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Graphical abstract Abstract

The physical and mechanical properties of natural rubber (NR) filled with Charcoal Activated
Carbon (CAC) and Carbon Black (CB) were studied. NR is a high-quality, bio-based material
that has a more environmentally friendly production system than synthetic rubbers. The
incorporation of reinforcing fillers into the natural rubber can significantly improve the
mechanical properties, and up to now, CB has been one of the widely used filler. CAC had its
own set of benefits for polymer engineering applications, particularly as a potential new
natural-based filler in rubber composites. SMR-10 was compounded with compounding
ingredients using a two-roll mill by Conventional Vulcanization system. As a comparison
study, commercial grade CB (N220) filled NR was compounded alongside with the CAC/NR at
10 phr and 15 phr (parts per hundred of rubber) loading. A cure test was performed to
determine the scorch time (ts2) and the cure time (tceo). The density, tensile strength, M100
and M300 of CAC/NR were lower than CB/NR due to the poor interaction of CAC-rubber and
the possibility of slightly polar. However, the mentioned properties showed a promising
increment as the filler loading increased. The swelling index (%) of CAC/NR were higher which
might be contributed by the porous structure of CAC that assisting in the penetration of the
toluene. As a conclusion, CAC has the potential to be used as reinforcing filler for elastomer
due to the porous structure which can provide greater surface area for interaction. However,
if compared to CB, higher loading of CAC was required to obtain the properties of CB of lower
loading.
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1.0 INTRODUCTION sources of the natural rubber. However, Hevea Brasiliensis

species is preferred due to the well growth under cultivation
Harvested from the Hevea Brasiliensis tree in the foam of latex, [2,3]. Natural rubber (NR) is a high-quality, bio-based material
natural rubbers are one of the important industrial materials that has a more environmentally friendly production system
that are widely used in a variety of fields due to their high than synthetic rubbers [4]. In general, natural rubber is known
elasticity [1]. Hevea Brasiliensis is a native Brazilian plant which for its strong, flexible, and heat-resistance properties. Despite
now cultivated mostly in Southeast Asian countries like of the advantages of the natural rubber, it is still lower in term
Malaysia, Thailand, and Indonesia. Beside Hevea Brasiliensis, of the resistance to abrasion and ageing compared to synthetic
other plants such as rubber fig. Panama rubber, Congo rubber rubber.

(Landolphia Owariensis) and the common dandelion are also
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The incorporation of reinforcing fillers into the natural rubber
can significantly improve the barrier and mechanical
properties, wear and friction, and up to now, carbon black (CB)
has been one of the fillers used to prepare polymer composites
with high exhibitions. According to Thaptong et al. [5], using CB
as a filler in rubber compounding can increase ultimate
strength, modulus, and abrasion resistance, and silica being the
most competitive reinforcing filler to carbon black. However,
the utilization of silica as filler in non-polar rubber is limited
because it is difficult to process due to the incompatibility and
resulted in weak rubber-filler interaction. Free silanol groups on
the surface of the silica’s particle are acidic in nature and have
high tendency to absorb the accelerators which led to the
retardation of vulcanization process.

On the other hand, despite of proven to effectively improve
mechanical performance of the tire tread [6], CB is
manufactured using depleting petroleum resources, which can,
in turn, contribute to the greenhouse effect [7]. According to
Ahmed N. A. [8], increased percentage loading of CB in SMR20
resulted in the improvement of Shore A hardness and
decrement in wear rate which indicating the enhancement in
the wear resistance. The reinforcing mechanism of carbon
black in natural rubber is a synergistic effect of a few factors.
The magnitude of reinforcement is normally influence by the
particle size, structure, specific surface area, and surface
chemistry. B. Omes et al. [9] found that the Young’s modulus of
tension and compression for two different types of CB
reinforced NR were increased as the filler volume fraction
increased. However, at the same range of volume fraction, the
NR reinforced with filler of smaller particle’s size showed higher
Young’s modulus. This might be contributed by the higher
specific surface area possessed by the smaller particle’s size
filler which provide more surface for interaction with vicinity
NR leading to the higher enhancement in the mechanical
properties.

While CB is produced through a complex set of reactions
between hydrocarbon fuel and preheated air inside a reactor at
a temperature up to 1800°C, charcoal is made from carbonised
woods or animal bones which primarily used as a fuel. Charcoal
is not only useful as a source of energy, but it is also having the
potential to be converted into activated carbon via the
activation method. According to Meng et al. [10], the recent
volatility in the price of petroleum has increased the appeal of
incorporating filler from renewable resources with polymeric
materials rather than using reinforcing filler. As a result,
bamboo charcoal powder was used to replace conventional
filler in styrene butadiene rubber, with the temperature of
thermal decomposition steadily increasing as the thermal
compound's stability improved. By investigating its cure
behaviour and mechanical properties, this study aims to
compare the reinforcement efficiency of charcoal activated
carbon (CAC) with conventional reinforcing filler, CB, in the
sulphur vulcanization system of NR.

2.0 METHODOLOGY
Materials and Methods
Materials

CAC was supplied by Classic Chemicals Sdn. Bhd. and was used
as reinforcing fillers. SMR-10 was obtained from Mardec
Polymer Sdn. Bhd. Carbon black (N220), Zinc Oxide, Stearic
Acid, polymerized 2,2,4-trimethyl-1,2-dihydroquinoline (TMQ)
antioxidant, Mercaptobenzothiazole (MBT) accelerator and
sulphur were purchased from Sigma Aldrich Sdn. Bhd.

Rubber Compounding

A two-roll mill was used for rubber compounding. SMR-10
natural rubber was masticated for five minutes using a
mastication process. Following that, other compounding
ingredients such as Zinc Oxide, Stearic Acid, TMQ, CB or CAC
filler, MBT, and finally sulphur were added. The compounding
procedure was completed in 25 minutes. For the masticating
and mixing processes, the nip gap was 3 mm, 2 mm, and 0.6
mm, respectively, while the homogenize process used a 1.2 mm
nip gap. The compounds were sheeted out by passing the
rolled batch six times endwise through the mill nip. The
vulcanization system used was a traditional system. Table 1
shows the compound formulation.

Table 1 Formulation of rubber compound

Ingredients (phr) 10 CAC 15 CAC 10 CB 15CB
NR (SMR 10) 100 100 100 100
Zinc Oxide 5 5 5 5
Stearic Acid 2 2 2 2
™Q 2 2 2 2
CAC 10 15
CcB - - 10 15
MBT 1 1 1 1
Sulphur 2.5 2.5 2.5 2.5

Curing Characteristics

The curing time was investigated using a Moving Die
Rheometer (Hung Ta Instrument Go. Ltd). A piece of uncured
rubber was placed inside the curemeter as a test. A cure test
was performed on an oscillating disc rheometer at 170°C in
accordance with ASTM D-2084. The rubber samples were cut
into squares weighing 6 to 8 gram and then wrapped in plastic
film. The scorch time (tsz), and optimum cure time (tceo) are
determined by rheometric analysis. The cure rubber index (CRI)
was calculated using Equation (1).

CRI (1/min"1) = 100 / (tceo - ts2) (1)

Physical Testing

Density Measurement

The density measurement was performed in accordance with
ASTM D1817. The weight of the samples for the density
measurement ranged between 1 and 1.5 gram. Each sample
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was weighted and recorded prior to the density test. The
samples were then immersed in water, and the density
readings were recorded. The density measurement was
performed on five samples, and the result is an average value.

Hardness Test

Hardness test Shore A was performed on Hilderbrand hardness
tester according to ASTM D2240. International Rubber
Hardness Degrees are used to express the hardness value
(IRHD). The reading was taken in five different locations on the
specimen, and the average was computed. Within 1 second of
the pressure foot making firm contact with the specimen, the
durometer hardness was measured.

Swelling Test

Swelling tests were performed in accordance with ASTM D471,
with the sample measuring 10 mm in length, 10 mm in width,
and 2 mm in thickness. The sample was weighted prior to the
swelling test, and the reading was recorded as W,,. The sample
was then immersed in the toluene solution before being sealed
in the container. The sample was removed from the solution
and weighed after 24 hours. The reading was taken, and the
sample was returned to the solution. These steps were
repeated every 24 hours until a consistent weight reading of
the sample was obtained, and the value was recorded as Wiy,
The swelling index, Qs, was calculated using Equation (2).

Qs (%) = (Wsw — Wun)/ Wun x 100 (2)

Mechanical Testing

Tensile Test

Tensile testing was carried out according to ASTM D412 by
using Universal Instron Tensile Machine (2.0 kN loadcell) with a
crosshead speed of 500 mm/min and a gauge length of 25 mm.
The samples were cut into dumbbell-shaped (2 mm thickness x
6.0 mm width) and each composition was tested with five
identical samples. Tensile properties such as tensile strength,
tensile modulus, and elongation at break were recorded and
averaged.

3.0 RESULTS AND DISCUSSION

Cure Characteristics

Table 2 listed the scorch time (ts;), optimum cure time (tceo),
and the CRI for the 10% and 15% CAC and CB. The scorch time
indicate the working range of rubber before the curing process
begin. The increment of CAC loading from 10 phr to 15 phr
resulted in the increased of ts; from 5.06 mins to 5.39 mins
whereas the value of ts; for 15 phr of CAC is similar to the value
of ts; of 10 phr CB. Increment of the ts; from 10 phr to 15 phr of
CAC might suggested the poor interaction between CAC and
vicinity rubber matrix [11]. However, as the loading of CAC was
decreased to 15 phr, the tcgo and CRI increased. tcgo is the
curing time required for the rubber composite to fully cure. As
shown in Table 2, the cure time for CB filler loading was also on
the decline. The filled vulcanizates' cure time was reduced

because the rubber compounds spent more time in the mill
during mixing. As the filler loading increases, the incorporation
time increases, resulting in more heat generated due to friction
[12]. As a result, as the amount of CAC and CB increases, the
time taken for compounding process increases, thus, heat and
energy produced are also increased.

The reduction of tceo for both CAC and CB at 15 phr indicates
that there is an increment in the development of heat and
energy. According to Ahmed [13], during compounding, high
energy and heat are produced, causing the viscosity of the
rubber compound to increase with better shear heating,
resulting in a decrease in the tcgp compounds.

Table 2 Scorch Time, Cure Time and Cure Rubber Index of CAC/NR and
CB/NR

Filler loadings ts2 () CRI (1/min)
10 CAC 5.06 7.61 39.20
15 CAC 5.39 7.30 52.40
10CB 5.40 5.89 204.10
15CB 5.09 5.79 142.90

Physical Properties
Density

Figure 1 shows the result of density for 10 phr and 15 phr of
CAC and CB. 15 CB has the highest density of 1.478 g/cm3. At
both filler loading, the density of CB/NR were higher compared
to the CAC/NR. This might be contributed by the porous
structure of the CAC itself and the poor filler-rubber interaction
as suggested by the ts;. According to Zhu et al. [14], the
interface bonding strength between the particles and matrix
influences the enhancement of a granular filling system with
bamboo charcoal (BC) hexagonal molecular structure and
porous structure. Furthermore, CB is a non-polar filler which
make it more compatible with the hydrocarbon rubber chain,
resulting in good contact with the rubber and making the
rubber composite less porous. A greater rubber-filler
interaction is required to maximize filler dispersion and provide
reinforcement, resulting in high density. On the other hand,
acidic functional group could be introduced to the carbon
surface of the CAC by oxidation during the activated process
which will induce polarity on the surface of the CAC [15,16].
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Figure 1 Density of 10 phr and 15 phr of CAC and CB in NR
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Hardness

Hardness is sensitive to filler loading; thus, it is the most widely
used test in the rubber industry, particularly in quality control.
According to Phanny et al. [17], indentation hardness is
inversely related to penetration and is dependent on the
material's viscoelastic behaviour and elastic modulus. Figure 2
shows the hardness values for 10 phr and 15 phr of CAC and CB
in NR. Increased CAC loading from 10 phr to 15 phr resulted in
40% increment in the hardness value. While the hardness for
CB was higher than CAC at both loading, the increment of CB
loading from 10 phr to 15 phr shows no significant changes. It is
possible to conclude that there is an uneven distribution of CB
in the rubber compound, which reduced the capability of the
CB to increase the hardness [18]. The stiffness of the
compound influenced the hardness. When the elasticity of
rubber is reduced, the rigidity of the rubber compound
increases because the stiffness of the rubber compound
increases. This increment hardness value with increasing CAC
loading demonstrated that adding CAC loading to the NR matrix
results in a linear increase in material hardness. It can be said
that, in order for the CAC to achieve the hardness value
showed by 10 phr of CB, about 15 phr or more is needed.
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Figure 2 Hardness (IRHD) of 10 phr and 15 phr of CAC and CB in NR

Swelling Index (%)

The swelling index (%) of 10 phr and 15 phr of CAC/NR and
CB/NR were shown in Figure 3. A significant different in
swelling index (%) of CAC/NR compared to CB/NR can be seen
from the figure whereas CAC possessed higher swelling index
(%) than CB for both filler loading. The higher swelling ratio of
CAC was possibly due to the original channel and porous
structure of CAC which assisting the penetration of toluene
solution into the filled NR. In addition, there is no significant
changes in the swelling index (%) with the increased CAC
loading from 10 phr to 15 phr. The swelling index (%) for
CB/NR, on the other hand, showed 16% decrement as the CB
loading increased. It is possible to said that the increasing
loading of CB resulted in increased of stiffness and reduction in
the flexibility which also limit the molecular movement of the
rubber. Hence, the penetration of the toluene into the
crosslinked structure of CB/NR will be difficult, thus lowering

the swelling index (%) [19]. Saware [20] also stated that an
equilibrium absorption in organic solvent is influenced by the
degree of crosslink density, filler dispersion, filler nature, and
solvent. As a result, more barriers are formed to the diffusing
molecules in a well-crosslinking material, lowering the amount
of the penetrated.
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Figure 3 Swelling Index (%) of 10 phr and 15 phr of CAC and CB in NR

Mechanical Properties

Tensile Properties

Tensile strength, modulus at 100% (M100), modulus at 300%
(M300), and elongation at break were listed in Table 3, while

Figure 4 to 7 illustrated the tensile values in graphs.

Table 3 Data result for tensile test of rubber compound

Samples Tensile Modulus Modulus Elongation
strength M100 M300 at Break
(MPa) (MPa) (MPa) (%)
10 CAC 7.12 1.48 5.57 395.35
15 CAC 11.31 1.90 9.38 332.40
10CB 17.04 1.82 9.67 393.75
15CB 16.07 2.16 12.92 338.23

According to the Figure 4, the addition of CAC from 10 phr to
15 phr had increased the tensile strength. On the other hand,
the tensile strength of CB/NR slightly reduced as the filler
increased from 10 phr to 15 phr. This might be related to the
uneven distribution of CB as previously mentioned. Phanny et
al. [17] also discovered that the tensile strength of a CB-filled
NR compound rises to a certain CB loading and then falls at
higher loading due to the CB dispersion effect. This was due to
bulk agglomeration caused by higher filler-filler interaction
than filler-matrix interaction. Despite of the slightly reduced,
the values of tensile strength for CB/NR were higher than the
CAC/NR for both loading.

Mechanical properties strongly depend on the degree of
surface interaction or compatibility between the filler and the
vicinity rubber. The possibility of activated carbon to be slightly
polar due to the oxidation during the activated process might
influence the degree of compatibility of CAC with rubber
matrix. Despite of the increased tensile strength at 15 phr of
CAC, the value is still considered lower than the tensile strength
of 10 phr of CB. Good compatibility between non-polar CB and
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non-polar rubber matrix might contribute to this behavior. The
excellent frame structure could support the stress transferred
from the matrix and effectively improve the tensile strength of
the rubber composite due to the better filler-rubber
interaction. The results obtained agreed with Meng et al. [21]
which discovered that SBR materials containing bamboo
charcoal powder had a lower tensile strength than those
containing carbon black. According to Govindan [22], CB filled
rubber has nearly ten times the reinforcing potential of raw
rubber, indicating the inherent reinforcing potential of CB.
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Figure 4 Tensile Strength of 10 phr and 15 phr of CAC and CB of NR

According to the Figure 5, the percentage of elongation at
break decreased as CAC and CB content increased from 10 phr
to 15 phr. This result might also contribute by the weak CAC-
rubber interaction and uneven distribution of CB. Rubber have
a good ability to significantly change their size and shape at low
elongation by adjusting their conformation through backbone
bond rotation [17]. Increased filler loading tends to limit the
flexibility and movement of the rubber chains, causing
vulcanization to fail at a lower elongation.
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Figure 5 Elongation at Break of 10 phr and 15 phr of CAC and CB of NR

Meng et al. [21] discovered that as the loading of bamboo
charcoal powder increased, elongation at break increased until
it reached a maximum at 20 phr and then decreased. Other
than that, the decrease in elongation at break was caused by

the rubber composite's increasing stiffness and brittleness, as
indicated by the increased in the hardness values and also the
M300. Muniandy et al. [23] discovered that natural
rubber/rattan powder/carbon black composites had the lowest
elongation at break when compared to NR/RP/mica and
NR/RP/CaCOs. This could be due to a lower rubber-filler
interaction, which causes filler agglomeration and reduces
elongation at break. According to Mohamed et al. [24], the
modulus is theoretically inversely proportional to the
elongation at break. Due to the CB reducing the elasticity, the
elongation at break decreases as the CB increases between 20
and 45 phr.
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Figure 6 Modulus M100 of 10 phr and 15 phr of CAC and CB of NR
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Figure 7 Modulus M300 of 10 phr and 15 phr of CAC and CB of NR

Figure 6 and 7 show the modulus of 100% (M100) and
modulus at 300% (M300). Both samples showed increasing
pattern of M100 and M300 as the filler loading increased,
where CB/NR always exhibited higher modulus than CAC/NR.
Mohamed et al. [24] also discovered that at 300% elongation,
the tensile modulus increases with increasing CB loading but
decreases at 50 phr because of filler aggregation. As more filler
is used, agglomeration of the filler occurs. As a result, non-
uniform dispersion of filler particulates occurred, resulting in
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the formation of stress concentration points. Poor interfacial
adhesion with the rubber matrix was also present as the
amount of CAC increased, owing to an increase in
agglomeration of CAC in the rubber matrix. The increase in
tensile modulus was also associated with an increase in the MH
value of the composites, which increased with filler loading
[10]. Rodgerd et al. [25] also stated that the 300% modulus of
saponified natural rubber composites increased with increasing
macca charcoal content. However, as the loading of CB
increased, the tensile strength began to decline. This is because
the increased amount of CB caused agglomeration between the
carbon black particles resulting in a reduction in interfacial
interaction [24].

4.0 CONCLUSION

In conclusion, the CAC has a potential to be used as
reinforcement filler in elastomers due to the porous structure
which supposedly can provide more surface area for interaction
with vicinity matrix. However, the loading of CAC needed in
order to compete with CB is higher, whereas the tensile
strength of 15 phr of CAC was still 34 % lower than 10 phr of
CB. The density of CAC/NR was lower, and the swelling index
was higher compared to the CB/NR which contributed by the
porous structure of CAC. The porosity of the CAC will create
void which reduce the density and also indirectly providing a
space for the penetration of toluene since the texture of the
filled rubber is not compact. Despite of that, the hardness,
tensile strength, M100 and M300 of the CAC/NR showed a
promising enhancement with the increment in filler loading
from 10 phr to 15 phr.
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