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This study investigates the development and characterization of a novel composite material consisting of
polyvinyl alcohol (PVA) integrated with Uncaria gambir (UG) and zinc oxide (ZnO) as fillers. The
synergistic effects of UG and ZnO were investigated, focusing on their ability to enhance the film's
properties. UV-vis spectrophotometry demonstrated that the composite film effectively blocked all UV
(UV-A and UV-B) and blue light wavelengths. The mechanical properties were significantly enhanced,
with tensile strength improving by 56% and elasticity by 38% compared to pure PVA. Additionally, water
contact angle measurements showed an increase from 34.4° for pure PVA to 84.4° for the PVA/UG/ZnO
composites, indicating a substantial improvement in hydrophobicity, which suggests the potential for
extended application in environments where moisture resistance is crucial. These findings illustrate the
potential of utilizing natural extracts and metal oxides in polymer composites for applications that
require durable and effective protection against photodegradation and environmental factors. This study
establishes a foundation for further exploration into biocompatible and environmentally sustainable
materials with enhanced protective properties.

1. Introduction

In the digital age, the extensive use of devices emitting blue
light has escalated concerns regarding its potential health
impacts. Blue light, a high-energy component of the visible
spectrum with wavelengths ranging from 400 to 495 nm, can
penetrate deeper into the eye than other forms, potentially
leading to retinal damage and accelerating ocular aging.'™
Concurrently, exposure to ultraviolet (UV) light, which has
wavelengths ranging from 280 to 400 nm and is naturally
regulated by atmospheric conditions, remains a significant risk
factor for skin damage, premature aging, and various forms of
skin cancer.® These risks highlight the critical need for effective
protective solutions, particularly in material development for
shielding applications against these harmful rays. Given the
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growing concerns about environmental sustainability, there is
an increasing demand for materials that are not only effective
but also environmentally friendly and sustainable.®** Modern
advancements in material science have prioritized solutions
that minimize environmental impact while maintaining high
performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Polyvinyl alcohol (PVA) stands out in the field of polymer
science owing to its exceptional film-forming capabilities,
biocompatibility, and water solubility, making it an excellent
base for developing advanced materials."»** Its inherent prop-
erties of clarity and flexibility enable wide-ranging applications,
from packaging films to medical devices, thus providing an
ideal matrix for composite materials aimed at protective
coatings.">*

Uncaria gambir (UG), derived from various plant sources, is
prized for its antioxidant properties, which have been utilized in
traditional medicine and as natural additives in food and
cosmetics.”'® The incorporation of UG into material compos-
ites can leverage these antioxidant properties to stabilize
against oxidative stress and enhance the durability of materials
exposed to sunlight and other sources of radiation, such as UV
light.”” However, while PVA/UG composites exhibit some
protective capabilities, they primarily offer limited shielding
against UV light alone.” This specificity means that other
harmful wavelengths, such as blue light, which are also detri-
mental to materials and can accelerate degradation processes,
are not adequately addressed by PVA/UG composites. Addi-
tionally, although UG alone has some antibacterial properties,
these are not sufficiently strong for applications that require
higher antibacterial effectiveness.” To achieve more compre-
hensive protection, an additional approach is necessary.

Zinc oxide (ZnO) is another versatile agent known for its
ability to block UV light, along with its antibacterial and anti-
fungal properties.**?® In various applications, from sunscreens
to semiconductor devices, ZnO has demonstrated efficacy in
providing UV protection and enhancing the mechanical
strength and thermal stability of composites.”* Its non-toxicity
and compatibility with other materials make it an ideal choice
for a wide range of technological and medical applications.****
Studies have demonstrated that ZnO nanoparticles can enhance
mechanical properties, thermal stability, barrier performance,
and antimicrobial activity in nanocomposites, as reported in
various literature sources.>” For instance, ZnO nanoparticles
embedded in gelatin films improved their water vapor perme-
ability by about 8.54%.%® Similarly, the addition of ZnO to
gelatin/cellulose nanofiber films resulted in enhanced tensile
strength and antibacterial activity, demonstrating their poten-
tial as active food packaging materials.*

Moreover, ZnO is added to enhance barrier properties,
particularly addressing the hydrophilic nature of UG, which can
otherwise reduce the effectiveness of the barrier against mois-
ture and other environmental factors.** Previous studies have
shown that mixing UG with PVA results in increased antibac-
terial resistance, UV protection, heat resistance, tensile strength
and so on.** However, the addition of UG alone to PVA does not
significantly enhance antimicrobial properties.** Previous
studies have shown that the addition of ZnO nanoparticles to
PVA produces UV-light-resistant PVA/ZnO composites with
excellent transparency and antibacterial properties.**** There-
fore, in this paper, we look more closely at the use of ZnO
nanoparticles to prepare and characterize PVA/UG/ZnO
composite films with better properties, providing more thor-
ough knowledge of their behavior.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This study integrates UG and ZnO into a PVA matrix,
marking the first investigation of the synergistic effects of these
fillers within a PVA composite film. Our research focuses on
significantly enhancing the composite's ability to block harmful
light, exploring the comprehensive optical properties and
protective efficacy of this novel material. We hypothesize that
the dual functionality of UG and ZnO not only offers superior
protective properties but also supports the objectives of
sustainability and environmental safety in material production.
By showcasing the enhanced optical characteristics and effec-
tiveness of this PVA-based composite, our study lays the
groundwork for future applications in areas such as protective
eyewear and biodegradable packaging solutions that demand
robust protection against light-induced degradation.

2. Materials and methods
2.1 Materials

Pure PVA (MW: ~75000 g mol *, >99% hydrolysis) and ZnO
nanoparticles with particle sizes less than 100 nm were supplied
by Sigma-Aldrich Pte. Ltd Singapore. UG was obtained from the
Sumatran Biota Laboratory, Andalas University, Padang. It was
composed of catechins (91.8%), water (8.1%), and ash (0.1%).
Sodium hydroxide (NaOH), sodium hypochlorite (NaClO), and
sodium bromide (NaBr) were purchased from PT. Brataco,
Padang, Indonesia. 2,2,6,6-Tetramethylpiperidine-1-oxyl
(TEMPO) was acquired from Sigma-Aldrich Co., USA.

2.2 Sample preparation

The preparation of PVA/UG/ZnO composites commenced with
the dispersion of PVA powder in water to form a 10 wt% solu-
tion, which was continuously stirred at 100 °C for 2 hours using
a magnetic stirrer. After the PVA had completely dissolved,
1 wt% UG was added to the mixture, and stirring continued
until full dispersion was achieved. Subsequently, ZnO was
introduced at varying concentrations (0.02, 0.05, 0.07, and
0.1 wt%), and the mixture was stirred for an additional 30
minutes to ensure uniform distribution of ZnO particles
throughout the composite. To further homogenize the mixture
and break down any agglomerates, the solution was sonicated
using an ultrasonic probe at 650 W for 15 minutes. The final
mixture was then cast into a Petri dish and dried in an oven at
50 °C for 24 hours, resulting in the formation of solid films.
Fig. 1 shows the photographs of the fabricated films for all
samples.

2.3. Structural and chemical characterization

For the structural and chemical characterization of the samples,
Fourier-transform infrared (FTIR) spectroscopy was conducted
using a PerkinElmer Frontier FTIR spectrometer (PerkinElmer,
Inc., USA). The spectra were recorded over the 4000-500 cm ™
range with a resolution of 4 em™", and an average of 32 scans
was taken for each sample. X-ray diffraction (XRD) analysis was
performed using a PANalytical X'Pert PRO diffractometer (Phi-
lips Analytical, Netherlands), with Cu Ko radiation (A = 1.5406
A) at an operating voltage of 40 kv and a current of 30 mA. The
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Fig. 1 Photographs of PVA (a), PVA/UG (b), PVA/UG/Z0.02 (c), PVA/UG/Z0.05 (d), PVA/UG/Z0.07 (e), and PVA/UG/Z0.1 (f).

diffraction patterns were collected over a 26 range of 5-100° at
a scanning rate of 1° min~". Thermogravimetric analysis (TGA)
was carried out using a DTG-60 instrument (Shimadzu, Kyoto,
Japan), serial number C30565000570, equipped with a TA-60WS
thermal analyzer, FC-60A flow controller, and TA-60 software.
Approximately 10 mg of each sample was placed into the
instrument, which was set to a nitrogen atmosphere at a flow
rate of 50 mL, min~", and the samples were heated from room
temperature to 600 °C at a rate of 20 °C min~ " to determine the
thermal stability and degradation profiles.

2.4. Optical properties and surface characteristics

For the optical properties and surface characteristic analysis, UV-
visible (UV-vis) spectroscopy was conducted using a Shimadzu UV
1800 spectrophotometer (Shimadzu, Japan) to measure the
optical absorbance and transmittance of the composite films.
The absorbance spectra were recorded in the range of 280-
800 nm. The contact angles were measured using the ASTM
D7334 methodology and the sessile drop method. A droplet of 10
ul of deionized water was placed on a representative spot outside
the veneering area of the film. A digital microscope with an
optical axis horizontal and parallel to the sample surface was
used to measure the contact angle. The measurement was
recorded 60 seconds after the droplet made contact with the
surface, ensuring a stable reading, and all measurements were
conducted at room temperature. For each film, one measure-
ment was performed, with the droplet placed at the center of the
film to maintain consistency across the samples.

2.5. Mechanical properties

The mechanical properties of the composite films, including
tensile strength, Young's modulus, and elongation at break,

2768 | RSC Adv, 2025, 15, 2766-2778

were investigated using a Com-Ten 95T series universal testing
machine in accordance with ASTM D638-Type V. The tests were
conducted to evaluate the film performance under stress and to
determine their mechanical behavior. The fractured surfaces of
the films, obtained after tensile testing, were analyzed using
Field Emission Scanning Electron Microscopy (FESEM) con-
ducted with the ThermoFisher Dual-Beam FIB Aquilos2,
equipped with a field-emission electron source, operating at
room temperature. The samples were transferred under
a vacuum from the preparation station to the Aquilos2 main
chamber. To improve surface conductivity, a thin platinum
layer of approximately 5 nanometers thick was deposited on the
samples using an integrated retractable sputter coater, oper-
ating at 30 mA for 15 seconds. High-resolution imaging was
achieved with an electron beam set to 25 pA and 2 kV.

2.6. Barrier and environmental resistance

The barrier properties of the composite films against moisture
were assessed by measuring the water vapor permeability (WVP)
using the gravimetric method in accordance with ASTM E96. A
Water Vapor Transmission Rate Tester Machine (Labthink,
China) was used to determine the vapor transmission rate of the
samples. All tests were conducted at a temperature of 38 °C, with
a differential relative humidity (RH) of 90% across the two sides of
the samples. The moisture absorption (MA) of the films was
measured using a previously described method. The film samples
were first dried in a drying oven (Memmert, Germany, Model 55
UN) at 50 °C until they reached a constant weight. After drying, the
films were placed in a closed chamber with a controlled RH of
75% at 25 °C. The samples were weighed every 30 minutes for 7
hours using a precision balance (Kenko, with 0.1 mg accuracy) to
track the weight gain due to moisture absorption.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.7. Durability and environmental impact

The durability and environmental impact of the composite
films were evaluated through a soil burial test and antibacterial
testing. For the biodegradability assessment, a soil burial test
was conducted to track the degradation profile of the films over
time. The samples were buried in natural soil at a depth of
10 cm and maintained under ambient conditions. The weight
loss of the films was measured at regular intervals for 30 days to
determine the rate and extent of biodegradation. The degrada-
tion profile provided insights into the environmental friendli-
ness of the composite materials. The antibacterial properties of
the films were assessed against Staphylococcus aureus (S. aureus)
and Escherichia coli (E. coli) to determine their potential for
antimicrobial applications. The antibacterial effectiveness was
evaluated using a zone of inhibition method, in which the films
were placed on agar plates inoculated with S. aureus and E. coli.
The plates were incubated at 37 °C for 24 hours, and the inhi-
bition zone around the samples was measured to determine the
antibacterial activity.

3. Results and discussions

3.1 Optical properties and surface characteristics

Fig. 2a presents the FTIR spectra of PVA and PVA/UG/ZnO
composite films across the various formulations. The spectra
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Fig. 2 FTIR (a), XRD (b), TGA (c), and DTG (d) curves for all samples.
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highlight the characteristic bands, particularly in the OH
stretch region around 3200 cm ™ ".** In the base PVA film, the OH
stretch appears at 3270 cm™ ' with 53.3% transmittance, indi-
cating the presence of hydroxyl groups.”” Upon the addition of
UG, the intensity of the OH band decreases slightly to
3245 cm ! with 58.5% transmittance, suggesting some inter-
action between PVA and UG, which affects the hydrogen
bonding within the matrix. This interaction likely involves the
formation of new bonds between PVA and the phenolic
compounds in UG, which could slightly reduce the number of
free OH groups." This is similar to previous results.**

As ZnO is incrementally added to the PVA/UG mixtures, there
is a notable decrease in the intensity of the OH band, shifting
from 59.1% transmittance at 0.02 wt% ZnO to 68.6% trans-
mittance at 0.1 wt% ZnO. This trend suggests that ZnO has
a significant impact on the hydrogen bonding environment
within the composite. The increase in transmittance and the
shift in the OH band peak could be attributed to the interaction
of ZnO particles with the OH groups of PVA and UG, potentially
forming Zn-OH bonds.*® This interaction leads to a reduction in
the availability of free OH groups, thus diminishing the overall
intensity of the OH band.

Furthermore, the wavelength region of 1000-1100 cm™
presents the C-O stretch. This peak, indicating ether or alcohol
groups, exhibits a decrease in intensity after the addition of UG
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and further with increasing concentrations of ZnO.** This
reduction suggests that the incorporation of UG and ZnO into
the PVA matrix may facilitate interactions or bonding that affect
the ether or alcohol groups traditionally observed in PVA.*”

The lowering of peak intensity in this region can be attrib-
uted to several potential mechanisms: the formation of new
bonds involving these oxygen-containing groups, the physical
encapsulation of these groups within the composite matrix, or
chemical alterations such as cross-linking facilitated by ZnO.
These interactions likely lead to a denser, more complex
network within the material where the typical vibrational modes
of the C-O groups are restricted, resulting in reduced peak
intensities.*®

XRD patterns for PVA films, in both their pure form and
incorporated with UG and varying concentrations of ZnO, are
shown in Fig. 2b. The XRD pattern for pure PVA shows sharp,
well-defined peaks, reflecting its semi-crystalline nature, which
is typical for untreated PVA films.** The addition of UG slightly
alters these peaks, suggesting interactions that might affect the
hydrogen bonding patterns within PVA, potentially due to the
phenolic compounds present in UG.* Further structural
changes are evident with the introduction of ZnO. As ZnO
concentration increases (from 0.02 to 0.1), the XRD patterns
display a shift in peak positions and a reduction in peak
intensities.

The decreased peak intensity in the PVA/UG/ZnO films can
be interpreted as a result of the capacity of ZnO nanoparticles to
construct covalent bonds with the -OH groups of the PVA
structure. According to Abd-Elnaiem et al., this interaction
facilitates crosslinking between the -OH groups of the PVA and
the ZnO nanoparticles. Such crosslinking can significantly
affect the material's mechanical properties and chemical
stability.**

The TGA and DTG curves for the PVA, PVA/UG, and PVA/UG/
ZnO films are shown in Fig. 2(c) and (d), respectively. The TGA
curves demonstrate the thermal stability of the films, with all
samples exhibiting a similar thermal degradation pattern. Pure
PVA exhibits a two-step degradation process: the first weight
loss occurs below 150 °C, attributed to the evaporation of water,
while the second, with more significant weight loss, occurs
between 300 °C and 400 °C, corresponding to the degradation of
the PVA backbone.*

With the addition of UG, the thermal degradation pattern
remains similar to that of pure PVA, but a slight improvement in
thermal stability is observed. The onset of thermal degradation
is delayed slightly, indicating that UG contributes to enhancing
the thermal resistance of the composite.* However, the most
noticeable improvement in thermal stability occurs with the
incorporation of ZnO. As ZnO content increases, the onset
temperature of the major degradation phase shifts towards
higher temperatures. For example, the PVA/UG/Z0.1 film shows
a delayed degradation onset compared to both pure PVA and
PVA/UG. This enhancement in thermal stability can be attrib-
uted to the reinforcing effect of ZnO nanoparticles, which act as
a barrier, preventing the diffusion of volatile degradation
products and providing additional thermal protection to the
polymer matrix.**

2770 | RSC Adv, 2025, 15, 2766-2778

View Article Online

Paper

The DTG curves (Fig. 2d) further support these findings by
showing the rate of weight loss as a function of temperature.
Pure PVA exhibits a sharp DTG peak around 350 °C, indicating
rapid degradation at this stage. With the addition of UG, the
DTG peak shifts slightly to a higher temperature, while the
incorporation of ZnO results in a more gradual degradation
process, as indicated by the broader and less intense DTG
peaks. This suggests that the ZnO particles help to reduce the
thermal degradation process by stabilizing the polymer matrix.

3.2 Optical properties and surface characteristics

Fig. 3 illustrates the UV-vis transmittance properties of PVA
films modified with UG and varying concentrations of ZnO, with
a detailed analysis focused on the UVA (320-400 nm), UVB (280-
320 nm), and blue light (400-495 nm) regions.* The trans-
mittance curve for pure PVA (Fig. 1a) shows significant
absorption in the UVB range. The curve indicates that pure PVA
provides some protection against UVB although not as
substantial as when additives are included. With the addition of
UG (Fig. 1b), there is a marked improvement in UV blocking
within the UVB and UVA ranges. This enhancement is attrib-
uted to the high content of phenolic compounds in UG,
particularly catechins, which are known for their ability to
absorb UV light. These compounds interact with the PVA
matrix, which forms a network that dissipates UV radiation,
thereby reducing transmittance. However, UG alone does not
significantly enhance protection against blue light, as its
absorption properties are more effective in the UV spectrum."”**

The introduction of ZnO (Fig. 1c-f) further modifies the UV
protection characteristics. Starting with a low concentration of
ZnO (0.02), there is an interesting shift in the transmittance
characteristics across both UVA and UVB regions. As the
concentration of ZnO increases, the films exhibit a pronounced
decrease, especially for blue light. Notably, samples containing
0.05, 0.07, and 0.1 wt% ZnO exhibit 100% UV and blue light
blocking, with complete attenuation of wavelengths in the 400-
495 nm range. This exceptional performance arises from ZnO's
dual mechanisms: photon absorption within its wide band gap
(~3.1 eV) and light scattering due to its nanoscale particle size
and high refractive index. ZnO absorbs high-energy photons
from UV and blue light, causing electron excitation from the
valence band to the conduction band. This excitation generates
electron-hole pairs that contribute to a denser optical barrier,
effectively preventing light transmission.****

These findings underscore the synergistic effects of UG and
ZnO in the composite matrix. UG primarily absorbs UV radia-
tion, while ZnO extends protection into the blue light region
through its bandgap properties and scattering capabilities. The
dense composite structure formed by the interaction of these
fillers with the PVA matrix further enhances the material's
ability to block UV (UV-A and UV-B) and blue light. The result is
a highly effective optical shield suitable for applications in
protective coatings, packaging, and eyewear, where compre-
hensive protection against harmful wavelengths is crucial.
However, the increased opacity in the visible range suggests
a trade-off between UV protection and optical -clarity,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-vis transmittance curves of PVA (a), PVA/UG (b), PVA/UG/Z0.02 (c), PVA/UG/Z0.05 (d), PVA/UG/Z0.07 (e), and PVA/UG/Z0.1 (f), and

water contact angle values for all samples (g).

emphasizing the need for careful optimization of ZnO content
depending on specific application requirements.

In addition to the UV-vis properties, the water contact angle
(WCA) measurements further reveal the surface characteristics
of the PVA/UG/ZnO films. As shown in Fig. 3g, the contact angle
of pure PVA is 34.4°, indicating a relatively hydrophilic surface.
Upon the incorporation of UG, the contact angle decreases
significantly to 12.2°, suggesting a low performance of UG in
enhancing the barrier properties of PVA, likely owing to the
presence of polar groups in the UG. This is consistent with our
previous work, which showed that the addition of UG does not
significantly increase the contact angle value of PVA.*® Inter-
estingly, with the addition of ZnO, the water contact angle
increases progressively with higher ZnO concentrations. For
PVA/UG/ZnO films, the contact angle rises to 74.6° at 0.02 wt%
ZnO and further increases to 84.4° at 0.1 wt% ZnO, indicating
enhanced hydrophobicity. This increase in hydrophobicity with
ZnO content can be attributed to surface roughness and the
inherent hydrophobic nature of ZnO particles.*” This result is
consistent with the FTIR data, which show a reduction in the —
OH stretch band intensity, suggesting fewer available hydroxyl
groups as ZnO interacts with them, which contributes to the
increased hydrophobicity.

3.3 Mechanical and morphological properties

The tensile properties of the PVA/UG/ZnO composite films were
evaluated through the measurement of toughness (TN), elon-
gation at break (EB), tensile strength (TS), and Young's modulus
(YM), as illustrated in Fig. 4. The pure PVA sample, which serves
as the control, showed moderate levels of TN, EB, TS, and YM,
meaning that it has a good balance between flexibility and
strength, but is not extremely strong or tough. When UG was
added to PVA (PVA/UG), the film became more brittle, leading to
lower toughness and elongation at break. However, both TS and
YM increased compared to pure PVA. This suggests that while
UG made the film stronger and stiffer, it also reduced its ability

© 2025 The Author(s). Published by the Royal Society of Chemistry

to stretch and absorb energy likely due to poor bonding between
UG and PVA.

When ZnO was added to the PVA/UG composite (PVA/UG/Z),
the mechanical properties improved noticeably. The addition of
ZnO nanoparticles restored and enhanced both TN and EB, with
the PVA/UG/Z0.1 sample showing the best performance. This
improvement can be explained by the fact that ZnO acts as
a reinforcing agent, helping to strengthen the material and
allowing it to absorb more energy and stretch further without
breaking. As more ZnO was added, TN and EB increased,
showing that ZnO helped the film resist cracking and breaking
better than PVA or PVA/UG alone.

Similarly, TS and YM also improved with the addition of
ZnO. PVA/UG/Z composites, especially the sample with the
highest ZnO content (PVA/UG/ZnO 0.1), showed the greatest
increases in both strength and stiffness. This means that the
material became stronger and more resistant to deformation as
more ZnO was added. For the best-performing sample, PVA/UG/
ZnO 0.1, the TS increased by approximately 56% compared to
pure PVA, while the YM improved by 34%, showing significant
enhancement in both strength and stiffness.

The addition of ZnO significantly improved the mechanical
properties due to ZnO's role as a reinforcing filler. As observed
by Huang et al., ZnO promotes better polymer chain interac-
tions, leading to stronger films. In the PVA/UG/Z, ZnO improved
interfacial bonding and stress transfer, which increased the
mechanical properties of the films through enhanced nano-
particle dispersion.”® To further investigate the changes in
mechanical behavior, Fig. 5 presents the FESEM images of the
fractured surfaces of the films. The pure PVA film (Fig. 5a)
exhibits a smooth and uniform surface, which is characteristic
of its homogeneous structure. The addition of UG (Fig. 5b)
introduces roughness and irregularities, indicating poor
dispersion and weak bonding between the PVA matrix and UG,
which contributes to the reduced energy absorption and brit-
tleness observed during tensile testing.
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Fig. 4 Average values of TN-EB (a), TS-YM (b), and stress—strain curve (c) for all films.

At low ZnO concentrations (Fig. 5c¢), the fracture surface
remains irregular, with no distinct ZnO nanoparticles visible.
This might suggest that the nanoparticles are too small to be
resolved at this composition. As the ZnO content increases to
0.05 wt% (Fig. 5d), the surface shows improved uniformity but
still lacks clearly identifiable particles. In contrast, at higher
ZnO concentrations (Fig. 5e and f), distinct ZnO nanoparticles
are clearly visible as bright, irregular particles embedded within
the PVA/UG matrix. Their presence indicates better nano-
particle dispersion and integration at these concentrations,
likely contributing to enhanced mechanical performance. The
nanoparticles act as stress transfer points, reinforcing the
matrix and distributing applied loads more effectively.* This
explains the significant improvement in toughness, elongation
at break, tensile strength, and tensile modulus for these
samples. For instance, PVA/UG/Z0.1, which shows the highest
concentration of ZnO nanoparticles, achieved an 80% increase
in TN and a 38% improvement in EB compared to pure PVA.

2772 | RSC Adv, 2025, 15, 2766-2778

3.4 Durability and environmental impact

The moisture absorption data presented in Fig. 6a, and the
water vapor permeability (WVP) and water vapor transmission
(WVT) results shown in Fig. 6b together demonstrate the
enhanced barrier properties of PVA/UG/ZnO composite films. In
Fig. 6a, pure PVA exhibits the highest moisture absorption over
the 480 minute testing period, which is consistent with its
hydrophilic nature. The addition of UG slightly reduces mois-
ture absorption, indicating some improvement in water resis-
tance, although this effect remains moderate. The most
significant reduction in moisture absorption occurs in the PVA/
UG/ZnO composite films, particularly at higher ZnO concen-
trations, with the PVA/UG/Z0.1 film showing the lowest
absorption. This is likely due to ZnO's ability to interact with
hydroxyl (-OH) groups in PVA and UG, which reduces the
number of free -OH groups available to bond with water
molecules, thereby enhancing hydrophobicity.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Surface morphology of the film's fracture surface of PVA (a), PVA/UG (b), PVA/UG/Z0.02 (c), PVA/UG/Z0.05 (d), PVA/UG/Z0.07 (e), and

PVA/UG/Z0.1 (f).
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Fig. 6 Moisture absorption (a), and WVP-WVT (b) values for all films. Different lower-case letters indicate a significant difference in mean values
(p = 0.05). Identical letters indicate values that are not significantly different.

Similarly, Fig. 6b shows that pure PVA also has the highest
WVP and WVT, indicating greater water vapor permeability. The
incorporation of UG reduces both WVP and WVT, improving the
moisture barrier properties of the film, although not signifi-
cantly. However, with the incremental addition of ZnO, WVP
and WVT decrease substantially, with the PVA/UG/Z0.1 film
again showing the lowest values. This reduction in permeability
is attributed to ZnO's ability to form a denser composite
structure, effectively hindering the movement of water vapor
through the film.*°

Table 1 provides a comparison of the WVP values from this
work with the literature data. Notably, despite using only

© 2025 The Author(s). Published by the Royal Society of Chemistry

0.02 wt% ZnO in the PVA/UG/ZnO films, the result is superior to
or comparable with films from the literature that use much
higher ZnO loadings. For instance, a PVA/ZnO film with 5 wt%
ZnO exhibits a WVP of 1.61 x 107" g ecm ™' em™ > s' Pa™ 1),
which is lower than the current work's PVA/UG/ZnO films.*
However, the films in this work achieve superior performance
with far less ZnO, highlighting the synergy between ZnO and UG
in enhancing barrier properties.

Additionally, when compared to other literature examples,
the PVA/UG/Z0.02 film from this study demonstrates signifi-
cantly better WVP. These results highlight the ability of UG to
improve ZnO dispersion and interaction in the polymer matrix,
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Table 1 Comparison of the WVP of this work's film with that reported in the literature

Films ZnO (%) WVP (g cm ecm ™25~ Pa™?) Ref.
PVA/ZnO/UG 0.02 4.14 x 107" This work
PVA/ZnO 5 1.61 x 107" 51
PVA/graphene oxide/ZnO 5 1.94 x 10°° 52
PVA/starch/ZnO 0.5 1.23 x 10°° 53
PVA/gelatin/ZnO@quaternized chitosan 2 3.06 x 107 54
PVA/glycerol/basil seed gum/ZnO 1 1.20 x 107° 55
Gelatin/cellulose nanofiber/ZnO 1 2.19 x 107 29
Gelatin/tragacanth/ZnO 1 1.94 x 1073 28
Gelatin/mentha piperita/ZnO 5 4.52 x 1078 25

reducing the defects that facilitate water vapor transmission.
Furthermore, the enhanced interaction between UG, ZnO, and
PVA creates a dense, compact composite network that effec-
tively blocks moisture movement.

In summary, Table 1 confirms that the PVA/UG/ZnO films in
this work outperform films with similar ZnO loadings and
achieve superior WVP with significantly lower ZnO concentra-
tions compared to the literature. This demonstrates the
remarkable efficiency of UG and ZnO in combination, making
the films highly effective as moisture barriers.

3.5 Barrier and environmental resistance

The results from the soil burial test and antibacterial activity
data illustrate the significant effects of ZnO concentration on
the biodegradation and antibacterial properties of the PVA/UG/
ZnO composite films. In the soil burial test (Fig. 7), the pure PVA

15 BN rva
B rvA/UG
B PVA/UG/Z0.02
PVA/UG/Z0.05
PVA/UG/Z0.07
— PVA/UG/Z0.1
§ 10 +
‘S - s BN /
N / 7
. R ¢
' /
. ' A
3 7 30

Day

Fig. 7 Weight loss of all films in the soil burial test over a period of up
to 30 days.
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film shows a steady increase in weight loss over the 30 day
period, which indicates ongoing biodegradation. The addition
of UG leads to even higher weight loss, especially on days 7 and
15, suggesting that UG enhances the biodegradability of the
PVA matrix. However, as the concentration of ZnO increases, the
weight loss progressively decreases, with the PVA/UG/Z0.1
sample exhibiting the least weight loss by day 30. This reduc-
tion in weight loss with a higher ZnO content suggests that ZnO
enhances the structural integrity and durability of the films,
slowing down their degradation in soil. This difference can be
ascribed to the dense film structure mainly created by ZnO in
the bulk phase of the film, thus delaying the degradation
process. ZnO likely contributes to a denser matrix within the
composite, reducing the access of microorganisms and mois-
ture to the polymer chains, which results in decreased biodeg-
radation rates.*®

Fig. 8 demonstrates the antibacterial activity of the PVA/UG/
ZnO films through the inhibition zones formed against S.
aureus (Fig. 8a) and E. coli (Fig. 8b). As presented in Table 2, the
addition of ZnO significantly enhances the antimicrobial
performance of the films. The pure PVA/UG film does not
exhibit any antibacterial effect, as shown by the absence of an
inhibition zone. However, as ZnO is introduced and its
concentration increases, the inhibition zone against S. aureus
expands, with the PVA/UG/Z0.1 film showing the largest zone of
inhibition (15.39 mm). Although the positive control (chlor-
amphenicol disk) shows a larger inhibition zone, the ZnO-
modified films demonstrate considerable antibacterial
activity. For E. coli, no inhibition zone is observed for the PVA/
UG film or the PVA/UG/Z0.02 film. However, with higher ZnO
concentrations, the antibacterial activity against E. coli becomes
significant. The PVA/UG/Z0.05 film exhibits an inhibition zone
of 9.04 + 0.32 mm, which further increases to 11.01 4+ 0.45 mm
in the PVA/UG/Z0.1 film.

This indicates a clear trade-off in the properties of the PVA/

UG/ZnO films. As the ZnO content increases, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Antimicrobial activity of all samples
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Fig. 8 Diameter of the inhibition zone represented by a more transparent area against (a) S. aureus and (b) E. coli.

Diameter of inhibition Diameter of inhibition

No. Sample zone (mm) against S. aureus zone (mm) against E. coli
1 PVA/UG — 0

2 PVA/UG/Z0.02 11.14 £ 0.20 0

3 PVA/UG/Z0.05 13.43 £ 1.45 9.04 £+ 0.32

4 PVA/UG/Z0.07 14.74 £ 1.93 8.96 + 0.73

5 PVA/UG/Z0.1 15.39 £ 1.60 11.01 £ 0.45

6 Positive control (+)chloramphenicol disk 30 ug per disk 28.97 + 0.99 31.61 + 0.17

biodegradability of the films decreases owing to enhanced
structural integrity and reduced degradation in soil. However,
higher ZnO concentrations significantly improve the antibac-
terial properties of the films, making them more effective
against S. aureus. Therefore, the choice of ZnO concentration in
these films must balance the need for biodegradability with the
requirement for antibacterial performance depending on the
intended application.

4. Conclusions

This study successfully developed and characterized PVA
composite films integrated with UG and ZnO as fillers. The
incorporation of ZnO and UG into the PVA matrix resulted in
substantial improvements in UV and blue light shielding. UV-
vis spectrophotometry revealed that films containing 0.05,
0.07, and 0.1 wt% ZnO exhibited 100% UV and blue light
blocking. Additionally, the composite films displayed enhanced
mechanical properties, with tensile strength increasing by 56%
and elasticity improving by 38% compared to pure PVA, high-
lighting ZnO's role as a reinforcing agent. Surface character-
ization, including water contact angle measurements, showed
a marked increase in hydrophobicity with the addition of ZnO.
The water contact angle improved from 34.4° for pure PVA to

© 2025 The Author(s). Published by the Royal Society of Chemistry

84.4° for PVA/UG/ZnO composites with 0.1 wt% ZnO, indicating
that these composite films have potential applications in envi-
ronments requiring moisture resistance. The reduction in -OH
group availability, as observed in the FTIR spectra, supported
this finding, which suggests that ZnO interacts with hydroxyl
groups, contributing to the enhanced hydrophobicity and
barrier properties of the films.

However, a trade-off between biodegradability and antibac-
terial efficacy was observed. The soil burial test demonstrated
that although UG improves the biodegradability of the PVA
films, the addition of ZnO progressively reduced the weight loss,
indicating a decrease in biodegradability. This reduction is
likely due to the denser structure formed by ZnO, which
impedes the penetration of microorganisms and moisture into
the polymer matrix, thereby reducing degradation. In contrast,
the antibacterial activity of the films improved significantly with
higher ZnO concentrations. Against S. aureus, the inhibition
zone increased from 11.14 mm for PVA/UG/Z0.02 to 15.39 mm
for PVA/UG/Z0.1. Similarly, against E. coli, the inhibition zone
increased from 9.04 + 0.32 mm for PVA/UG/Z0.05 to 11.01 £+
0.45 mm for PVA/UG/Z0.1.

In conclusion, the PVA/UG/ZnO composite films offer
a balance of UV protection, mechanical strength, hydropho-
bicity, and antibacterial properties, with the trade-off between

RSC Adv, 2025, 15, 2766-2778 | 2775
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biodegradability and durability being a key consideration.
These findings open pathways for further exploration of these
films in applications such as sustainable packaging and
protective eyewear, where UV shielding, moisture resistance,
and antibacterial effectiveness are critical. Future work should
focus on optimizing ZnO content to strike the right balance
between environmental sustainability and performance
depending on the specific application.
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