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ABSTRACT: The palm oil industry is a major contributor to Malaysia’s economy, but its huge production has generated
large amounts of oil palm biomass, particularly palm kernel shell (PKS), which poses environmental challenges if
not properly managed. Converting PKS into biochar (PKSB) and activated carbon (APKS) offers a sustainable way
to valorise this waste as potential bio-fillers in rubber composites. This study investigates the influence of nano-sized
PKSB (n-PKSB) and activated PKS (n-APKS) as bio-fillers on the mechanical performance of natural rubber (NR)
vulcanizates, with filler loadings ranging from 0 to 10 parts per hundred rubber (phr). The fillers were characterized
using particle size analyzer (PSA), elemental analyzer, and Brunauer-Emmett-Teller (BET) analysis, while the filled
NR vulcanizates were evaluated through swelling and abrasion tests. The PSA results showed average particle sizes of
10-11 nm for n-PKSB and 11-12 nm for n-APKS. The carbonization-activation process increased the carbon content
(63%-65%) and BET surface area (520-540 m g2) of n-APKS compared to n-PKSB (60%-62% and 47-50 m g2,
respectively). These enhancements promote stronger filler-rubber interfacial bonding and improved stress transfer
within the matrix. Consequently, n-APKS-filled NR exhibited lower swelling index (219%) and volume loss (0.37 cm?)
than n-PKSB filled NR vulcanizates (241% and 0.44 cm?), indicating better resistance to solvent penetration and abrasive
forces. Both fillers achieved their optimal results at 5 phr loading. Thus, n-APKS and n-PKSB have potential as bio-
fillers that will enhance rubber properties while reducing palm oil waste and contributing to long-term mitigation of
environmental impact.

KEYWORDS: Characterization; bio-filler reinforcement; mechanical properties; morphological analysis; rubber-filler
interaction

1 Introduction

The palm oil industry is a key contributor to Malaysia’s economy, positioning the country as one of the
leading producers and exporters of palm oil globally. By the end of 2024, Malaysia’s oil palm plantations
covered approximately 5.65 million hectares, yielding 1.4 million tonnes of crude palm oil (CPO) and
156, 926 tonnes of palm kernel oil [1]. In 2025, Malaysia’s palm oil industry produced an estimated 1.2 million
to 1.8 million metric tonnes of CPO and palm kernel oil with 218,239 tonnes as of July 2025. However,
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the rapid expansion of this industry generates substantial amounts of biomass residues such as empty
fruit bunches (EFB), palm kernel shell (PKS), mesocarp fibers (MF), and palm oil mill effluent (POME),
which collectively exceed 85 million tonnes annually [1-3]. While these by-products present opportunities
for value-added utilization, a large portion remains underutilized or improperly disposed of, leading to
environmental issues such as waste accumulation, pollution and greenhouse gas emissions [4,5].

Among the various types of palm oil-based biomass, palm kernel shell (PKS) has gained growing
attention as a promising raw material due to its characteristics like carbon content and its availability
throughout the year. Nevertheless, its utilization has been largely limited to low-value applications such as
boiler fuel or energy generation. This underutilization highlights a significant opportunity to transform PKS
into higher-value products that contribute to sustainable materials development. One effective approach
to valorizing PKS is by converting biomass waste into value-added materials, such as bio-fillers for rubber
composites. In the rubber industry, fillers are essential for lowering processing costs and reinforcing rubber
compounds. Conventional fillers, such as carbon black and silica have long been employed for reinforcement,
but their production is energy-intensive and environmentally unsustainable [5,6]. Recently, research has
shifted toward bio-based fillers derived from renewable biomass sources, including bamboo, rice husk,
coconut shell, and wood as sustainable alternatives for green additives [7-9].

Bio-fillers derived from biomass are becoming increasingly popular due to their biodegradability, cost-
effectiveness, availability, and environmental friendliness [10]. Recent studies have explored the use of PKS as
a bio-filler in rubber compounding to help reduce biomass waste [7,11]. Although PKS looks promising as a
filler material, it exhibits certain limitations in its raw form that restrict its effectiveness as a reinforcing filler.
For instance, the carbon content of raw PKS is relatively low, approximately 36%, while the moisture content
is typically above 10% [2]. The surface area of raw PKS is also comparatively small around 0.17 m g~2. These
characteristics reduce their performance in rubber composite applications, especially in filler reinforcement.
Therefore, PKS can be processed through pyrolysis to produce palm kernel shell biochar (PKSB) to overcome
these issues. Pyrolysis at high temperatures mainly at 500°C to 700°C, increases the carbon content of PKSB,
enhancing its suitability as a bio-filler [12].

Additionally, PKS can also be converted into activated carbon (AC) through carbonization followed
by physical activation using steam or CO, at high temperatures. This process enhances its porosity, carbon
content and surface area which are beneficial for reinforcing rubber [13]. Recent studies have explored the
use of micro-sized PKSB and activated PKS (APKS) as bio-fillers in natural rubber composites. These bio-
fillers exhibit moderate reinforcing capability, improving mechanical properties such as tensile strength and
hardness [6,11]. However, their relatively large particle sizes and limited surface interactions with rubber
chains restrict their reinforcing ability, classifying them as semi-reinforcing fillers [14]. In the rubber industry,
conventional fillers like carbon black or silica are fully reinforced due to their nanoparticle size and high
surface area.

This study introduces a novel approach by utilizing nano-sized palm kernel shell biochar (n-PKSB) and
nano-sized activated palm kernel shell (n-APKS) as bio-fillers in natural rubber composites. Unlike previous
studies that mainly focus on micro-sized PKSB and APKS, this study explores the effect of particle size
reduction to nanoscales on the physicochemical and mechanical performance of natural rubber vulcanizates.
This study hypothesizes that n-PKSB and n-APKS will exhibit enhanced surface area and improved interfacial
interaction with the rubber matrix, leading to better mechanical properties compared to their micro-sized
fillers. Furthermore, this study provides a sustainable approach for converting palm oil biomass waste into
high-value materials, aligning with circular economy and green technology initiatives.

The study aims to assess the performance of n-PKSB and n-APKS as potential bio-fillers in nat-
ural rubber vulcanizates, with filler loadings ranging from 1 to 10 parts per hundred rubbers (phr).
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This study is divided into two parts, which are Part A focusing on the characterization of n-PKSB and
n-APKS, including particle size, Brunauer-Emmett-Teller (BET) surface area analysis and elemental analysis.
Part B involves mechanical testing of n-PKSB and n-APKS filled natural rubber (NR) compounds, including
swelling measurements and abrasion tests. This study seeks to overcome the limitations of micro-PKSB and
APKS, which can only act as semi-reinforcing fillers by demonstrating that nano-sized bio-fillers can also
serve as sustainable alternatives as fillers in the rubber industry [15]. The expected outcome of this study is
to support green material development that not only enhances the mechanical performance of NR but also
promotes valorisation of palm oil biomass and supports the advancement of the circular economy.

2 Materials and Methods

This section describes the materials used in this study and the experimental procedures for preparing
and characterizing the nano-PKSB, nano-APKS and filled rubber composites.

2.1 Materials

The natural rubber grade SMR-10 was purchased from Vistec Industries Sdn. Bhd. The PKSB and
APKS were obtained from the Malaysian Palm Oil Board (MPOB) in Bangi, Malaysia. The compound-
ing ingredients used in this study—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 sulphur were supplied by Airelastic Industries Sdn. Bhd.

2.2 Preparation of n-PKSB and n-APKS

The large particle of PKSB and APKS obtained from MPOB were washed with distilled water repeatedly
to remove any surface impurities until the pH value became neutral (pH 7) and further oven-dried at 80°C for
24 h to remove excess moisture. The distilled water was used to avoid introducing any additional impurities
that could interfere with its performance as filler, since PKS typically contains oil residues and dust. The PKSB
and APKS were pulverized and sieved into smaller particles using a pulverizer and sieved using a vibratory
sieve shaker with a mesh size ranging between 45 to 270 as shown in Fig. 1. The PKSB and APKS were taken
from mesh size below 270 to be used in the preparation of nanoparticles.

KV

(b)

Figure 1: (a) Pulverizer and (b) Vibrating siever shaker

To achieve nano-size, the sieved PKSB and APKS were processed using a high-energy ball mill (HEBM
SPEX SamplePrep 800D Mixer/Mill) as shown in Fig. 2. The ball to powder ratio (BPR) was set at 10:1 with
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30 stainless-steel balls consisting of small (0.2 g), medium (2.4 g), and large balls (10.6 g). The speed of
milling process was fixed at 1400 rpm. Each sample holder contained 3 g of PKSB and APKS in micro-sized
and 30 stainless-steel balls of various sizes. The BPR used in this study was 10:1, which means 3 g of the
powder particles were equivalent to 30 stainless-steel balls. The milling process was conducted for 6 h, with
time intervals of 90 min run, with a resting time of 30 min between each interval in order to eliminate heat
build-up and maintain a constant milling process. Fig. 3a shows the n-PKSB, and Fig. 3b shows the n-APKS
obtained from this process.

Figure 3: (a) Nano-PKSB and (b) Nano-APKS

2.3 Part A: Characterization of n-PKSB and n-APKS
2.3.1 Particle Size Analysis

The particle size of n-PKSB and n-APKS was measured using a Malvern Zetasizer Nano ZS laser particle
size analyzer in accordance with the American Society for Testing and Materials (ASTM D5644) [16]. The
samples were first subjected to sonication. During sonication, a small amount of the particles was taken and
placed inside a beaker containing deionized water. Then, the beaker was immersed into the ultrasonic cleaner
and sonication process was conducted at 50°C for 30 min under high-intensity ultrasonic power (200 W at
50 Hz) to disintegrate the particle clusters. The obtained particles were filtered and transferred into a sample
holder using a syringe. The sample holder was inserted into the analyzer, where the particle size was assessed.
The refractive index was set at 1.55 to 1.60 for both n-PKSB and n-APKS.
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2.3.2 Brunauer-Emmett-Teller Analysis (BET)

This analysis was conducted in accordance with ASTM D5604 [17]. The surface area, pore volume and
pore diameter of n-PKSB and n-APKS were measured using gas adsorption with an Automated Gas Sorption
Analyzer. The n-PKSB and n-APKS were taken approximately 0.4 g and put inside the sample holder.

2.3.3 Elemental Analysis

This analysis was conducted in accordance with ASTM D5291 [18]. Carbon, hydrogen, and nitrogen
contents were determined using a Perkin Elmer Elemental Analyzer LECO CHN628 and 628S, both of which
are compatible with the ASTM D5291 procedure. Approximately 0.1 g of n-PKSB and n-APKS were weighed,
wrapped and sealed before being introduced into the combustion chamber of the LECO equipment. The
combustion process was carried out at 950°C using ultra-high purity oxygen (99.993% purity) and helium
as the carrier gas. This analysis was repeated 3 times to ensure the reliability and accuracy of the results.

2.4 Preparation of n-PKSB and n-APKS Filled NR Compounds

The n-PKSB and n-APKS filled NR compounds were prepared according to the formulations in Table 1.
Six formulations were prepared in which F1 represents the unfilled NR compound while F2 to F6 correspond
to filled NR compounds with varying n-PKSB and n-APKS loadings. These filler loadings (0-10 phr) were
chosen to analyze the trends of nanofiller in reinforcement efficiency and mechanical performance. All parts
per hundred (phr) values are expressed on a weight basis relative to 100 parts of NR. The compounding
process was conducted according to ASTM D3184 using a two-roll mill [19]. The rubber was pre-masticated
using a laboratory two-roll mill for 1-2 min to soften the rubber and ensure uniform texture during
compounding. Then, the compounding ingredients were added (Refer to Table 1) and constantly mixed for
about 10 to 15 min at roll temperature of approximately 60°C to ensure homogenous mixing in rubber
compound. The ingredients were added sequentially starting from adding zinc oxide (ZnO), stearic acid,
n-PKSB/n-APKS, processing oil, accelerator, antioxidant, dispersing agent and sulphur. The dispersing agent
was added in 1/4 increments during the compounding process to ensure uniform distribution of ingredients
and facilitate dispersion of n-PKSB and n-APKS. This dispersing agent was added to enhance filler dispersion
and minimize agglomeration of the nano-filler particles. The total mixing time was approximately about
10-15 min for each formulation. The n-PKSB and n-APKS filled NR compounds were allowed to rest for about
24 h at room temperature. Then, the filled NR compounds were then compressed at 160°C using a hydraulic
hot press machine at their respective cure times, which were previously determined through rheometric
analysis [20]. The cure times used correspond to the optimum state of cure obtained from the torque-time
curves of the NR compounds. After curing, the NR compounds were allowed to rest for approximately 24 h
before undergoing swelling measurements and mechanical tests, including abrasion tests.

Table 1: Formulation of n-PKSB and n-APKS filled NR compounds

Formulation no.

Ingredient (phr)
F1 F2 F3 F4 F5 F6
NR 100 100 100 100 100 100
n-PKSB/ 0 1 3 5 7 10
n-APKS
ZnO 3 3 3 3 3 3
Stearic acid 2 2 2 2 2 2

(Continued)
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Table 1 (continued)

Formulation no.

Ingredient (phr)
F1 F2 F3 F4 F5 F6
Dispersing 2 2 2 2 2 2
agent
Antioxidant 0.8 0.8 0.8 0.8 0.8 0.8
Processing 5 5 5 5 5 5
oil
Sulphur 13 1.3 13 13 1.3 1.3
Accelerator 2.75 2.75 2.75 2.75 2.75 2.75

Note: phr = parts per hundred rubber, expressed on a weight basis; NR = natural rubber; ZnO = zinc oxide;
n-PKSB = nano-palm kernel shell biochar; n-APKS = nano-activated palm kernel shell.

2.5 Part B: Characterization of n-PKSB and n-APKS Filled NR Compounds
2.5.1 Swelling Measurement

The swelling measurement of n-PKSB and n-APKS filled NR compounds was conducted to determine
the swelling percentage (%) according to ASTM D3616 [21]. The rubber samples, cut to dimensions of
1 cm x 1 cm, were weighed initially. The samples were immersed in 10 mL of toluene for 5 days at room
temperature to allow for swelling. The weight of the swelled sample was recorded daily. After 5 days, the
samples were weighed again, then dried in an oven at 70°C until the weight remained constant. The swelling
index (SI) was calculated using the following Eq. (1):

Ws - W,
Swelling Percentage(%) = sTd x 100 1)
d

where W is the weight of the swollen sample and W, is the weight of the dried sample.

2.5.2 Abrasion Test

The abrasion test of n-PKSB and n-APKS filled NR vulcanizates was conducted using a DIN abrasion
tester (DIN 53516) in accordance with ASTM D5963 [22]. The samples were prepared and cut into small
pieces using a REXON professional bench drill press. The initial weight and density of each sample were
recorded. Each test round lasted approximately one minute. After the test, the weight of the abrasive samples
was measured again to determine mass loss. The volume loss (V) was calculated using the following Eq. (2):

— I/"IZOSS
p

Vi (2)

where V| is the volume loss of test rubber, W, is the weight loss of test rubber and p is the density of
test rubber.

3 Results and Discussion

This section presents and discusses the results obtained from the characterization of nano-PKSB and
nano-APKS, as well as the performance of their filled natural rubber compounds.
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3.1 Part A: Characteristics of n-PKSB and n-APKS
3.1.1 Morphology and Particle Size

Fig. 4 shows the scanning electron microscopy (SEM) images of PKSB (Fig. 4a) and APKS (Fig. 4b).
The SEM images of PKSB and APKS particles showed irregular particle shapes with rough surfaces and the
presence of micropores. As mentioned in previous study, the shape, porosity, size and surface area of particles
can significantly influence the performance of rubber compounds [23]. The irregular shape of n-PKSB and
n-APKS was due to the mechanical forces involved that were applied to the particles during ball milling
process, making the particles smaller and causing uneven surface. These irregular morphology and rough
surface of n-PKSB and n-APKS can increase the roughness of the surface, which promotes mechanical
interlocking and provides better stress transfer during deformation of the rubber compound. When the
rubber is stretched under load, the rough n-PKSB or n-APKS surface resists pull-out, thereby facilitating
more stress transfer from the soft rubber matrix to the rigid filler particles. This mechanism can contribute
to improving the mechanical properties [24].
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Figure 4: SEM image of (a) PKSB and (b) APKS

Furthermore, the rough surface of n-PKSB and n-APKS as detected in SEM images occur due to the
release of volatile matter during pyrolysis process that creates cracks and porous structure. The presence of
micropores in both particles was attributed to the reduction of size and volatile matter release, resulting in
increased specific surface area and providing additional sites for interactions of n-PKSB and n-APKS with
NR matrix, thereby enhancing the overall mechanical properties of the NR vulcanizates [24].

The data also shows the particle size distributions for n-PKSB and n-APKS, which are summa-
rized in Table 2. The size distributions of both particles are bimodal, with two distinct peaks each. The
peak intensity represents the size distribution of the particles within the samples, with the intensity values
indicating the relative concentration of particles at different size ranges. For n-PKSB, the two major
peak intensities are at 8.81 nm (69.2%) and 1378 nm (30.8%), with a Z-Average particle size of 10-11 nm. This
indicates that n-PKSB predominantly consists of smaller particles, with about 30.8% of the particles being
in the larger size range. In contrast, n-APKS has peak intensities at 7.65 nm (58.9%) and 1432 nm (41.1%),
with a Z-average particle size of 11-12 nm. This suggests that n-APKS contains a higher proportion of larger
particles (41.1%) and has an average particle size that is approximately 1 nm larger compared to n-PKSB.
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Table 2: Particle size of n-PKSB (a) and n-APKS (b) particles

Sample Peak intensity (nm) Z-average (nm)
i. 8.81(69.2%)
-PKSB 10-11
n-PKS ii. 1378 (30.8%) 0
1 0
n-APKS i. 7.65(58.9%) 112

ii. 1432 (41.1%)

The bimodal particle size distribution reflects the efficiency of ball milling process while highlighting
the difficulties in achieving uniform particle size reduction. This microstructural arrangement where smaller
particles tend to occupy space between larger ones can facilitate efficient stress transfer, reduce filler
aggregation and contribute to improvement in mechanical properties of filled NR compounds [25]. Whereas
the slightly larger average size and higher proportion of large particles in n-APKS compared to n-PKSB
was attributed to the activation process, which increased surface porosity and weakened structure of filler
particles, leading to partial agglomeration during milling process [26]. Consequently, the n-APKS particle
shows a slightly larger average particle size compared to n-PKSB.

3.1.2 Surface Area Analysis

Table 3 presents the BET results for n-PKSB and n-APKS. It is observed that n-PKSB has a smaller
surface area, ranging from 47 to 50 m g%, compared to n-APKS, which exhibits a significantly larger surface
area of approximately 520 to 540 m g 2. This substantial increase in surface area indicates that the physical
activation process enhances the porosity of n-APKS, creating a more developed pore structure and increasing
the accessible surface area in comparison with n-PKSB [27]. With more surface area available, the filler
particles can bond and interact better with the NR matrix, which improves stress transfer and helps the
rubber to reinforce as well as more durable [28,29].

Table 3: Surface area analysis of n-PKSB and n-APKS

BET results
Sample
Surface area (m g2) Micropore surface area (m g>) Micropore volume (cm g~%)
n-PKSB 47-50 1-2 0.005-0.06
n-APKS 520-540 2-3 0.001-0.02

However, the micropore surface area and volume for both particles remained relatively unchanged, with
values around 1 to 3 m g2 and 0.001 to 0.06 cm g~>, respectively. This suggests that the carbonization and
activation process does not primarily generate additional micropores but rather enlarges existing pores and
develops new mesopores (2-50 nm) and macropores (>50 nm). This shift toward mesopores is beneficial
because mesopores provide more accessible surface area for filler-rubber interaction, leading to improved
mechanical performance and overall stress distribution in the final rubber compound [30].

3.1.3 Elemental Analysis

Table 4 provides the elemental analysis of n-PKSB and n-APKS, highlighting their elemental
compositions. n-APKS exhibits a higher carbon content, ranging from 63% to 65%, compared to n-PKSB’s
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60% to 62%. The increased carbon content observed in n-APKS is indeed attributed to the activation
process, which removes volatile matter and enhances the fixed carbon content [31]. During pyrolysis, PKS
undergoes thermal decomposition, leading to the formation of biochar with a higher carbon concentration
compared to raw PKS. The physical activation process of n-APKS further develops the pore structure,
increases surface area, and provides the surface with functional groups, which improve the potential for
filler-rubber interactions. These functional groups enhance interfacial adhesion by forming secondary bonds
with polar sites of rubber matrix, thus promoting better dispersion within the rubber compound and
facilitating strong mechanical interlocking [11]. Basically, the carbonization and activation process further
enhances carbonization and structural ordering. The higher carbon content of both particles correlates with
greater thermal stability, increased hardness and improved in rigidity [6]. Therefore, this enhances their
reinforcing ability as bio-fillers when incorporated into the rubber matrix by promoting better stress transfer
during deformation.

Table 4: Ultimate analysis of n-PKSB and n-APKS

Elemental analysis (%)

Sample

Carbon (C) Hydrogen (H) Nitrogen (N) Sulphur (S)
n-PKSB 60-62 2-3 0.5-0.7 0.03-0.05
n-APKS 63-65 1-2 0.2-0.4 0.03-0.05

The hydrogen content in n-APKS is slightly lower (1% to 2%) compared to n-PKSB (2% to 3%), reflecting
a higher degree of carbonization in n-APKS. Similarly, the nitrogen content in n-APKS is reduced (0.2% to
0.4%) relative to n-PKSB (0.5% to 0.7%), suggesting the removal of nitrogen-containing compounds during
activation. This reduction minimizes surface impurities and potential sites for unwanted side reactions
during vulcanization, thus improving filler-rubber compatibility and stability of the rubber vulcanizate. Both
materials have similar low sulfur contents (0.03% to 0.05%), which is unlikely to significantly impact their
performance. Overall, the variations in elemental composition between n-PKSB and n-APKS, due to the
activation process, affect their properties and effectiveness as fillers in rubber vulcanizates.

3.2 Part B: Characterization of n-PKSB and n-APKS Filled NR Vulcanizates
3.2.1 Swelling Percentages

Fig. 5 displays the swelling percentage (%) of natural rubber (NR) vulcanizates incorporating n-PKSB
and n-APKS. This metric assesses the vulcanizates’ ability to resist solvent penetration through the rubber’s
crosslinked structure [32]. The F1 sample, which lacked both n-PKSB or n-APKS, exhibited the highest % of
267%, reflecting its low resistance to toluene and the rapid absorption of the solvent into the NR matrix [11].
In contrast, the inclusion of 1 phr (F2), 3 phr (F3) and 5 phr (F4) of n-PKSB and n-APKS in the NR compound
resulted in a reduction in %, with a decrease of approximately 1%, 6% and 10% for n-PKSB and about 2%, 9%
and 18% for n-APKS, respectively. The addition of n-PKSB and n-APKS enhances their interaction with the
NR matrix, leading to a denser crosslinked structure. This compact network brings the rubber chains closer
together, restricting their movement and increasing resistance to toluene penetration [11,33].

The n-APKS shows a lower % than n-PKSB, attributed to its higher carbon content and larger surface
area, as supported by ultimate and BET analyses. The increased carbon and surface area of n-APKS facilitate
the formation of covalent bonds with the NR chains, enhancing the interaction between n-APKS and the
NR matrix [34]. When the loading of n-PKSB and n-APKS exceeds 5 phr, the % increases, with increases of
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4% and 5% for n-PKSB and 8% and 11% for n-APKS, respectively. This increases likely due to poor particle
dispersion and the formation of agglomerates, which hinder effective solvent penetration [35].
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Figure 5: Swelling percentage of n-PKSB and n-APKS filled NR vulcanizates

3.2.2 Volume Loss

Fig. 6 illustrates the volume loss (V1) in NR vulcanizates filled with n-PKSB and n-APKS. The highest
V. values, 0.68 cm® for n-PKSB and 0.65 cm?® for n-APKS, is observed in formulations F6 and F1, where no
fillers are present, leading to reduced surface damage resistance [6]. Incorporating n-PKSB and n-APKS into
the NR matrix significantly reduces Vy, in formulations F2 to F4, with reductions of 9%, 23%, and 32% for
n-PKSB, and 23%, 26%, and 43% for n-APKS. Formulation F4, containing 5 phr of both fillers, shows the
lowest Vi values, at 0.44 cm® for n-PKSB and 0.37 cm?® for n-APKS. This improvement is attributed to the
effective interaction and dispersion of the fillers within the NR matrix as demonstrated in Fig. 7a, increasing
crosslink density and abrasion resistance, as reflected in the swelling index values [33].
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Figure 6: Volume loss of n-PKSB and n-APKS filled NR vulcanizates



] Renew Mater. 2026;14(6):3 1

5 . 2"
Agglomerates

|
et

LW
p vy : 2
8,00kV 6.4mm x3.00k SE{ 12:90 !

(b)

8:00KkV 5.6mm x2.00k SE 09.59 20.0um

5 v AN
ORI

Figure 7: (a) Good dispersion particle, (b) agglomeration of particles

n-APKS outperforms n-PKSB due to its higher carbon content, which enables stronger covalent bonding
with NR phases, enhancing overall performance [11,34]. Table 4 confirms the higher carbon content of
n-APKS. However, when the filler loading exceeds 5 phr (F4), Vy increases significantly by 34% and 55%
for n-PKSB and by 13% and 24% for n-APKS in F5 and F6, respectively. This increase is due to poor particle
dispersion and agglomeration, which reduces the effective contact area between the NR matrix and the fillers,
thereby decreasing abrasion resistance [35,36]. The SEM micrographs in Fig. 7b demonstrate how particle
agglomeration weakens the interaction between NR and the fillers, leading to diminished abrasion resistance.

4 Conclusion

In conclusion, this study addressed the utilization of oil palm biomass, especially PKS as value-added
additive in the rubber industry, which offers a sustainable way to reduce the biomass and act as an alternative
bio-fillers to be utilized in the rubber industry. By converting micro-PKSB and APKS into nano-PKSB
and nano-APKS, with particle sizes of 10 to 11 nm and 11 to 12 nm, respectively, demonstrates strong
potential nano-bio fillers for NR vulcanizates. The n-APKS has a higher carbon content and superior BET
analysis results, indicating greater potential to enhance the mechanical performance of NR vulcanizates
compared to n-PKSB. Furthermore, assessments of volume loss (V) and swelling index (SI) demonstrate
that NR vulcanizates filled with n-APKS outperformed those filled with n-PKSB. Both fillers show optimal
performance at a 5 phr loading, enhancing the properties of NR compounds, which highlights their
significant potential as bio-fillers and their viability for commercial success as semi-reinforcing fillers in the
rubber industry.
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