform dispersion and
nanoscale interactions between the polymer chains and
ZnO nanoparticles. Additionally, the films exhibited excel-
lent UV-blocking properties and biodegradability, making
them suitable for environmentally friendly applications.
Opverall, this study provides a sustainable and scalable route
to synthesize functional nanocomposites using green chem-
istry principles. The results indicate strong potential for th-
ese materials in biomedical applications, food packaging,
and environmentally sensitive uses. Future work can ex-
plore scale-up production and further explore their biologi-

cal performance in real-world conditions.
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