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Abstract

Numerous adverse effects are reported from excessive usage of synthetic polyolefins including major environmental con-
cerns. Since then, the development of natural-based polymer composites is escalating, to replace the versatile conventional
plastics that possess excellent mechanical and thermal properties. Rubber seed shell (RSS) is a novel and abundant natural-
based substituent that is highly composed of hemicellulose and cellulose. In this work, we reported on the performance of
RSS-filled polypropylene composites added with two different types of compatibilizers: epoxidized vegetable oil (EVO)
and phthalic anhydride (PA). The composites were produced using a Haake internal mixer and a compression molding. The
tensile, flexural, and impact properties of the composites were analyzed. Later, we investigated the thermal stability and
water absorptivity of the composites. The mechanical, thermal, and water absorption properties of the RSS-filled compos-
ites deteriorated with increasing RSS loadings. For both EVO and PA-compatibilized systems, the mechanical properties
were enhanced except for the elongation-at-break of the composites. PA-compatibilized composites recorded better thermal
stability and water absorption resistance under ambient conditions compared to RSS composites with EVO. The qualitative
structural evidence of the composites enhanced properties and deterioration were observed using a Zeiss Supra scanning
electron microscope. As a novel natural filler, RSS has adequately proven its practicability in manufacturing environmentally
friendly natural composites with acceptable mechanical and thermal properties.
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Introduction as the aforementioned plastic waste management approach,

which in turn requires more energy to regenerate energy

Immense technological advancement in recent decades con-
cerns the environment. This includes plastic wastes pollu-
tion and management, which threatens the environment. The
overall process of plastic waste management which com-
prises collecting, sorting, washing, sizing, and reclaiming
the plastic wastes, can be costly and require high energy
consumption and dissipation [1-3]. Plastic waste incinera-
tion is another approach to control plastic waste issues which
are very useful for energy generation. However, the energy
regeneration process requires thorough pre-processes such
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from waste plastics. Since then, the production of degrada-
ble plastics has garnered attention among scientists as one
of the ways to solve plastic waste issues. In the production
of biodegradable plastic-based products, starch is normally
incorporated up to 50% to replace the synthetic polymer.
Plastic wastes turn into carbon dioxide and water through
depolymerization and mineralization after being exposed to
natural environments such as weathering and soil burial [4].
Due to the increasing demand for (bio)degradable plastics,
the production cost can be twice as much compared to con-
ventional plastic at present [5]. Starches are widely used in
an extensive range of food for multiple purposes including
stability modifier, as a thickening and gelling agent due to
its versatility to serve as a principal food reserve and it also
contains nutritional values for the human diet [6]. In under-
developed countries, starches serve the nation as their main
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source of diet due to the abundant source of starch-based
plants such as cassava and sweet potato [7].

In recent decades, researchers have competitively inves-
tigated the production and properties of natural filler-based
polymer composites due to the abundance, lightweight,
low processing cost, tolerable mechanical properties, and
degradability of natural fillers [8, 9]. The compositions of
natural fillers include lignin and celluloses, which impart an
inferior load-bearing capability of the end composites com-
pared to synthetic-filled polymers. The range of applicability
of polymer-based composites is gauged between superior
mechanical properties, which is often observed in synthetic-
filled composites such as carbon and glass fibers, and the
sustainability and degradability of composites, depending
on the life span of certain products. The annual demand for
natural fibers is growing to 15-20% with major applications
in packaging and automotive [10, 11]. Extensive research on
composites made of natural renewable sources has increased
the potential to produce cost-effective, non-hazardous, and
sustainable polymer composites with moderate mechanical
properties mainly for packaging and automotive applica-
tions, hence substituting the need for petroleum-based poly-
mers and food-based materials.

Rubber seed is an agricultural by-product of the rubber
tree. Rubber seed is lightweight, ovoid, and flattened on one
side, consists of a hard and brittle shell loosely containing
a cream-colored kernel [12]. The rubber seed shell (RSS)
is composed of similar substituents in other natural fill-
ers such as kenaf, sisal, hemp, and jute with the amount of
ash in RSS is 0.82%, lignin 2.98%, hemicellulose 24.56%,
and the largest composition is cellulose (71.64%) [13, 14].
Malaysia is one of few countries with large rubber planta-
tions hence enabling us to utilize the RSS, which were pre-
viously neglected as natural waste, despite their versatility
as a natural filler in polymer composites. The composition
of conventional natural fillers such as kenaf and jute can
produce polymer composites with tailorable mechanical and
thermal properties as well as ensuring products’ sustainabil-
ity provide us with options to produce natural-based polymer
composites using RSS [15, 16].

The advantages promoted by natural fillers in polymer
matrix composites have some major drawbacks. The incor-
poration of natural fillers in polymers observed certain
degrees of compensation in mechanical properties such
as tensile, flexural, and impact properties of the compos-
ites. Poor matrix—fiber interactions and water resistance
results in a loss in the end properties of the composites and
obstructs their applicability in industries. Several strategies
have been practiced promoting the deficiency in matrix-filler
compatibility including the utilization of coupling agents,
compatibilizers, surface treatment, and modifications. In
this work, we utilize the abundant RSS as a novel natural
filler in polyolefin and incorporate two different classes of
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compatibilizers to tailor the properties spectrum of RSS-
filled polymer composites.

Experimental
Materials

Polypropylene (PP) pellets grade Propelinas 200D was
acquired from Titan Malaysia Sdn. Bhd. Rubber seed shells
(RSS) were collected from several rubber plantations in
Kelantan and Pahang, Malaysia. Epoxidized vegetable oil
(EVO) was synthesized by Tan et al. [17]. Phthalic anhy-
dride (PA) was acquired from Sigma-Aldrich, Malaysia.

Methods

The rubber seed shells (RSS) were separated from their
kernel and dried in an oven for 1 h at 100 °C before being
ground into flour using a high-speed grinding machine.
Then, the ground RSS was sieved and their particle size
was measured using a Malvern Mastersizer, confirming the
average particle size of 100 pm. PP and RSS were mixed in
a Haake Rheomix mixer Model R600/610 at 160 °C with
a rotating torque of 50 rpm for 10 min. RSS loadings were
varied from 0, 10, 20, 30 and 40 php. Epoxidized vegetable
oil and phthalic anhydride were added in a separate series
at 3 php each for all RSS loadings. PP/RSS composites and
EVO, PA-compatibilized PP/RSS composites were com-
pression-molded using an electrical heated hydraulic press
compression machine. The heat press process started with
a preheating at 150 °C for 6 min, followed by compression
with a pressure of 1000 kg/m? for 4 min at the same tempera-
ture. All compression molded sheets (150 mm X 150 mm X
1 mm) were cold-pressed for 2 min.

Mechanical testing

Tensile properties were determined in accordance with
ASTM D638 using a Testometric tensometer M500 with a
gauge of crosshead speed of 5 mm/min. Flexural properties
were examined based on ASTM D790-92 (three-point bend-
ing) and an unnotched Izod impact test was carried out based
on ASTM D256 using a Zwick impact-testing model 5101.

Surface morphology

Tensile surface fracture of the composites was qualitatively
observed using a Zeiss Supra 35 VP, operated at 10 kV
accelerating voltage. The samples were prepared using a
Polaron SC 515 sputter coater.
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Water absorption and thermal properties

The water absorption test for the composites was performed
based on ASTM D570 at ambient conditions. The percent-
age of water absorption was calculated using Eq. (1) that M,
and M,, were the final mass of the composites after immer-
sion and the initial mass of the composites before immer-
sion. The thermal stability of the composites was analyzed
using a Q500 Perkin-Elmer Instrument at a heating rate of
20 °C/min, from room temperature, up to 800 °C under a
nitrogen atmosphere of 50 mL/min.

(M, —M,)

Water absorption (%) = x 100% (1)

Results and discussion

The effect of EVO and PA on the mechanical
properties of PP/RSS composites

The addition of rubber seed shell (RSS) in polypropylene
(PP) has significantly reduced the tensile strength, o, of the
composites by 60% of the o, of neat PP, at only 10 php of
RSS. Figures 1, 2 and 3 show the tensile properties; tensile
strength (o,), elongation-at-break (EB) and Young’s modu-
lus (Ey) of uncompatibilized and compatibilized PP/RSS
composites, respectively. From Fig. 1, the trend was seen to
decline consistently with increasing RSS loading at up to 40
php. Epoxidized vegetable oil (EVO) and phthalic anhydride
were proven to improve the o, of PP/RSS composites and
the trend was steadily observed for composites with all RSS
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Fig. 1 Tensile strength (o) of PP/RSS composites without/with EVO
or PA
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Fig.2 Elongation-at-break (EB) of PP/RSS composites without/with
EVO or PA

loadings. It was revealed that RSS has a large particle size
with irregular geometries as reported by Shafiq et al. [18].
This justifies the o, reduction of PP/RSS composites with
increasing RSS loading. At 40 php RSS loading, where the
o, of the composite was the least, is hugely contributed to a
higher tendency of RSS particles forming inter-filler interac-
tions compared to low RSS loadings. This can be evidently
confirmed by the trend variation of the elongation-at-break
(Fig. 2) and Young’s modulus (Fig. 3) of neat PP and PP/
RSS composites. The rigidity enhancement is commonly
observed in filled-polymer composites [19].

Crack initiation and propagation mechanisms can be
ruled in for the failure of composite materials [20]. The
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Fig.3 Young’s modulus (Ey) of PP/RSS composites without/with
EVO or PA
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agglomeration of RSS fillers is prone to occur with increas-
ing concentration of RSS, enabling the stress concentration
regions in composites, which only needs a small amount
of energy to fail. Highly filled composites fail in a brit-
tle manner at a very low-stress level and elongation. The
agglomeration of natural fillers is often induced by the
interactions between hydrophilic sites of natural fillers such
as RSS, wood-based, and starch-based fillers [18, 21]. Fig-
ure 4 shows the tensile fracture surfaces of neat PP and PP/
RSS composites. At high filler loadings, the incompatibility
between the polymer matrix and filler regions is more pro-
nounced. These results in filler pull-outs when the composite
is exerted with tensile force, yielding the formation of gaps
and voids as depicted in Fig. 4. The tensile fracture surface
micrograph for neat PP in Fig. 4a shows a ductile failure and
when RSS was added to the system, more brittle fracture
surfaces were observed. In Fig. 4b, the ‘V’ region is identi-
fied as the formation of void on a tensile fracture surface of a
composite with 20 php of RSS. Meanwhile, Fig. 4c presents
the fracture surface of a composite with 40 php of RSS,
where the ‘B’ region indicates a bulky lump formed with an
approximate size of 130 um and region ‘P’ reveals a pull-
out trace with an approximate area of 0.1 mm?. Ismail et al.
revealed that ground RSS has irregular particle shapes rang-
ing from a few to hundreds of microns, also indicating that
ground RSS has multiple aspect ratios with polydispersed
particles [18]. Heterogenous particle size and shape of fillers
tend to form filler agglomeration and sedimentation, hence
declining the mechanical properties of the composites [22,
23]. Fillers with high aspect ratios such as fibers (aspect
ratio up to 200) tend to reinforce the polymer matrix by
transferring the applied stress from the polymer matrix to the
filler surface due to its large surface area, yielding superior
mechanical properties. In contrast, spherical filler particles
having symmetrical particle shape of aspect ratio equal to 1
have the minimum reinforcing ability [23].

The tensile properties of PP/RSS composites witnessed
an improvement when two types of compatibilizers were
added into the system. The trend was seen to be consistent
for all RSS loadings except for PP/RSS of 40 php. First,
the epoxidized vegetable oil (EVO) was able to improve
the o, of PP composites up to 40% when RSS was added
up to 40 php. The E, of PP composites also showed an
increasing trend when the system was added with EVO.
The hydrocarbon chain in EVO can intertwine with PP,
thus forming an enforced intermolecular network or chem-
ical cross-linking. Figure 5a, b compare the tensile frac-
ture surface of PP/RSS composites with EVO at 20 php
and 40 php of RSS. EVO-compatibilized RSS composites
revealed smoother fracture surfaces, especially at 20 php
of RSS, both polymer and filler were observed compat-
ible and homogenous. At 40 php of RSS, several voids
were observed although the micrograph revealed a fracture
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Fig.4 Tensile fracture surface micrographs of PP/RSS compos-
ites: a without RSS, b with 20 php of RSS, and ¢ 40 php of RSS at
200 X magnification
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Fig.5 Tensile fracture surface micrographs of PP/RSS composites with: a 20 php of RSS+EVO, b 40 php pf RSS+EVO, ¢ 20 php of

RSS+PA, and d 40 php of RSS +PA at 200 X magnification

surface homogeneity. The enhancement in mechanical
properties of PP/RSS composites was not just observed in
its tensile properties but also in the flexural, o}, and impact
strengths, o1, and flexural modulus, E;. Figures 6, 7 and 8
show the flexural strength, flexural modulus and impact
strength of PP/RSS composites with/without PA and EVO,
respectively. This is predominantly caused by the improve-
ment in interfacial bonding between PP and RSS, aided
by the presence of epoxy reactive sites that form chemical
secondary bonding between PP and RSS. The ability of
EVO to improve the overall mechanical properties of RSS-
filled composites weakens its EB value. The stiffness of the
carbon—carbon double bond in fatty acids of EVO hinders
the elongation and mobility of the composite. Silverajah
et al. [24] observed a similar trend in modified poly(lactic
acid) (PLA) composites with epoxidized palm oil (EPO).
The vegetable oil is dispersed in the polymer matrix inter-
face, efficiently reducing the stress concentration points
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Fig. 6 Flexural strength, o, of PP/RSS composites without/with EVO
or PA
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Fig. 8 Impact strength, o7, of PP/RSS composites without/with EVO
or PA

throughout the composites, thus producing composites
with enhanced mechanical strength [25, 26].

Figure 8 compares the impact strength, o, of PP/RSS
composites with/without EVO at increasing RSS concen-
tration. Virgin PP sample recorded no unnotched impact
strength value due to its ductility and o; of the filled PP
composites decreases with RSS concentrations. High natural
filler content in polymer composites induces a large pro-
portion of disparity between the matrix and filler, which
resulted in filler agglomerations due to strong inter-fillers
interactions. The o7 for EVO-compatibilized PP/RSS com-
posites was enhanced by more than 100% for all RSS con-
centrations, with the highest being 75 J/m at 10 php of
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RSS and 42 J/m at 40 php of RSS for EVO-compatibilized
composites. Silverajah et al. [24] explained that vegetable-
based oil acts as a plasticizer, causing an improvement in the
toughness of the composite. The unnotched impact energy
can be transferred more efficiently throughout the compos-
ites system due to the progression in interfacial matrix-filler
bonding by decreasing the number of localized stress con-
centration regions [27].

The addition of phthalic anhydride (PA) in PP/RSS com-
posites has significantly improved o, and Ey of the compos-
ites and adversely affected its elongation-at-break (EB). The
stress transfer mechanism at high-stress regimes from the
polymer matrix to the filler was enabled through improved
interfacial matrix-filler bonding. In an anhydride-based com-
patibilizer, the hydrophilic hydroxide groups can easily form
ester linkages with the anhydrides [28, 29]. The dramatic
decrease of EB for PP/RSS composites and PA-modified PP/
RSS composites are depicted in Fig. 2. Without the presence
of a compatibilizer for the composites at low filler concentra-
tion, the domination of the matrix phase makes the EB high
and the matrix becomes a dispersed phase when extended
[30]. The stiffening effect that is provided by RSS filler
and enhanced by the addition of PA restricts the molecules
to flow past each other and elongate, hence restricting the
mobility of polymer chains by decreasing the deformability
of rigid interface between RSS and PP matrix. Figures 5c,
d illustrate better dispersibility and homogeneity of tensile
fracture surfaces for PA-compatibilized composites at 20 and
40 php of RSS. This may be related to the immense incre-
ment of Ey of PA-compatibilized PP/RSS composites as
presented in Fig. 3. Overall, the improvement in modulus of
approximately 12—-16% for PA-compatibilized PP/RSS com-
posites compared to its counterpart. In another polymeric
composites application, PA is widely used as a hardener in
polymer-based composites due to its rigidity, crystallinity,
and needle-like shape [31]. The improvement in interfacial
adhesion by chemical interaction restricts the deformation
capacity of the matrix in the elastic zone and increases the
modulus [32]. A similar finding was reported in the previ-
ous research, incorporating Luffa fiber with PP [32]. The
flexural strength and modulus depicted in Figs. 6 and 7 show
a similar trend with the o, and Ey, of PA-compatibilized PP/
RSS composites. An improvement in PP-RSS interfacial
bonding hinders the formation of voids and spaces at the
bending point when flexural stress is applied. The flexural
stress is uniformly transferred throughout the composites
structure; thus, the composite resisting to fail or failure at
high applied stress.

Comparing the o; of PP/RSS composites with/without
PA, the vast improvement of the impact strength value with
enhanced by 50% is observed for all RSS loadings. How-
ever, referring to Fig. 8, the o; of EVO-compatibilized PP/
RSS composites is higher than composites with PA at all
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RSS concentrations. Impact strength implies the degree of
the brittleness of the polymer and the ductility spectrum of
polymers can be modified by adding additives such as oils,
where oils provide a plasticizing effect in polymers [33, 34].
The ability of EVO to extend the polymer network through
epoxide linkages made PP/RSS composites tougher than PA
compatibilized PP/RSS composites.

The effect of EVO and PA on the thermal properties
of PP/RSS composites

The thermogravimetric analysis (TGA) thermogram of PP/
RSS composites with/without EVO is tabulated in Fig. 9.
Neat PP sample shows a single mass loss % at 502.34 °C
with a total mass loss of 99.94%. The plot shifted to
533-534 °C when RSS was added at 20 and 40 php. EVO-
compatibilized composites recorded a maximum mass loss
at a lower temperature of 450465 °C. The first mass loss
was recorded for RSS-filled composites with a gradual slope
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Fig.9 TGA thermograms of PP/RSS composites without/with EVO
and PA

at 250-450 °C. This is mainly caused by the decomposition
of hemicelluloses and lignin in RSSF. Despite having more
lignocelluloses content, the composite with 40 php RSS
degrades fully at a slightly higher temperature than PPRSS
20, yielding slightly higher residue. At a high temperature,
the dissociation of carbon bond yields radicals, and the
recombination of radicals that possibly occurred improved
the interactions between matrix radicals and filler surface.
The presence of EVO shifted the first mass loss towards the
low-temperature regime, suggesting the addition of EVO
enables the composites to be susceptible to thermal degrada-
tion. The presence of EVO makes the composites more flex-
ible due to the fatty acids content in vegetable oil consisting
of 14-22 carbon single bonds and up to three carbon double
bonds per fatty acid chain. The flexibility of vegetable oil the
mobility of the molecular chain, thus possessing low thermal
stability. However, vegetable oils with a higher degree of
carbon double and triple bonds can improve the mechani-
cal and thermal properties of composites, depending on the
added amount [35, 36].

The thermal degradation rate of PP/RSS composites
with/without EVO is tabulated in Table 1. Natural-filled
polymer composites are susceptible to degrade thermally
due to the lignocellulose content. Without the presence of
EVO and PA, the thermal degradation rate of the compos-
ites increased with RSS loading below 400 °C and has sig-
nificantly reduced at T=500-600 °C. Below 400 °C, the
in-bound water and organic contents in the composite were
decomposed. Increasing the temperature up to 400 °C inhib-
ited thermal decomposition of the composites due to the
formation of char that created a barrier on the composites to
further decompose [37]. However, the thermal degradation
rate of EVO-compatibilised composite at 400-500 °C is low
(48.883%/min) for 40 php RSS compared to composites with
20 php RSS (61.5055%/min) despite having more lignocel-
lulose content. At this temperature range, carbon—carbon
chains tend to dissociate, form radicals and recombine to
form a structure as reported by Bengtsson et al. [38]. Cross-
linking at higher temperatures results in an improvement in

Table 1 Thermal

. . Sample Thermal degradation rate (%/min)
degradation rate (%/min) of
uncompatibilized, EVO and 100-200 °C 200-300 °C 300400 °C 400-500 °C 500-600 °C
PA-compatibilized PP/RSS
composites at different filler PP/RSS
contents and temperature range 0 0 0.1020 0.6356 30.2734 68.9860
20 0.2958 1.2032 5.3215 27.4454 62.0495
40 0.6543 2.6058 9.1454 25.9401 55.5390
PP/RSS+EVO
20 1.4371 3.2999 10.7319 61.5055 23.0256
40 1.8899 3.8387 13.7109 48.8830 31.6775
PP/RSS+PA
20 1.7894 1.1046 5.2760 21.6404 64.5860
40 1.6206 2.2439 7.9452 24.3969 57.1534
gslppl @ Springer
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the mechanical properties of the composites due to the for-
mation of network structure and improvement in interfacial
bonding that is consequently formed by functional groups
in vegetable oil and lignocelluloses [39]. This also explains
the improvement of thermal stability of EVO-compatibilized
composites with a distinct reduction of thermal decomposi-
tion rate at 500-600 °C in comparison to the temperature
range of 400-500 °C.

Generally, the thermal decomposition behavior of PP/
RSS composites with/without PA has a similar trend as pre-
sented in Fig. 9. The degradation temperature is observed
skewing towards a higher temperature regime when PA was
incorporated in the system, from 500 to 540 and 550 °C
at PP loading of 0, 20, and 40 php, respectively. This sug-
gests PA has significantly enhanced the thermal stability
of PP/RSS composites. Anhydrides such as PA and maleic
anhydride have thermal decomposition temperature at the
range of 370-490 °C [40]. Maslowski et al. used a type of
anhydride in lignin-filled polymer composites and found
that compatibilized composites with biofillers possessed an
improved thermal decomposition temperature than neat pol-
ymer and uncompatibilized composites [41]. Similar find-
ings were reported by Ismail et al. for PA-compatibilized
LDPE/tyre dust composites [42]. A secondary bonding is
known as lignin phthalate formed between the lignins in
natural filler and PA, which increases the mechanical and
thermal properties of the composites.

Besides improvement in interfacial adhesion between
matrix and filler, high stiffness, and bulkiness of functional
groups in PA increase the thermal stability of the composites
by increasing the degree of crystallinity of the composites
[43]. These two factors restrict the deformation and mobil-
ity of the composites at a higher temperature [32]. From
Table 1, the thermal decomposition rate of PA-compatibi-
lized composite is low at a temperature range of 100-500 °C
and higher than uncompatibilized PP/RSS composites at
T>500 °C, suggesting PA enhanced the thermal stability
of PP/RSS composites, where the decomposition of the
compatibilized composites occurred at high-temperature
regimes. Contrarily, the thermal decomposition rate of EVO-
compatibilized composites reduced at 7> 500 °C. Both PA
and EVO responded differently to the thermal stability of
PP/RSS composites mainly due to the different nature of
compatibilization effect introduced in the system, where PA
predominantly affected the secondary bonding between RSS
and EVO improved the mobility of the polymer chain. In PA-
compatibilized composites, the thermal stability is mainly
caused by the presence of acrylic anhydride (RCO-O-COR)
with C=0 [44]. Pang et al. reported that the incorporation of
PA in a natural fiber-based composite resulted in a formation
of a monoester compound with a pendant carboxylic group,
and this was confirmed by a FTIR spectrum [45]. Meanwhile
in EVO-compatibilized composites, the hydrogen bonding
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forms between hydroxyl moieties of RSS and the oxygen of
oxirane in EVO. The oxirane oxygen content is controlled
by the epoxy sites to form interactions between RSS-EVO,
which also consequences the plasticizing effect of the com-
posites [46].

The effect of EVO and PA on water absorption
properties of PP/RSS composites

The water absorption of the composites with/without the
compatibilizers are presented in Fig. 10. Figure 10a depicts
the water absorption rate of PP/RSS with/without EVO and
Fig. 10b with/without PA. The overall trends are similar
but EVO-compatibilized systems at RSS loadings > 20 php
recorded a rapid increase in water uptake for the first seven
days and the value was eventually plateaued-off after 15 days
of water immersion. The same trend was observed only in
PA-compatibilized composites only at 40 php of RSS, where
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Fig. 10 Water uptake of PP/RSS composites with: a EVO and b PA
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Fig. 11 Equilibrium water uptake of PP/RSS composites with EVO
and PA

the water absorption percentage for both uncompatibilized
and PA-compatibilized PP composites are vaguely similar at
this RSS concentration. We postulate that the concentration
of EVO is unable to counter the available hydrophilic RSS
sites in the composites at 40 php to inhibit water uptake. The
esterification reaction of the anhydrides in PA with hydroxyl
groups of RSS improved the compatibility thus restricting
the water molecules to penetrate the composites [47].

PP/RSS composites with EVO absorbed much lesser
water even at all RSS concentrations compared to the
uncompatibilized systems. Vegetable oils are commonly
used in natural resources to restrict water absorption due
to the enormous water retention ability in natural resources
[48]. Epoxidization of vegetable oils enables the bonding
between acidic sites in oil with the active water absorbance
sites in natural resources [49]. This process further restricts
the water absorption in natural-filled composites, as it has
occurred with RSS of the present work.

Figure 11 shows the equilibrium water uptake for PP/
RSS composites with PA and EVO at varied RSS loading.
Equilibrium water uptake is obtained from the water absorp-
tion plot when the percentage of water uptake observed no
changes for a period of time. For uncompatibilized compos-
ites, below 20 php, the equilibrium water uptake increases
rapidly, and the value plateaued off when RSS was added
more than 20 php. At a low concentration regime, below 20
php in our work, the water molecules being absorbed onto
the hydrophilic sites of cellulose in RSS and the absorption
is saturated beyond 20 php of RSS. The incorporation of
EVO steadily increases the equilibrium water uptake with
RSS loading with a plateau region observed at RSS load-
ing > 30 php. For PA-compatibilized composites, the trend
for equilibrium water uptake witnessed a break-point at RSS

loading =20 php. Below 20 php, the water uptake increases
gradually, and a steeper slope observed when RSS load-
ing > 20 php. The steady and gradual trends of the equi-
librium water uptake of EVO and PA- compatibilized PP/
RSS are predominantly caused by the enhancement of inter-
facial matrix-filler interactions and adhesions [30, 43]. At
RSS > 30 php regime, the EVO-compatilized system has the
lowest equilibrium water uptake compared to uncompatibi-
lized and PA-compatibilized composites. This suggests that
the epoxidized oil manage to seal-off the active hydrophilic
sites of RSS effectively, inhibiting the permeation of water
molecules into the composite system.

Conclusion

The mechanical, thermal, and water absorption properties of
RSS-filled composites largely depend on RSS concentration.
The tensile, flexural, and impact properties of the composites
depreciated with RSS concentration and improved with the
addition of EVO and PA. At high loadings, RSS has more
tendency to form agglomerations due to strong interfiller
interactions. The basis of interactions between filler particles
is pivoted to the chemical substituents that exist in the struc-
ture. This created high heterogeneity between the matrix
and filler. In composite systems with EVO, the matrix—RSS
interactions were strengthened through the epoxide reactive
sites. For the PA-contained systems, the mechanical prop-
erties of PP/RSS composites were enhanced mainly due to
the stiffness and bulkiness of PA and ester linkages formed
between anhydrides and hydroxyl groups in RSS. The chain
mobility of the composites was restricted hence resulted in
the weakening of EB values. EVO-compatibilized compos-
ites possessed lower thermal stability compared to the PA-
compatibilized composites. This is predominantly caused
by the chain flexibility introduced by an oil-based com-
patibilizer. PA-compatibilized composites recorded a better
resistance to water absorption due to the enhanced matrix-
filler interactions, which perturbed the water molecules to
access the hydrophilic sites in RSS. In short, RSS can sub-
stitute conventional and costly natural and synthetic fillers
to produce sustainable polymer composites with acceptable
mechanical and thermal properties.
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