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ABSTRACT

Malaysia is one of the most important palm oil producers and exporters in the
whole wide world. There has been a rapid development of new palm oil
plantations and palm oil mills in this country. The palm oil industry plays a
vital role in the economic growth of Malaysia. However, as the palm oil
industry grows bigger and wider, a huge amount of palm oil waste is produced
which is an alarming issue considering it can cause pollution and have a
negative effect on the environment. Raw Palm Kernel Shell (PKS) derived from
palm oil waste can be converted into Activated Palm Kernel Shell (APKS)
which has the potential to be a value-added biofiller in rubber vulcanizates.
Thus, in this study, APKS is prepared through a carbonization process at a
temperature of 900 °C and an activation process via steam treatment and used
as filler in Carboxylated Nitrile Butadiene Rubber (XNBR). The aim of this
study is to evaluate the influence of different loading ratios of APKS on the
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swelling index measurement, bound rubber content (BRC), abrasion
resistance, compression set, and hardness of XNBR vulcanizates. APKS is
incorporated in XNBR at different loading ratios, ranging from 0 to 50 phr
and these APKS-filled XNBR vulcanizates are prepared with a two-roll mill.
The overall physico-mechanical properties of APKS-filled XNBR vulcanizates
showed increment in terms of BRC, compression set, and hardness as the
loading ratio of APKS increased. XNBR vulcanizates with a higher loading
ratio of APKS also showed a decrease in swelling index measurement and
volume loss which would indicate high abrasion resistance. These results
could be attributed to the porosity of APKS as shown in the morphological
analysis which provided a high surface area of contact for crosslinking and
mechanical interlocking. This proves APKS could potentially be a semi-
reinforcing filler for rubber vulcanizates, especially for XNBR vulcanizates as
XNBR vulcanizates were able to achieve high abrasion resistance and high
hardness with the incorporation of APKS. With this, the conversion of PKS
into APKS could help to reduce palm oil waste and provide an environmentally
friendly, sustainable biofiller option to rubber researchers and manufacturers
who are looking for an alternative to petroleum-based fillers. This would be
very beneficial for both the palm oil industry and the rubber industry.

Keywords: Activated Palm Kernel Shell (APKS); Carboxylated Nitrile
Butadiene Rubber (XNBR); Biofiller; Swelling Index Measurement; Physico-
Mechanical Properties

Introduction

The development of sustainable additives from biomass plays an important
role in the future of mankind because of the increasing rate of greenhouse
emissions, depletion of fossil fuel, and the pollutants that are hazardous to
human beings [1]. The production of biomass from palm oil has increased from
15 million tons in 1995 to 66 million tons in 2017 [2]. Palm biomass which
includes Palm Kernel Shell (PKS), empty fruit bunches, and mesocarp fibres
is under-utilized and unsystematically disposed via open burning, leading to
air pollution [3]. Direct burning of biomass produces dust emission and smoke
due to incomplete combustion which is not environment friendly [4].
Recently, many efforts have been attempted to use and incorporate PKS
as biofiller in rubber compounding to minimize environmental issues. This
development of renewable biofiller in the rubber industry provides a novel
alternative solution to improve the management of agricultural waste.
Reinforcement plays an important role in rubber compounding in order to
produce good performance of rubber-based products which is influenced by
the surface area, size, loading, surface activity, and dispersion state of filler
particles. Good interfacial interaction between rubber and filler phases
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promotes the capability stress transferred from rubber chains to the filler which
leads to the enhancement of physical and mechanical properties of vulcanized
rubber [5]-[6].

A study of raw PKS characterization by Daud et al. [7] revealed that
the surface of raw PKS is smooth which provided a small surface area, hence
weaker rubber-filler interaction. In order to provide reinforcement to rubber
vulcanizates, the rubber chain must make intimate contact with filler particles.
Filler with a low surface area can only provide a limited contact area for
crosslinking, mechanical interlocking, and rubber-filler interaction which will
minimize the potential to reinforce the rubber composite. The presence of dirt,
impurities, crevices, voids, and extensive filler detachment on the raw PKS
surface will result in poor rubber-filler interaction. Not to mention, low
reinforcement provided by the Activated Palm Kernel Shell (APKS) due to the
impurities, causing high mechanical stress points and poor mechanical
properties of the rubber vulcanizates. Moreover, raw PKS has low carbon
content. The utilization of filler with low carbon content in rubber results in
poor mechanical properties of rubber vulcanizates. A high carbon content of
filler is preferable since the presence of high carbon in filler has the ability to
form a strong interaction with the hydrocarbon chain in rubber [7]. The study
of utilization of raw PKS in natural rubber was studied by Daud et al. [7]
revealed the interaction between raw PKS and natural rubber is poor due to the
presence of lignin, hemicellulose, and cellulose with 44.0%, 21.6%, and
27.7%, respectively which reduce the reinforcement in the rubber vulcanizate
[8]. This raw PKS contains various polar functional groups such as ether and
methoxyl, phenolic hydroxyls, carbonyl, carboxyl, aliphatic, and phenolic
hydroxyls that contribute to the polarity. The high polarity of filler in rubber
will contribute to the rubber-filler interaction due to the strong interaction
between fillers. Strong inter- and intra-molecular interactions could cause
agglomeration to occur [6]. The agglomeration of filler in rubber vulcanizate
will initiate the fracture when subjected to mechanical force due to un-uniform
stress distribution [9]. These weaknesses of raw PKS lead to poor
reinforcement that lowers the mechanical properties of rubber vulcanizate [7].

Many studies have attempted to overcome the limitation of raw PKS.
Since it has been known that raw PKS has its disadvantages, these raw PKS
undergo surface treatment to enhance and improve its properties in terms of
carbon content, porosity, and surface activity. These raw PKS undergo a dual
process which are carbonization process and steam treatment, converting them
into APKS. The steam treatment creates more pores and enlarges the existing
pores that were originally produced during carbonization process. This will
indirectly help to enlarge the surface area of APKS, contributing to better
reinforcement. The carbonization process increases the carbon content in
carbonized carbon from 46.93 wt.% to 84.77 wt.% and reduces hydrogen and
oxygen content due to the dehydration process. The carbon content in filler is
crucial as carbon promotes chemical interaction between rubber and filler [10].
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The lignin, cellulose, and hemicellulose elements which contributed to the
presence of polar functional groups in APKS will extremely decrease after the
carbonization process due to dehydration and deoxygenation reaction. The
degradation of polar functional groups of APKS reduced the interaction
between APKS particles which can prevent the agglomeration in rubber matrix
[6]. The impurities and dirt present in PKS which disturb the adsorption of
rubber on the filler surface also degrade during the carbonization process. This
degradation will improve the rubber-filler interaction that enhances the
reinforcement of the rubber vulcanizate [11].

In this study, APKS is characterized through Fourier-Transform
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM)/Energy
Dispersive X-ray (EDX), and Brunauer-Emmett-Teller (BET) analysis. APKS
is then incorporated in Carboxylated Nitrile Butadiene Rubber (XNBR) at
different loading ratios ranging from 0 to 50 phr. The performance of APKS-
filled XNBR vulcanizates is evaluated by conducting some tests such as
swelling measurement, BRC, abrasion resistance, compression set, and
hardness. This way, the effectiveness of APKS as a potential biofiller can be
proven to improve the mechanical properties of XNBR vulcanizate and
utilized as a solution to reduce palm oil waste.

Experimental

Materials

APKS was purchased from the Research Institute of Malaysian Palm Oil Board
(MPOB) Bangi, Malaysia while the XNBR was supplied by Aras Bakti
Ventures Sdn. Bhd. Compounding ingredients, for instance, benzothiazyl
disulfide (MBTS), polymerized 2, 2.4-trimethyl-1.2-dihydroquinoline (TMQ),
n,n-diphenylguandine (DPG), and Tetramethylthiuram Disulfide (TMTD)
were provided by Airelastic Industries Sdn. Bhd. The rest of the compounding
ingredients such as zinc oxide, sulphur, stearic acid, and paraffin oil were
supplied by the Faculty of Applied Science, Universiti Teknologi MARA.

Preparation of fine particles APKS

APKS purchased from MPOB were in big particle size. In order to obtain
APKS with fine particle size, these APKS had to be crushed and pulverized
with a crusher and pulverizer, respectively. There were then sieved through a
sieve with 240 mesh size, by using a vibratory sieve shaker (Retsch AS 200,
Germany).

Characterization of APKS

Fourier Transform Infrared (FTIR) analysis

FTIR is an analytical technique using infrared light to identify chemical
functional groups in APKS. This analysis is important as the chemical

220



Preparation and Characterization of Activated Palm Kernel Shell

functional group of APKS influences its surface activity and polarity. This
procedure followed ASTM E168, with the spectrum obtained using Perkin-
Elmer Spectrum One Series. The spectrum resolution was 4 cm™, and the
scanning range was 650 to 4000 cm™.

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
(EDX) analysis

The surface morphology of APKS was investigated through SEM/EDX
analysis. This test was conducted to identify the surface, shape, pore size, and
range of particle size of a primary particle of APKS. The surface structure of
APKS was observed by using a scanning electron microscope (SEM)
(spectroscopy electron microscope Shimadzu SSX-550) and conducted
according to ASTM F1372. The APKS samples were coated with 20-30 nm
thickness of gold using a sputter coater to prevent surface charge and promote
the emission of the secondary electron to provide a homogeneous surface for
imaging and analysis. EDX analysis was conducted after SEM analysis to
identify the presence of the element in the APKS samples.

Brunauer-Emmett-Teller (BET) analysis

BET analysis aims to determine the specific surface area and the porosity of
APKS per gram. This test was conducted based on ASTM D5604. The
outgassing process was carried out before analysing the surface properties of
the sample. It is important to ensure that the sample has no moisture content
before the outgassing process is carried out. The outgassing process took 5 to
6 hours. Helium gas was injected into the sample holder to measure the volume
which was not occupied by the sample. Nitrogen was injected by successive
steps after the helium evacuation, enabling the apparatus to measure the
pressure in the sample holder. Then, the sample was placed in a chamber for
surface area, pore volume, and pore radius analysis.

Preparation of APKS-filled XNBR vulcanizates

The formulation for APKS-filled XNBR vulcanizates is shown in Table 1.
APKS of different loading ratios were mixed with XNBR by using a two-roll
mill (2 OSAKA 18), according to American Standard of Testing and Material
(ASTM) designation D3184-80. XNBR was first masticated to reduce the
viscosity and soften the rubber. The sequence of mixing ingredients is shown
in Figure 1. The APKS-filled XNBR compound was compressed by using hot
compression moulding machine at a temperature of 160 °C. The compounded
rubber was compressed for an amount of time, according to the cure time
obtained from the cure characteristics test. The APKS-filled XNBR
vulcanizates were then tested for swelling index measurement, BRC, abrasion
resistance, compression set, and hardness.
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Table 1: Formulation of APKS-filled XNBR vulcanizates

Formulation number

Ingredients 1 > 3 4 5 6 7
XNBR 100 100 100 100 100 100 100
APKS 0 5 10 20 30 40 50
Activator 5 5 5 5 5 5 5
Antioxidant 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Accelerator 3.7 3.7 3.7 3.7 3.7 3.7 3.7
Sulphur 1.3 1.3 1.3 1.3 1.3 1.3 1.3
Processing oil 5 5 5 5 5 5 5

zZinc 1/4 of
KNBR > oxide [~ sulphur =| APKS
v ]
Stare s ppQ  [>| MBTS f>| TMQ

\4

3/4 of

Processin
TMTD > > sulphur

g oil

Figure 1: The mixing sequence of compounding ingredients for APKS-filled
XNBR vulcanizates

Characterization of APKS-filled XNBR vulcanizates

Swelling index measurement

Swelling measurement was conducted based on ASTM D6814 and the volume
fraction of rubber in the swollen gel (V) and swelling index were calculated
according to Equations (1) and (2), respectively.

WSD

Vr =2 VR=%2 Vs = 1)
VR+Vr pri! ps
0 =2"° 100 )

where W, is the initial weight, pr’ is the density of rubber, Wsp is the dissolved
rubber in solvent, ps is the density of solvent and W is the swollen weight of
rubber.

BRC Analysis
BRC analysis was carried out according to ASTM D5775. Approximately,

0.25 - 0.3 g uncured rubber compound was prepared. Then the sample was

222



Preparation and Characterization of Activated Palm Kernel Shell

placed in a beaker that contained 50 ml of toluene. The beaker was sealed and
placed in a dark place for 7 days at room temperature. After 7 days, the sample
was weighed and dried for 1 - 2 hours at room temperature to allow the solvent
to evaporate. Lastly, the sample was dried in a drying cabinet at a temperature
of 50 °C. BRC was calculated based on Equation (3).

wWdry-Wwinsol

BRC (%) = W x 100 (3)

Wtotal phr

where BRC is the percent of bound rubber content, Wqry is the dry weight of
the sample, Winsol is the total insoluble component of the sample in phr, W, is
the initial weight of the sample, Wriiier pnr iS the phr of filler in the sample and
Wiotal phr 1S the total phr of the sample.

Abrasion resistance

Abrasion resistance is an important property required by a rubber-based
product. This test is to measure the volume loss (VL) of APKS-filled XNBR
vulcanizates which would indicate the resistance of the vulcanizates towards
the abrasive force. This test was carried out in accordance with ASTM D5963-
04 by using a DIN Abrasion Resistance Tester. The VL was calculated based
on Equation (4).

Volume loss = (weight loss)/density 4

Compression set

The compression set determines the ability of APKS-filled XNBR vulcanizates
to maintain their elastic properties after prolonged compressive stress. The
sample was prepared with a dimension of approximately 6.0 £ 0.2 mm of
thickness and 3.0 = 0.2 mm of diameter. The sample was placed between the
spacers of the compression device. The sample was compressed to about 25%
of its original thickness for 2 hours. After that, the sample was removed from
the compression device. The thickness of the sample was measured after 30
minutes. The compression set was calculated using Equation (5) and it is
expressed as the percentage of the original deflection.

to—ti

Compression set = x 100 (5)

to—tn
where 2 is the original thickness of the specimen, ¢ is the final thickness of the
specimen, and ¢, is the thickness of the space bars used.

Hardness

Hardness is vital for a rubber-based product as it is the resistance from having
a permanent deformation. This test was performed according to ASTM 2240
by using SUNDOO LX-A. This test was conducted to determine the relative
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hardness of APKS-filled XNBR vulcanizates. The indenter used was Type A.
The sample was prepared with a thickness of about 6.4 mm. Then the sample
was placed on the hard and flat surface of the machine. The sample must be
placed parallel to the surface of the equipment. The indenter instrument would
then press into the sample until a constant hardness value is obtained.

Results and Discussion

Characterization of APKS
FTIR analysis identifies the functional groups present in APKS that contribute
to the polarity and surface activity which would affect the interaction with
XNBR. Figure 2 displays the FTIR spectrum obtained for the APKS sample.
The broad peak obtained at the wavelength of 3749.6 cm™ could be due to the
presence of hydroxyl group (O-H) which was a result of the absorption of
moisture on the surface of APKS [12]. The peak at 3000.3 cm! represented
the C-H alkene stretching vibration from cellulose and hemicellulose
degradation. This clearly indicated the presence of a lignocellulosic structure
of the APKS. The peaks at bands of 2322.9 cm*and 2163.2 cm™ could be
attributed to the occurrence of silane (S-H) and double-bonded C-O groups,
respectively. Meanwhile, the peak at 1510.8 cm™* implied the C=C stretching
in the aromatic ring of decomposed lignin. The peak at 1068.0 cm™ indicated
the presence of C-O stretching of alcohol and phenol. Both the O-H and C-O
functional groups were induced from the steam treatment during the physical
activation [13]. These oxygen functional groups act as an active site that
contributes to the polarity of APKS [14] and enhances rubber-filler interaction
with cyano (-CN) groups in XNBR thus, leading to a better distribution of
APKS particles throughout the XNBR matrix [15]. A peak at 957.3 cm™
indicates the C-H out-of-plane bending [11]. Similar results were reported by
Ahmad et al. [16] and Ezzuldin et al. [12], in which hydroxyl (OH) groups
stretching and C=C stretching vibration of an aromatic ring at a wavelength of
3347 cm™* and 1575 cm™, respectively.

The surface morphology of APKS was observed by using SEM. Figure
3(a) shows the presence of a porous structure on the surface of APKS which
was developed from the carbonization process. This was where the discharge
of volatile matters occurred. In general, the discharge of volatile matters was
due to the breakdown of the hydroxyl group in APKS, which releases H and
O elements [17]. During the steam treatment, the leftover volatile matter was
removed and indirectly increased the porosity of APKS enlarging the existing
pores on the surface of APKS. This steam treatment process also helped to
open up and remove any impurities that clogged the pores of APKS [18]. The
existence of white spots on the APKS surface as labelled in Figure 3(a) could
be due to the presence of ash in APKS, which the ash content of APKS was
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approximately 0.82 £+ 0.012%. However, the low content of ash did not affect
the properties of vulcanizate [19].

Activated Palm Kernel Shell
95
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= 30354 cm!
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=
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Wavelength (em-1)

Figure 2: FTIR spectrum of APKS

Figure 3: SEM images of; (a) APKS pores, and (b) APKS shape, and particle
size at 3000x magnification

Figure 3(a) also displays the pore diameter of APKS, which ranged
from 527 to 830 nm. These pores are categorized as macropores since they are
larger than 50 nm [20]. With the pore diameter ranging from 527 to 830 nm,
these well-developed pores helped to provide a large surface area of contact
for rubber-filler interaction to take place, which would contribute to high
mechanical properties [21]. As for Figure 3(b), it shows the particle size of
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APKS ranged from 28.0 to 41.6 um and that the surface of APKS looked rough
with an irregular shape. The surface roughness and irregularity in the shape of
APKS was attributed to APKS had undergone both carbonization and steam
treatment process [22].

In order to determine the elemental composition present on the surface
of APKS, APKS was analysed by using EDX analysis. Figure 4 displays the
EDX spectrum of APKS. As can be seen in Figure 4, it shows the presence of
different elements in APKS, including carbon (C) and oxygen (O). Based on
Figure 4, APKS contained about 84.12 wt.% of carbon which could be
generated from the degradation of lignin, cellulose, and hemicellulose in PKS
during the carbonization process. The spectra exhibited the presence of oxygen
on the APKS surface where 15.88% of oxygen composition was recorded. The
presence of oxygen on the surface of APKS could be attributed to the
activation process of steam treatment [13]. The oxygen content contributes to
the APKS polarity and enhances the surface activity [11]. The results obtained
from this EDX analysis are in accordance with the FTIR results which are
shown in Figure 2.

&)
Element Wit% Atomic
percent
(%)
C 84.12 87.59
O 15.88 12.41
o 1 2 3 a 5 6 7 8
5.714,576 counts in 248 seconds

Figure 4: EDX spectrum of APKS

Table 2 presents the porous characteristics of APKS. This analysis is
vital to investigate the contact area of APKS that is exposed to the rubber
matrix. Based on the results, APKS was found to display a high BET surface
area of 491.7 m?/g. The release of volatile matter from PKS biochar during
carbonization process contributed to the formation of pores in the remaining
non-volatile fraction within the PKS biochar, which was then transformed into
APKS [23]. The pore volume and pore radius of the APKS recorded a value
of 2.323 £ 0.197 m®/g and 513.9 + 330.1 nm, respectively. These BET results
further corroborate the surface morphology that was illustrated in Figure 3.
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Table 2: Porous characteristics of APKS

Surface area Pore volume (m%q) Pore radius (nm)
491.7 2.323 +£0.197 513.9 +330.1

Characterization of APKS-filled XNBR vulcanizates

The degree of swelling also known as swelling index [7] was calculated to
study the ability of rubber vulcanized to resist the solvent from penetrating the
crosslink network of rubber chains. The swelling index reduced as higher
loading of APKS was incorporated in the XNBR vulcanizates due to better
rubber-filler interaction which is indicated by the volume fraction of rubber in
the swollen gel, Vr [24]. The volume fraction of rubber in the swollen gel, Vr
showed an increasing trend which can be seen in Figure 5. Unfilled XNBR
recorded a swelling index value of 160.72% which was the highest swelling
index value among the other APKS filled XNBR vulcanizates. This showed
that the unfilled XNBR vulcanizate had poor resistance towards solvent due to
the lack of physical adsorption in vulcanizate. Hence, the solvent could easily
penetrate the rubber chain of vulcanizate. Once APKS was added into the
XNBR vulcanizate, the swelling index started to decrease where loading ratio
of 5, 10, 20, 30, 40, and 50 phr of APKS obtained a swelling index value of
145.45%, 137.77%, 134.93%, 127.97%, and 117.21%, respectively. In
general, it could be said that the swelling index was inversely proportional to
the Vr. Unfilled XNBR vulcanizate showed the lowest value of Vr which is
0.92. As the loading ratio of APKS increased, the Vr of APKS-filled XNBR
vulcanizates increased too. The addition of 5, 10, 20, 30, 40, and 50 phr of
APKS in XNBR vulcanizate resulted in high Vr values which were 1.28, 2.94,
2.95, 3.43, and 4.12, respectively. The increasing Vr values indicated good
adsorption of XNBR on the APKS surface which could be due to mechanical
interlocking that occurred between the rubber and filler. Improved rubber-filler
interaction between XNBR and APKS promoted the compactness of
crosslinking and immobilizing the rubber chain which contributed to the
improvement of swelling properties. This helped to restrict the penetration of
solvent into the rubber chains which led to a decrease in swelling index [24].
As mentioned in the SEM analysis of APKS which was shown in Figure 3, the
rough surface and porous structure of APKS supplied a wide surface area for
sulphur to form crosslink during the process of vulcanization which resulted
in the enhancement of rubber-filler interaction [25].

Bound Rubber Content (BRC) describes the interaction between rubber
matrix and filler [26]. The BRC analysis determines the rubber that remains
attached to the filler network when the vulcanized was extracted with solvent.
The BRC results are displayed in Figure 6. Based on the results, unfilled
XNBR vulcanizate showed 0% of BRC as there was no presence of APKS.
With the incorporation of a high loading ratio of APKS, the BRC percentage
of APKS-filled XNBR vulcanizates increased steadily for APKS loading of 5
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phr to 40 phr and had a reduction in BRC percentage when 50 phr of APKS
was used. This would mean that 40 phr of APKS was the optimum loading
ratio for XNBR vulcanizate to obtain a high BRC percentage. The high BRC
percentage would be an indication of good rubber-filler interaction. The
porosity of APKS as shown in the SEM images (refer Figure 3) and the surface
area of APKS which was about 491.7 m?/g as reported in the BET analysis
(refer Table 2) promoted higher rubber-filler interaction. Moreover, the
irregular shape of APKS as displayed in Figure 3 enhanced the interfacial
adhesion of rubber on the filler surface. The highly entangled network
structure could have also trapped the molecular rubber chain into the pores of
the APKS, strengthening the rubber-filler interaction. The finer particle size of
the APKS which was between the ranges of 28.0 to 41.6 um provided a large
surface area for the XNBR to bind to the APKS surface. Hence, the physical
interaction of rubber and filler through mechanical interlocking contributed to
the increment of BRC [27].

180 T T 5.00

A1 400
+ /
160 o
— o 1 3.00
140 T =
. ) ?’d&’ ‘\v. T 2.00
2T T + 1.00

100 —% 0.00

APKS loading (gphr)

== Swelling Index (%) == \f

Figure 5: Swelling index measurement and volume fraction of rubber in the
swollen gel, Vr of APKS-filled XNBR

The addition of filler provides reinforcement to rubber vulcanizates
which would contribute to low volume loss (VL) of the rubber vulcanizate
when subjected to high abrasive force. Figure 7 shows the results of the VL of
APKS-filled XNBR vulcanizates where it could be seen that the VL of APKS-
filled XNBR vulcanizates had a decreasing trend as the loading ratio of APKS
increased. This would indicate that with higher loading of APKS, the XNBR
vulcanizate exhibited higher abrasion resistance, hence it would be able to
resist surface damages. The highest VL was observed for unfilled XNBR
vulcanizate due to lack of APKS incorporation causing the XNBR vulcanizate
to have low mechanical resistance towards abrasive force. The addition of 5
phr of APKS in XNBR vulcanizate reduced the VL by 8.9% compared to the
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unfilled XNBR. As the loading ratio of APKS increased, the VL reduced
drastically by 41.57%, 41.71%, 46.50%, 52.90%, and 58.97% for XNBR
vulcanizates with APKS loading of 10 phr, 20 phr, 30 phr, 40 phr and 50 phr,
respectively. This shows that APKS was able to prevent XNBR vulcanizates
from having a high VL. The enhancement of abrasion resistance which was
indicated by VL reduction could be attributed to the physical structure of
APKS. The pores and irregular shape of APKS enhanced the physical
adsorption of the rubber chain on the filler surface through mechanical
interlocking, hence improving the abrasion resistance of the vulcanizate [24].
The high carbon content of APKS as shown in the EDX analysis (refer Figure
4) may have formed a covalent bond with the XNBR chain which enhanced
the interaction between APKS and XNBR [7].

Bound Rubber Content (%)
o]
(=1}
Il

g
HANX paliun

0 5 10 20 30 40 50

APKS Loading (phr)

Figure 6: Bound rubber content of APKS-filled XNBR vulcanizates
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Figure 7: VL of APKS-filled XNBR vulcanizates
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Compression set is an important property for a rubber vulcanizate as it
measures the ability of the vulcanizate to return to the initial thickness after
being subjected to a compressive force. As for hardness, it is the ability of the
rubber vulcanizate to resist indentation permanently. The results of the
compression set and hardness of APKS-filled XNBR vulcanizates are shown
in Figure 8. Based on the results, the compression set value of the XNBR
vulcanizates increased as the loading of APKS increased. A higher
compression set value would mean that the XNBR vulcanizate had a poor
ability to resist deformation after being compressed [26]. With this, a
permanent deformation could occur and the vulcanizate would not be able to
recover to its initial thickness, shape, and form. This could be due to the
reduction in the rubber chain mobility as higher crosslink density was observed
for XNBR vulcanizates with high loading of APKS. As the APKS loading
increased, the increased crosslink density through the formation of chain
segments between rubber and filler restricted the rubber chain’s mobility. The
rubber chain immobilization due to rubber attachment on the filler surface
inhibited the elastic behaviour of rubber which eventually increased the
compression set and enhanced the rigidity of wvulcanizate [28]. The
incorporation of 5 and 10 phr of APKS in XNBR resulted in a slight increment
in compression set value of about 11.69% and 12.13%, respectively. However,
by adding a higher APKS loading of 20 phr, 30 phr, 40 phr, and 50 phr, the
compression set increased significantly by 17.93%, 19.81%, 20.53%, and
20.93%, respectively. The increase in the rigidity of vulcanizate corresponded
to the hardness results obtained for the vulcanizate [29]. Unfilled rubber
showed the lowest hardness value in comparison with the rest of APKS-filled
vulcanizates whereas XNBR vulcanizate without APKS recorded a hardness
value of 43 Shore A. Although the XNBR vulcanizate was without any
addition of APKS, it displayed a considerably high hardness due to the
XNBR’s nature itself of having high hardness. However, with the
incorporation of APKS, the hardness of XNBR vulcanizates was well
improved and enhanced. The hardness value showed an increasing trend
because the small particle size and pores of the APKS promoted crosslink
density which then resulted in stiffness and rigidity of the XNBR vulcanizates.
In comparison with the unfilled XNBR vulcanizate, the hardness of APKS-
filled XNBR vulcanizates increased by 9.37 %, 16.40 %, 20.61 %, 25.76 %,
31.15 %, and 44.50 % with the incorporation of 5 phr, 10 phr, 20 phr, 30 phr,
40 phr and 50 phr of APKS, respectively. The enhancement of hardness was
due to the improved rubber-filler interaction that was supported by the Vr
results obtained in Figure 5 [28]. The highest hardness value (62 Shore A) was
exhibited by XNBR vulcanizate with 50 phr.
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Figure 8: Compression set and hardness of APKS-filled XNBR vulcanizates

Conclusion

This study was carried out to elucidate the influence of various loading ratios
of PAKS in XNBR vulcanizates. It could be concluded that APKS has the
potential to be commercialized as a semi-reinforcing filler in rubber
vulcanizates, specifically XNBR vulcanizates. It was observed that the
incorporation of APKS in XNBR vulcanizates helped to improve the physical
and mechanical properties of the XNBR vulcanizates in terms of BRC,
abrasion resistance, and hardness. This was mainly due to the high surface
activity of APKS which was shown in FTIR analysis, the porous structure, and
irregularity in the shape of APKS. These factors helped to increase the surface
area of the APKS, promoting high rubber-filler interaction and mechanical
interlocking between XNBR and APKS. The average surface area, pore
volume, and pore radius of the APKS sample were 491.7 m?%g, 2.323 + 0.197
m/g, and 513.9 + 330.1 nm, respectively. Therefore, it could be said the fine
particle size and wide surface area of APKS promoted the formation of
crosslinking and further enhanced the rubber-filler interaction. Based on the
results obtained, the optimum loading ratio of APKS in XNBR vulcanizate
was 40 phr as the XNBR vulcanizate filled with 40 phr of APKS exhibited the
most enhanced physical and mechanical properties such as low swelling index
measurement and increased volume fraction of rubber in the swollen gel (Vr),
BRC, abrasion resistance, and hardness. Therefore, it is proven that APKS
could be used as a semi-reinforcing filler in rubber reinforcement. This would
be an advantage to the rubber industry and palm oil industry as with the proof
of the efficiency and effectiveness of APKS as a biofiller, rubber
manufacturers would have an option for a more sustainable, eco-friendly filler
and alarming issues such as the abundance of palm oil waste could be reduced
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significantly. This study would encourage rubber manufacturers and
researchers to incorporate APKS in their own production and studies as well,
especially for specific applications such as rubber car mats and even shoe
soles.
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