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Abstract. Polymer films that combine mechanical durability with ultraviolet (UV) protection are
needed for sustainable packaging. In this study, polyvinyl alcohol (PVA) films reinforced with
cellulose nanofibers (CNF) and incorporated with Moringa oleifera leaf extract (MLE) were
prepared by solution casting at combined loadings of 1—-4 wt% CNF and 0.5-2 wt% MLE. The
tensile properties, UV—visible transmittance, and crystalline structure of the films were
evaluated, and the tensile data were analyzed by one-way ANOVA followed by Duncan’s
multiple range test (p < 0.05). Tensile strength and tensile modulus increased significantly with
increasing CNF-MLE loading. The P-CNF4/MLE? film exhibited the highest tensile strength
(75.47 £ 2.89 MPa) and tensile modulus (654.04 = 14.96 MPa), corresponding to increases of
118.4% and 116.8%, respectively, relative to neat PVA. Although elongation at break decreased
at the lowest loading, both elongation at break and toughness increased at higher loadings,
reaching 334.43 £ 6.90% and 227.96 + 15.43 MJ m>3, respectively, for P-CNF4/MLE2. All
composite films strongly attenuated UV radiation; films containing at least 2 wt% CNF and 1
wt% MLE transmitted less than approximately 1% of the incident light across the 200—400 nm
range, whereas visible-light transmittance at 600 nm decreased from approximately 92% for
neat PVA to 45% for P-CNF4/MLE2. X-ray diffraction confirmed that the semicrystalline
structure of PVA was retained without the formation of a new crystalline phase, while the
crystallinity index increased from 71.79% to 87.91%. The combined incorporation of CNF and
MLE therefore produced strong, tough, and UV-shielding PVA films with potential application
as light-protective packaging materials.
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1. Introduction

The widespread reliance on petroleum-derived plastics for food packaging has become a

major environmental problem, as these materials are consumed in large quantities, degrade very
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slowly, and accumulate persistently in terrestrial and marine environments [1]. Conventional
plastics nevertheless continue to dominate the market owing to their low cost, easy
processability, durability, and effective protection of packaged goods from the surrounding
environment. Any sustainable substitute must therefore offer sufficient mechanical integrity and
functional performance throughout processing, storage, distribution, and use [2]. In addition to
acting as physical barriers, packaging materials are now increasingly required to shield their
contents from ultraviolet (UV) radiation, which accelerates the deterioration of light-sensitive
products [3].

Polyvinyl alcohol (PVA) is widely studied as a matrix for sustainable packaging films,
owing to its good film-forming capacity, high optical clarity, flexibility, adequate mechanical
properties, and compatibility with solution casting [4—6]. It is water-soluble, biodegradable under
suitable environmental conditions, and rich in hydroxyl groups that readily interact with
polysaccharides, nanocellulose, and plant-derived compounds [7,8]. Moreover, PVA exhibits
relatively low oxygen permeability under dry conditions, making it potentially suitable for
packaging oxidation-sensitive products. However, neat PVA films have important limitations,
including high hydrophilicity, moisture sensitivity, and inadequate UV-shielding performance
[9]. Because PVA contains abundant hydroxyl groups, it readily absorbs water from humid
surroundings; the absorbed water plasticizes the polymer, disrupts its crystalline domains, and
markedly increases gas permeability, so the excellent oxygen barrier of dry PVA deteriorates
considerably at high relative humidity [10]. In practice, this moisture sensitivity can cause
swelling, dimensional instability, loss of mechanical strength, and reduced barrier protection
when PVA films are in contact with moist foods or are stored and distributed under humid
conditions, such as those typical of tropical climates and refrigerated supply chains [9,10].
Furthermore, neat PVA is highly transparent and transmits a large fraction of UV-A and part of
the UV-B radiation; it therefore offers little protection against UV-induced lipid photo-oxidation,
vitamin and pigment degradation, discoloration, and off-flavor development in light-sensitive
products such as dairy products, oils, meat, and fresh produce [3]. Overcoming these limitations
is thus essential if PVA films are to move beyond dry-goods applications and serve as protective
packaging for perishable and photosensitive foods. In addition, their balance of strength,
stiffness, and extensibility may be insufficient for demanding packaging applications [11]. These
limitations have encouraged the incorporation of renewable reinforcing and functional materials
into PVA matrices.

Cellulose nanofibers (CNFs) are attractive renewable reinforcing agents for packaging
films because they combine a high aspect ratio, high specific strength and stiffness, low density,

biodegradability, and surfaces rich in hydroxyl groups [12,13]. Hydrogen bonding between CNF
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and PVA favors interfacial compatibility, and well-dispersed CNFs can restrict the mobility of
PVA chains and form a reinforcing network that facilitates stress transfer from the polymer
matrix to the nanofibers [14,15]. Consequently, CNF incorporation can improve tensile strength,
tensile modulus, toughness, and structural integrity. CNF may also influence the molecular
arrangement and crystallization behavior of PVA chains, which can be examined using X-ray
diffraction.

How effectively CNF reinforces a polymer is governed largely by its content, its state of
dispersion, and its interaction with the matrix. At a suitable content, CNF enhances interfacial
load transfer and mechanical stability; however, excessive loading or poor dispersion leads to
nanofiber agglomeration and stress-concentration sites, which can lower extensibility and trigger
premature failure [16]. Therefore, tensile strength alone is insufficient to describe the overall
mechanical performance of PVA/CNF films. A more comprehensive evaluation should include
the stress—strain response, tensile modulus, elongation at break, and toughness, particularly
because packaging films must withstand both tensile loading and deformation during handling
and use [17].

Although CNF can improve the structural and mechanical performance of PVA films, an
additional functional component is required to enhance protection against UV radiation. Plant
extracts are appealing for this purpose because their natural constituents can interact with
polymer networks and simultaneously impart optical or biological functions. Moringa oleifera
leaves contain phenolic acids, flavonoids, tannins, pigments, and other secondary metabolites
[18]. Compounds such as quercetin, kaempferol, and caffeoylquinic acid derivatives have been
identified in M. oleifera leaves [ 18]. The conjugated structures and chromophoric groups of these
phytochemicals can absorb radiation in the UV region, suggesting that Moringa leaf extract
(MLE) may serve as a natural UV-shielding component in polymer films.

In food packaging, UV protection matters because UV exposure accelerates photo-
oxidation, pigment breakdown, nutrient loss, and undesirable color changes, particularly in
oxidation-sensitive products. Incorporating plant-derived UV absorbers into PVA films may
reduce UV transmission without relying entirely on synthetic UV-blocking agents [19,20].
However, the pigments and phenolic compounds present in plant extracts may also reduce
visible-light transparency and alter the molecular organization of the polymer matrix [21].
Therefore, formulation design must balance UV-shielding performance with optical
transparency, strength, stiffness, extensibility, and toughness.

The phenolic hydroxyl groups of MLE constituents may form hydrogen bonds with the
hydroxyl groups of PVA and CNF. Such interactions may modify polymer-chain packing,

molecular cohesion, and interfacial adhesion within the composite film [22,23]. At the same
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time, low-molecular-weight extract constituents may increase free volume or facilitate local
chain rearrangement, potentially influencing film extensibility [24,25]. On the other hand, poor
compatibility or uneven distribution of the extract may create structural heterogeneity. The final
properties of PVA/CNF/MLE films are therefore expected to depend on the balance among CNF
reinforcement, molecular interactions, extract distribution, and changes in polymer-chain
organization [26].

Previous studies have demonstrated the reinforcement of PVA films using nanocellulose
and the functionalization of polymeric or biopolymer films using plant-derived extracts [27,28].
MLE has also been incorporated into different film-forming matrices to provide antioxidant,
antimicrobial, or light-barrier functionality. For example, Buasri et al. loaded moringa and guava
leaf extracts into PVA/graphene oxide films for food packaging [29], Mohamad et al. blended
moringa leaves and MgO nanoparticles into chitosan-based films for active food packaging [30],
and Bhat et al. incorporated Moringa extract into chitosan/guar gum/PVA films for food
packaging applications [31]. However, in these systems MLE was not combined with a
nanocellulose reinforcement, and studies on the combined incorporation of CNF and MLE into a
PVA matrix remain limited. In particular, the relationship between the combined CNF-MLE
loading and the mechanical, optical, and structural characteristics of PVA films has not been
sufficiently clarified. A simultaneous evaluation of stress—strain behavior, tensile strength,
tensile modulus, elongation at break, toughness, UV transmittance, and crystalline organization
is therefore required to establish whether this combined formulation can provide both
mechanical durability and effective UV protection.

Accordingly, this study aimed to develop PVA films containing combined CNF and MLE
loadings and to evaluate their mechanical, UV-shielding, and structural properties. Four
composite formulations containing 1-4 wt% CNF and 0.5-2 wt% MLE were investigated. The
mechanical properties of the films were characterized in terms of stress—strain curves, tensile
strength, tensile modulus, elongation at break, and toughness. UV-shielding and visible-light
transmittance were evaluated using UV-visible spectroscopy, while changes in molecular
ordering and crystalline structure were examined using X-ray diffraction. The relationships
among the combined CNF-MLE loading, mechanical performance, optical transmittance, and
structural characteristics were then analyzed to assess the potential of these films as

mechanically robust, light-protective packaging materials.

2. Materials and Methods

2.1 Materials
Polyvinyl alcohol (PVA), with a molecular weight of 89,000-98,000 g mol™* and a degree
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of hydrolysis of 99%, was purchased from Sigma-Aldrich Pte. Ltd. (Singapore). Cellulose
nanofibers (CNF) were purchased from Nanografi Nano Technology (Ankara, Tiirkiye). Fresh
Moringa oleifera leaves were collected in Kendari, Southeast Sulawesi, Indonesia. Ethanol
(96%), used as the extraction solvent, was supplied by the Laboratory of Mineral Chemical
Engineering, Politeknik Industri Logam Morowali (Morowali, Indonesia). All solutions,
dispersions, and film-forming mixtures were prepared with distilled water, and all reagents were

used as supplied without additional purification.

2.2 Preparation of Moringa oleifera Leaf Extract

Fresh M. oleifera leaves were dried in air at room temperature until their mass remained
constant and were then milled into a fine powder with a laboratory mill (Polymix PX-MFC 90D,
Kinematica AG, Switzerland). The extract was prepared by cold maceration: 500 g of leaf
powder was immersed in 2 L of 96% ethanol (solid-to-solvent ratio of 1:4, w/v) and agitated
continuously on an orbital shaker for 72 h at room temperature. To limit solvent loss and the
photodegradation of phytochemicals, the vessel was kept tightly closed and shielded from light
throughout maceration. The mixture was then filtered through Whatman filter paper, and the
filtrate was concentrated under reduced pressure using a rotary evaporator at 40 °C. The
concentrate was subsequently left to dry at room temperature, and the resulting dry extract was
kept in tightly closed tubes at 4 °C until further use. The extraction yield, calculated as the mass
of dry extract relative to the mass of dry leaf powder, was 11.7 £ 0.4% (w/w). Before being
added to the film-forming mixture, the dry extract was redissolved in distilled water at the

required concentration; the extract dissolved completely, and no insoluble residue was observed.

2.3 Preparation of the Cellulose Nanofiber Dispersion

Commercial CNF was used without further isolation or chemical treatment. A weighed
quantity of CNF was suspended in distilled water, stirred magnetically at 500 rpm for 60 min at
room temperature, and subsequently treated with a high-shear homogenizer at 10,000 rpm for 5
min to obtain a uniform dispersion with minimal nanofiber agglomeration. The resulting
dispersion was kept in a closed container and homogenized again just before it was mixed with

the PV A solution.

2.4 Preparation of PVA/CNF/Moringa Leaf Extract Films

The PVA/CNF/MLE films were fabricated by solution casting, using a procedure modified
from earlier work on PVA films containing cellulose nanofibers or plant extracts [14,19]. All
compositions were expressed relative to the total dry-solid mass of PVA, CNF, and MLE (Table

1). Five formulations were produced, namely neat PVA and four composites containing 1-4 wt%
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CNF and 0.5-2 wt% MLE, in which the PVA fraction was adjusted so that the total solid content
equaled 100 wt%. The total solid concentration of each film-forming solution was kept constant
at 10 g per 100 mL of distilled water (10% w/v); the absolute masses of PVA, CNF, and MLE in
each formulation can therefore be obtained by multiplying this value by the weight fractions
given in Table 1 (e.g., 9.4 g of PVA, 0.4 g of CNF, and 0.2 g of MLE for P-CNF4/MLE2). For
each formulation, PVA was dissolved in 100 mL of distilled water at 80 °C for 2 h under
continuous magnetic stirring at 500 rpm (Scilogex MS-H280-Pro) until a clear, homogeneous
solution formed. The solution was subsequently sonicated with an ultrasonic processor (SJIA-
1200W) at 360 W for 5 min. The required amount of the CNF dispersion was gradually added to
the PVA solution at approximately 80 °C, and the mixture was stirred at 500 rpm for 10 min to
distribute the CNF uniformly throughout the polymer matrix.

The PVA/CNF mixture was then cooled to approximately 50 °C, and the MLE solution
was added at the concentration specified for each formulation (Table 1). Stirring was continued
at 500 rpm for a further 10 min to distribute the extract and allow it to interact with PVA and
CNF, after which the mixture was sonicated again (360 W, 5 min) to reduce CNF agglomeration
and improve its homogeneity. The neat PVA film was prepared using the same procedure
without the addition of CNF and MLE. Subsequently, 50 mL of each film-forming mixture was
cast into a Petri dish (diameter 13 cm) and dried in a vacuum oven at 50 °C for 21 h. The dried
films were gently detached from the dishes and visually checked for defects. Before
characterization, all films were conditioned at 28 °C and 50 + 5% relative humidity (RH) for 48
h. The average thicknesses of the resulting films are listed in Table 1.

Table 1. Composition of neat PVA and PVA/CNF/MLE films

MLE

Sample Code PVA (wt%) CNF (wt%) (Wi%) Thickness (mm)
PVA 100 0 0 0.21

P- 1 0.5 0.22
CNF1/MLEO0.5 98.5

P-CNF2/MLE1 97.0 2 1 0.22

P- 95.5 3 1.5 0.23
CNF3/MLE1.5

P-CNF4/MLE2  94.0 4 2 0.23

2.5 Characterization
2.5.1 Tensile Properties
Tensile tests were carried out on a universal testing machine (AGS-X, Shimadzu, Japan)
according to ASTM D882, the standard method for thin plastic sheeting less than 1 mm thick.
Rectangular strip specimens measuring 10 mm % 100 mm were cut from each film and tested at
an initial grip separation (gauge length) of 50 mm. Before testing, the specimens were
conditioned at 28 °C and 50 + 5% RH for 48 h, as described in Section 2.4. The thickness and
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width of every specimen were determined with a digital micrometer (resolution 0.001 mm). The
tests were performed at a crosshead speed of 5 mm min™'. Tensile strength, tensile modulus, and
elongation at break were obtained from the stress—strain curves; the tensile modulus was
calculated from the slope of the initial linear region, and toughness was calculated as the area
under the stress—strain curve. Five specimens of each formulation were tested, and the results are

reported as mean + standard deviation.

2.5.2 UV—=Visible Spectroscopy

The optical transmittance and UV-blocking performance of the films were evaluated using
a UV-visible spectrophotometer (UV-1800, Shimadzu, Japan) over the wavelength range of
200-800 nm. Film strips (10 mm x 25 mm) were placed directly in the sample holder, with an
empty holder (air) serving as the reference. Transmittance was analyzed in the UV-C (200-280
nm), UV-B (280-315 nm), UV-A (315400 nm), and visible (400800 nm) regions. Three
specimens of each formulation were measured. A lower transmittance between 200 and 400 nm
was taken to indicate superior UV-blocking ability, while the visible-region transmittance was

used to evaluate how CNF and MLE affected film transparency.

2.5.3 X-Ray Diffraction Analysis

The crystalline structures of the films were examined using an X-ray diffractometer (XRD-
7000 Maxima X, Shimadzu Corporation, Japan) with Cu Ka radiation (A = 0.154 nm) operated at
40 kV and 30 mA. The patterns were collected at 25 °C over a 20 range of 5—-60° with a step size
of 0.02° and a scan speed of 2° min'. The XRD patterns are presented as recorded, without
smoothing, background subtraction, or any other signal processing, and the CI was calculated
from these unprocessed intensities. The relative crystallinity index (CI) was estimated using the

peak-height method [32], as expressed in Eq. (1).

where Imax 1s the maximum intensity of the principal PVA reflection at 20 = 19.5-20° and Iam is
the intensity of the amorphous region. Because the CI was calculated from peak intensities, it
was used as a relative index to compare the formulations rather than as an absolute degree of

crystallinity.

2.5.4 Statistical Analysis

Tensile strength, tensile modulus, elongation at break, and toughness were analyzed by
one-way analysis of variance (ANOVA) to determine the effect of film formulation. When a
significant effect was detected, Duncan’s multiple range test was used as a post hoc test to

compare the formulations. Differences were considered statistically significant at p < 0.05.
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3. Results and Discussion

3.1 Tensile Properties

Figs. 1 and 2 present the tensile properties and representative stress—strain curves of neat
PVA and the PVA/CNF/MLE films. Neat PVA exhibited a tensile strength of 34.55 + 1.25 MPa
and a tensile modulus of 301.70 = 11.31 MPa (Fig. 1a). Both properties increased significantly
and progressively with increasing CNF-MLE loading (p < 0.05). The tensile strength increased
to 40.69 £ 1.53, 47.71 £ 1.69, 65.14 £ 1.42, and 75.47 + 2.89 MPa for P-CNF1/MLEO.5, P-
CNF2/MLE1, P-CNF3/MLEL.5, and P-CNF4/MLE2, respectively, while the tensile modulus
increased from 355.00 £ 10.95 MPa for P-CNF1/MLEOQ.5 to 654.04 + 14.96 MPa for P-
CNF4/MLE2. Different lowercase letters in Fig. 1 denote significant differences among the
formulations (p < 0.05).

V777 Tensile Modulus

s '}Tmms\renph 2 0 3““‘52\@;;:;5 RS ¢ - k240
600 | 7 & 300 7 7§§
S / Lo £ S c dw‘
/ 5o} \ N ka0

Fig. 1. (a) Tensile modulus and tensile strength and (b) elongation at break and toughness of neat
PVA and PVA/CNF/MLE films. Different lowercase letters above the bars of the same property
indicate significant differences (p < 0.05).
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Fig. 2. Representative stress—strain curves of neat PVA and PVA/CNF/MLE films.
Relative to neat PVA, P-CNF4/MLE2 showed increases of 118.4% in tensile strength and
116.8% in tensile modulus, indicating that the combined incorporation of CNF and MLE

produced a markedly stronger and stiffer film. CNF is an effective reinforcement because of its
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high intrinsic stiffness, large specific surface area, and hydroxyl-rich surface. The surface
hydroxyl groups of CNF can form hydrogen bonds with those of PVA, thereby improving
interfacial adhesion and promoting stress transfer from the matrix to the nanofibers
[14,16,33,34]. The hydroxyl-bearing phenolic constituents of MLE may further contribute to
intermolecular interactions with PVA and CNF [19,27,31]. Together, these interactions restrict
the mobility of PVA chains and increase the stress required to deform and fracture the films.

The representative stress—strain curves (Fig. 2) are consistent with these results. All films
exhibited ductile behavior, with an initial linear elastic region followed by yielding and extensive
plastic deformation. With increasing CNF-MLE loading, the curves shifted toward higher stress
levels, and the composite films, particularly P-CNF3/MLEL.5 and P-CNF4/MLE2, showed a
continuous rise in stress during plastic deformation, which may reflect the progressive alignment
of PVA chains and CNF in the loading direction. P-CNF4/MLE2 sustained the highest stress
before fracture, followed by P-CNF3/MLEL1.5, whereas neat PVA showed the lowest fracture
stress. The continuous improvement up to the highest loading suggests that severe CNF
agglomeration did not occur within the investigated composition range. However, morphological
analysis (e.g., scanning electron microscopy) would be required to confirm the distribution of
CNF and MLE in the PVA matrix.

In contrast to tensile strength and modulus, elongation at break followed a non-monotonic
trend (Fig. 1b). Neat PVA exhibited an elongation at break of 222.97 + 7.83%, which decreased
significantly to 179.43 + 16.94% for P-CNF1/MLEQ.5, probably because the initial addition of
CNF and MLE restricted the mobility of PVA chains. Elongation at break then increased to
209.10 + 10.56, 315.10 + 11.00, and 334.43 + 6.90% for P-CNF2/MLE1, P-CNF3/MLEL.5, and
P-CNF4/MLE?2, respectively. The value for P-CNF2/MLE1 was not significantly different from
that for P-CNF1/MLEQ.5, whereas P-CNF3/MLEI.5 and P-CNF4/MLE2 were both significantly
more extensible than neat PVA. The elongation at break of P-CNF4/MLE2 was 50.0% higher
than that of neat PV A, although it did not differ significantly from that of P-CNF3/MLEI.5.

The recovery and subsequent increase in elongation at higher loadings suggest a shift in the
balance between chain restriction and chain mobility. Low-molecular-weight constituents of
MLE may act as plasticizers, increasing the free volume between PVA chains and allowing
greater molecular rearrangement during deformation [25,35,36]. Meanwhile, a sufficiently
interconnected CNF network may maintain structural integrity and delay crack propagation. This
interpretation is consistent with the simultaneous increase in tensile strength and elongation at
break observed for P-CNF3/MLE1.5 and P-CNF4/MLE2. Nevertheless, morphological and
molecular-level characterization (e.g., SEM and FTIR) is needed to confirm this mechanism.

Toughness, calculated as the area under the stress—strain curve, decreased slightly from
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61.20 = 7.40 MJ m™ for neat PVA to 56.92 + 3.90 MJ m for P-CNF1/MLEQ.5, although this
difference was not statistically significant. At higher loadings, toughness increased significantly
to 107.86 £ 14.97, 179.93 + 15.72, and 227.96 + 15.43 MJ m> for P-CNF2/MLEI1, P-
CNF3/MLEL1.5, and P-CNF4/MLE2, respectively. The toughness of P-CNF4/MLE2 was
therefore 272.5% higher (approximately 3.7-fold) than that of neat PVA. This improvement
arose from the simultaneous increase in tensile strength and strain at break, which enabled the
film to absorb substantially more energy before failure [37,38].

Overall, P-CNF4/MLE2 exhibited the best tensile performance among the investigated
formulations, with the highest tensile strength, tensile modulus, and toughness, and the highest
mean elongation at break. This combination of strength, stiffness, extensibility, and energy
absorption is desirable for flexible packaging films that must withstand mechanical stresses
during processing, handling, storage, and transportation. However, because the CNF and MLE
contents were varied simultaneously, their individual contributions cannot be separated in the

present design; the observed changes therefore reflect the combined effect of both components.

3.2 UV-Visible Transmittance

Fig. 3 shows the UV—visible transmittance spectra of neat PVA and the PVA/CNF/MLE
films over the range of 200-800 nm. Neat PVA provided limited UV protection: its
transmittance rose sharply at approximately 265 nm, remained at approximately 27-38%
between 280 and 340 nm, and increased further across the UV-A region to approximately 80% at
400 nm. Thus, neat PVA transmitted a substantial proportion of UV radiation, particularly in the
UV-A region. The spectrum of neat PVA also showed a local transmittance maximum of
approximately 38% at about 305 nm in the UV-B region, located between two weak absorption
features near 280 nm and 330-340 nm. This apparent peak does not indicate that the film
structure enhances UV-B transmission; rather, it arises from the intrinsic absorption of PVA on
either side of this wavelength. Commercial PVA contains small amounts of carbonyl groups
conjugated with ethylenic unsaturation, (CH=CH),—CO-, which are introduced during the
polymerization of vinyl acetate and the subsequent hydrolysis and thermal processing, together
with residual acetate groups. These chromophores absorb at approximately 280 nm (n = 2) and
330 nm (n = 3) [39]. Because they are present only at low concentrations, transmittance partially
recovers between the two absorption bands, producing the apparent maximum at approximately
305 nm. The abrupt discontinuities in the neat PVA spectrum near 310 and 340-365 nm may
additionally include an instrumental contribution, because light-source and filter changeovers of
double-beam spectrophotometers typically occur in this wavelength region. In the composite

films, this feature was no longer visible, as the much stronger and broader absorption of MLE
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chromophores masked the weak intrinsic absorption of PVA.
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Fig. 3. UV—visible transmittance spectra of neat PVA and PVA/CNF/MLE films over the range
0f 200-800 nm. The shaded areas indicate the UV-C, UV-B, and UV-A regions.

The combined incorporation of CNF and MLE markedly reduced UV transmittance,
consistent with previous reports on polymer films containing plant-derived polyphenolic extracts
[31,36]. Even at the lowest loading, P-CNF1/MLEOQ.5 showed a transmittance of essentially 0%
in the UV-C region and below approximately 1% in the UV-B region; its transmittance remained
below approximately 3% up to 370 nm and then increased steeply in the upper UV-A region to
approximately 10% of the incident light at 400 nm. Higher loadings further improved UV
shielding: P-CNF2/MLEI1, P-CNF3/MLEL.5, and P-CNF4/MLE2 showed transmittance below
approximately 1% across the entire 200400 nm range, indicating almost complete blocking of
UV-C, UV-B, and UV-A radiation. Because the transmittance of these three films remained
below 1%, only minor differences among them were observed in the UV region.

The enhanced UV-shielding performance can be attributed mainly to the UV-absorbing
constituents of MLE. Moringa leaves contain phenolic acids, flavonoids, tannins, chlorophylls,
carotenoids, and other compounds with conjugated chromophores that absorb UV radiation
through n—n* and n—n* electronic transitions [3.,40]. CNF may also contribute by scattering
incident light and modifying the internal structure of the films [13,41]. However, because the
CNF and MLE contents were increased simultaneously, their individual contributions to UV
attenuation cannot be quantified using the present formulation design.

The incorporation of CNF and MLE also reduced transmittance in the visible region. At
600 nm, neat PVA exhibited a transmittance of approximately 92%, confirming its high optical
transparency, whereas P-CNF1/MLEOQ.5, P-CNF2/MLE1, P-CNF3/MLEL.5, and P-CNF4/MLE2
transmitted approximately 80, 65, 52, and 45%, respectively. At 800 nm, the corresponding
values for neat PVA and the four composite films were approximately 93, 87, 83, 75, and 70%.

243



Kadriadi et al. Journal of Fibers and Polymer Composites Vol. 5 No. 3 (2026): 233-251

This reduction likely resulted from the combined effects of light absorption and light scattering,
as previously reported for PVA films containing nanocellulose and/or plant-derived extracts
[13,16,27,42]. The low transmittance of the composite films in the 400-500 nm region is
consistent with absorption by MLE pigments, such as chlorophylls and carotenoids, and by
polyphenolic compounds, whose concentration in the matrix increased with increasing MLE
content [27,36]. Meanwhile, the growing number of CNF-PVA interfaces, the refractive-index
mismatch between cellulose and PVA, and possible CNF bundles or structural irregularities may
have promoted light scattering, which also reduces the fraction of light transmitted through the
film [13,16]. Because the film thickness varied only slightly among the formulations (0.21-0.23
mm; Table 1), the progressive decrease in transmittance from P-CNF1/MLEO0.5 to P-
CNF4/MLE2 can be attributed mainly to these composition-dependent absorption and scattering
effects rather than to differences in optical path length.

The reduction in visible-light transmittance is also evident in the appearance of the films
(Fig. 4). Neat PVA was colorless and highly transparent, allowing the printed logo beneath it to
be seen clearly. By contrast, the composite films exhibited a yellow to amber coloration that
became progressively deeper with increasing CNF-MLE loading, from light yellow for P-
CNF1/MLEO.5 to dark amber for P-CNF4/MLE2. This coloration is consistent with the
absorption of blue light by MLE pigments and phenolic compounds, in agreement with the low
transmittance of the composite films in the 400—-500 nm region (Fig. 3). Nevertheless, the printed
logo remained legible through all composite films, including P-CNF4/MLE2, indicating that the
films retained adequate see-through transparency for product visibility while providing strong

UV shielding.

W
POLITEKNIK

INDUSTRI LOGAM I
MOROWAL)

(a) PVA (b) -CNF1/MLE0.5 () P-CNF2/MLE1  (d) P-CNF3/MLEL.5  (e) P-CNF4/MLE2

Fig. 4. Photographs of (a) neat PVA, (b) P-CNF1/MLEQ0.5, (c) P-CNF2/MLEI, (d) P-
CNF3/MLEL.5, and (e) P-CNF4/MLE2 films placed over a printed logo, showing their visual
transparency and coloration.

Reduced visible-light transmission may benefit the packaging of foods susceptible to
photo-oxidation, discoloration, pigment degradation, or nutrient loss during storage, but lower
transparency may be undesirable when clear product visibility is required. The formulation

should therefore be selected according to the intended packaging application. Among the
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investigated films, P-CNF4/MLE2 combined a UV transmittance below approximately 1% with
the lowest visible-light transmittance, providing the strongest overall light-barrier performance.
Together with its superior tensile properties, this formulation offered the most favorable balance
between mechanical performance and light protection, supporting its potential use as a light-
protective packaging film for photosensitive products. Nevertheless, classifying these films as
active packaging materials would require experimental verification of active functions, such as

antioxidant or antimicrobial activity.

3.3 XRD Analysis

Fig. 5 shows the XRD patterns of neat PVA and the PVA/CNF/MLE films. All films
exhibited a broad principal reflection at 20 = 20°, together with a weaker reflection at
approximately 41°. These reflections are characteristic of semicrystalline PVA, in which ordered
crystalline domains coexist with an amorphous phase [4,14,43]. After the incorporation of CNF
and MLE, the position of the principal peak remained essentially unchanged and no new peaks
appeared, indicating that the semicrystalline structure of PVA was retained without the formation
of a detectable separate crystalline phase. The absence of distinct cellulose I reflections
(typically at 20 = 16° and 22.5°) can be attributed to the low CNF content and the overlap of
these reflections with the broad PVA peak. Similar retention of the characteristic PVA reflection
has been reported for nanocellulose-reinforced PVA films [16]. However, the intensity of the
principal reflection increased progressively in the order PVA < P-CNF1/MLEO0.5 < P-
CNF2/MLE1 < P-CNF3/MLE1.5 < P-CNF4/MLE2. Consistently, the CI increased from 71.79%
for neat PVA to 72.72, 85.20, 85.33, and 87.91% for P-CNF1/MLEO0.5, P-CNF2/MLE1, P-
CNF3/MLEL1.5, and P-CNF4/MLE2, respectively. Because all films had a similar thickness
(0.21-0.23 mm), these differences reflect changes in structural order rather than differences in
the amount of irradiated material. The CI changed only marginally at the lowest loading but
increased sharply to 85.20% for P-CNF2/MLEI, followed by a smaller increase at higher
loadings, suggesting that a threshold CNF-MLE content was required to substantially promote
chain ordering. These changes indicate a greater contribution from ordered domains, which may
be associated with the crystalline domains of CNF and with the improved organization of PVA
chains around the reinforcing phase, as CNF can act as a nucleating site for PVA crystallization

[33,44].
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Fig. 5. XRD patterns (raw data, without smoothing) of neat PVA and PVA/CNF/MLE films.

The XRD results are consistent with the tensile properties of the films. The greater
contribution of ordered domains, combined with the preserved semicrystalline PVA structure,
suggests the formation of a more organized composite matrix that facilitated stress transfer
between PVA and CNF. Previous studies have likewise shown that nanocellulose can enhance
the structural ordering, interfacial interactions, tensile strength, and stiffness of PVA films [45].
In the present study, the increase in CI generally paralleled the increases in tensile strength and
tensile modulus, and P-CNF4/MLE2, which showed the highest CI (87.91%), also exhibited the
highest tensile strength (75.47 MPa) and tensile modulus (654.04 MPa). Notably, the sharp
increase in CI at P-CNF2/MLE1 coincided with the onset of a significant increase in toughness,
whereas the marginal CI change for P-CNF1/MLEO.5 was accompanied by no significant change
in toughness. However, the CI of P-CNF2/MLEI and P-CNF3/MLE1.5 was nearly identical
(85.20 and 85.33%), whereas the tensile strength of P-CNF3/MLEL.5 was 36.5% higher,
indicating that crystalline ordering alone cannot account for the reinforcement and that CNF load
transfer and interfacial interactions also contributed [37]. Because increased crystalline order is
generally associated with reduced extensibility, the concurrent increase in elongation at break at
higher loadings suggests that MLE constituents plasticized the amorphous regions of PVA, while
the ordered domains and the CNF network supported load bearing. Overall, the XRD results
indicate that the incorporation of CNF and MLE preserved the semicrystalline structure of PVA
while increasing structural ordering, which supports the mechanical reinforcement of the

composite films.

246



Kadriadi et al. Journal of Fibers and Polymer Composites Vol. 5 No. 3 (2026): 233-251

4. Conclusions

PVA films reinforced with CNF and incorporated with MLE were successfully prepared by
solution casting at combined loadings of 1-4 wt% CNF and 0.5-2 wt% MLE. Increasing the
CNF-MLE loading significantly improved the tensile strength and tensile modulus, which
reached 75.47 and 654.04 MPa, respectively, for P-CNF4/MLE2, corresponding to increases of
118.4% and 116.8% over neat PVA. Although the lowest loading reduced elongation at break,
higher loadings increased extensibility and toughness simultaneously, with P-CNF4/MLE2
reaching an elongation at break of 334.43% and a toughness of 227.96 MJ m™3. The
incorporation of CNF and MLE converted the UV-transmitting PVA film into an effective UV
barrier: films containing at least 2 wt% CNF and 1 wt% MLE transmitted less than
approximately 1% of the incident light in the 200400 nm range, at the cost of reduced visible-
light transparency. XRD analysis showed that the semicrystalline structure of PVA was
preserved, while the crystallinity index increased from 71.79% to 87.91%, consistent with the
observed mechanical reinforcement. These findings demonstrate that combining a nanocellulose
reinforcement with a plant-derived UV absorber is a simple route to strong, tough, and UV-
shielding PVA films, with P-CNF4/MLE2 being the most promising formulation for the light-
protective packaging of photosensitive products.

Because CNF and MLE were varied simultaneously in this study, future work should use a
factorial design to separate their individual contributions. Further studies should also examine
film morphology, chemical interactions (FTIR), thermal stability, water resistance, water vapor
and oxygen barrier properties, antioxidant and antimicrobial activity, the migration of extract
constituents, and performance in real food packaging applications.
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