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ABSTRACT

The growing generation of leather waste poses severe environmental challenges, demanding sustainable valorization
strategies. This study presents an innovative approach to developing high-performance composites by extracting cellulose
nanocrystals (CNC) from Nypa fruticans, a locally abundant mangrove biomass, and integrating them into PVC—leather
scrap matrices reinforced with AlI203. CNC was obtained via oxidation, yielding nanocrystals with a diameter of ~100
nm and 78.07% crystallinity, as confirmed by FTIR, XRD, FESEM, and DLS analyses. Composite sheets were fabricated
with optimized CNC loadings (1-4 %) and evaluated for mechanical, thermal, and moisture-resistance properties. The
hybrid composite containing 3 % CNC and 4 % Al203 exhibited improved performance, achieving a tensile strength of
3.43+0.14 Nmm~2 an enhancement of about 120% compared to the control, and an elongation at break of 25.13+1.11%.
Thermogravimetric analysis showed improved thermal stability, with a degradation onset near 380 °C and an increased
char yield (5.09 % vs. 1.02 % for the control). Water absorption decreased to 19.63 %, indicating enhanced compactness
and interfacial bonding. The study establishes Nypa fruticans as a novel, renewable feedstock for CNC production and
demonstrates a synergistic reinforcement effect between bio-derived CNC and inorganic AI203 within the PVC—leather
matrix. These results contribute to the theoretical understanding of structure—property relationships in hybrid nanocom-
posites and offer a scalable, eco-efficient route for transforming industrial leather waste into functional materials. The
developed composites exhibit strong potential for use in footwear, insole boards, and leather goods, aligning with circular-

economy and sustainable-manufacturing objectives.
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INTRODUCTION

Leather has long played a crucial role in shaping the identity and aesthetics of the fashion industry, being
traditionally valued for its luxurious texture, durability, and versatility in clothing, accessories, and footwear.
However, the very attributes that make leather desirable also raise concerns regarding its environmental
footprint [1]. About 80-85% of solid waste is generated during hide processing [2], whereas 20-25% of finished
leather scraps are generated in footwear manufacturing, resulting in considerable ecological impacts [3].
Tannery solid waste poses a significant environmental threat, as it often contains hazardous chemicals such
as chromium and sulfides that can contaminate soil, water, and air, leading to severe ecological degradation
if not disposed of properly. While some of this waste is recycled or repurposed, a significant portion still
ends up in landfills or is incinerated, contributing to air pollution and further environmental degradation.
Recognizing these challenges, researchers have introduced strategies to minimize the sector’s environmental
impacts, emphasizing cleaner production practices and effective waste reduction in tanneries. A promising
solution lies in adopting circular economy (CE) principles, which encourage recycling, reuse, and upcycling,
such as transforming discarded footwear into new products. Such measures would help reduce dependence
on virgin raw materials while minimizing environmentally damaging disposal practices. The integration of CE
practices into industrial sectors has become increasingly essential to achieving the Sustainable Development
Goals (SDGs) globally. Despite the potential benefits of CE in reducing environmental impacts and recovering
value from waste, its implementation in the leather sector remains limited and challenging [4]. Waste reduc-
tion strategies-such as improving production efficiency, promoting repair and refurbishment, and fostering
a culture of reuse - are therefore critical to mitigating the industry’s environmental footprint [5]. Leather
waste, a major byproduct of the global leather industry, poses serious environmental challenges due to its
high organic load, resistance to degradation, and potential to pollute. Converting this waste into highly value-
added products, particularly bio-composites, offers a promising CE strategy that reduces ecological burdens
while creating advanced functional materials [6].

Against this backdrop, valorizing leather waste through the incorporation of nanocellulose represents a
forward-thinking convergence of waste management, materials science, and sustainable innovation. Nanocel-
lulose, derived from renewable sources such as wood, plants, agricultural residues, or bacterial synthesis, has
garnered significant attention due to its unique properties, including high tensile strength, biodegradability,

and large surface area [7]. These attributes make it an excellent reinforcement material for polymer and bio-
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based composites, with demonstrated benefits in mechanical strength, thermal stability, and environmental
performance. When integrated with leather waste, nanocellulose acts as a structural enhancer, producing
lightweight, durable, and sustainable composites [8]. Such bio-nanocomposites hold potential applications in
synthetic leather alternatives, shoe insole boards, automotive interiors, and construction panels. Life cycle
assessment (LCA) studies have also confirmed reduced energy consumption and greenhouse gas emissions
compared to traditional polyurethane-based products [9]. Composite materials derived from natural fibers
have attracted widespread attention and are used in diverse applications, including electrical appliances, pack-
aging, building and construction reinforcement, and automobile interior components [10]. Advancements in
bio-fiber production have enabled the development of high-performance composite materials, as these fibers
can be processed into micro- or nanoscale fibers with enhanced mechanical strength and increased surface
area [11].

Building on this foundation, a recent study extracted cellulose nanocrystals (CNCs) from Slender amaranth
- a commonly discarded vegetable waste and incorporated them into leather scrap-based composites using
isoprene rubber latex as a binder [12]. The results showed significant improvements that outperformed many
earlier-reported materials, underscoring the potential of combining leather-industry waste with plant-derived
nanomaterials to create high-performance, low-cost, and sustainable alternatives for shoe uppers and other
leather goods [13]. The fabrication of composite materials from leather solid waste, combined with plant fibers
derived from cellulose and nanocellulose, offers a cost-effective and eco-friendly approach that minimizes
environmental pollution while producing materials with improved mechanical properties [14]. Basalt fibers
have emerged as effective reinforcement materials for composite fabrication [15]. Jute fiber, obtained from
the jute plant, is also considered a highly promising material for composite applications [16]. Additionally,
reconstituted composites can be produced by blending discarded leather fibers with cotton and polyester
fibers [17,18].

The Nipa palm (Nypa fruticans) is a key mangrove species in Bangladesh’s coastal regions. This tree is available
in Bangladesh and grows readily under local environmental conditions. To our knowledge, no study has been
published on the extraction of cellulose nanocrystals (CNC) from Nypa fruticans waste and their use in the
manufacturing of leather-based biocomposites. CNC extraction and characterization of this underutilized
biomass, and its incorporation into leather scrap waste bio-composite sheets with PVC as a binder, are unique.

Finished leather waste accounts for the majority of solid leather discards in the footwear industry. Turning
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this waste into useful, value-added composites reduces environmental impact and creates economic oppor-
tunities. To fill this gap, this project will create leather-based composite sheets reinforced with CNC from Nypa
fruticans fibers and assess their mechanical, thermal, and physical properties. Advanced analytical methods
were used to characterize the shape, crystallinity, and functional groups of the isolated nanocellulose fibers.
The study also suggests using bio-derived nanofibers as sustainable reinforcement materials in PVC-based
leather composites for shoe upper leather and leather goods manufacturing. By reducing waste and creating

jobs, this technique reduces environmental impact and improves sustainability.
Research Gap and Novelty of the Current Study

Many studies have examined recovering leather waste and making bio-based composites; however, there are
still important gaps in material design and sustainability integration. Most of the work done so far uses natural
fibers such as jute, kenaf, or banana as reinforcements. These fibers are usually only valid on a small scale
and don’t link well with polymers or spread out nicely in polymer matrices. Also, the extraction of cellulose
nanocrystals (CNCs) has mostly come from traditional sources like wood pulp or crop leftovers. This means
that many lignocellulosic biomasses that are common in some areas have not been studied enough. Nypa
fruticans, a readily accessible mangrove species in coastal Bangladesh, has not been documented as a source
for CNC extraction, despite its significant cellulose production potential. In a similar vein, while leather solid
waste has been transformed into composites, the application of polyvinyl chloride (PVC) as a binder, alongside
nanocellulose reinforcement, remains underexplored. Furthermore, the synergistic effects of inorganic fillers,
such as Al,O; , on enhancing the structural and thermal properties of these composites have yet to be
thoroughly investigated.

To address these knowledge deficiencies, the current study presents an innovative and sustainable method for
fabricating high-performance composites by extracting cellulose nanocrystals (CNCs) from Nypa fruticans and
integrating them into PVC-leather scrap matrices, supplemented with Al,O; as an inorganic filler. This dual-
reinforcement method uses both bio-derived and inorganic nanofillers to make materials stronger, more heat-
and water-resistant, and generate less waste. The research presents the inaugural extensive characterisation
of Nypa fruticans—derived CNCs, employing advanced analytical methodologies, and links their nanoscale
attributes to macroscopic composite characteristics. This work adds both scientific novelty and practical
relevance within the framework of the circular economy and sustainable material innovation by valorizing two

waste resources, such as plant biomass and leather scraps, into useful materials appropriate for footwear and
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leather items. The main objective of the study was to extract and characterize cellulose nanocrystals (CNCs)
from Nypa fruticans using chemical treatment and oxidation processes, and to fabricate PVC—leather waste
composite sheets reinforced with CNCs and inorganic fillers (Al203), optimizing composition and processing ¢

onditions to achieve improved mechanical and thermal performance.

MATERIALS AND METHODS
Materials

Nypa fruticans leaves were collected from the mangrove forests of the Sundarbans, Bangladesh, and used as
a source of cellulose. Scrap leather waste was obtained from Leather Industry Bangladesh (LIB), Hazaribagh,
Dhaka, and processed into fibers for composite preparation. Analytical-grade chemicals such as NaOH pellets,
NaClO, , H,O, , NaNO, , HNO; , CaCO; , Al,O5 , Zn0O, PVC, and THF were used throughout the study,

purchased from Merck, India.
Cellulose extraction

Alkali-treated fiber preparation

The Nypa fruticans leaves were separated from the midribs and cut into small pieces approximately 3—4
inches long. The leaf pieces were thoroughly washed with tap water to remove dirt, dust, and other surface
impurities, then rinsed with distilled water and sun-dried for 2 days. The dried leaves were then ground into
a fine powder to increase surface area and facilitate extraction. The powdered leaves were subjected to alkali
treatment with 5% and 10% NaOH solutions separately for 24 hours, maintaining a leaf-to-liquor ratio of 1:20
atroom temperature. After treatment, the suspensions were sieved to separate the treated fibers, which were
repeatedly rinsed with distilled water to remove residual alkali. The treated fibers were then oven-dried at 60
°C for 24 hours.

Bleaching treatment

The alkali-treated fibers were bleached in 2% sodium chlorite (N aClO2)at 100 °C for 6 hours, changing color fr
om dark to light brown. They were filtered, washed with distilled water until neutral pH, and oven-dried at 6
0 °C for 24 hours.

To achieve further delignification and improved structural properties, the partially bleached fibers underwent
a secondary bleaching step using hydrogen peroxide (H202). The fibers were treated with a 2% H,O,

solution at 100 °C for 6 hours, resulting in a color change from light brown to white. After bleaching, the fibers
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were again filtered, washed repeatedly to remove residual chemicals and neutralize the pH, and dried at 60

°C for 24 hours. The final product obtained was purified cellulose.
Nano-cellulose preparation

5 g dried cellulose was placed in a round-bottom flask and dispersed in 25 mL of distilled water. A 64% nitric
acid (H N Os) solution was then prepared separately by gradual dilution and slowly added to the cellulose d
ispersion under continuous stirring. Subsequently, sodium nitrite (NaN Oz2) was introduced at a 1:1 (w/w) ra
tio relative to cellulose, initiating nitration and oxidation and releasing red fumes (NOx gases). The reaction w
as carried out under reflux conditions using a condenser in a fume hood to ensure controlled reaction c
onditions and safe handling of gaseous byproducts. The reaction was maintained at 60 °C for discrete reaction

times of 10, 12, 14, and 16 hours (to evaluate the effect of reaction duration) under constant stirring at
1,000 rpm. After completion, the reaction mixture was quenched with 300 mL of cold distilled water, and the
resulting precipitate was repeatedly washed and centrifuged until the pH was neutral. The purified suspension
was then preserved in ethanol and stored at 4 °C for subsequent use as nanocellulose [19]. The extraction

processes are shown in Figure 1.

Nypa fruticans Ground leaves Alkaline treated NaClO:bleaching  H:O: treatment

P

Synthesized nano-cellulose Cellulose oxidation Dried cellulose Extracted cellulose

Figure 1. Process flow diagram of cellulose preparation

Effect of reaction time on nanocellulose extraction

To optimize the reaction time for nanocellulose extraction, four trials were conducted by varying the reaction

time while keeping the other parameters constant as per the literature [19] (Table 1). The reaction times were
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setto 10, 12, 14, and 16 hours, respectively. This optimization allowed assessment of the influence of reaction
duration on nanocellulose formation. It should be noted that yield was not evaluated in this study, as the

primary focus was on investigating the effect of reaction time on nanocellulose size.

Table 1. Effect of reaction time on nanocellulose preparation

Expt. No. Cellulose:NaNO, ratio (w/w) HNO, concentration Temperature (°C) Reaction time (h)
1 1:1 64 60 10
2 1:1 64 60 12
3 1:1 64 60 14
4 1:1 64 60 16

Composite preparation

Leather fibers (LF) were prepared from scraps collected from Leather Industry Bangladesh (LIB), a footwear
industry. The scraps were cut into small pieces (1-2 cm in length and 0.5-1 cm in width), washed twice, and
dried in an oven at 110 °C for 2h. The dried pieces were then converted into fibers using a crushing machine.
For composite fabrication, the leather fibers were soaked in water for 2—3 hours and manually minced to
enhance flexibility and surface activity. The excess water was then removed by manual pressing using a
mesh to obtain a moist but not water-saturated fiber structure. Polyvinyl chloride (PVC) was selected as the
binder for its strong adhesion and flexibility, and ethylene glycol served as the plasticizer. Calcium carbonate
(CaC0s), aluminum oxide (Al203), and zinc oxide (ZnO) were incorporated as inorganic fllers to improve co
mposite strength and stability. PVC was first dissolved in tetrahydrofuran (THF) to form a homogeneous so
lution. This solution was then applied to the pre-pressed leather fiber along with the fillers and plasticizer, al
lowing the polymer to infiltrate and coat the fiber network. The moist sheet was initially compressed for 10 se
conds using a hydraulic press at 1500 psi. After drying under sunlight for 1-2 days, the sheets were further pl
ated using a hydraulic press at 2000 psi and 70 °C for 10 seconds, yielding the final composite material. The d

etailed composition of each formulation is presented in Table 2.
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Table 2. Composition of control composite formulation

Sample Id Leather fiber (%) PVC (%) Ethylene glycol (% with respect to PVC)
S1 25 75 4
S2 30 70 4
S3 33.33 66.67 4
sS4 35 65 4
S5 40 60 4

Among all the tested formulations, the best mechanical performance was observed for S3, where the incor-

poration of inorganic fillers further enhanced the material’s overall strength, durability, and stability (Table 3).

Table 3. Composition including inorganic fillers

Sample Id Leather fiber (%) PVC (%) Ethylene glycol (% with Filler (% of AlyO4 )
respect to PVC)
S31 33.33 66.67 4 4% of AlyO,
S32 33.33 66.67 4 4% CaCO4
S33 33.33 66.67 4 4% ZnO

Based on the mechanical test performance results, Al,O; was selected as the preferred filler. Nanocellulose

was subsequently incorporated into this composition, and further analyses were carried out.
Nano-cellulose-incorporated composite preparation

The preparation of nanocellulose-based scrap leather composites involved additional steps in which nanocel-
lulose was incorporated to reinforce the matrix and improve the material’s overall mechanical performance.
Nanocellulose was extracted from Nypa fruticans leaves using the chemical treatment method described
earlier. The extracted nanocellulose was finely dispersed in distilled water using an ultrasonicator, then added
to the composite mixture.

The nanocellulose was incorporated into the leather fiber—PVC matrix in varying proportions (relative to
leather fiber), as summarized in Table 4. To ensure uniform dispersion, the mixtures were sonicated before
compounding. After mixing the leather fibers, PVC binder, inorganic fillers, and nanocellulose, the blended
mass was compounded under pressure to achieve a homogeneous structure. The slurry was poured into molds
and manually pressed to remove excess water. The resulting wet sheets were compressed for 10 seconds
under 1500 psi using a hydraulic press. After sun drying for 1-2 days, the sheets were subjected to a final

pressing at 2000 psi and 70 °C for 10 seconds, yielding fully cured nanocellulose-incorporated composites.
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Table 4. CNC-incorporated composite formulation

Sample Id Leather fiber (%) PVC (%) Ethylene glycol (% with Filler (% of AL, O,) Nano-cellulose
respect to PVC) (%)
S311 33.33 66.67 4 4 1
S312 33.33 66.67 4 4 3
S313 33.33 66.67 4 4 4

Characterization techniques

Fourier Transform Infrared (FTIR) spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy was carried out on the prepared composites using a BRUKER
ALPHA Il FTIR spectrometer equipped with a single ATR reflection unit. Spectra were recorded in the range
of 4000-450 cm™ with a resolution of 4 cm™. The obtained spectra were analyzed to identify characteristic
functional groups and to compare the chemical features of cellulose, nanocellulose, and the composite
materials.

Thermo Gravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) was performed using a PerkinElmer TGA-8000 instrument under a nitrogen
atmosphere to observe the stability of the composite samples. The samples were heated from 50 to 700 °C at
10 °C/min, with a constant nitrogen purge of 20 mL/min. The recorded weight loss as a function of temperature
was used to evaluate the thermal stability and decomposition behavior of the composite materials.

X-ray Diffraction (XRD) analysis

X-ray Diffraction (XRD) analysis was performed using a Rigaku Ultima IV diffractometer, operated at 40 kV and
30 mA. Diffraction patterns were collected over a 28 range of 10-70°, and the obtained data were analyzed
to determine the crystal structure, identify specific crystallographic phases, and evaluate their relative abun-
dance within the composite material.

Field Emission Scanning Electron Microscopy (FESEM)

Field-Emission Scanning Electron Microscopy (FESEM) was conducted to examine the surface morphology and
microstructural characteristics of the composite material. Samples were sputter-coated with a thin platinum
layer to ensure conductivity and imaged using a JOEL JSM-7610F field-emission scanning electron microscope

operated at 5 kV. High-resolution images at different magnifications provided detailed insights into the surface
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features and microstructural arrangement, contributing to a better understanding of the composite’s perfor-
mance and potential applications.

Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) analysis was carried out to determine the particle size distribution of the
prepared nanocellulose using a Litesizer 500 Particle Analyzer (Anton Paar, Austria). The instrument was
equipped with a 658 nm laser as the light source. Measurements were performed in aqueous suspension,
where fluctuations in the intensity of scattered light caused by the Brownian motion of nanoparticles
were recorded. The hydrodynamic diameter and size distribution were calculated using the Stokes—Einstein
equation. DLS analysis provided valuable insights into the dispersion quality, particle size range, and stability
of the nanocellulose suspension, which are critical parameters for composite reinforcement applications.
Mechanical assessment

The tensile strength and elongation at break of the composite materials were evaluated using a Universal
Testing Machine (UTM) [Model No. STM 566 Tensile Tester] in accordance with the SATRA TM 137 standard.
Rectangular specimens with dimensions of 110 mm x 25 mm and a gauge length of 50 mm were prepared
using a precision cutting method. Each specimen was clamped securely in the UTM jaws, with an initial jaw
separation of 20 mm, and subjected to a uniaxial tensile load at a constant crosshead speed of 100 mm/min
until failure. During the test, the applied load and displacement were continuously monitored, and the data
were recorded for analysis. Tensile strength (N/mm?) was determined by dividing the maximum load at failure
by the initial cross-sectional area of the specimen. All mechanical tests were performed in triplicate (n = 3),
and the results are reported as mean + standard deviation.

Water absorption

The water-absorption behavior of the composite materials was evaluated according to ASTM D570. Rectangu-
lar specimens (1 x 1 inch) were prepared following the standard sample preparation procedure and immersed
in 250 mL of distilled water at room temperature for 8 hours. After immersion, the samples were carefully
removed, and surface water was gently blotted before weighing. The percentage of water absorption was
calculated using the formula:

Percentage (%) of water absorption of the sample = (M /M;) x 100

where M = M, — M, , M, is the wet weight of the sample after immersion, and M, is the initial dry weight

of the sample.
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RESULTS AND DISCUSSION
Characterization of CNC fibers

Fourier Transform Infrared (FTIR) spectroscopy analysis

Figure 2 shows the FTIR spectra of raw Nypa fruticans fibers, alkali-treated fibers, extracted cellulose, and the
prepared cellulose nanocrystals. The spectra highlight the main absorption bands of cellulose, hemicellulose,
and lignin in the raw fiber. The broad O-H stretching band at ~3331 cm™ and C-H stretching at ~2917 cm™
indicate hydroxyl groups and aliphatic C—H bonds. The distinct carbonyl peak at 1726 cm™ is attributed to C=0
stretching vibrations from hemicellulose and lignin. Specific aromatic C=C stretching at 1630 cm™, along with
peaks at 1442, 1373, and 1231 cm™, further confirms the presence of non-cellulosic components [20]. Strong
absorptions at ~1044 cm™ correspond to C—OH stretching in cellulose and hemicellulose. The band at 803
cm™ reflects aromatic C—H out-of-plane bending typical of lignin. After alkali treatment, significant reductions
in the O—H, C=0, and lignin-associated peaks were observed. This demonstrates the progressive removal
of hemicellulose and lignin [21]. The spectra of fibers after bleaching showed notable changes, confirming
further purification of cellulose. The sharpening of the carbonyl peak at 1726 cm™ suggests oxidation of
hydroxyl groups into carbonyl groups during acid treatment. Cellulose-related peaks became more prominent.
The C'H, bending vibration at 1426 cm™ and the B(1,4)-glycosidic linkage at 897 cm™ were intensified. This
suggests that cellulose became the dominant component as hemicellulose and lignin were progressively

eliminated [19].

; /
{4
3331 | 2017 1726 2

~N— T' : =
Alkali-treated fibers
N |

Cellulose
4000 3500 3000 2500 2000 1500 1000 500
1
)

Raw fibers
1044

Transmittance

Nano-cellulose

Wavenumber (cm”

Figure 2. FTIR spectra of raw fiber, alkali-treated fiber, extracted cellulose, and nanocellulose
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The FTIR spectrum of the prepared nanocellulose confirms both the preservation of cellulose functionalities
and the introduction of new groups during oxidation. The O—H stretching band at ~3328 cm™ reflects the
abundance of surface hydroxyl groups responsible for hydrogen bonding, while the C—H stretching at 2911
cm™ corresponds to the polysaccharide backbone. Hemicellulose and lignin exhibit C=0 stretching at 1732
cm™, indicating the introduction of carboxyl groups, which enhance surface reactivity and interfacial bonding
[22]. In the nanocellulose FTIR spectrum, a dominant peak was observed at 1635 cm™ due to the O—H bending
vibration of absorbed water molecules, which is commonly observed in cellulose due to its hygroscopic nature
[23].

Other important features include C'H, bending at 1402 cm™, C-0 stretching at 1316 and 1034 cm™, and the
B(1,4)-glycosidic C-O—C stretching at 820 cm™, which together confirm the crystalline cellulose structure of
the nanomaterial. FTIR analysis confirmed the progressive transformation of Nypa fruticans fibers, where
alkali and bleaching removed hemicellulose and lignin, enriching cellulose, while oxidation introduced
carboxyl groups into nanocellulose, as shown by the absence of the 1732 cm™ peaks in Figure 2 [24]. These
modifications validate successful purification and functionalization, enhancing its potential as a reinforcing
material without compromising the cellulose backbone. The chemical reactions of cellulose with alkali are

shown below:

CgH;0,(OH); + NaOH P> CgH;0,(0OH),0Na Removal of Hemicellulose,
Cellulose I Alkali Cellulose ~ —* lignin

C¢H;0,(OH),0Na + H,0 —» C¢H;0,(0OH);
Cellulose Cellulose 11

Dynamic Light Scattering (DLS) analysis

The extraction of nanocellulose from agricultural waste is important because it turns waste into a valuable,
high-performance material, provides a renewable substitute for petroleum-based products, and opens new
economic opportunities through advanced materials for industries such as construction, packaging, biocom-
posites, and healthcare. This method uses a lot of biomass resources, reduces environmental pollution,
and leverages the unique properties of nanocellulose, such as its remarkable strength, biodegradability, and
biocompatibility. Dynamic Light Scattering (DLS) analysis was performed to evaluate the particle size evolution

of nanocellulose produced through oxidation, and the results are shown in Figure 3.
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Figure 3. CNC size distribution profiles for reaction time (a) 10 h, (b) 12 h, (c) 14 h, and (d) 16 h

The results reveal a distinct trend of progressive size reduction with increasing reaction time under a fixed
acid concentration. At 10 hours of reaction time, the average particle size was 284 nm. To obtain the expected
nanoparticle size, experiments were conducted at different reaction times. Extending the reaction time led to
a gradual decrease in particle size, with 259 nm observed at 12 hours, whereas 161 nm was observed at 14
hours. Finally, the cellulose size was found to be 100 nm after 16 hours under the same reaction conditions.

This continuous reduction confirms that prolonged nitric acid oxidation effectively reduces cellulose fibers
to nanoscale dimensions by cleaving amorphous regions and facilitating fibrillation. The final particle size
of ~100 nm is particularly significant for nanocellulose applications. A smaller particle size corresponds to a
higher surface area-to-volume ratio, which enhances interfacial interactions between nanocellulose and the
host matrix. This increased surface activity improves filler dispersion, promotes stronger interfacial adhesion,
and enables more efficient stress transfer across the composite interface [25]. As a result, nanocellulose at
this scale is expected to impart superior mechanical reinforcement, improved thermal stability, and better
compatibility with polymeric or inorganic matrices. Therefore, the DLS findings not only verify the successful
synthesis of nanoscale cellulose but also underscore its potential as a high-performance reinforcing phase in

bio-based composite systems [26].
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Composite characterization

FTIR analysis

All spectra of the composites (Figure 4) exhibited a broad O—H stretching band near 3310 cm™, attributed to
the hydroxyl groups present in both leather fibers and CNC. The characteristic C—H stretching vibration of the
PVC backbone was clearly observed at 2917 cm™, while a distinct peak around 1632 cm™ corresponded to the
amide | band (C=0 stretching) of collagen in leather [27]. It is also considered for the aromatic ring. Addition-
ally, a sharp absorption band near 696 cm™ confirmed the presence of PVC through C—Cl stretching vibrations,
further validating the retention of the polymer structure in the composites. Upon the incorporation of fillers,
notable spectral variations were detected. In the Al,O; containing composite, the band at 1058 cm™ became
more intense, suggesting overlapping contributions from Al-O bonds and C-O stretching vibrations, which
is indicative of strong interfacial interactions between the inorganic filler and the polymer matrix. For the
Al,O5 — CNC reinforced composite, further spectral changes were observed: the O-H band broadened
and increased in intensity, while the band at 1058 cm™ became sharper and more defined. These modifications
can be attributed to enhanced C—O—C and C-O stretching vibrations originating from cellulose nanocrystals,
thereby confirming their active participation in the composite structure [28]. These spectral shifts not only
validate the successful incorporation of Al,O; and CNC into the PVC—leather matrix but also highlight the
synergistic interactions among fillers, fibers, and the polymer. Such interfacial compatibility is crucial, as it
directly contributes to the improved dispersion of fillers and, consequently, to the enhanced mechanical,
thermal, and structural properties of the developed composites.

In summary, the FTIR analysis—progressing from untreated Nypa fruticans fibers through alkali/bleached
treatments, nanocellulose extraction, and finally composite formation demonstrates a clear chemical trans-
formation at each stage. The removal of hemicellulose and lignin, the preservation and functionalization of
cellulose, and the establishment of strong interactions between fillers and the PVC matrix all point toward

enhanced structural integrity.
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Figure 4. FTIR spectra of control composite, Al2 O3 -based composite, and CNC-based composite

Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) of the control, Al,O; -based, and nanocellulose-incorporated compos-
ites revealed distinct differences in their thermal stability and degradation behavior (Figure 5). The control
composite exhibited the highest overall weight loss (98.98%), indicating relatively poor thermal stability. Its
minimal residue content (1.02%) suggests that the composite consisted predominantly of thermally labile
organic matter, with limited non-volatile or thermally stable phases. In contrast, the Al,O; -based composite
showed improved thermal stability, with a total weight loss of 92.3% and a higher residual content of 7.7%.
The greater residue indicates the presence of thermally stable inorganic constituents, particularly Al,O; ,
which remained unaffected at elevated temperatures. This suggests that incorporating Al,O; enhanced the
composite’s resistance to thermal decomposition compared to the control. The nanocellulose-reinforced com-
posite demonstrated further improvement in thermal behavior compared to the control, but slightly lower
stability than the Al,Oj -only system. The total weight loss was 94.92%, leaving 5.09% residue. While the
introduction of nanocellulose increased the organic content, which decomposed, it also enhanced structural
reinforcement and thermal resistance relative to the control composite. The higher char residue compared to
the control indicates the beneficial role of Al,O5 , while the slightly reduced residue compared to the Al,O; -
only composite reflects the partial degradation of nanocellulose. Differential thermogravimetric (DTG) analysis
provided further insight into the degradation process. The control composite displayed a single sharp degra-

dation peak at around 365 °C, corresponding to the breakdown of collagen and PVC chains, which underscores
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its limited thermal stability. The Al,O; -containing composite exhibited a broader and slightly shifted degra-
dation peak toward higher temperatures (~372 °C), along with a reduced peak intensity, indicating delayed
and more gradual weight loss due to the protective role of Al,O,. The CNC-reinforced composite showed

degradation near 380 °C associated with nanocellulose decomposition and fiber breakdown. Thus, the hybrid
system combined the thermal stability imparted by Al,O5 with the reinforcing capacity of nanocellulose,

yielding a composite that balances thermal resistance with structural performance.

(a)
100 4 Control composite
—— Al,0;-based composite
A ———CNC-based composite
80 4
9
< 604
-
£
8-
[
2 40+
20 4
0+

0 100 200 300 400 500 600 700 800

Temparature (°C)

Figure 5. (a) TGA thermogram of composites with (b) derivatives

(b)
0.0 4
2 -044
=]
©
2
@
o -0.8-
-
12}
-1.24 Control composite
=== Al,0,-based composite
1.6 = CNC-based composite

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 5. (a) TGA thermogram of composites with (b) derivatives

https://doi.org/10.31881/TLR.2026.6039 6054



ISLAM M et al. TEXTILE & LEATHER REVIEW | 2026 | 9 | 6039-6067

X-ray Diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was performed to determine the crystalline structure, phase purity, and
average crystallite size of the extracted nanocellulose. The diffraction pattern exhibited three characteristic
peaks at 20 values of 15.66°, 22.65°, and 34.40°, corresponding to the (110), (002), and (004) crystallographic
planes of native cellulose-I, the most thermodynamically stable polymorph of cellulose [29] (Figure 6). Among
these, the most intense reflection at 22.65° (002 plane) represents the dominant alignment of cellulose chains
and indicates a relatively ordered structure. The sharpness of this peak enabled the determination of the
largest crystallite size, approximately 3.87 nm, suggesting effective preservation of crystalline domains during
oxidation. The diffraction peak at 15.66° (110 plane) was broader and less intense, corresponding to a smaller
crystallite size of 2.69 nm. This feature reflects less ordered regions of the cellulose microfibrils and possible
overlap with amorphous contributions. Similarly, the weakest and broadest peak at 34.40° (004 plane) yielded
the smallest crystallite size (1.44 nm), indicative of short-range crystalline order and higher structural disorder
within certain domains [30]. Collectively, these findings confirm that the extracted material retains nanoscale
crystalline features characteristic of cellulose-I.

To further assess of crystallinity, the Crystallinity Index (Cl) was determined using the Segal method. By com-
paring the intensity of the main crystalline peak (1002 = 1676 cps at 22.65°) with the amorphous background
intensity (I =367 cps at 15.66°), the Cl was calculated as 78.07%. This relatively high crystallinity indicates
that a substantial portion of the cellulose chains remained ordered even after nanoscale processing. The
semi-crystalline nature of the nanocellulose, characterized by ordered crystalline domains interspersed with
amorphous regions, is advantageous for composite applications, as it offers a balance between mechanical
reinforcement (from the crystalline fraction) and flexibility or processability (from the amorphous fraction).
The calculated crystallite size range of 1.44—3.87 nm further verifies the nanoscale reduction of cellulose fibrils
while maintaining their essential crystalline architecture. Overall, these XRD results confirm the successful
synthesis of nanocellulose with preserved structural integrity, high crystallinity, and nanoscale crystallite
dimensions, making it a promising candidate for bio-based composite development and sustainable material

applications where strength, flexibility, and compatibility with polymer matrices are critical.
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Figure 6. XRD pattern of the CNC-reinforced composite

FESEM analysis

The FESEM micrographs, captured at magnifications ranging from 5,000x to 30,000x using a secondary
electron (SE2) detector at an accelerating voltage of 10.00 kV, provide valuable insights into the surface
morphology of the nanocellulose-reinforced composite (Figure 7). The images reveal a porous and fibrous
network typical of well-developed nanocellulose structures. The CNC fiber diameters ranged from 42 to 98 nm,
confirming the nanoscale distribution and uniformity of the fibrillar network. The micrograph clearly shows a
web-like, interconnected morphology, indicating that the cellulose nanofibers are well dispersed throughout
the composite matrix. The observed morphology highlights the structural advantages of nanocellulose. Owing
to their high aspect ratio and large specific surface area, the nanofibers establish extensive physical interac-
tions with the surrounding matrix. Their strong intermolecular hydrogen bonding enables the formation of
a continuous reinforcing network, thereby enhancing stress transfer, mechanical strength, and dimensional
stability. Importantly, the absence of significant agglomeration or clustering in the FESEM images indicates
effective dispersion and good interfacial compatibility, both critical for achieving homogeneity within the

composite.
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FESEM analysis confirms the successful incorporation of nanocellulose into the composite, yielding a porous,
interconnected, and uniformly distributed fibrillar structure. This morphology not only underpins improved
mechanical reinforcement and flexibility but also positions the material as a promising sustainable alternative

for applications such as leather board production, reported previously by researchers [31].
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Figure 7. FESEM micrographs of the CNC-composite

Energy Dispersive X-ray Spectroscopy (EDS) analysis

Energy Dispersive X-ray Spectroscopy (EDS) was conducted to assess the elemental composition of the
composite, which revealed that carbon (C) and oxygen (O) were the predominant elements, with normalized
mass percentages of 61.01% and 37.05%, respectively (Figure 8b). The high carbon content reflects the
organic constituents of the PVC matrix, leather powder, and CNC, whereas the oxygen content is
associated with hydroxyl and carboxyl functional groups originating from CNC, as well as potential surface
oxidation of leather and Al,O; particles.

Minor elemental contributions were also identified. Chlorine (Cl), detected at 1.27%, corresponds to the
chlorine backbone of PVC, confirming its incorporation into the composite matrix. Aluminum (Al) at 0.31%
validates the successful integration of Al, O particles. A small sulfur (S) signal (0.36%) is likely derived from

tanning agents or residual processing chemicals in the leather waste. Importantly, chromium (Cr), typically
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associated with conventional chrome tanning, was absent, indicating that the leather powder used was either
chrome-free or effectively purified prior to composite fabrication. EDS results confirm the incorporation of
CNCand Al,O4 within the PVC-leather matrix. The observed elemental composition highlights the synergistic
integration of organic and inorganic components, which is expected to enhance interfacial bonding, improve

structural reinforcement, and improve the functional performance of the developed composite [32].
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Figure 8b. EDS spectrum of the CNC-reinforced composite
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Tensile strength

The incorporation of oxidized cellulose nanocrystals (CNC) markedly enhanced the tensile strength of the com-
posites, particularly when combined with Al, O reinforcement (Table 5). The control sample, containing no
fillers or CNC, exhibited the lowest tensile strength at 1.56+0.05 N/mm?. The addition of Al,O5 alone signifi-
cantly improved the strength to 2.80+0.04 N/mm?, confirming its role as an effective reinforcing agent. Further
improvements were observed with the inclusion of oxidized CNC. At 1% CNC loading, the tensile strength
was 3.35+0.18 N/mm?, increasing to 3.43+0.14 N/mm? at 3% CNC, representing the peak performance. A
slight decline was observed at 4% CNC (3.40£0.17 N/mm?), likely due to nanofiller agglomeration at higher
concentrations, which can hinder stress transfer efficiency. The enhanced tensile properties can be attributed
to the synergistic reinforcement mechanisms of CNC and Al,O,. The oxidized CNC, with abundant hydroxyl
and carboxyl groups, forms strong hydrogen bonds and interfacial interactions with the PVC—leather matrix,
facilitating efficient stress transfer across the interface. Meanwhile, Al,O5 contributes through particle—
matrix interlocking and the formation of rigid load-bearing sites, further restricting polymer chain mobility. At
the optimal 3% CNC loading, these mechanisms operate synergistically, producing a well-dispersed reinforcing
network that maximizes mechanical strength. In contrast, alternative fillers demonstrated limited reinforce-
ment potential. CaCO; incorporation resulted in a tensile strength of only 1.92+0.06 N/mm?, indicating poor
compatibility with the composite matrix. ZnO provided moderate improvement, with a tensile strength of
2.46+0.06 N/mm?, but did not match the reinforcing capability of CNC or Al,O; . Overall, the combination of
Al,0O4 and 3% oxidized CNC produced the highest tensile strength (3.43£0.14 N/mm?), establishing CNC as a
highly effective nanofiller for enhancing interfacial bonding, structural integrity, and load-bearing capacity in
bio-based composites [19].

The maximum tensile strength of the nanocomposite developed in this study was 3.43 N/mm?2. This value is
markedly higher than the previously reported range of 2.02-2.20 N/mm? [33]. The improvement is due to
the reinforcing effect of cellulose nanocrystals from Nypa fruticans and the enhanced interfacial interactions
within the PVC—leather matrix. A comparable tensile strength of 3.41 N/mm? was also reported for leather-
based composites produced under different processes [34]. This further validates the reliability of the present

findings.
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Table 5. Tensile assessment of composites with different fillers and CNC loading

Without CNC With CNC incorporation
Force (N) Area (mm 2) Tensile CNC % Force (N) Area (mm 2) Tensile
strength strength
Control 32.76+1.50 21+1.1 1.56+0.05 - - - -
CaCo 4 44.16%1.79 23+1.2 1.92+0.06 - - - -
Zn0 46.76+1.35 19+1.0 2.46+0.06 - - - -
Al, 04 67.20+1.21 24+1.1 2.80+0.04 1 73.7£3.65 22+1.1 3.35+0.18
3 82.3+4.11 24£1.1 3.43+0.14
4 74.8+3.71 22+1.2 3.40+0.17
Elongation percentage

The mechanical performance of the composites, evaluated in terms of tensile strength and elongation, was
strongly influenced by both filler type and the incorporation of cellulose nanocrystals (CNC). The control
sample, prepared without CNC or reinforcing fillers, exhibited the lowest performance, requiring 32.76+1.50
N of force to break with an elongation at break of 21.67+1.08 mm (19.70+1.04%) (Table 6). The addition of
Al,O4 alone considerably enhanced mechanical properties, increasing the breaking force to 67.20+1.21 N
and elongation to 27.28+1.15 mm (24.80+1.13%), confirming its role as an effective reinforcing agent. Further
improvement was achieved through the incorporation of CNC. At a 1% CNC loading, the composite exhibited
a tensile strength of 73.7£3.65 N while retaining an elongation of 24.95+1.07%. At 3% CNC, the highest
performance was recorded, with a tensile strength of 82.3+4.11 N and maximum elongation of 27.64+1.22
mm (25.131£1.11%), representing substantial gains in both strength and ductility. At higher loading (4%
CNC), a slight reduction in tensile strength (74.8+3.71 N) and elongation (27.39£1.19 mm, 24.90+1.16%) was
observed, likely due to nanofiller agglomeration, which can impede uniform stress distribution.

Comparative analysis with alternative fillers further highlights the superior reinforcing effect of CNC. Compos-
ites with C'aC'O; exhibited the poorest performance, with a breaking force of 44.16+1.79 N and an elongation
of 25.98+£1.30 mm (23.6211.18%), indicating poor compatibility with the matrix. ZnO provided moderate
reinforcement, achieving 46.76+£1.35 N of tensile strength and 26.36+1.32 mm elongation (23.96+1.20%),
though still inferior to Al,O5 or CNC-filled systems. The combination of Al,O5 and 3% CNC produced the
greatest improvement in mechanical performance, delivering optimal strength and flexibility. These results
highlight the synergistic effect of CNC and Al,O; in improving interfacial bonding, stress transfer, and struc-
tural homogeneity, making the composite a strong candidate for high-performance, sustainable material

applications.

https://doi.org/10.31881/TLR.2026.6039 6060



ISLAM M et al. TEXTILE & LEATHER REVIEW | 2026 | 9 | 6039-6067

The synthesized composite showed a higher average elongation at break than values reported in previous
studies (17.75% [13] and 20.32% [35]), but a lower value than that reported in other studies on waste leather
composites (31.4% [36] and 30% [6]). This pattern indicates that while the present composite demonstrates
better flexibility than some reported systems, it remains less ductile than others. These differences are likely
attributable to variations in filler content, dispersion quality, and matrix—filler interactions, which can affect

elongation properties across the comparisons.

Table 6. Comparison of elongation at break values of synthesized composites

Without CNC With CNC incorporation
Force (N) Extension at Elongation % CNC % Force (N) Extension at Elongation %
break (mm) break (mm)
Control 32.76+1.50 21.67+1.08 19.70+1.04 - - - -
CaCO 4 44.16%1.79 25.98+1.30 23.62+1.18 - - - -
Zn0 46.76+1.35 26.36+1.32 23.96+1.20 - - - -
Al, 04 67.20+1.21 27.28+1.15 24.80+1.13 1 73.7+3.65 27.45+1.10 24.95+1.07
3 82.3+4.11 27.64+1.22 25.13+1.11
4 74.8+3.71 27.39+1.19 24.90+1.16
Water absorption

The water absorption behavior of the prepared leather composite sheets was evaluated to assess their
resistance to moisture uptake, an important property influencing durability and dimensional stability. Test
samples were immersed in water for a specified period, and the water uptake was measured one minute after
drainage, with the percentage absorption calculated based on mass. The control composite exhibited a water
absorption of 20.84%. Incorporation of Al,O; increased the water uptake to 29.35%, which may be attributed
to the hygroscopic nature of the filler and the creation of microvoids within the matrix that facilitate water
penetration. The results also surpass the previously reported data [6]. In contrast, the addition of 3% cellulose
nanocrystals (CNC) to the Al,O; -based composite reduced water absorption to 19.63%, slightly lower than
that of the control. This decrease indicates that CNC effectively reinforces the matrix, enhancing fiber—matrix
interactions and reducing microvoids and porosity, thereby limiting water ingress.

These results demonstrate that while Al,O; alone can increase hydrophilicity due to filler characteristics, the
synergistic inclusion of CNC mitigates moisture absorption by forming a more compact and well-integrated

network. Consequently, the 3% CNC-reinforced Al,O; composite exhibits superior water resistance, high-
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lighting the role of CNC in improving both the mechanical integrity and moisture durability of leather-based

composites.
Implications of the Study

The results of this study enhance theoretical understanding of bio-nanocomposite design by illustrating
the influence of the nanoscale structure, crystallinity, and surface chemistry of cellulose nanocrystals (CNC)
on macroscopic performance in hybrid polymer systems. The increases in tensile strength, elongation,
and thermal stability demonstrate the importance of hydrogen bonding at the interface and of synergistic
reinforcement between bio-based and inorganic fillers. This offers a novel framework for elucidating the
optimization of stress transmission and the limitation of polymer chain mobility in hybrid nanostructures
integrating CNC and metal oxides, while maintaining flexibility. The structure—property connections developed
in this study advance the overarching idea of sustainable composite mechanics by linking molecular interac-
tions to overall performance. The research enhances scientific comprehension of Nypa fruticans as a cellulose
source, providing novel insights into its crystallographic and morphological characteristics in the realm of
green nanomaterials. This research offers a feasible method for upcycling two significant waste streams, such
as leather scraps and agricultural biomass, into high-value, durable materials appropriate for the footwear
and leather goods sectors. The optimized PVC—leather—CNC— Al, O, composite is stronger, more flexible, and
more stable than other materials. This makes it a good candidate to replace synthetic leather in shoe uppers,
insole boards, and other performance applications. The method promotes the goals of a circular economy
by turning garbage into useful composites. It also reduces pollution and creates jobs in sustainable manufac-
turing. This effort turns environmental problems into real technical and business solutions, bringing together

scientific progress with global ambitions for sustainability.

CONCLUSION

The effective extraction of cellulose nanocrystals (CNC) from Nypa fruticans and their use in PVC—leather
scrap composites signifies a notable development in sustainable material design. The isolated CNC had
nanoscale dimensions (about 100 nm) and a high crystallinity (78.07%), which ensured that it worked well
as a reinforcement in the polymeric matrix. FTIR and XRD tests showed that hemicellulose and lignin were
removed while the cellulose-l structure stayed the same. FESEM images showed a homogeneous fibrillar
network, contributing to robust interfacial adhesion. These traits made CNC a good nanofiller that canimprove

stress transfer and compatibility in hybrid composites. A couple of PVA-leather waste bio-composite sheets
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were prepared at different ratios using Al,0,, CaCQO,, and ZnO as reinforcement materials. Among them, Al
505 gives better results, and CNC was additionally introduced into the PVA-leather-Al, O, composite sheet to
increase its physio-mechanical properties. Mechanical tests indicated that adding CNC to the composite
made it much stronger and tougher. With 3% CNC loading, the tensile strength went up to 3.43+0.14 N/mm?,
which is significantly higher than the control. The elongation at break increased to 25.13+1.11%, indicating
a good balance of stiffness and flexibility. The synergy between CNC and Al,O5 nanoparticles was pivotal:
CNC supplied hydrogen bonding and structural stability, while Al,O; operated as rigid anchors that prevented
polymer mobility and distributed stress. After 3% CNC, a slight drop in performance was attributed to
nanoparticle aggregation, a normal saturation effect. Thermogravimetric studies confirmed improved thermal
stability, with degradation delayed to about 380 °C and residual char rising from 1.02% to 5.09%. This proves
that the hybrid system acts as a protective barrier. Also, the absorbed water decreased to 19.63%, indicating a
denser, more compact structure with fewer microvoids. The nanoscale morphology and interfacial chemistry
of CNC provide mechanical reinforcement, while the inorganic phase adds thermal and dimensional stability.
This work demonstrates that Nypa fruticans can be utilized as an innovative, sustainable source of CNC, while
leather waste can be efficiently transformed into high-performance bio-nanocomposites. The optimized PVC—
leather-CNC-Al,O5; composite is a better choice for making shoes and leather items because it is stronger,
more flexible, and lasts longer, aligning environmental responsibility with industrial functionality. This dual-
waste valorization pathway shows how the circular economy works by promoting both new materials and
protecting the environment. Overall, this research not only contributes to the theoretical understanding of the
reinforcement mechanisms of bio-nanocomposites but also provides a practical solution to advance circular
economy principles.
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