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Abstract

This research addresses the development of environmentally sustainable natural rubber/styrene
butadiene rubber (NR/SBR) composites incorporating a lignocellulosifiller derived from
winemaking residues (WPL GS+101). To enhance interfacial compatibility between the inherently
hydrophilic filler and the hydrophobic rubber matrix, a sequential surface modification strategy was
employed: alkali treatment with 2 wt%edium hydroxides (NaOH), followed by silanization using
bis(triethoxysilylpropyltetrasulfide (TESPT) at various concentrations of 2%, 5%, and 10 wt%.

Time-resolved alkali treatment was perfornwer durations of 1, 2, 3, 5, and 24 hours. The effects
of surface modification were evaluated through Scanning Electron Microscopy (SEM), Fourier
Transform Infrared Spectroscopy (FTIR), and Thermogravimetric Analysis (TGA). SEM images
revealed increasesurface roughness and fiber exposure. Moreover, FTIR spectra confirmed the
removal of hemicellulose and lignin, and TGA results demonstrated enhanced thermal stability in
terms of degradation onset and residual mass. According to the data obtainedpa duiahours
for alkali treatment was identified as the ideal period to combine with silane treatment.

Following the optimization of alkali treatment duration, silanization was performed to further
enhance hydrophobicity and improve fillaratrix compatibilit. In this work, the silane concentration
was varied, i.e., 2, 5, and 10 wt.%, based on the WPL GS cohbendffect of silane functionalization
on the 2%NaOHreated WPL GS was evaluated using FTIR, SEM coupled with Energy Dispersive
X-ray Spectroscopy (EDS), and TGA analysis. The sample treated with 2% TESPT exhibited the most
effective surface coverage, achieving a grafting level of 0.76 mmol/g, and was chosen as the biofiller
for sustainable rubber composite fabrication.

Various NR/SER compounds were prepared, differing in the proportions of carbon black (CB)
andmodified biofiller (2% NaOH2% TESPTWPL GS).The CB amounts were varied at 70, 80, 90,
95, and 100 phr relative to total filler conteiithe mechanical properties of the dill rubber
composites, such aensile strength, elongation at break, hardness, and modulus, were determined.
The NR/SBRrubber composite containing 10 phr of modified biofiller achieved a tensile strength
comparable to that of thentrol rubber compositgith 100 phr ofCB, exhibiting improved stiffness
and retained elasticity.

Dynamic Mechanical Thermal Analysis (DMTA) revealed negligible changes in the glass
transition temperature gfandthe material's dampin@ an G) , i ndi cating that
and molecular mobility were not adversely affected. The Payne effect was consistently lower than
control rubber composites, suggesting weaker filiker networking and improved dispersion.

Moreover, swellng tests indicated consistent crosslink density and strongi fibrix
compatibility across all loading levels

In summary, the results demonstrate that NaKl#$PTtreated WPL can be used as a partial
substitute for carbon blaékup to 30 phd without compomising the composite's mechanical,
thermal, or dynamic integrity. These findings underscore the viability of modified lignocellulosic
fillers as renewable reinforcements in sustainable rubber formulations

Keywords: Biofiller; Lignocellulose Surface moffication; Sustainable Rubber composites;
Green tires
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Introduction

Rubberbased composites have gained significant attention in modern industries due to their
versatile applications across various sectors, including automotive, aerospace, sports equipment,
adhesives, tires, hoses, gloves;i@s, conveyor Wes, fire-resistant materials, and footwe@he
rapid growth of the global economy, particularly in the automotive industry, has resulted in the
annual production of millions of tons of tire waste. Improper disposal of this waste poses serious
environmenral threats. Addressing this issue has become a global priority, with research focusing
on innovative methods for recycling and reusing discarded tires. Scientific advancements and
changing societal perspectives are driving efforts toward sustainableatte managementhe
demand for sustainable and doendly materials has surged amid rising concerns over
environmental pollution, global warming, and the energy crisis. This shift has motivated
researchers to explore and develop innovative biocompuositerials that align with ecological

objectives while maintaining high performance and functionglifg].

Bio composites made from natural fibers and biopolymers offefressally alternatives to
conventional materials. While much research focusestr@rmoplastic and resibased
composites, using natural fillers in elastomeric matrices, such as natural rubber (NR), remains less
explored. NR is the only bibased elastomer, valued for its high tensile strength, tear resistance,

flexibility, and durablity, making it critical to the automotive and transportation indusi8is

Carbon black (CB) is a common reinforcing filler in the rubber industry, enhancing mechanical
and thermal properties while influencing vulcanization chemistry. However, itsugirod
releases toxic gases and hazardous waste, and it is classified as a Group 2B carcinogen by IARC,
posing health and environmental risks. These challenges underscore the need for sustaiable, eco

friendly alternatives to replace carbon black in ruldmenposite$4].

Lignocellulosic fillers are gaining attention as sustainable alternatives in rubber composites due
to their renewability, biodegradability, low cost, and favorable mechanical properties. They are
composed of cellulose, hemicellulose, dighin, which have robust and intricate structures.
Although this structure provides inherent strength, its hydrophilic nature leads to poor
compatibility with the hydrophobic rubber matrix. As a result, rubber composites filled with

unmodified lignocelliosic fillers typically exhibit inferior properties compared to those reinforced



with carbon black. For this reason, surface modifications of lignocellulosic fillers are necessary to

enhance their compatibility with the rubber maf&K6].

Natural fibers can be modified by chemical or physical methods, including alkaline treatment
(mercerization), acetylation, silane treatment, benzylation, and the use of coupling agents such as
titanates and maleated anhydrides. Among these methodsaaliailane treatments are the most

effective and widely used method§8].

Alkali treatment is a widely used method to enhance the surface properties and chemical
reactivity of lignocellulose, making it more suitable for advanced applications in rbbbed
composites[9][10]. The primary objective of alkali treatment is to partially remove lignin,
hemicellulose, waxes, natural fats, and other impurities that typically inhibit the adhesion of
lignocellulose to polymer matrices. By eliminating thesements, the cellulose structure is
exposed, revealing more hydroxyl groups on its surface, which significantly increases its chemical
reactivity and enhances its ability to form strong bonds with polymer matrices. This process
ultimately improves the meahical and physical properties of the resulting comp@kif§L2]. In
addition, this treatment increases the surface area available for bonding with the matrix, enhances
surface roughness, and reduces the surface tension of the filler. Furtherméibertdameter
decreases while the fiber aspect ratio increases, improving its reinforcing potential. By partially
removing the amorphous regions of hemicellulose and lignin, the alkali treatment also leads to
higher crystallinity, contributing to improvedtructural propertieg5]. It also reduces the
hydrophilic nature of the material, thereby minimizing moisture absorptiancritical factor in

maintaining the durability and stability of the final product under various environmental conditions
[7].

The silane treatment process involves several stages, including hydrolysis, condensation, and
bond formation, to enhance the properties of natural fibers. During hydrolysis, silanols are formed
in the presence of moisture and hydrolyzable alkoxy groupseloondensation stage, one end of
the silanol molecule reacts with the hydroxyl groups of cellulose (formir@i $ellulose bonds),
while the other end bonds with functional groups in the polymer matrix (formiinga®iix
bonds). This dual reactivity aites a molecular bridge across the filmatrix interface, ensuring
improved compatibility and adhesion. Additionally, the hydrocarbon chain provided by the silane

prevents fiber swelling within the matrix, further stabilizing the composite's propertigse S

10



coupling agents also act as a surface coating, penetrating theporesoof natural fibers and

forming mechanically interlocked layers that enhance fiber strgsiitn].

Furthermore, silaneompounds, with their diverse functional groups, can significantly affect
the properties of vulcanizates. Certain compounds, such as vinyltriethoxysilane, participate in
rubber crossinking processes due to the presence of double bonds, while others, I&, 3 Nj
Tetrathiobis(propytriethoxysilane), leverage sulfur atoms in their structure for dnoksg.
Meanwhile, silanes such as(8minopropyl) triethoxysilane, -8Chloropropyl) triethoxysilane,
and octyltriethoxysilane include functional groups that more compatible with natural rubber,

including polar amine or chloride groups and 4pahar long carbon chairj8][13].

Several researchers have successfully combined alkali and silane treatments to enhance the
properties of natural fibeneinforcedcomposites, achieving improved interfacial adhesion and
mechanical performandg][8][14]. However, this approach has been relatively underexplored,
particularly in applications aimed at developing sustainable tires. In line with these advancements
and our goal of developing edoendly tire solutions, we employ both treatments to optimize the
compatibility of natural fibers with the rubber matrix, ensuring enhanced performance and

environmental sustainability.
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State of art

2.1.Rubber composites

Rubberbased composites have attracted growing interest due to their versatility in industries
such as automotive, aerospace, footwear, biomedical devices, and electronic or thermal
applications. They are produced by combining a rubber mattixreinforcing fillers, resulting in
improved mechanical performance, durability, and processability. Rubbers, characterized by
unsaturated bonds in their backbone, gain exceptional propesiieh as high elasticity, abrasion
resistance, and tensile stgtd through vulcanization, a crosslinking process that forms a-three
dimensional network. However, unfilled rubbers are generally unsuitable for demanding
applications and require reinforcement with fillers, along with other additives, to achieve the
desied properties. Fillers, typically inorganic or insoluble materials, are crucial in defining
composite performance. Their characterigtisize, shape, surface area, aspect ratio, and surface
chemistry govern filleit matrix interactions, influencing strengthesilience, and interfacial
adhesion. In nanocomposite systems, however, these intrinsic properties alone are insufficient; the
reinforcing effect also depends critically on achieving strong interfacial adhesion between filler

and polymer and ensuring @mim dispersion of filler particles within the matrig][5][15].

Fillers are broadly divided into three types based on their reinforcing capabilities: reinforcing,
semireinforcing, and noimeinforcing fillers. Reinforcing fillers, such as carbdadk and silica,
possess small particle sizes and improve strergdtted properties. Semeinforcing fillers offer
limited mechanical enhancement, while sreinforcing fillers, typically with large particle sizes,

may even reduce composite strengthdretstill used to lower production cofl}5].

2.1.1. Natural rubber

Natural rubber (NR), obtained from the latex of tree is the only commercially available bio
based elastomer and represents a renewable alternative to pettleleved rubbers. Chemically
it is cis-1,4-polyisoprene, a polymer known for its exceptional mechanical performance, including
high tensile and tear strength, remarkable flexibility, good crack resistance, and low heapbuild
during dynamic loading. These properties, combined igtmherent tackiness, make NR highly
suitable for demanding engineering applications, particularly in transportation and automotive
sectors. As a plarderived material, NR is inexpensive, widely available, and presents fewer health
and environmental zards compared to synthetic elastomers. While biocomposite research has

largely focused on thermoplastics and thermosetting resins, the potential of NR as a natural
12



polymer matrix in biocomposites reinforced with sustainable fillers is less exploredageger
NR6és performance and renewable origin offers

elastomeibased composites with competitive functional prope[8Es6].

2.1.2. Styrene Butadiene Rubber (SBR)

Styrené butadiene rubber (SBR) is one of ti@st widely used synthetic elastomers, valued for

its balanced combination of abrasion resistance, aging stability, and pabdégs Chemically,

SBR is a random copolymer of styrene and butadiene, with its properties being strongly influenced
by the syreneto-butadiene ratio and the microstructure of the butadiene segments. While SBR
exhibits good abrasion resistance and low rolling resistance, its tensile strength and elasticity are
generally lower than those of natural rubber (NR). Consequenthdbtdf SBR with NR are often
employed to combine the superior tensile and tear strength of NR with the enhanced wear
resistance and aging stability of SBR, achieving a synergistic balance suitable for high

performance applications such as tire treads gndrdic rubber goodd.7][18].

2.1.3. Conventional Fillers

Carbon black (CB) has long been recognized as the dominant reinforcing filler in rubber
manufacturing, particularly in tire production and other kpghformance rubber goods.
Containing more than 90%lemental carbon, it provides substantial improvements in strength,
elasticity, abrasion resistance, and other mechanical properties through strong adhesion at the
filleri polymer interface. CB also has the capability to alter the vulcanization chemistitybet,
exhibiting both chemical and catalytic activity. The overall performance dfillé8 composites
depends on several intrinsic factors, including particle size, structural complexity, surface
chemistry, and dispersion quality within the rubber Rafhese parameters influence not only
static properties such as tensile strength and modulus, but also dynamic behaviors like the Payne
effect and Mullins effect, both associated with structural reorganization and energy dissipation

during deformatiori1][4][5].

Recent advances in filler technology for rubber composites have focused on alternative carbon
based nanofillerssuch as graphene, carbon nanotubes (CNTs), and graphite, due to their high
surface area, exceptional mechanical strength, and ability to achieve significant reinforcement at
low loadings. These materials enable lightweight and -pagformance productsalthough

challenges like agglomeration and poor dispersion remain, necessitating surface modification and
13



hybrid filler approaches. Silica, particularly precipitated silica, is another key reinforcing filler,
offering benefits such as reduced rolling resise, improved fuel efficiency, and enhanced wet

grip in fAgreen tires.o |Its applicati eoa howe\
rubbers, which can be mitigated through silane coupling agents. Emerging hybrid systems,
including carborcoaed silica and reduced graphene oxide (rGO), show potential for improved
dispersion, lower energy loss, and enhanced abrasion resistance, supporting the development of

eccofriendly, high-performance rubber compositas.

Natural rubber (NR), styrehbutadiene rubber (SBR), and butadiene rubber (BR), which are
the main elastomers used in tire manufacturing, have traditionally been reinforced with carbon
black (CB) produced from petroleuderived feedstocks. Its prodian is highly energy
intensiveconsuning approximately 44 GJ of energy and emitting about 3.3 tons bf@@very
ton produced [5]and the material itself is nenenewable and nebiodegradable. Furthermore,
environmental concerns arise not only from its synthesis but also from handiingjsposal
processes. The rapid growth of the global automotive industry has also led to the generation of
millions of tons of waste tires annually, making their effective disposal a worldwide challenge. In
tire manufacturing. These sustainability challesgave intensified the search for renewable, bio
based fillers derived from animal products (e.g., chitosan, chitin), grains (e.g., starch,
polysaccharides), plant and wood resources (e.g., lignin, cellulose, natural fibers), agricultural
residues, and dustrial byproducts as alternatives to carbon black (CB) in the rubber industry.
These biebased fillers are biodegradable, lightweight, and-effstctive, with some offering high
specific strength and stiffness. Additionally, they possess advantageassloov density, ease of
processing, and favorable mechanical properties. Partial substitution of CB with such fillers can
reduce rolling resistance by disrupting the CB network (Payne effect) and enhance wet traction
due to their hydrophilic nature, thglu it may slightly reduce wear resistance becausdillams

are generally softer than GB[2][4][5].

14



2.1.4. Bio-Based Fillers
The growing need for sustainable materials in the rubber industry has encouraged the partial or
full replacement of petteum-derived fillers with natural, pladiased fibers. These lignocellulosic
materials are derived from various plant sources, including bast fibres such as jute, flax, ramie,
hemp, and kenaf; seed fibres like cotton, coir, and kapok; leaf fibres sushlapiaeapple, and

abaca; as well as fibres from grasses, reeds, wood, and1@jfits].

The primary building blocks of plant fibres are cellulose, hemicellulose, lignin, pectin, and
small quantities of waxes and extractives. Cellulose, a mglecular weight polysaccharide, is
the main loaebearing element that provides mechanical stability, stiffness, and tensile strength.
Its structure contains repeatinggdDn hy dr o gl u c o s e-1,4glycosidic bdndshvktle d by
hydroxyl groups that form exteive hydrogen bonding networks, directly influencing crystallinity
and overall strength. Hemicellulose, present mainly in the primary cell wall, is a branched polymer
of mixed sugars that binds to cellulose microfibrils and serves as a flexible magmin is a
complex aromatic polymer that contributes rigidity, hydrophobicity, and resistance to biological
degradation, while pectin enhances structural integrity and flexibility by forming ionic and
covalent crosg¢inks. Waxy substances and extractives ag protective layers, influencing fibre
colour, moisture uptake, and durability. Although their absolute strength is often lower than that
of synthetic fibres, their high specific stiffness, low density, renewability, and reduced
environmental footprintmake them attractive reinforcements for elastomeric matrices. From a
materials engineering perspective, these fibres can be considered natural composites in which
cellulose microfibrils are embedded in a hemicelluligain matrix, offering a balanced
combination of mechanical reinforcement and sustainability for advanced rubber composite
applicationg9][10][20][21].
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Fig. 1. Representative chemical structures of the primary constituents of lignocellulosic @resllulose, (b)
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2.2.Surface Modification Methods

Despite their environmental and performance advantagebabied fillers often require surface
modification to address the inherent incompatibility between hydrophilic fibres and hydrophobic
rubber matricesThe fibré matrix interface represents a diion or reaction zone where the two
phases are chemically and/or mechanically combined. Strong interfacial adhesion is essential for
achieving desirable mechanical properties in composites; otherwise, weak dispersion of stress
across the interface can tee inferior performance. In the case of natural fibres, the hydrophilic
hydroxyl groups present on the fibre surface reduce compatibility with hydrophobic polymer
matrices, while pectin and waxy layers further block reactive sites, acting as bamechmical
interlocking [10][22][23]. To overcome these limitations, both physical and chemical surface

modification methods have been developed to enhancérilatex adhesion.

Physical treatments alter the structural and surface characteridilmesfwithout changing their
chemical composition. Methods such as stretching, calendaring, thermal treatment, and hybrid
yarn production modify surface roughness and improve the mechanical bonding with polymers.
Electric discharge methods, including @oa and cold plasma treatments, are widely employed
for surface activation. These techniques are particularly effective fepalanpolymer substrates

such as polyethylene and polypropylene and have been shown to improve filler dispersion and

mechanicaperformancg12][24].

Common chemical treatments include alkaline treatment (mercerization), which removes surface
impurities, increases roughness, and activates hydroxyl groups; silane treatment, where silane
coupling agents form covalent bonds between fibre hydroxyl groups and the polymer matrix;
acetylation, which replaces hydroxyl groups with acetyl groups to reduce moisture absorption; and
esterification, in which hydroxyl groups react with acids or anhydridempoove dispersion.

Other approaches such as benzoylation, maleated coupling agents, isocyanate treatments, and
polymer grafting have also been investigated to strengthen interfacial bonding. These chemical
treatments work by exposing more reactive groupthe fibre surface, enabling stronger coupling

with the matrix and improving mechanical performance. Bifunctional coupling agents can remove
weak interfacial layers, create durable and flexible interphases, and improve wetting between fibre
and polymer. gudies have reported that chemically treated fibres exhibit higher cellulose content,
improved thermal stability, increased crystallinity, and enhanced tensile and flexural strength

compared to untreated fibrg9][22][23].
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Surface Modification Methods
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Fig. 3. Classification of surface modification methods for natural fibres.

2.2.1. Alkali treatment

Alkaline treatment, most commonly performed using sodium hydroxide (Na®bhe of the
most effective and widely adopted methods for enhancing the performance of natural fibres (NFs)
in polymer composites. This process removes surface impurities such as hemicellulose, waxes,
lignin, and fatty substances, thereby improvirgdi matrix adhesion, moisture resistance, and
thermal stability{23][25][26].

Physicochemical and structural changes such as the loss of hydrogen bonds and an increase in
the amorphous fraction at the expense of crystalline regions, lead to the generationiof alkali
cellulose intermediates (sddzllulose), which can subsequigntransform into regenerated
cellulose (cellulose II) upon removal of unreacted NaOH and drying. These crystalline transitions
alter the mechanical characteristics of the fibres and increase the number of reactive hydroxyl sites
available for bonding witlthe matrix. In addition, hydrogen peroxide can be used under alkaline

conditions to further remove hemicellulose, lignin, and other surface contaniirignts

The efficiency of alkali treatment depends on several parameters, including NaOH
concentration, temperature, immersion time, and-fibigolution ratio. Higher concentrations and
elevated temperatures tend to remove which removes amorphous constituents (hemicellulose and
lignin), thereby exposing the crystalline cellulose microfdoahd promoting stronger hydrogen
bonding between them. This removal of ramllulosic components, combined with the subsequent
closepacking of the remaining microfibrils, results in a reduction in fibre diameter, improved
surface roughness, and enhanteasile strength, all of which are beneficial for their role as

reinforcement in polymer composit@s).
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Despite its advantages, alkali treatment can also cause fibre degradation if not carefully
controlled, and it generates chemical waste tltptires proper disposal to maintain environmental
sustainability [23]. Therefore, optimisation of process parameters is essential to balance

performance improvements with fibre integrity and environmental considerations.

2.2.2. Silane treatment

Silane couphg agents are highly effective in modifying the surface of natural fibres to enhance
their compatibility with polymer matrices. In most practical approaches, silane treatment is
combined with an alkali prereatment. Without alkali activation step, silanedification remains
limited to superficial sites, as the highly hydrogemded structure of cellulose restricts molecular

penetratior6].

Silane coupling agents are widely recognized as highly effective modifiers for improving the
compatibility of natural fibres with polymer matrices. Their unique functionality lies in the
simultaneous presence of hydrolysable alkoxy groups and organofunctiaugisgnn the
presence of moisture, alkoxy groups hydrolyze into silanols, which react with hydroxyl groups on
the fibre surface, while the organofunctional ends interact with the polymer chains. Through these
reactions, stable covalent networks are formaethe fibré matrix interface, which transform the

fibre surface from hydrophilic and moistusensitive into hydrophobic and chemically active
[11][19][23].

While silane functionalisation provides improved dispersion, enhanced wettabititiiglrer
mechanical interlocking within composites, its industrial application must also consider processing
cost, compatibility with specific polymer systems, and the environmental aspects of silane waste
management. With appropriate handling, silane @geamain a highly versatile tool for

sustainable natural fibre modification in polymer compogites
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Fig. 4. Interaction of silane with natural fibres through: (a) hydrolysis, (bjam@iflensation, (c) adsorption,
and (d)chemical grafting, leading to stable siloxane linkages and improved rilateix adhesiof6].

2.3.Impact on Composite Properties
2.3.1. Mechanical performance

Saha et al[27] examined the tensile behavior of lignocellulgsite fibers subjected to alkali

treatment under both ambient and elevated temperatures, as well dstalaalitreatment. Their

study aimed to determine how these treatment conditions influenced uniaxial tensile strength. The

findings indicated that allkd steam treatment yielded the most pronounced improvement in tensile

strength compared to untreated fibers and those treated at ambient temperature. This enhancement
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was primarily linked to the effective removal of hemicellulose and surface contamivartdi,

promoted fibrillation and improved stress transfer efficiency within the fiber structure.

In line with this observation, Widodo et 4P8] evaluated the mechanical performance of
Sansevieria trifasciata fibers (STF) before and after NaOHriegdtthrough singléiber tensile
testing. The alkaltreated fibers demonstrated marked increases in both tensile strength and
modulus. These gains were associated with the removal of amorphocuslindwsic materials,
resulting in stronger intefibrill ar bonding, improved loadearing capacity, and reduced fiber

slippage during tensile deformation.

Building on the role of surface modification in improving reinforcement, Kaewsakul et al.
[13] conducted a comparative study on the effectivenésifferent silane coupling agents in
rubber composites. Five silanes were investigatedtteshoxysilylpropyl) tetrasulfide (TESPT),
bis-(triethoxysilylpropyl) disulfide (TESPD), octyltriethoxysilane, vinyltrimethoxysilane, and bis
(trimethylsilylmethyl) tetrasulfide (TMSMT), with TESPT selected as the reference. They
reported that sulfucontaining silanes (TESPT, TESPD) markedly improved the tensile strength
and modulus of rubber composites due to their dual ability to bond with filler hydroxylsyaoap
to participate in vulcanization. In contrast, rmeulfur silanes (octyltriethoxysilane,
vinyltrimethoxysilane) showed limited reinforcement because of weakei fillgtrix adhesion.
Furthermore, Payne effect measurements revealed that-fuifttioral silanes, such as TESPT
and TESPD, significantly reduced filldiller interactions and enhanced silica dispersion within
the rubber.

Similarly, Miedzianowska et gB3] reported that silaneodified horsetail fillers (APTES, CPTES,

OTES, VTES, TESPT}kignificantly improved the mechanical behavior of NR composites
compared to untreated fillers. The hardness and tensile strength (TS) increased with filler loading

up to 20 phr, with APTES and TESPT showing the most pronounced reinforcement due to their
functional groups (amino and sulfur) enhancing vulcanization andi filleber bonding.

However, elongation at break (Eb) decreased for APTES, VTES, and TESPT systems, reflecting
higher crosslink density. Dynamic mechanical tests further showed a reduce@ Pag f f ect ( @
for silanetreated composites, indicating suppressed filiégr networking and improved
dispersion. This was attributed to the reduction of hydroxyl groups on horsetail fibers after
silanization, which limited hydrogen bonding and aggtem, consistent with FTIR evidence.
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Fig. 5. Payne effect of silicdilled NR compounds modified with different silane coupling agents (TESPT,
TESPD, VTMS, OTES, and TMSMT) as a function of dump temperdlgp

Extending these findings to jute fiieeinforced NR systems, Roy et Hl4] investigated the
effect of different surface treatments, including alkali, alkali/stearic acid, and alkali/silane
modifications. They reported that the addition of uatied fibers slightly improved stiffness but
reduced tensile strength because of weak interfacial bonding. When the fibers were chemically
modified, especially through combined alkali and silane treatment, the composites exhibited
clear improvements in motiis, hardness, and tensile strength. This enhancement was attributed
to better dispersion of the fibers, increased crosslink density, and stronger interfacial adhesion,
which together facilitated more efficient stress transfer from the rubber matrixftbetse
However, all fibeffilled composites showed lower elongation at break compared to neat rubber,

reflecting increased stiffness and reduced flexibility.
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Table 1. Mechanical properties of natural rubber (NR) composites reiatbwith untreated and surfatreated

jute fibers[14].

. Hardness  Tensile Strength Elongation at  Crosslink Density
Formulation = Mygg (MPa) (Shore A) (MPa) Break (%) % 105 (mol cm-3)
Unfilled NR 0.83 + 0.04 47 £2 12.07 £ 0.58 B3+ 15 7.21

NR/JFyn 1.20 = 0.09 55+2 1052 + 0.69 765 £ 15 8.54

NR/A-JF 1.49 + 0.07 56+1 14.21 + 0.89 750 + 20 8.76
NR/A-St-JF 1.63 £ 0.12 59+ 1 1591 + (.44 750 + 20 9.01
NR/A-Si-JF 1.77 £0.11 6212 17.04 = 0.52 770 £ 20 10.88

2.3.2. Thermal stability

Widodo et al.[28] assessed the thermal performance of atkadited Sansevieria trifasciata

fibers using thermogravimetramalysis (TGA). Their findings showed a moderate upward shift in

the onset degradation temperature compared to untreated fibers, indicating enhanced thermal

resistance. This improvement was linked to the removal of hemicellulose and lignin, which left a

thermally more stable cellulos&h structure.

In a related study, Raia et §9] examined the thermal stability of Pinus fibers subjected to a

range of NaOH concentrations @wt.% and above) and varying immersion periods. TGA/DTG

curves demonsited that intermediate alkali levels and controlled treatment times promoted the

selective removal of hemicellulose and lignin, thereby delaying thermal decomposition.
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Conversely, overly strong alkali solutions or extended treatment durations partigithdele

cellulose, resulting in a reduction in thermal stability.
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Fig. 6. TGA and DTG curves of untreated and alkadiated Pinus fibers at different Na@bBncentrations 5
30%) and times (2 h, 24 h), showing the effect of treatment on thermal stgfil]ty

Expanding on the influence of chemical modification, Miedzianowska [8] alvestigated the
thermal stability of horsetail fibers treated witifferent silanes (APTES, CPTES, OTES, VTES,
TESPT) using TGA/DTG. Silanized samples showed lower initial moisture [04%(8s. 8% for
untreated), higher T50 values, and greater residues at 800 °C, indicating improved thermal
stability. The modificatiomeduced hydrophilicity and enhanced filler compatibility with rubber
matrices. Similarly, Thermogravimetric analysis (TGA) performed by GiepardgZ2]akvealed
differences in the thermal behavior of fibers subjected to different treatments. tAdieitnent
slightly increased thermal stability by eliminating amorphous components. Further silane
functionalization enhanced this effect: G®&ated fibers showed the highest onset of
decomposition temperature and the greatest resistance to thernzaladiegr, while APSreated

fibers also exhibited improved stability compared to untreated samples.

At the composite level, Roy et dlL4] studied the thermal stability of NR composites with
untreated and surfag¢eeated jute fibers. No clear change waserved in the initial degradation

(T10%, T20%). However, NR with alkali/silasteeated fibers showed slightly higher T50% and
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T80%, indicating improved stability due to stronger rubbker interactions that limited chain

mobility and delayed degradatio

2.3.3. Chemical Structure

Raia et al[29], used the Fourier Transform Infrared Spectroscopy (FTIR) spectrostmphy
assess chemical modifications in fibers subjected to alkali treatment under varying conditions. The
spectra showed a marked reduction or complete disappearance of characteristic absorption peaks
associated with hemicellulose and lignin, confirmingrtpartial removal. The treatment also led
to the exposure of cellulose hydroxyl groups, thereby improving the potential for chemical bonding
with hydrophobic polymer matrices. Similarly, FTIR analysis by Widodo e[8], revealed
diminished hemicelldse and ligninrelated peaks in alkatreated fibers, accompanied by

increased intensity of cellulospecific absorption bands.

Beyond alkali modification, silane treatments produced more pronounced chemical changes.
Miedzianowska et a|3] studiedhorsetail biofiller modified with different silane coupling agents,
namely VTES, TESPT, APTES, CPTES, and OTHSIng FTIR spectroscopy, they confirmed
that silanization altered the chemical structure of the fibers. The treatment reduced Rydroxyl
related &sorbance bands, indicating the reaction of silane groups with cellulose. At the same time,
new absorption bands associated withGsIC and SiOi Si bonds appeared, confirming the

formation of polysiloxane structures on the fiber surface.

According to Giepala et al.[22], Alkali-treated fibers showed reduced intensities of peaks
associated with hemicellulose and lignin, confirming their partial removal. In addition, silane
treatments introduced new absorption bands attributed @ Siand Si Oi Si linkages, indicating
successful grafting of silane molecules onto the cellulose surfacetr&R&d fibers demonstrated
stronger characteristic peaks compared to #B&ed ones, suggesting a more effective surface
functionalization. Among the silane couplinggae n tgb/cidoxgpropyltrimethoxysilane (GPS),
which contains an epoxy functional group, demonstrated stronger characteristic peaks compared
t o-ammnopropyltriethoxysilane (APS), which carries an amino group. This suggests that GPS was
more effective insurface functionalization, as its epoxy group provided stronger bonding and
reduced hydrophilicity, while APS mainly enhanced chemical reactivity through its amino

functionality.
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2.3.4. Morphology and dispersion

To evaluate surface morphology, Raia et aJ29] investigated untreated and alkalitreated
fibers using Scanning Electron Microscopy (SEM). Varying NaOH concentrations and
treatment durations resulted in a progressive removal of surface impurities such as waxes
and pectins, accompanied by increased swate roughness and fibrillation. These changes are
expected to enhance fiber wettability and facilitate stronger mechanical interlocking in
composite matrices. Similarly, Saha et al[27] reported that treated jute fibers exhibited
cleaner surfaces with ponounced fibrillation compared to untreated fibers, which retained
waxy layers and other impurities. In their study, alkalii steam treatment produced a more
uniform and rougher surface, conditions that favor improved interfacial adhesion in

composite applcations.

Gieparda et a[22] investigated the morphology of flax fibers before and after alkali and silane
treatments using SEM. Untreated fibers displayed a relatively smooth surface covered with waxes
and impurities. After alkali treatment, the fibesshibited a rougher and cleaner surface, indicating
the removal of hemicellulose and surface contaminants. Subsequent silane treatments with 3
aminopropyltriethoxysilane (APS) and -gBycidoxypropyltrimethoxysilane (GPS) further
modified the fiber surfaceproducing more homogeneous coatings and suggesting improved
interfacial compatibility with polymer matrices.

Experimental

3.1Materials

The primary material used in this study was WPL GS+ 101, a natural bid#@iared from
winemaking byproducts, primarily sourced from the EmilRomagna region in Italy. WPL GS+
101 has a moisture content of less than 3wt% and demonstrates excellent thermal stability, with a
T15 at 271°C. Its fine particle size and density @1gdcm?®) make it suitable for reinforcing

polymer composites, improving thermaechanical properties.

In this study, sodium hydroxide was used as the primary reagent for alkali treatment due to its
ability to effectively remove lignin, hemicellulose, waxeand other impurities from natural

lignocellulosic materials.
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Acetic acid, with an analytical grade purity of at least 99.5%, was used totedle\WWPL GS.
This step was crucial in stabilizing the modified lignocellulosic structure and preventergigbt

degradation during further processing.

Other ingredients were provided by Michelin company including NR, SBR, CB N326 (with
average pore size ~27 nm and BET surface area 4/gj, mil, zinc oxide (ZnQas an activator,
stearic acid (SA) as a curing/release agent, sulfur as a vulcanizing agent;teurtdbusyl-2-
benzothiazyl sulfenamide (TBBS) as an accelerator. All components were used as received without
further purification.

The main chemicals andaterials used in the surface treatment and composite formulation

processes are illustrated in Figureasnd8, respectively.
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Fig. 7. Materials used for WPL GS surface treatment : (a) Untreated WPL powder, (b) TESPT silane, (c)
NaOH pellets, (d) Absolute ethanol.
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Fig. 8. Raw materials used in NR/SBR composite preparation: (a) Natural rubber (NR), (b) Stytadiene
rubber (SBR), (c) Carbon black, (d) TBBS accelerator,
(e) Zinc oxide, (f) Sulfur, (gptearic acid, (h) Processing oil.

3.2. Method

3.2.1. Fiber surface treatment

For the alkali treatment, asceived untreated WPL powders were immersed in 2wt% NaOH
solutions by maintaining a fiber weight to alkali volume ratio of 1:50 at ambient temperature (25
+ 2 °C) for various times of 1h, 2h, 3h, 5h, and 24h. Then, the dfealied WPL was neutralized
with diluted acetic acid. The powders were collected by centrifugation and washed with distilled
water several times until the fiber's surface was entirely fi@a the unreacted alkali. The
obtained samples were dried in the oven at 70 °C until a constant weight was obtained. Fhe alkali
treated samples were denoted as 2%NAPL-1h, 2%NaOHWPL-2h, 2%NaOHWPL-3h,
2%NaOHWPL-5h, and 2%NaOWVPL-24h, correspondingtthe process times. Among these,
the 2hour treatment (2% NaOM/PL-2h) was found to be optimal based on the characterization

results.

In the combined alkalilane treatment, an ethanelter mixture (60:40) was first prepared.
Then, acetic acid was addexladjust the pH of the solution to about 4.5. After that, TESPT was
added to the solution at various concentrations of 2, 5, and 10 wt.%, considering the content of
NaOHtreated WPL, and stirred at room temperature (RT) for 2 hours to achieve a uniform
dispersion. Next, 4 g of alkatreated WPL (2%NaOWNVPL-2h) was added into 100 mL of the

prepared silane solution, and stirring continued for an additional 3 hours to complete the
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silanization process. Silylated samples were collected by centrifugatishedvanultiple times

with distilled water to eliminate unreacted silane, and dried at 70 °C for 24 hours. The treated
samples were named 2%Na®@WPL-2TESPT, 2%NaOHNPL-5TESPT, and 2%NaOM/PL-
10TESPT based on the silane concentration. Based on the prelichaaagterization results, the
2%NaOHWPL-2TESPT formulation was selected as the designated biofiller for the subsequent

fabrication of rubber composites.

3.2.2. Preparation and curing of rubber composites

Various NR/SBR compounds were formulated with differenpprtions of carbon black (CB)
and 2%NaOHWPL-2TESPT, as detailed in Tak?e The mixing process was conducted using a
Brabender laboratory mixer (MT 1902140.1289), equipped with a 45 cm3 mixing chamber, at 110
°C and a rotational speed of 90 rpm (Fig8ye

The process began with the charging of NR into the mixer, followed by blending for 5 minutes.
Subsequently, SBR was introduced and mixed until a nearly homogeneous blend was achieved.
Then, Stearic acid and zinc oxide were adeéensure uniform dispersion. In the next step, half
of the CB and half of the oil were incorporated into the mixture. Once proper dispersion was
achieved, the remaining CB and oil were added. The CB content varied between 70 and 100 phr,

based on the taltfiller content.

Afterward, 2%NaOHWPL-2TESPT, in amounts ranging from 5 to 30 phr, was gradually
introduced into the mixeand blended for 2 minutes. In the final stage, sulfur and TBBS were
added and mixed until a uniform rubber compound was obtaliedresulting rubber composite
was molded into 1 mrthick sheets using a Gibitre hot plate press, operated at 140 °Q for 1
minutes. The treated/PL-reinforced rubber composites were designated based on their biofiller
content as followst00CB (Control) 2%NaOH5WPL-2TESPT 2%NaOH10WPL-2TESPT 2%NaOH
20WPL-2TESPT,and2%NaOH30WPL-2TESPT
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Table 2. Formulation data of the prepared rubber composites at different CB/ti&d&edatios
(Parts per hundred rubber).
100CB  2%NaOH-5WPL- 2%NaOH-10WPL-

2%NaOH- 2%NaOH-
Ingredients (Control) 2TESPT 2TESPT 20WPL-2TESPT 30WPL-2TESPT
NR 100 100 100 100 100
SBR 100 100 100 100 100
SA 2 2 2 2 2
ZnO 5 5 5 5 5
CB 100 95 90 80 70
Qil 40 40 40 40 40
2%NaOH-
WPL-2TESPT 0 5 10 20 30
Sulfur 4 4 4 4 4
TBBS 6 6 6 6 6

Fig. 9. Brabender Plastograph internal mixer used for compounding NR/SBR rubber composites.

The comprehensive experimental procedures for the alkali treatment of the WPL GS biofiller

its subsequent TESPT silane functionalization, and the preparation of bigfiiéorced NR/SBR
rubber composites are summarized in Fidwie
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2. Silane Functionalization
(TESPT)

3. Rubber Composite

1. Alkali Treatment .
Preparation

Soak WPLin 2 wt% NaQH, ratio Prepare ethanol: water (60:40 Mix in Brabender (45 cm?,
1:50g/ml, at25+2°C viv) solution 110°C, 90 rpm)
Treat for: 1, 2, 3, 5, 24 hours Adjust pH to 4.5 with acetic acid Add NR — mix 5 min, then SBR
d 0,
Neutralize with dilute acetic acid Add TESPT. 2, 5, or 10 wt.% Add ZnO + SA

(w.r.t alkali-treated WPL)

Add half CB + half oil, then rest

llected b trif d Wash
collected by centrifuge an as of CB + oil

with distilled water

Stir for 2 hat RT

Add 2%NaOH-WPL-2TESPT (5,

o _ B,
Add 4 g of 2%NaOH-WPL-2h, 10, 20, 30 phr)

Dry at 70 °C to constant weight stir3 h atRT

Label: 2%NaOH-WPL-1h,
2%NaOH-WPL-2h (optimal),
2%NaOH-WPL-3h,
2%NaOH-WPL-5h,
and 2%NaOH-WPL-24h

Centrifuge, wash, and dry at Add Sulfur + TBBS, final blend

70°Cfor24 h

Mold at 140 °C for 12 min (1 mm
Label: sheets)
2%NaOH-WPL-2TESPT (best),
2%NaOH-WPL-5TESPT,
2%NaOH-WPL-10TESPT.

Label: 100CB (Control),
2%NaOH-5WPL-2TESPT,
2%NaOH-10WPL-2TESPT (best)
2%NaOH-20WPL-2TESPT,
and 2%NaOH-30WPL-2TESPT.

Fig. 10. Schematic workflow of WPL surface modification and NR/SBR compg@séparation, including
alkali treatment, TESPT functionalization, and rubber compounding with molding.

3.3Characterization
Advanced analytical methods were employed to assess the chemical, structural, and thermal

properties of both treated and untreated VERd reinforcedubber composites.

3.3.1. Scanning Electron Microscope

Scanning Electron Microscopy (SEM) is a higisolution imaging technique that uses a
focused beam of highnergy electrons to scan the surface of a specimen. As the electrons interact
with the atoms of the sample, several signals are generated, incdedmgdary electrons, which
are used to form detailed images of surface morphology. The technique provides topographical,
compositional, and, in some cases, crystallographic information at the microscale.

EnergyDispersive Xray Spectroscopy (EDS), often integrated with SEM, is used to analyze

the elemental composition of a material. When the electron beam strikes the sample, it can eject
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innershell electrons, leading to the emission of characteristiayX. These Xrays are detected
and analysed to identify and quantify the elements present in the sample.

Modern SEM systems are equipped with field emission sources, advanced detectors, and
automated software controls, enabling precise and reproduciblauraeents. However, as
Gol dstein et al. emphasi ze, meani ngf ul result
choose and understand imaging parameters such as accelerating voltage, working distance, and
detector settingf0].

The morphologiclproperties of untreated/PL and treatedVPL were characterized using
scanning electron microscopyt{enom XL Desktop SEM#asshown inFigurell, at an operating
voltage of 15 kV. The surface of the samples was spottted with platinum before SEM
imaging to enhance the conductivity of the natural fibers

Elemental analysis of the samples was conducted through etispgysive Xray

spectroscopintegrated with the SEM.

Fig. 11. SEM (Phenom XL) with EDS for surface morphology and elemental analysis.

3.3.2. Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared (FTIR) Spectroscopy is a widely used analytical technique that
identifies molecular structures based on the absorption of infrared radiation by chemical bonds.

According to Stuari31], when IR radiation interacts with a molésguspecific bond vibrations
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absorb energy at characteristic frequencies, leading to a spectrum that reflects the presence of
functional groups such @©H, 1 CH, 1 COOH, ori Sii O.

FTIR spectra are typically recorded as plots of absorbance (or transmittesrse)s
wavenumber (cmd), producing a unique molecular fingerprint for each substance. This enables
the qualitative analysis of chemical compositions and the monitoring of structural changes,
particularly in organic and polymeric materials. The use ofiEpdransform algorithms allows
rapid acquisition of highiesolution spectra across a broad spectral range, improving-gignal

noise ratios and reducing acquisition time compared to traditional dispersive IR methods.

FTIR spectroscopy (TENSOR 27 FTIR spemeter, BRUKER) was employed to identify
functional groups and confirm chemical changes in the traaffed. FTIR spectra were recorded
in the 4004000 cnaé range, with a resolution of 4 @nand 64 scans at room temperatUree

instrument used for thsnalysis is shown in Figutie.

Fig. 12 FTIR spectrometer (Bruker TENSOR 27) for functional group identification.

3.3.3. Thermogravimetric Analysis

Thermogravimetridnalysis (TGA) is a technique used to monitor the mass of a sample as it is
subjected to a controlled temperature program over time. This method provides detailed insight
into a material s thermal stabilitlgisplacedimpos i t i
a small pan or crucible, typically made of platinum or ceramic, and positioned on sseakrave
microbalance inside a temperatao@ntrolled furnace.

33



As the temperature increases, any mass loss associated with processes such as moisture
evaporation, thermal decomposition, or volatilization is continuously recorded. The test is
typically conducted under either an inert (e.g., nitrogen or argon) or medatg., air or oxygen)
atmosphere, depending on the purpose of the analysis.

The resulting TGA curve plots weight percentage against temperature or time, and key features
such as onset degradation temperatuseséyl, inflection points, and final resi@ provide valuable
data about the physical and chemical changes occurring in the material. This technique is beneficial
for characterizing complex systems such as polymer composites, biomass fillers, and thermoset

resins, where muhkstage degradation ams[32].

The thermal stability of the treatdIPL was assessed via thermogravimetric analysis using a
TGA-SDTA 851 system (Mettler Toledo, ISO 9001 and 14001). Approximately 20 mg of sample
was analysed under an argon atmosphere, with the thermal afgngatofile recorded from 30
°C to 700 °C at a heating rate of 10 °C/min and a gas flow rate of 50 mVherexperimental
setup used for thignalysis is depicted in Figure .13

Fig. 13. TGA analyzer (MettleToledo TGASDTA 851) for thermal degradation profiling.

3.3.4. Dynamic mechanical thermal analysis and Payne effect analysis

Dynamic Mechanical Thermal Analysis (DMTA) is a sensitive technique used to evaluate the
viscoelastic behavior of polymeric materialsaafinction of temperature, frequency, or time. In
DMTA, a sinusoidal stress (or strain) is applied to the sample, and the resulting strain (or stress)

response is measured. This enables the cal cul
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the elaicorenergyst or i ng component, and the | oss modul
energydi ssi pating component . The ratio of t hese

damping behavior and transition regions such as the glass transiticeraeumg (T).

The test can be performed in various deformation modes, including tension, bending, and shear,
using fixtures like dual cantilever or thrpeint bending setups. The sensitivity of DMTA makes
it especially suitable for detecting secondémgnsitions and evaluating the effects of fillers,
plasticizers, and crodmking in polymer composites. It is widely employed to analyze
thermomechanical stability, dynamic stiffness, and damping capacity in both research and quality

control environments

The results obtained from DMTA are critical for understanding the tempeependent
mechanical performance of materials, making it an essential tool for characterizing rubber

composites and other viscoelastic systg38s

In this study, DMTA was done in which the thermal properties of the rubber vulcanizates were
determined using a dynamic mechanical analyzer (Anton Paar (MCR702E)), as shown in Figure
14, at a frequency of 1 Hz in tension mode. The temperature range exdplag froni 65 to 80
°C.

The storage shear modulus (G') and loss modulus (G") of the rubber compounds with curatives
were evaluated by using an Anton Paar (MCR702E) at a temperature of 100 °C, frequency of 1
rad/s, and varying strains in the range 6fl100%. The parallel plate fixture was equipped with
a serrated surface texture to prevent slipping. The Payne effect was taken as the difference in

storage shear moduli at low strain (0.01%) and high strain (100%).
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Fig. 14. a)DMTA (Anton Paar MCR702E) for viscoelastic and Payne effect analysis, b and c) clamps designed
for specific sample geometries and test modes.

3.3.5. Mechanical properties

Mechanical properties are fundamental to evaluating how materials respond to dateesal
and they play a critical role in determining the structural integrity and durability of polymer
composites. In particular, tensile testing is one of the most widely used methods for characterizing
mechanical performance. This test involves subjgdistandardized specimen to uniaxial tension
until failure. The resulting stresst r ai n curve provides essenti al
modulus, which indicates the stiffness of the material; tensile strength, which reflects the
maximum stress the aterial can withstand before breaking; and elongation at break, which

describes its ductility and ability to deform plastically without rupture.

In addition to tensile behavior, hardness is another critical mechanical characteristic, especially
in elastomeéc materials. Hardness measures a material's resistance to localized plastic deformation
and is typically evaluated using a durometer. For rubkermaterials, the Shore A scale is
commonly employed, where a standard indenter is pressed into the Isagerface under defined

conditions, and the resistance is recorded as a numerical value.

These mechanical tests are generally performed under controlled environmental conditions and
standardized protocols, providing reliable data for comparing the £tieataterial composition,

processing variables, or surface modifications. The combination of tensile and hardness testing
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of fers a comprehensive understanding of t he

suitability for specific applicationg4].

In this study, mechanical properties of the biofiletbber composites, such as tensile strength,
elongation at break, and modulus, were determined using an INSTRON universal testing machine
(Ulm, Germany) under 1SO 527 (die type 5A). The test was caoteat 25 °C and a speed of
200 mm/min. The samples were cut from the vulcanized rubber sheets with a thickness of about 1
mm. An average of five replicate tests for each sample was recorded. The hardness, measured in
Shore A, was determined using a dueten (HBA 1000) based on ISO 868. An average value
from five various positions was recorded for each specimen. The equipment used for these tests is
shown inFigure15.

3.3.6. Swelling weight ratio

To evaluate the swelling behavior of NR/SBR composites reinforced with varying contents of
2%NaOHWPL-2TESPT as biofiller, rectangular specimens with disn@ms of 10 x 10 x 1 mm?3
were prepared from vulcanized samples. The initial dry weight of each specimen was accurately
measured. The samples were then immersed in 40 ml of toluene and kept at room temperature for
72 hours. After the swelling period, thengales were gently removed from the solvent, and their

surfaces were carefully blotted with soft tissue to eliminate excess toluene without applying
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pressure. The swelling weight ratio (Q) of each specimen was calculated using the equation (1)

[35]:

IERE (1)

1 —

where WCis the initial (dry) weight and Wis the swollen weight of the specimen.

Result and discussion

4.1. Alkali treatment of WPL

4.1.1. Scanning ElectronMicroscope
The SEM images (Figurk9) illustrate the morphological changes in the WPL biofiller samples

subjected to alkali treatment for various times of 1, 2, 3, 5, and 24 hours compared to the untreated

WPL.
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Fig. 16. SEM images of (a, b) untreat¥dPL, and alkaktreated WPL after various times : (c, d) after 1hr (e, f)
after 2 hrs, (g, h) after 3 hrs, (i, j) after 5 hrs , and (k, |) after 24 hrs..

The untreated samples exhibit a compact and rough surface morphatbdihers embedded
within a dense matrix. After 1 hour of alkali treatment, initial signs of fiber exposure become
apparent, accompanied by a slight increase in surface roughness and the formation of small pores,
indicating partial removal of necellulosic components.

As the treatment duration extends to 5 hours, the fibers appear more distinct and separated, with
a significant increase in surface roughness. Larger pores and cavities are evident, reflecting a more
effective disruption of the lignshemcellulose. After 24 hours of alkali treatment, the samples

exhibited a highly porous structure with extensively exposed and individualized fibers. The
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substantial removal of netellulosic materials results in a rough and open morphology,

highlighting theprogressive impact of alkali treatment over tij2@[36].

4.1.2. FTIR Spectroscopic
The IR spectra of untreated WPL and altediated WPL (at various times) are presented in

Figure 17.

The broad band in the range of 36800 cm' corresponds to the stretching vibrations of
hydroxyl groups{OH). To ensure a reliable quantitative comparison, the spectra were normalized
against the stable alkoxy group-(@@) stretching band of the cellulose backbone at approximately
1028 cmt. In the alkalitreated samples, the intensity of this peak increases due to the disruption
of the hydrogen bonding network within the cellulose structure, which frees more hydroxyl groups
and enhances their exposyg?].As time increased, the absorbance iis ttange decreased.
Moreover, alkali treatment breaks down hydroxyl groups, which react with NaOH and exit the
fiber structure. The remaining molecules form filwelli Of Na bonds, reducing hydrophilic
properties and improving moisture resistance. Thisga®also removes portions of hemicellulose
and lignin[7], [10]27].

FibrecellFOH + NaOH——— Fibre e@iNa* + H,O + impurities
The peaks observed at 282950 cnwd are associated with thei B stretching vibration of

methyland methylene groups in Cellulose and hemicellulgg}27].

The sharp peak at approximately 1743cgmattributed to ester carbonyl groups (C=0
stretching) in hemicellulos§l0][36][27], diminishes significantly after alkali treatment. This
reduction indicates the effective removal of hemicellulose, which is one of the primary objectives
of the treatment. The peaksl&07 cn@and151 mad are typically attributed t€=C stretching
vibrations in the aromatic rings of lignin. A decrease in the intensity of these peaks after alkali
treatment provides insight into removing lignin and other related structural cha@ijgéks The
peak at 1444 coi corresponds to the bending vibratiwinCHF groups in the crystalline structure
of Cellulose[36]. The peaks at 1372 a@nand1318 cnad are associated with thé OH stretching
vibration and the QO stretching vibrations, respectively, which are characteristic of the crystalline
structure of Cellulos§7][36]. The absorption peak atl230 cned is attributed to CO stretching
vibrationsin hemicellulose and lignirin the case of alkalinteated WPL, a notable reduction in

this peak suggests that lignin and hemicellulose removal occur during the alkaline treatment
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processThe peak at 1028 chis attributed to the presence of tiikoxy group (GO) in Cellulose,
specifically related to the vibrations of hydroxylOH) and ester-COO-) groups[29]. The

respective band positions of the various samples are listed in3able

Table 3. Characteristic peaks awmgdrresponding functional groups in FTIR analysis.

Wave number cni? Peak assignments
30003600 Oi H stretching vibration

1743 C=0 (Ester Carbonyl Groujn hemicellulose

1607 and 1513 C=Cvibrations in the aromatic rings of lignin
1444 CHFgroups in the crystalline structure of Cellulose
1372 Ci OH stretching vibration in the crystalline structure of Cellulose
1318 The Q O stretching vibration in the crystalline structure of Cellulos:
1230 Ci O stretching vibrations in hemicelluloses digain
1028 Alkoxy group (GO) in Cellulose
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Fig. 17. FTIR spectra of WPL before and after the alkali treatment at various times in the range46D00thus
(Normalized).
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4.1.3. TGA analysis

TGA analysis of alkalireated WPL samples provides insights into the samples' thermal
stability and decomposition behavior at different treatment durations. The TGA and DTG curves
(first derivative of the TGA curve) for unmodified WPL and alkaéiated WPL are presented in
Figure Ba and 8b, respectively. Furthermore, the thermal data derived from the TG/DTG curves
for both unmodified WPL and NaGOtfeated WPL are summarized in Tallle

The first weight losg1%* Step) occurred at a temperature up to 120 °C, attributed to the
evaporation of water from the fibef29]. The weight loss percentages wéré%, 5.6%, 5.2%,
6.7%, 5.6%, and 3.9% for pristine WPL and alkafireated WPL for 1, 23, 5, and 24 hours,
respectivel). The decreasing trend in water loss indicates that prolonged alkali treatment

effectively reduces moisture retention.

The second stage occurred in the temperature range e6DCOC, attributed tahe
decomposition of the lignocellulosic matersaich as Cellulose, hemicellulose, and ligiga].
Compared with the unmodified WPL, the alkali treatment increasesfdr all treated samples.

This can be explainedy the reduction in the concentration of extractives, hemicellulose, and
lignin, which was caused by the alkali treatment. The extractives include pectin, waxes, and natural
resins, which are compounds that have degradation temperatures lower thaisecefiikali
treatment increases the average size of the fibers, decreasing the superficial area, so that a higher
specific energy is needed to degrade the fij29s However, there was a decrease in the
maximum degradation rate {dy after alkali treahent. The final stage of degradation showed the
removal of lignin and other impurities. The residue after filler degradation was the highest for
pristine WPL. After alkali treatment, the residue initially decreased due to the removal of lignin,
but then irreased again for longer times. This subsequent increase is attributed to the significant
reduction of hemicellulose during prolonged alkali exposure, which promotes the formation of a
stable lignincellulose complex and condensed carbon rings, therelaneinly the residual char
formation. Among the constituents of lignocellulosic materials during pyrolysis, lignin has the
highest proportion of solid resid(ig[27][39][40].
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Fig. 18 (a) The TGA and (b) DTG curves oftreated and alkatreated WPL.

Table 4. Thermal data from TGA/DTG curves of treated and untreated WPL.

Sample 15t Step (wt.%) Tonset(°C) Tmax (°C) R700(%)
Pristine WPL 7.4 226 332 35.3
2%NaOH-WPL-1h 5.6 2325 296 9.4
2%NaOH-WPL-2h 5.2 236.6 314 12.2
2%NaOH-WPL-3h 6.7 238.3 317 29.8
2%NaOH-WPL-5h 5.6 235.8 320 38.2
2%NaOH-WPL-24h 3.9 232.9 318 38.0

The 2%NaOHWPL-2h was chosehased on FTIR and TGA results. FTIR analysis confirmed
a substantial reduction in hemicellulose and lignin content. Furthermore, TGA results
demonstrated enhanced thermal stability, with a higher onset temperastg<136.6 °C),
lower moisture retdion (5.2 wt%), and a reduced residual mass at 700 °C (R700 = 12.2%),
indicating more effective removal of naellulosic components.

An SEM-EDX study was conducted to further validate these results, offering additional proof
of the compositional anstructural alterations caused by the alkali treatment.
4.1.4. SEM/EDX analysis

Figures 19 and 20 show SEM micrographs and the elemental mapping images of untreated

WPL and 2% NaOHNPL-2h.
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As can be seen in Figure 18ge untreated WPL sample exhibits a compact and dense surface
morphology, with an irregular texture and embedded particles.

3

[ 1 2
624197 counts in 167 seconds

Fig. 19. SEM images, EDX spectrum, and element mapping image of untreated WPL.
Figure 20 illustrates thenorphological changes observed after 2 hours of alkali treatment,

where the surface becomes noticeably rougher with increased porosity and the formation of small
voids. These structural modifications suggest the partial removal of hemicellulose and lignin

resulting in a more porous and reactive surface.
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Fig. 20. SEM images, EDX spectrum, and element mapping image of 2%N&®H2h.

A

Table 5 presents the EDX analysis of the elemental composition of the unié@tednd
2%NaOHWPL-2h sample, confirming carbon (C) and oxygen (O) as the dominant elements,
which are characteristic of lignocellulosic materials. The presence of sulfur (S) and silicon (Si) in
the untreated WPL sample may be attributed to residual inorganiciiilepderived from the raw
material or processing additiveédkali treatment of WPL resulted in a decrease in oxygen content
and an increase in carbon content, leading to a lower O/C4ajicAdditionally, the increase in
sodium (Na) content afterlkali treatment further confirms the impact of the chemical

modification, contributing to the structural changes observed.
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Table 5. Elemental analysis (EDX) of untreated WPL and 2%Na@HL-2h.

Element Untreated WPL wt. %) 2%NaOH-WPL wt. %)
Oxygen (O) 67.3 54
Carbon (C) 26.1 34
Sulfur (S) 3.5 0.5
Silicon (Si) 1.8 2
Sodium (Na) 1.3 9.4

4.2. Combined NaOH-Silane treatment
4.2.1. FTIR measurements

The IR spectra of NaOHESP Ftreated WPL samples are presented in Figdrén addition,
the spectrum of pure TESPT is shown for comparison

The FTIR spectrum of pure TESPT exhibits characteristic peaks confirming its structural
composition. The absorption bands at 29725c2023 cneé, and 2884 crmb correspond td CHo
andi CHz stretching vibrations afilane[42]. The IR absorption band near 1200@rhas been
attributed to €O Si bondg42].In pure TESPT silane, this band was obseatetR42 cros [42].
The bands at 1099.69 adrand 1074.92 cod correspond to $0i Si stretching in silica structure
and CH3CH20 groups of silanept2]). The band at 957 amand 784 crm correspond to the
stretching of SO in silanol and the deformation of-6H, respectively. The peak at 478wns
attributed to SIO-Si bending42].

In the spectrum of treated/PL, the broad and strong peak around 3326 carresponds to

the OH stretching vibrations. Upon treatment with TESPT, this peak shows a noticeable decrease
in intensity with respect to 2%NaGWPL-2h, indicating the occurrence of bonding between
alkoxysilanes and the fiber$his reduction showed that the silanization process decreases the
hydrophilicity of the WPL, enhancing its compatibility with hydrophobic matrig&¥3][44].
After silanizaton, a new peak appeared in TESfPdated samples around 2920 5mttributed to
-CH2 and-CH3 stretching of TESPT molecules. In addition, the spectrum of 2%N&BH
2TESPT and 2%NaOM/PL-10TESPT samplesxhibited an additional small shoulder around
2972cmt related to-CH2 and-CH3 stretching of TESPT moleculéBherefore, IR absorption
bands at around 2920 oérand 2972 crw in the TESPHreated WPL samples confirm that the

fiber surface was successfully modified through silane adsorption.
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However, some peaks related to pure TESPT silane overlap with the intense peak from

Cellulose in the same spectral region and are challenging t8isatarly, the characteristic Si

Oi Si vibrations are masked by the strongQCstretching absorption arourkd98 cnw, as

previously observed in studies on siladreated cellulosic materialg2][45][36]. For this reason,
further analysis is provided through SERDX and TGA analysis to confirm silane attachment on

the surface of the alkalreated WPLThe key absorption bands, along with their corresponding

wave numbers and functional group assignments, are summarizadlen6.

Table 6. Characteristic peaks and corresponding functional groups in FTIR analysis

Wave number cni?

Peak assignments

30003600 Stretching vibrations of the-8 groups in the Cellulose
28003000 Ci H stretching vibration from theCH2 groups in Cellulose
2972, 2923, 2884 T CHFandi CHF stretching vibrations of TESPT silane
1440 C-H deformation (ligninjand CH2 symmetric bending (Cellulose)
1242 Si-O-C asymmetric stretching, characteristic of silanes
1099 and 1074 Sii Oi Si stretching in silica structure and @EHR O groups of silanes
957 Sii O stretching in silanol
784 deformation of SIOH
478 Sii Oi Si bending
1743 C=0 (Ester Carbonyl Groujn hemicellulose
1607 and 1513 C=Cvibrations in the aromatic rings of lignin
1230 Ci O stretching vibrations in hemicelluloses and lignin
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Fig. 21 FTIR spectra of untreated/PL, alkali-treated WPL, and combined alkalianetreated WPL at
various TESPT concentrations (Normalized).
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4.2.2. SEM analysis

The SEMEDX analysis was performed on 2%NaQBESPTWPL samples (with various
silane concentrations) to evaluate the effect of sitessment on the morphology and elemental
composition of the samples.

Figures 22, 23, and 24 present SEM images and elemental mapping of 2%MROH
2TESPT, 2%NaOHWVPL-5TESPT, and 2%NaOM/PL-10TESPT, respectively, illustrating the
morphological changes folwing silane treatment. The structure undergoes significant
modifications, becoming more stratified and exfoliated, with reduced compactness and improved
dispersion. The lignocellulosic matrix appears disrupted and layered, likely due to the removal of

hemicellulose and the combined effects of alkali and silane treatments.

Fig. 22 SEM imagesEDX spectrum, and element mapping image of 2% NMIPL-2TESPT
Additionally, an increase in surface roughness is observed, consistent with previous studies on

silanetreated lignocellulosic materiall3][8][43][16]. These structural alterations result in a larger
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surface area, enhancing interfacial interacisith polymer matrices and improving overall filler
compatibility.

The elemental mapping images in Figure 22 show a uniform distribution of carbon and oxygen
in the 2%NaORWPL-2TESPT sample, reflecting the lignocellulosic composition of WPL.
Moreover, theSi and S elements are welilspersed across the surface without any visible
clustering, suggesting a homogeneous silane grafting process. This even distribution enhances the

interaction between TESPT and the WPL matrix, ensuring a more stable modification

In contrast, in the 2%NaOM/PL-5TESPT sample (Figure 23), while Si and S remain
relatively welldistributed, some localized accumulations begin to appear. This suggests that at a
higher TESPT concentration, silane molecules start to cluster in spegfans rather than

dispersing evenly.

Fig. 23 SEM imagesEDX spectrum, and element mapping image of 2% NMIPL-5TESPT
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The 2%NaOHWPL-10TESPT sample (Figure 24) exhibits clear agglomeration of Si and S,
particularly in certain areas, indicating oversaturation of silane molecules on the WPL surface. In
contrast to the lower TESPT concentrations, where silicon and sulfengee evenly distributed,
this sample exhibits noticeable clustering, which may reduce the uniformity and effectiveness of

the silane treatment.

Fig. 24. SEM imagesEDX spectrum, and element mapping image of 2% N&IPL-10TESPT
4.2.3. TGA Analysis
Figure 25a illustrates the TGA curves for untreated WPL, 2%Na@HL-2h, and combined
alkali-silaneWPL samples. The DTG curves reveal distinct thermal degradation stages (Figure
25b). The thermal data derived from the TG/DTG curves for both untreated WPL and treated WPL
are summarized in Tab&
The first stage, occurring betweeni 320 °C, corresponds to the evaporation of moisture
within the WPL.Pristine WPL exhibits the highest moisture loss (7.4 wt%), indicdngirong
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hydrophilic nature. The smallest weight loss during this stage was observed inTNE&RF

treated samples, indicating enhanced hydropholiity6].
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Fig. 25. a) TGA, and b) DTG curves of Pristine WPL, alkaéated WPL, and combined alkdalESPTtreated
WPL samples.

In comparison with the untreated WPL and altadated WPL, the chseimproves after the

combination of alkali and silarteeatment, confirming the positive impact of silane modification
on thermal stability of the samplp®l][16]. The surface modification with TESPT silane increases
the Tonsetby 25 °C in the presence of 2 wt% TESPT, 20 °C for G WESPT, and 22 °C for 10
wt% TESPT (Table8). As can be seen in Figure 19b, pristine WPL exhibjisx &t 332 °C,
whereas2%NaOHWPL-2h shows a reduction to 315 °C, due to changes in the lignocellulosic
matrix after the removal of hemicellulose. Howeveoncerning alkalireated WPL, TESPT
treatment leads to an increase i particularly in the 2%0NaONVPL-2TESPT, where fax
rises to about 333 °C. This improvement could be attributed to the formation of a siloxane layer
on the WPL surfac]. Noneheless, Thax slightly decreased to 312 °C for the 5 wt% TESPT
sample, but increased again to 3€lfor the 10 wt% TESPT sample.

At elevated temperatures (700 °C), the remaining char residue provides insight into the thermal
resistance of the treated samples. The residue after filler degradation was the highest for pristine
WPL. Following silane treatment, samples display difigriesidual weights, with 2%NaGH

WPL-2TESPT demonstrating the most stable residue, wtociid be due to the presence of an
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additional residue after the degradation of the modifiesamples with less silane, more organic

matter burns off completely, leig behind a higher percentage of inorganic matgsjgd][46].

Table 7. Thermal data from TGA/DTG curves of untreated WPL and treted..

Sample 15t Step (wt.%) Tonset T max R700
() () (%)
Pristine WPL 7.4 226 332 35.3
2%NaOH-WPL-2h 5.2 237 315 12.2
2%NaOH-WPL-2TESPT 3.9 251 333 31.4
2%NaOH-WPL-5TESPT 4.3 246 312 0.2
2%NaOH-WPL-10TESPT 4 248 321 3.3

Furthermore, the amount of TESPT grafted onto 2%Na@PL was quantified based on
TGA analysis by calculating the weight loss between 150 °C and 380 °C using the edq@ations
[45][46]:

Amountof silanegrafting(mgg't) =1000cW1 501 380 2

WhereW: 5 o 1 F@presents the mass loss percentage in this temperature range. The molecular
weight of TESPT%38.95 g mai) was subsequently used to quantify the grafted silane content in

mmol. g& (acording to equation 3):

LT 1T OT@ET QOAREDETIC (3)

The calculated values for 2%Na@MPL-TESPT samples are summarized in Table 8. The
2%NaOHWPL-2TESPT exhibited a graftesllane content of 0.76 mmoldy while increasing
TESPT concentration to 5 wt% and 10 wt% resulted in higher silane grafting values of 0.91 mmol
g and 0.87 mmol @, respectively, as confirmed by EDX analysis (Ta®je These results
confirm that TESPT was successfully grafted onto the surface of alkahted WPL.

Table 8. Silane grafting content of 2% NaGWPL-TESPT samples.

Sample Ws0(wt%) W 3s0(Wt%) Grafted silane (mmol. g?)
2%NaOH-WPL-2TESPT 95.3 54.2 0.76
2%NaOH-WPL-5TESPT 95.1 46.1 0.91
2%NaOH-WPL-10TESPT 95.2 48.4 0.87
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4.3. Surface-modified biofiller -reinforced Rubber composite

4.3.1. Mechanical properties

Figure 26 illustrates the mechanical properties of NR/SBR composites reinforced with
2%NaOHWPL-2TESPT, including tensile strength, elongation at break, modulus, and hardness

as a function of filler loading. The corresponding numerical values are reépoifablel0.

The control sample exhibited a tensile strength of 11 MPa. Interestingly, in the presence of 10
phr treateeWWPL, the tensile strength was restored to 11 MPa, equivalent to that of the control
sample. This indicates that 10 phr is the optimal fillediag, improving interfacial bonding.
Silane functional groups attached to the surface of WPL acted as compatibilizers and effectively
enhanced the interaction between the tre®¥&l and the matrix. Moreover, the sulfur atoms
present in the TESPT groupsezhed to the WPL facilitated crebsking with rubber molecules.
However, with the addition of 5, 20, and 30 phr of 2%Na@WRL-2TESPT, tensile strength
decreased to approximately 8.8 MPa, 8.8 MPa, and 8.6 MPa, respectively. The presence of WPL
disruptsthe natural rubber chain arrangement, reducing simdinced crystallization and lowering
tensile strengtlii7]. This reduction can be attributed to filler agglomeration and poor distribution
within the matrix, resulting in poor interaction and bondiegneen filler and matrix and reduced

mechanical integrity3][7].

The control sample exhibited the highest elongation value of 451%, indicating hsgbitgla
The incorporation of Phr treateeWPL resulted in a sharp decrease in elongation to 284 %
suggesting that rigid filler particles restricted the extensibility of the rubber matrix, thereby
reducing flexibility. However, at 10 phr, elongation improved to 398 %, which indicates enhanced
filler dispersion and improved interfacial bonding. At hegHiller contents (20 and 30 phr),
elongation fluctuated, reaching 348 % and 428 %, respectively. The increase in elongation in the
presence of 30 phr of filler may be attributed to weak stress transfer within the composite, which

allows the material tondergo higher deformation before fail(irg{47].

55



Table 9. Mechanical properties of reinforcéR/SBR composites with varying amounts of 206Na@#PL-2TESPT as

biofiller
Samples Tensile strength Elongation at break  Modulus  Hardness (Short
(MPa) (%) (MPa) A)

100 CB 11+ 0.4 451+32 46.84+3.5 68+3
2%NaOH-5WPL-2TESPT 8.8+1.2 284+20 51.1+3 69+2
2%NaOH-10WPL-2TESPT 11+ 0.6 398+30 51.5+4.9 69+2
2%NaOH-20WPL-2TESPT 8.8+ 0.6 348+37 58.5+4.4 70£2
2%NaOH-30WPL-2TESPT 8.6+ 0.5 428+33 50.8+2.8 69+2

The Youngdés modulus, which represents

the st

treatedWPL up to 20 phr. The modulus in the control sample was 46.8 MPa. With the
incorporation of 5 and 10 phr treatédPL, the modulus increased 51.1 MPa and 51.5 MPa,

respectively, reflecting improved rigidif¢7]. This trend continued, reaching a maximum of 58.5

MPa for 20 phr treateVPL, indicating that the composite became stiffer with the addition of
more filler [3][47]. However, aB0 phr, the modulus slightly decreased to 50.8 MPa, still higher

than the control sample, which could be attributed to poor filler dispersion or the formation of

weak interfaci

a l

regions,

reducing

t he

mat er i

A slight increase in hardness with treat®PL loading is due to the presence of rigid filler

particles and a possible increase in crosslink defsjjty].

Considering the standard deviations in the mechanical properties, up to 30 phr of the treated

WPL can be used to partially replace carbon black without substantial variation, indicating

acceptable performance consistency.
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Fig. 26. Mechanical properties of NR/SBR composites reinforced with 2% N®PH-2TESPT at
differentfiller loadings : (a) Tensile strength, (b) Elongation at break, (c) Modulus, and (d).

4.3.2. DMTA

The dynamic mechanical thermal behavior of NR/SBR composites containing CB/2%NaOH
WPL-2TESPT (at different filler loadings) was analyzed using E' values anfllasst or (t an
a function of temperature. The obtained results are demonstrated in FiguBesides, Tablél

summari zes the numer i cal mayand glassstransiion tenapgratureu m t a
(Tg) for each sample.
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