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ABSTRACT :

Sansevieria zeylanica (Ceylon bowstring hemp) fibers were investigated as a sustainable source for nanocellulose synthesis. The fibers were subjected to
sequential alkaline treatment and hydrogen peroxide bleaching, followed by sulfuric acid hydrolysis and neutralization. The resulting nanocellulose was
incorporated into a glycerol-plasticized polyvinyl alcohol (PVA) matrix to fabricate composite films. Fourier-transform infrared (FTIR) spectroscopy confirmed
the successful isolation of nanocellulose through characteristic bands of cellulose, with only weak residual signals associated with lignin and hemicellulose.
Dynamic light scattering (DLS) measurements confirmed nanoscale hydrodynamic dimensions with moderate polydispersity, consistent with the fibrillar
morphology and aggregation of nanocellulose through hydrophilic surface interactions. Scanning electron microscopy (SEM) revealed that oven drying promoted
nanocellulose aggregation, forming microscale aggregates. Energy-dispersive spectroscopy (EDS) confirmed carbon and oxygen as the dominant elements, while
sulfur detected in elemental mapping indicated the presence of sulfate ester groups introduced during sulfuric acid hydrolysis. Nanocellulose incorporation
enhanced light scattering and UV-shielding capacity, while tensile strength increased with nanocellulose loading and reached a maximum at 1500 pL. These

findings demonstrate the potential of Sansevieria zeylanica-derived nanocellulose as a sustainable reinforcing material for PVA-based composite films.
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INTRODUCTION

Cellulose is the most abundant natural biopolymer on Earth and constitutes the primary structural component of plant cell walls. It can be obtained from
a wide range of lignocellulosic biomass sources, including forest resources, agricultural residues, grasses, and aquatic plants(Sanjit Acharya, 2021).
Owing to its renewability, biodegradability, low density, and availability, cellulose-based materials have been extensively utilized in applications such
as textiles, packaging, and other industrial products(Antony Allwyn Sundarraj, 2018). However, conventional cellulose materials may not always
provide the mechanical performance and functional characteristics required for advanced engineering applications(Tariq Aziz, 2022).

The development of nanocellulose has created new opportunities for the utilization of cellulose in high-performance materials. Nanocellulose generally
refers to cellulose-based materials with at least one dimension in the nanometer range, typically between 1 and 100 nm (Aiswarya Poulose, 2022),
depending on the classification and preparation method. It consists of crystalline and amorphous domains and possesses several attractive properties,
including a high specific surface area, high aspect ratio, low density, and excellent mechanical characteristics (Djalal Trache, 2020). The reduction of
cellulose dimensions to the nanoscale significantly increases its available surface area(Dufresne, 2019 ), thereby enhancing the interaction between
nanocellulose and surrounding matrices. In addition, the abundant hydroxyl groups present on the surface of nanocellulose enable strong intermolecular
interactions and provide opportunities for further chemical modification (Haiyu Xu, 2019 ). These characteristics make nanocellulose an attractive
reinforcement material for the development of polymer-based composites.

Among synthetic polymers, poly (vinyl alcohol) (PVA) has received considerable attention for the fabrication of thin films because of its good film-
forming ability, mechanical properties, optical transparency, and biodegradability(Mohammad Mizanur Rahman Khan, 2024). The hydrophilic nature
of PVA facilitates strong interactions with nanocellulose through hydrogen bonding between the hydroxyl groups present in both materials(Mohamad
Nurul Azman Mohammad Taib, 2024). Consequently, the incorporation of nanocellulose into PVA matrices can potentially improve the mechanical
properties of the resulting composite films while influencing their optical characteristics. The effectiveness of nanocellulose as a reinforcing material is
strongly dependent on factors such as particle size, aspect ratio, surface characteristics, dispersion, and interfacial interactions with the polymer
matrix(Eduardo Espinosa, 2019 ).
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Natural plant fibers represent an attractive and sustainable source for nanocellulose production due to their renewable nature, low density,
biodegradability, and relatively high cellulose content(Filipe V. Ferreira, 2019 ). Among the available lignocellulosic resources, Sansevieria zeylanica,
commonly known as Ceylon bowstring hemp, is a plant indigenous to coastal regions and dry-zone areas of Sri Lanka. The leaves of this plant contain
bundles of fine, tough, and elastic fibers that have previously attracted attention as potential reinforcement materials. Previous studies have reported
that S. zeylanica fibers possess a relatively high cellulose content. For example, P.Pannu Krishnan et al. reported cellulose, hemicellulose, and lignin
contents of approximately 76.12%, 9.32%, and 4.28%, respectively. Furthermore, the fibers demonstrated promising mechanical properties, with a
reported tensile strength of approximately 359 MPa and a Young's modulus of approximately 8 GPa (P Ponnu Krishnan, 2016).

Despite the promising cellulose content and mechanical properties of S. zeylanica fibers, their potential as a precursor for nanocellulose production and
as a reinforcing material in PVA-based films remains insufficiently explored. Therefore, the present study investigates the extraction and synthesis of
nanocellulose from Sansevieria zeylanica fibers and its subsequent incorporation into PVA films. The prepared nanocellulose was characterized in
terms of particle size distribution using dynamic light scattering (DLS), while its structural characteristics were investigated using Fourier-transform
infrared spectroscopy (FTIR). The morphological features of the freeze-dried nanocellulose were examined using scanning electron microscopy (SEM),
and energy-dispersive X-ray spectroscopy (EDS) was employed to evaluate its elemental composition. Furthermore, the influence of nanocellulose
incorporation on the tensile properties and UV-visible absorbance characteristics of the prepared PVA-based composite films was investigated. The
findings of this study are expected to demonstrate the potential of S. zeylanica-derived nanocellulose as a sustainable reinforcement material for the
development of polymer-based composite films.

2. Materials and Methods
Materials

All chemicals and reagents used in this study were of analytical grade and used as received without further purification. Hand-decorticated, washed,
and sun-dried Sansevieria zeylanica fibers were used as the lignocellulosic precursor for nanocellulose extraction. Sodium hydroxide (NaOH), sulfuric
acid (H2SOs, 98%), hydrogen peroxide (H202), and glycerol were used during the fiber treatment and film preparation processes. Partially hydrolysed
poly (vinyl alcohol) (PVA) was used as the polymer matrix for the fabrication of nanocellulose-reinforced composite films. Deionized (DI) water was
used throughout the experimental procedures.

Methods
Extraction and Preparation of Nanocellulose

The hand-decorticated, washed, and sun-dried Sansevieria zeylanica fibers were initially subjected to alkaline treatment using a 5% (w/v) sodium
hydroxide solution at 55 °C for 1 h. The alkali-treated fibers were subsequently washed thoroughly with deionized water to remove residual sodium
hydroxide. The washed fibers were then dried in an air oven at 60 °C for 8 h.

The alkali-treated and defibrillated fibers were subsequently subjected to bleaching using a 10% hydrogen peroxide solution at 55 °C for 1 h. The
bleaching treatment was continued until the fibers exhibited a white appearance, indicating the removal of a substantial portion of the non-cellulosic
components. The purified cellulose fibers were then dried in an air oven at 60 °C for 8 h.

Nanocellulose was subsequently prepared through sulfuric acid hydrolysis of the purified cellulose. Briefly, 1 g of purified cellulose was treated with
10 mL of 55% sulfuric acid solution and maintained under hydrolysis for 45 min. Following hydrolysis, the reaction was terminated by diluting the
resulting suspension with a ten-fold volume of ice-cold water. The acid-treated cellulose suspension was subsequently washed repeatedly with
deionized water until a neutral pH was obtained.

The resulting nanocellulose suspension was subjected to sonication for 10 min to promote the dispersion and separation of the cellulose nanoparticles.
Finally, the prepared nanocellulose dispersion was oven-dried to obtain nanocellulose in powder form for further characterization and composite film
fabrication.

Fabrication of Nanocellulose-Reinforced PVA Films

Oven-dried nanocellulose powder (900 mg) was initially dispersed in 50 mL of deionized water by continuous stirring for 5 h. A 5% (w/v) PVA
solution was prepared separately and subsequently combined with varying volumes of the prepared nanocellulose dispersion to obtain
PVA/nanocellulose composite films with different nanocellulose contents.

To maintain the flexibility of the prepared films, glycerol was incorporated into the polymer mixture at 10 wt.% relative to the PVA content. The
resulting PV A/nanocellulose mixtures were stirred until homogeneous dispersions were obtained. Subsequently, the prepared solutions were cast onto
Petri dishes and dried at 45 °C for 12 h to obtain the nanocellulose-reinforced PVA composite films (Each composite film was fabricated using 15 ml
of the polymer-NC solution).
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Characterization

Morphological Characterization and Elemental Analysis

The surface morphological characteristics of the prepared oven-dried nanocellulose was examined using a SEC-SNE-ALPHA tabletop scanning
electron microscope (SEM). Prior to SEM analysis, the samples were gold sputter-coated to enhance their surface conductivity and minimize charging
effects, thereby improving the quality and resolution of the obtained micrographs. The elemental composition of the prepared samples was further
investigated using a Bruker energy-dispersive X-ray spectroscopy (EDS) analyser.

Structural Characterization

The functional groups and chemical structural characteristics of the prepared samples were analysed using a Thermo Scientific Fourier-transform
infrared (FTIR) spectrometer. The spectra were recorded over the wavenumber range of 400-4000 cm ™.

Particle Size Distribution Analysis
The particle size distribution of the prepared nanocellulose was determined using an Anton Paar Litesizer 500 particle size analyser.
UV-Visible Absorbance Characterization

The UV-visible absorbance characteristics of the prepared nanocellulose-PVA thin films were investigated using a Shimadzu UV-2600i Plus UV-
visible spectrophotometer.

Tensile Strength analysis
The tensile properties of the fabricated nanocellulose-PVA thin films were evaluated using a 10 N load cells with Haida universal tensile tester. The

film specimens were cut into dimensions of 60 mm x 5 mm prior to testing. For each film composition, three separate specimens were tested under
identical conditions. The tensile strength values reported for each sample represent the mean value obtained from the three independent measurements.

RESULTS AND DISCUSSION
Structural characterization

The chemical structure of the prepared nanocellulose was investigated using FTIR spectroscopy over the wavenumber range of 4004000 cm™'. The
obtained spectrum (Figure 02) exhibited the characteristic functional groups associated with the cellulose backbone. The broad absorption band at 3340
cm™! was attributed to O—H stretching vibrations of the hydroxyl groups in cellulose and hydrogen-bonded water molecules (Oluyamo Sunday Samuel,
2019 ). The band at 2910 cm™ corresponded to C—H stretching vibrations of the cellulose chains, whereas the absorption at 1652 cm™ was mainly
associated with the O—H bending vibration of adsorbed moisture(M. El Achaby, 2018). The bands at 1427 and 1371 cm™ were assigned to CHz and C—
H bending vibrations, respectively(Daniel Tavares de Farias 2014). Furthermore, the distinct band at 1025 cm™ was attributed to C-O stretching
vibrations, while the band near 897 cm™! was associated with the B-(1—4)-glycosidic linkage of cellulose. Collectively, these characteristic absorptions
confirm the predominance of the cellulose structure in the prepared material.

In addition to the characteristic cellulose bands, relatively weak absorptions were detected at 1730 and 1510 cm™!, indicating the possible presence of
minor residual non-cellulosic components after the bleaching and isolation process. The band at 1730 cm™! can be associated with C=0 stretching
vibrations arising from residual hemicellulosic components and/or oxidized functional groups, while the band at 1510 cm™ can be attributed to
aromatic skeletal vibrations associated with residual lignin (Maida Salah Ud Din, 2026). The relatively low intensity of these bands compared with the
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cellulose-associated absorptions suggests that these components were present only in minor quantities. Therefore, despite the possible retention of small
amounts of hemicellulose, lignin, or oxidized groups, the FTIR spectrum was predominantly characterized by the functional groups of cellulose,
confirming the successful formation of a cellulose-rich nanocellulose material following the isolation process.

Particle Size distribution analysis

The synthesized nanocellulose was characterized using dynamic light scattering (DLS) at 30 °C. The measured dispersions exhibited hydrodynamic
diameters ranging from 418 to 599 nm, with polydispersity values ranging from 32.0 to 37.4%. These moderate polydispersity values indicate a
relatively broad particle-size distribution within the nanocellulose dispersion. The variation in hydrodynamic diameter can be associated with the
heterogeneous and fibrillar morphology of nanocellulose, differences in particle orientation, and the formation of aggregates through intermolecular
hydrogen bonding(Michael Kaszuba 2008). The relatively consistent polydispersity values among the measurements indicate reasonable reproducibility
of the dispersion characteristics. However, the hydrodynamic diameter obtained by DLS represents the effective size of dispersed nanocellulose
structures or aggregates undergoing Brownian motion and therefore should not be considered as the actual physical dimensions of individual
nanocellulose particles(Quim Tarrés 2022). In particular, the anisotropic and fibrillar morphology of nanocellulose can influence the measured
hydrodynamic diameter(D. Langevin, 2018 ).

The transmittance values of the nanocellulose dispersions varied from 24.3% to 31.4%, indicating the interaction and scattering of incident laser light
by the suspended nanocellulose structures. The variation in transmittance may be attributed to differences in the local concentration and distribution of
nanocellulose within the aqueous medium (Jorg Stetefeld, 2016). Overall, the DLS results indicate the presence of dispersed nanocellulose structures
exhibiting sub micrometre hydrodynamic dimensions. Nevertheless, the moderate polydispersity and relatively large hydrodynamic diameters suggest a
certain degree of particle-size heterogeneity and aggregation within the dispersion(Felix Sahayaraj Arockiasamy 2025). Such aggregation can occur
because of the strong intermolecular hydrogen bonding between the hydroxyl-rich surfaces of nanocellulose, particularly in aqueous media such as
deionized water. Therefore, while DLS provides useful information regarding the dispersion behaviour and effective hydrodynamic size of the
synthesized nanocellulose, direct morphological techniques such as AFM or TEM would be more appropriate for determining the actual dimensions
and aspect ratio of individual nanocellulose structures.

Temperature (°C) Hydrodynamic diameter (nm) Polydispersity (%) Transmittance (%)
30 418 36.1 24.3
30 532 37.4 30.6
30 599 32 31.4

Table 1: Hydrodynamic diameter, polydispersity, and transmittance of Sansevieria zeylanica fiber-derived nanocellulose

Morphological analysis and Elemental analysis

The SEM micrographs of the oven-dried nanocellulose powder revealed irregular and heterogeneous surface morphologies. At lower magnification
(500 pm), the sample exhibited sheet-like structures accompanied by localized agglomeration. With increasing magnification, the cellulose structures
appeared crumpled, folded, and randomly oriented, while higher-magnification images revealed rough and fibrous features with interconnected ridges,
voids, and porous regions. The pronounced aggregation observed in the dried sample can be attributed to the strong intermolecular hydrogen bonding
between cellulose chains and the capillary forces generated during water removal(Jie Gong, 2017). In particular, conventional oven drying can promote
close association of cellulose fibrils as the water present between the fibrils evaporates, resulting in irreversible or partially irreversible aggregation,
commonly referred to as hornification (Laleh Solhi, 2023 ). Consequently, the dried nanocellulose exhibited relatively dense, flake-like aggregated
structures rather than well-separated nanostructured fibrils. The observed morphology may also reflect the preferential removal of amorphous cellulose
regions during sulfuric acid hydrolysis, leaving relatively crystalline cellulose domains. Localized shrinkage and micro cracking may further arise from
stresses developed during drying.

The EDS spectrum of the sulfuric-acid-treated nanocellulose predominantly revealed carbon and oxygen, which are the principal elements associated
with the glucopyranose-based cellulose backbone. The detection of sulphur provides additional evidence for the incorporation of sulfate-containing
groups following sulfuric acid treatment. Sulfate ester groups introduced onto the cellulose surface can impart a negative surface charge, which may
contribute to electrostatic stabilization of the nanocellulose dispersion and influence its interaction with the PVA matrix. However, the EDS results
provide evidence of elemental composition rather than direct confirmation of the chemical bonding or the exact surface concentration of sulfate groups;
therefore, the presence and chemical nature of sulfate ester functionalities are more appropriately supported by complementary FTIR and, where
available, surface-sensitive spectroscopic analyses. The EDS spectrum confirmed the presence of C, O, Mg, Al, Si, Au, and S, where Mg and Si may
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originate from minor impurities, Al from the sample holder, and Au from the sputter-coated gold layer used to enhance SEM imaging conductivity. The
detection of S, together with the dominant C and O signals, supports the presence of sulphur-containing functionalities on the cellulose-based structure

following sulfuric acid treatment.

Figure 3: EDS spectrum of Sansevieria zeylanica fiber-derived nanocellulose, along with the scanned area used for the measurement.

UV-visible absorbance analysis
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The UV-Visible absorbance characteristics of the developed PVA films containing different volumes of nanocellulose (NC) dispersion were
investigated over the wavelength range of 200-800 nm. A progressive increase in absorbance was generally observed with increasing NC dispersion
loading (Melbi Mahardika, 2024). The NC dispersion used for film preparation had a concentration of 18 mg mL; therefore, the addition of 500, 1000,
1500, and 2000 pL corresponded to approximately 9, 18, 27, and 36 mg of NC, respectively. In comparison, the NC-free PVA film exhibited relatively
low and nearly featureless absorbance, remaining approximately within 5-10 a.u. across the measured wavelength range.

Figure 4: UV—Visible absorption spectra of nanocellulose-reinforced films with different nanocellulose concentrations
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Incorporation of NC resulted in a broad increase in absorbance without the appearance of prominent distinct absorption maxima, indicating that the
optical response of the composite films was primarily influenced by enhanced light attenuation rather than the formation of new strong chromophoric
absorption bands(Alvarado, 2024). This behaviour can reasonably be associated with increased light scattering arising from the dispersed cellulose
nanofibrils within the PVA matrix. The absorbance spectra also exhibited minor spectral features below approximately 260 nm, which became more
noticeable at higher NC loadings. These features may be related to residual non-cellulosic constituents present in the extracted NC, although further
chemical characterization would be required to confirm their origin.

The absorbance intensity increased from approximately 35-55 a.u. at 500 uL NC loading to 90-105 a.u. at 1500 puL, with the highest absorbance
observed for the 2000 uL formulation. The comparatively lower absorbance recorded for the 1000 pL film, approximately 20-32 a.u., may be related to
differences in film thickness, NC dispersion, or microstructural homogeneity during solution casting. Overall, the progressive increase in optical
attenuation at higher NC contents indicates that the incorporation of NC substantially reduces the transparency of the PVA films through enhanced light
scattering and absorption (Ebise Getacho Bacha, 2022). Therefore, the relatively high NC loading, particularly the 1500 and 2000 puL formulations,
demonstrates potential for improving the UV-shielding capability of PVA-based films. The results further indicate that NC derived from Sansevieria
zeylanica can effectively modify the optical properties of PVA films, making these composites promising candidates for applications where reduced
UV transmission is desirable (Xun Niu, 2018).

Tensile strength analysis of nanocellulose-PVA composite films

The incorporation of nanocellulose (NC) resulted in a non-monotonic variation in the tensile strength of the prepared films. The pristine PVA film
exhibited a tensile strength of 20.0 MPa, which decreased to 16.0 MPa following glycerol incorporation. This reduction can be attributed to the
plasticizing effect of glycerol, which weakens PVA-PVA intermolecular interactions and increases the segmental mobility of the polymer chains(Zhen-
zhen Fu, 2022). With the incorporation of 500 and 1000 pL of NC dispersion, the tensile strength was 21.3 and 20.0 MPa, respectively. The initial
improvement can be associated with enhanced hydrogen-bonding interactions between the hydroxyl groups of NC and PVA(Chousidis, 2024), which
strengthen the polymer—nanocellulose interface and promote more effective stress transfer throughout the composite matrix(Fauzi Handoko, 2021). The
presence of NC may also influence the organization of PVA chains and contribute to the development of a more mechanically stable polymer
network(Xun Niu, 2018).

A pronounced enhancement in tensile strength was observed at 1500 pL of NC dispersion, reaching a maximum value of 41.8 MPa. This substantial
improvement suggests that this composition provided a more effective balance between NC dispersion and interfacial interactions, resulting in efficient
load transfer within the PVA matrix. The enhanced strength may be attributed to the formation of a well-dispersed NC-PV A network in which the rigid
nanocellulose domains act as reinforcing elements(Melbi Mahardika, 2024). However, further increasing the NC dispersion to 2000 pL decreased the
tensile strength to 24.0 MPa. This reduction may be associated with increased NC-NC interactions and aggregation at higher loading, which can
generate localized stress-concentration regions and reduce the effective polymer—NC interfacial area(Mohamad Nurul Azman Mohammad Taib, 2024).
Therefore, the 1500 pL NC-containing film exhibited the highest tensile strength, indicating that an optimum NC loading is required to achieve
effective reinforcement of the PVA-based matrix. Additionally, Variations in the thickness of the cast films may have also contributed to the observed
differences in tensile strength.

Sample Maximum Force (N) Thickness (mm) Tensile Strength (MPa)
PVA 10 0.1 20
PVA+Glycerol 12 0.15 16
PVA+Glycerol+500ul 16 0.15 21.3
Nanocellulose dispersion

PVA+Glycerol+1000u1 21 0.21 20
Nanocellulose dispersion

PVA+Glycerol+1500ul 23 0.11 41.8
Nanocellulose dispersion

PVA+Glycerol+2000pul 18 0.15 24
Nanocellulose dispersion

Table 2: Maximum force, film thickness, and tensile strength of PVA-based films containing different concentrations of nanocellulose.

CONCLUSION

This study demonstrated the successful extraction of nanocellulose from Sansevieria zeylanica fibers through sequential alkaline treatment, bleaching,
and sulfuric acid hydrolysis, followed by its incorporation into PVA composite films to minimize aggregation associated with drying-induced
homnification. FTIR analysis indicated effective removal of lignin and hemicellulose, while DLS confirmed the nanoscale dimensions of the isolated
nanocellulose with moderate polydispersity, reflecting its fibrillar morphology and aggregation in dispersion. SEM further confirmed the formation of
microscale aggregates following oven drying, consistent with the DLS observations. Increasing nanocellulose loading enhanced the UV-shielding
capability of the films across 200-800 nm and improved their tensile strength, reaching a maximum value of 41.8 MPa at 1500 pL loading. Further
increases in nanocellulose content reduced tensile strength, likely due to increased aggregation and reduced interfacial efficiency. Overall, the findings
demonstrate that Sansevieria zeylanica fibers are a viable source of nanocellulose for reinforcing biodegradable polymer films with potential UV-
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shielding applications. Future studies should employ AFM and TEM to provide deeper insight into nanocellulose surface morphology and evaluate the
influence of different drying methods on its aggregation behavior.
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