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The rapid growth in Malaysia’s oil palm industry has resulted in the
increase in production of palm oil and oil palm waste such as palm kernel
shell (PKS). However, the lack of awareness on the beneficial value of
these wastes has led to sustainability issues. Thus, PKS can be converted
into biochar (PKSB) and can be used as a potential bio-filler. The PKSB
was produced in sizes ranging from micro to nano using a high energy ball
mill (HEBM) to be used as a filler in natural rubber (NR) vulcanizates. This
study evaluated the effects of varying n-PKSB loadings (0 to 10 phr) on
the cure characteristics, bound rubber content (BRC), swelling, tensile,
and abrasion properties of the NR vulcanizates. Results showed that n-
PKSB-filled NR vulcanizates had lower minimum torque (ML) and cure rate
index (CRI), along with improved BRC and crosslink density as the filler
concentrations increased. The optimum loading ratio was 5 phr (F4), as
this formulation offered the best mechanical properties and more
homogenous dispersion of n-PKSB compared to other loadings. The
overall performance of F4 showed high crosslink density (7.82 x 10°
mol/cm?®), BRC (3.94%), tensile strength (17 MPa), abrasion resistance
(32.37%), and lower EB (451%). Overall, n-PKSB has great potential as
bio-filler, addressing oil palm waste issues and benefiting the industry.
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INTRODUCTION

The oil palm tree (Elaeis guineensis) is primarily cultivated in Asia, with Malaysia
being one of the leading producers of palm oil. In 2023, Malaysian oil palm plantations
covered approximately 5.65 million hectares, producing 18.55 million tonnes of crude
palm oil and 0.98 million tonnes of palm kernel oil (Parveez et al. 2024). The expanding
oil palm industry is a major source of abundant biomass waste, commonly referred to as
oil palm waste. In Malaysia, much of this waste is either burned or dumped in open fields
due to insufficient awareness of its potential uses. If not properly managed, this waste can
lead to environmental issues. Key components of oil palm waste include mesocarp fibers,
empty fruit bunches, palm kernel shells, palm oil mill effluent, crude palm oil, oil palm
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trunk, and oil palm fronds (Abbas et al. 2019). Converting this biomass into value-added
materials, such as bio-fillers for rubber composites, offers a sustainable and cost-effective
solution to these environmental challenges. In the rubber industry, fillers are widely used
in rubber compounds to reduce processing costs and enhance polymer strength, typically
serving as reinforcing agents. Conventional fillers including carbon black (CB) and silica
are commonly used to improve the mechanical properties of rubber composites (Romli and
Mamauod 2017; Zafirah et al. 2020). However, these fillers, derived from petroleum-based
resources, are not sustainable, creating a need to explore bio-fillers sourced from biomass
waste. The performance of fillers in rubber compounds is influenced by factors such as
surface area, porosity, loading, and surface activity.

Palm kernel shell (PKYS) is a valuable biomass material with potential applications
in biomass fuel, activated carbon production, construction, and agriculture. However, PKS
has limitations, such as high moisture content and low carbon content. Converting PKS
into palm kernel shell biochar (PKSB) through pyrolysis at elevated temperatures is a
preferred solution, as this process increases its carbon content. Biochar, a carbon-rich
material produced by thermomechanical conversion of biomass in an oxygen-free
environment, shows considerable promise as a sustainable alternative to CB. A study by
Sallau et al. (2021) found that raw PKS contains around 49% carbon, while pyrolyzing it
at 600 °C increases the carbon content to 86%, which enhances its ability to form strong
interactions between the filler and rubber. Furthermore, Daud et al. (2017a) revealed that
PKSB's high surface area improves mechanical interlocking between the filler and rubber
matrix by increasing surface roughness. This enhanced roughness leads to better adhesion
between the rubber and filler, resulting in improved tensile strength and other mechanical
properties. The increased surface area is achieved through pyrolysis, which removes
impurities and volatile matter, creating a porous structure and significantly boosting the
surface area of PKSB (Zafirah et al. 2023). Several studies have explored the use of PKS
as a bio-filler in rubber compounds to address issues related to oil palm waste (Malomo et
al. 2020b; Zafirah et al. 2023; Syazwani Agilah et al. 2024). Previous research has
demonstrated that micron-sized PKSB can act as a semi-reinforcing filler, enhancing the
properties of NR, BRR, and XNBR vulcanizates (Daud et al. 2017a; Zafirah et al. 2020;
Syazwani Aqilah et al. 2024). Reducing the particle size of biochar to the nano-scale (1 to
100 nm) significantly increases its surface area, providing more sites for mechanical
interaction and further improving its performance as a value-added material (Chausali et
al. 2021). While most existing studies have focused on micron-sized PKSB, this research
introduced the novel approach of using nano-sized PKSB as a bio-filler in NR compounds,
aiming to leverage its enhanced surface area and mechanical interaction properties for
better reinforcement and performance. This is a key innovation of the study, as it focuses
on exploiting the unique properties of nano-sized PKSB to enhance rubber properties more
effectively than previous research on micron-sized PKSB.

This study aimed to evaluate the potential of nano-sized PKSB (n-PKSB) as a bio-
filler in natural rubber (NR) by incorporating it at varying filler loadings, from 0 to 10 phr.
The performance of n-PKSB-filled NR vulcanizates was assessed through several tests,
including cure characteristics, bound rubber content (BRC), swelling measurements,
tensile strength, and abrasion resistance. Unlike prior research, which mainly explored the
use of micron-sized PKSB, this study highlights the novelty of using nano-sized PKSB and
explored its performance across different filler loadings to improve the properties of NR
vulcanizates. By incorporating nano-sized PKSB, this study aimed to offer a sustainable
solution to reduce oil palm waste, providing an alternative bio-filler for the rubber industry
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that enhances mechanical properties such as tensile strength and abrasion resistance, while
simultaneously reducing reliance on non-renewable, petroleum-based fillers. This
approach could provide significant environmental benefits, aligning with global
sustainability goals and offering a cost-effective solution to oil palm waste disposal.

EXPERIMENTAL

Materials

Natural rubber grade SMR-10 was sourced from Vistec Industries Sdn. Bhd.,
Puchong, Malaysia, while PKSB was obtained from the Malaysian Palm Oil Board
(MPOB), Bangi, Malaysia. The raw palm kernel shell (PKS), collected from oil palm
biomass waste with a particle size range of 6 to 15 mm, was sun-dried until its moisture
content fell below 10% and then was subjected to pyrolysis at 500 °C in a rotary kiln under
oxygen-limited conditions to produce PKSB, which initially had a large particle size. The
PKSB was washed with distilled water to remove contaminants, dried in an oven at 80 °C
for 24 hours, and then pulverized and sieved to achieve a particle size of <53 pm. Nano-
sized PKSB (n-PKSB) shown in Fig. 1 was produced by converting the micron-sized PKSB
using a high-energy ball mill (HEBM), with a milling time of 6 hours, consisting of 90-
minute intervals of milling and 30-minute resting periods to prevent heat buildup at room
temperature. The n-PKSB produced had a particle size range of 10 to 11 nm. The
compounding ingredients used in this study, including zinc oxide, stearic acid, 2,2,4-
trimethyl-1,2-dihydroquinoline (TMQ), 2-2’ dithiobisbenzothiazole (MBTS), 1,3-
diphenyl-guanidine (DPG), tetramethylthiuram disulfide (TMTD), dispersing agent,
processing oil, and sulfur, were all supplied by Airelastic Industries Sdn. Bhd., Klang,
Malaysia.

L B

Fig. 1. Nano-PKSB

Preparation of n-PKSB-filled NR Vulcanizates

The nano-PKSB-filled NR vulcanizates were prepared following the formulation
outlined in Table 1. F1 represents the unfilled NR compound, while F2 through F6
corresponds to different n-PKSB loadings. The preparation process began with pre-
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masticating the rubber for 1 to 2 minutes in a laboratory two-roll mill, in accordance with
ASTM D3184-11 (2018). This step softened the rubber and reduced its viscosity by
mechanically breaking down its structure, making it easier to blend with n-PKSB. The
mixing process was completed over a period of 24 to 30 min. After mixing, the n-PKSB-
filled NR vulcanizates were compressed at 160 °C using a hot press machine for their
respective cure time, t90. Following curing, the rubber compound rested for approximately
24 hours before undergoing testing for bound rubber content, swelling, and mechanical
properties, including tensile strength and abrasion resistance.

Table 1. Rubber Compounding Formulations

Ingredient Formulation No.
(phr)’ 1 2 3 4 5 6
NR 100 100 100 100 100 100
n-PKSB 0 1 3 5 7 10
Zinc Oxide 3 3 3 3 3 3
Stearic Acid 2 2 2 2 2 2
Dispersing 2 2 2 2 2 2
Agent
Antioxidant 0.8 0.8 0.8 0.8 0.8 0.8
Processing Oil 5 5 5 5 5 5
Sulphur 1.3 13 13 13 1.3 1.3
Accelerator 2.75 2.75 2.75 2.75 2.75 2.75

* (Parts per hundred rubber)

Characterization of n-PKSB-filled NR Vulcanizates
Cure characteristics

Cure characteristics measurement was performed to determine the minimum torque
(ML), maximum torque (Mn), delta torque (AM), scorch time (ts2), cure time (teo), and cure
rate index (CRI) of the n-PKSB filled NR vulcanizates. This analysis was conducted
according to ASTM D2048-19a (2019) using a Moving Die Rheometer (M-3000AU)
(Gotech Testing Machine Inc., Taichung City, Taiwan) at 160 °C with approximately 5 g
sample from each compound. The test duration for each sample ranged from 5 to 10 min.
The CRI and AM were obtained from the software associated with the rheometer set at 160
°C.

Bound rubber content (BRC)

The BRC analysis of n-PKSB-filled NR vulcanizates was conducted following
ASTM D5775-95 (2019). Approximately 0.3 g of uncured rubber compound were cut and
placed in a sealed glass bottle containing 10 mL of toluene. The bottle was kept in the dark
at room temperature for 7 days. After this period, the sample was removed, weighed, and
dried for 1.0 h to allow the solvent to evaporate. It was then further dried in a drying cabinet
for 24 h and weighed again. The BRC was calculated using Eq. 1,

Weg—W|[mg/(me+my)|
BRC = wm,/(mermy) < 100% 1)

where Wig is the weight of the gel (g), W is the weight of the test piece (g), ms is the weight
of the filler (g), and mp is the weight (g) of the polymer in the rubber compound.
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Swelling measurement

To ascertain the crosslink density ([X]pohy) Of the rubber samples, the swelling
measurement of n-PKSB-filled NR vulcanizates was carried out in accordance with ASTM
D3616-95 (2019). Each sample’s original weight was noted after the vulcanized rubber
compounds were sliced into 1 cm x 1 cm pieces. For five days, the samples were submerged
in 10 mL of toluene to allow them to swell at room temperature. Every day, the swelled
samples were weighed. The samples were weighed again after five days of immersion, and
the samples were subsequently dried at 70 °C until their weight remained consistent. As
indicated in Eq. 2, the Flory-Rehner equation was used to determine the crosslink density

[X]th1
—In(1 — V) = V; = XV.2 = 2pV,[X]pny Vi3 )

where V¢ is the volume fraction of the polymer in solvent, X is the interaction parameter of
the rubber network-solvent (X of NR = 0.391), p is the density of rubber (NR = 0.92 g/cm?),
Vo is the molar volume (103.11 cm®mol), and [X]phy = crosslink density (g/cm?).

Tensile test

Tensile testing of the n-PKSB-filled NR vulcanizates was conducted using an
Instron Universal tensile testing machine (model 5569; Instron, Norwood, MA, USA) at a
speed of 500 mm/min, in accordance with ASTM Standard D412-16 (2021). The
vulcanized rubber sheets were cut into dumbbell shapes, with a width of 4.051 mm and a
gauge length of 25 mm, using a tensile rubber cutter. The thickness of each sample was
then measured. Five samples from each formulation were tested, and the average results
were recorded. The tensile properties, including tensile strength, elongation at break, and
modulus at 300% elongation (Msoo), were determined using the software. The
reinforcement index (RI) for each formulation was calculated using Eq. 3. During the
testing, the samples generally broke within the area of the gauge length.

_ M3

RI = Mo 3)
where Maoo refers to the modulus at 300%, and Moo refers to the modulus at 100% of
elongation.

Abrasion test

In compliance with ASTM D5963-22 (2022), the abrasion resistance of the n-
PKSB-filled NR vulcanizates was assessed using an Abrasion Resistance Tester (GT-7012-
D; Gotech Testing Machine Inc., Taichung City, Taiwan). A Rexon professional bench
drill press was used to cut five samples from each mixture into tiny, spherical pieces. The
materials were weighed, and the densities noted before testing. The duration of each test
cycle was roughly 1 min. The samples were reweighed to calculate the mass loss following
testing. Next, Eq. 4 was utilized to determine the abrasion resistance index (ARI),

ART (%) = 7 X 100% 4)

where Vs is the volume loss of standard rubber (cm?®) and V: is the volume loss of test rubber
(cm?d).
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RESULTS AND DISCUSSION

Cure Characteristics

Table 2 summarizes the cure characteristics of NR vulcanizates, both without n-
PKSB (F1) and with varying n-PKSB loadings (F2 through F6). The viscosity of the rubber
vulcanizates is represented by the minimum torque (ML), which reflects processability,
while the maximum torque (Mu) indicates the stiffness of the rubber compound. The torque
difference (AM) serves as a measure of the stiffness and rigidity of the vulcanizates, which
is influenced by the degree of crosslinking (Sianturi and Surya 2018; Abdelsalam et al.
2021; Aisyah Ar-Raudhoh et al. 2024). Results showed that F1 had the highest ML value of
0.54 dN.m compared to other formulations, as it lacked n-PKSB, which restricts the
processability. Incorporation of n-PKSB in NR vulcanizates (F2 through F6) reduced the
ML values, indicating n-PKSB acted as a green plasticizer, reducing the viscosity of the NR
compound and enhancing processability (Liu et al. 2008). The scorch time (ts2) of n-PKSB
(F2) increased about 113% compared to F1 at 1.0 phr. The presence of a low amount of n-
PSKB could prolong the processing safety of NR vulcanizates. However, with n-PKSB
loadings above 1.0 phr, ts2 deteriorated approximately 75% to 95% compared to F2. The
values of Mn, teo, and AM for F2 through F6 were not noticeably affected by the presence
of n-PKSB. The cure rate index (CRI), which determines the rate of the vulcanization
process, decreased in F1 to F3 and then increased again in F4, as n-PKSB was added. This
variation was due to n-PKSB slowing the cross-linking activity of the NR vulcanizates,
resulting in shorter vulcanization time (Chandran et al. 2015; Hasan et al. 2020).

Table 2. Cure Characteristics of n-PKSB-filled NR Vulcanizates

Formulation ts2 teo ML Mn AM CRI
(min) (min) (dN.m) (dN.m) (dN.m)

F1 0.47 1.34 0.54 12.97 12.43 168.51
F2 1.00 1.70 0.37 12.78 12.42 134.83
F3 0.56 1.69 0.42 13.72 13.31 126.79
F4 0.51 1.48 0.32 13.67 13.35 149.78
F5 0.54 1.54 0.32 12.92 12.60 148.65
F6 0.57 1.65 0.38 13.13 12.75 137.22

* (ts2: scorch time); (too: cure time); (ML: minimum torque); (Mu: maximum torque); (AM: delta

torque); (CRI: cure rate index)

Bound Rubber Content (BRC)

BRC analysis was conducted to evaluate the interactions between the NR matrix
and n-PKSB phases. Figure 2 presents the BRC values of uncured n-PKSB-filled NR
vulcanizates across six formulations (F1-F6). The results indicate that F1 had a 0% BRC
value, reflecting the absence of n-PKSB in the NR matrix. As n-PKSB was incorporated,
BRC values gradually increased, with a 4% rise from F2 to F3 and a 14% rise from F2 to
F4. This increase suggests stronger interactions between the NR matrix and n-PKSB, with
the highest interaction observed in F4. The elevated BRC value signals a stronger bond
between the rubber and filler (Syazwani Aqgilah et al. 2024). Among all formulations, F4
exhibited the highest BRC value (88.18%), indicating the optimal interaction and n-PKSB
loading for improving NR performance. One factor contributing to better interaction
between the n-PKSB and NR phases was the rough surface and irregular shape of the
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particles (see Fig. 3), which improve mechanical interlocking. These features increase the
surface area, offering more interaction sites and allowing the NR matrix to penetrate the
micropores (Abidin et al. 2023; Syazwani Agilah et al. 2024). This enhances adhesion and
strengthens the interface between n-PKSB and NR (Somseemee et al. 2021). However,
BRC values decreased by 5% from F4 to F5 and by 5% from F4 to F6, which was likely
due to n-PKSB agglomeration (see Fig. 4). This agglomeration reduces the available
surface area for interaction, weakening the bond between n-PKSB and the NR matrix,
leading to poor filler-rubber interaction (Pangamol et al. 2018).
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Fig. 2. BRC values of n-PKSB-filled NR vulcanizates
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Fig. 3. FESEM image of the primary particles of n-PKSB
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Fig. 4. FESEM image of n-PKSB agglomerate formation in NR vulcanizates at loadings above 5
phr

Swelling Properties

Figure 5 shows the crosslink density (Xphy) of n-PKSB-filled NR vulcanizates. F1
exhibited the lowest Xphy (6.82 x 107> mol/cm?®) due to the absence of n-PKSB in the
vulcanizate. Without n-PKSB, the lower Xpny facilitated greater polymer chain mobility,
which in turn increased the penetration of toluene solvent into the NR vulcanizates (Ostad
Movahed et al. 2015).
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Crosslink Density (x10-5 mol/cm3)

Fig. 5. Crosslink densities of n-PKSB-filled NR vulcanizates

The addition of n-PKSB to NR vulcanizates resulted in an increase in Xphy from F2
to F4, with an average rise of 4% per phr. F4 exhibited the highest Xpny for n-PKSB-filled
NR vulcanizates, reaching 7.82 x 10~ mol/cm?. This suggests that, despite the low BRC
values (below 10%), the mobility of the rubber chains in these vulcanizates was noticeably
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restricted due to interactions between the n-PKSB and NR phases. These interactions likely
created localized constraints or entanglements within the polymer matrix, which disrupt
the free movement of the chains. As a result, the toluene molecules have difficulty in
penetrating the 3D network structure of the NR vulcanizates, leading to a reduction in
swelling (Nabil et al. 2013; Kim et al. 2020). The Xphy of F5 and F6 decreased with the
increased n-PKSB loading, which was attributed to poor dispersion of n-PKSB particles
and formation of agglomerates, as shown in the SEM images (Fig. 4). The higher the Xpny
value, the greater the restriction for solvent molecules to penetrate the 3D network structure
of NR vulcanizates, resulting in higher Xpny.

Tensile Properties

The tensile strength of n-PKSB-filled NR vulcanizates is shown in Fig. 6. F1
exhibited the lowest tensile strength (8 MPa) due to the absence of n-PKSB. As the n-
PKSB loading increased from 1.0 phr (F2) to 5 phr (F4), the tensile strength improved,
with F4 showing a 29% increase in tensile strength compared to F2, reaching a peak of 17
MPa. This improvement in F4’s tensile strength was attributed to the optimal n-PKSB
loading, which facilitated a uniform particle distribution and enhanced physical interfacial
bonding with the NR phases (Zafirah et al. 2023).
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Fig. 6. Tensile strength of n-PKSB-filled NR vulcanizates

Well-dispersed n-PKSB particles contributed to better physical interfacial
adhesion, improving stress transfer between the phases and resulting in higher tensile
strength (Chandran et al. 2015; Malomo et al. 2020a). Enhanced adhesion was due to better
mechanical interlocking and physical interactions between the n-PKSB particles and NR,
which strengthened the composite structure (Mamauod et al. 2024). The n-PKSB particles,
with a surface area of 47 to 50 m?/g and a relatively porous structure (Fig. 3), promoted
mechanical interlocking between the filler and rubber matrix (Pangamol et al. 2018;
Sintharm and Phisalaphong, 2021), improving rubber-filler interaction and increasing
tensile strength (Daud et al. 2017b). This is further supported by the FESEM image of the
tensile fracture in F4 (Fig. 7a), where n-PKSB is well-bound with NR, showing a clean-
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cut fracture surface without discontinuities. However, when the filler loading increased to
7 phr and 10 phr, the tensile strength decreased by approximately 17%, indicating that the
optimal loading had been exceeded. Higher n-PKSB loadings led to agglomerates and
discontinuities on the tensile fracture surface (Fig. 7b), as excessive n-PKSB content
disrupted the bond between the n-PKSB and NR phases, reducing the material's ability to
withstand pulling forces (Nor and Othman 2016; Abdelsalam et al. 2021).

Attachment of filler

Discontinuity

€Y (b)
Fig. 7. FESEM images of tensile fracture (a) F4 (5 phr), and (b) above 5 phr

The elongation at break (EB) of n-PKSB-filled NR vulcanizates is presented in Fig.
8. F1, which did not contain n-PKSB, exhibited the highest EB (695%), as the absence of
the filler allowed the rubber chains to move freely and stretch easily under applied force
(Ostad Movahed et al. 2015). As the n-PKSB loading increased from 1.0 phr (F2) to 5 phr
(F4), the EB value decreased. This reduction was attributed to the increasing number of
crosslinking points, which restricted the movement of the rubber chains. The EB of F4
dropped by 13%, reaching 451%, compared to F2.
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Fig. 8. Elongation at break of n-PKSB-filled NR vulcanizates
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The interaction between n-PKSB and the NR matrix formed tie-molecules and
rubber entanglements, which enhanced the ductility of the NR vulcanizates, as indicated in
the BRC analysis (Nabil et al. 2013; Bukit et al. 2020). This interaction improved
resistance to stretching and failure, but also made the material more susceptible to early
breakage (Daud et al. 2017b; Vishvanathperumal and Anand 2022). F4 exhibited greater
stiffness and rigidity, which can be attributed to the higher crosslink density, as evidenced
by its swelling properties. However, when the n-PKSB loading further increased, the EB
improved in F5 and F6, with a 7% increase in F5 compared to F6. This increase was due
to the formation of agglomerates at higher n-PKSB loadings (7 phr and 10 phr), as shown
in Fig. 4. These agglomerates formed larger particles within the rubber matrix, which
negatively affected the EB properties (Daud et al. 2017a).

The Msoo and reinforcement index (RI) of n-PKSB-filled NR vulcanizates are
shown in Fig. 9. Generally, incorporating rigid particles into rubber significantly improved
both Msoo and RI. F1, which lacked n-PKSB, exhibited Msoo and RI values of 1.9 MPa and
1.5%, respectively. As n-PKSB was added to the NR vulcanizates, both Msoo and RI
increased, with this trend continuing from F2 to F4. F4 showed the highest Msoo (3.51 MPa)
and RI (3.69%), indicating that 5 phr of n-PKSB was the optimal loading for improving
the properties of the NR vulcanizate. The optimal loading in F4 facilitated better interfacial
interaction with the NR phases, restricting rubber chain movements and resulting in
increased stiffness, rigidity, and enhanced reinforcement of the NR vulcanizates (Amoke
et al. 2021). The increase in both Moo and RI was also correlated with lower elongation at
break (EB) and higher crosslink density observed in the tensile and swelling properties,
respectively. However, as n-PKSB loading increased further, Msoo and RI declined by 38%
and 45%, respectively, from F5 to F6. This reduction was attributed to the formation of n-
PKSB agglomerates or clusters within the NR matrix. These clusters likely resulted in poor
bonding between adjacent n-PKSB particles, weakening interactions within the structure.
The agglomeration occurred due to inadequate dispersion of n-PKSB in the NR matrix,
which hindered effective wetting and interaction between the filler and rubber, reducing
stress transfer and leading to a decline in mechanical properties as filler loading exceeded
the optimal level (Amoke et al. 2021).
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Fig. 9. M300 and RI of n-PKSB-filled NR vulcanizates
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Abrasion Resistance Index (ARI)

The abrasion resistance index (ARI) of n-PKSB-filled NR vulcanizates is presented
in Fig. 10. Generally, the addition of filler to the rubber matrix resulted in higher ARI
values when exposed to abrasive forces (Daud et al. 2017b). Factors such as filler
dispersion and crosslink density influence the ARI. F1 showed the lowest ARI value
(21.7%) due to the absence of n-PKSB in the NR vulcanizates. As n-PKSB was
incorporated, the ARI increased from F2 to F4, but it decreased in F5 and F6. The ARI for
F4 was 19% higher compared to other filled formulations, suggesting that the addition of
n-PKSB improved abrasion resistance, offering good wear resistance and protection
against surface damage (Zafirah et al. 2023). The improved mechanical interlocking
between n-PKSB and NR phases contributed to the ARI increase up to 5 phr. The irregular
shape and porous structure of n-PKSB particles (Fig. 3) increased the contact area between
the filler and rubber, enhancing interfacial bonding (Mohamed Bak et al. 2020). F4
exhibited the highest ARI (32.4%), which can be attributed to the high crosslink density
observed in the swelling properties. However, as the filler loading increased to 7 and 10
phr, the ARI in F6 decreased by 13% compared to F5, indicating a reduction in abrasion
resistance. This decline was due to the formation of agglomerates (Fig. 4), which caused
poor distribution and dispersion of n-PKSB in the NR vulcanizates, ultimately lowering
abrasion resistance (Du et al. 2019; Malomo et al. 2020b).
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Fig. 10. ARI values of n-PKSB filled NR vulcanizates

CONCLUSIONS

1. The results indicated that the incorporation of nano-palm kernel shell biochar (n-
PKSB) into natural rubber (NR) vulcanizates significantly enhanced their mechanical
properties, such as cure characteristics, bound rubber content, swelling, tensile
strength, and abrasion resistance.
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2.

Increasing the n-PKSB loading in NR vulcanizates led to a reduction in minimum
torque and cure rate index, while also slowing down crosslinking activity. The high
surface area and porous structure of n-PKSB facilitated better interaction and
interfacial adhesion, contributing to reinforcement within the NR matrix.

Among the formulations, F4 (with 5 phr of n-PKSB) was found to be the optimal
loading ratio, exhibiting the most improved mechanical properties, including high
bound rubber content (BRC), crosslink density, tensile strength, modulus at 300%
elongation (Msoo), reinforcement index (RI), and abrasion resistance, though with a
lower elongation at break. When the loading exceeded the optimal amount, the
mechanical properties of the n-PKSB-filled NR vulcanizates deteriorated due to poor
interaction between the rubber and filler phases.

In summary, n-PKSB is a promising bio-filler for NR vulcanizates, offering an
environmentally sustainable approach to managing oil palm waste and aligning with
sustainable development goals, especially SDG-12 (Responsible Consumption and
Production).

Future research should focus on exploring surface modifications or chemical
treatments for n-PKSB to enhance its compatibility with the NR matrix, investigating
the impact of processing conditions like temperature and mixing time on the
performance of n-PKSB-filled NR vulcanizates, and assessing their long-term
durability and weathering performance. Additionally, expanding the use of n-PKSB in
other rubber applications or composite materials should be considered, along with
conducting life cycle assessments (LCA) to evaluate the environmental impact of
using n-PKSB as a bio-filler compared to traditional synthetic fillers.
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