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Lump is one of the processed rubber materials derived from latex of rubber trees and 
clusters of latex obtained from the Hevea Brasiliensis tree. Generally, lumps can be 
utilized as the basic material for component manufacturing. In the production of 
component products, additives such as filling materials, vulcanization agents, plasticizers, 
activators, antioxidants, and accelerators are required. This research utilizes EFB charcoal 
as a filling material in the production of rubber components to substitute carbon black, 
which will be used as a motorcycle footrest pad. The objective of this study is to analyze 
the characteristics of rubber components for motorcycle footrest pads with EFB filler as 
a filling material, and to obtain the best formulation in rubber component manufacturing 
that meets the hardness test parameters according to the Indonesian National Standard 
(SNI). The method used is a Completely Randomized Design (CRD) with one factor, 
namely the rubber component formula. This study consists of 5 treatments repeated 4 
times, resulting in 20 experimental units. The results of the study showed that the physical 
and mechanical properties of each substitution treatment had the same characteristics with 
a reduction or decrease in test results for each test parameter carried out. However, based 
on the test results for each test parameter carried out, there were only 4 treatments that 
were still included in the SNI standard for hardness tests for step motors, namely F1 
(0:60), F2(10:50), F3(20:40) and F4(30:30).. While the F5(40:20) treatment was still 
below the SNI standard. The best treatment was still obtained in the F2(10:50) treatment 
with a hardness value of 69.05 Shore A. 

Contribution to Sustainable Development Goals (SDGs): 
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1. INTRODUCTION 

1.1. Research Background  

Rubber compound is a semi-finished material used in the 
production of rubber-based products, encompassing both natural 
and synthetic rubber [1]. In general, the rubber processing 
industry utilizes natural rubber in the form of SIR 3L, SIR 3WF, 

crumb rubber, RSS, or various rubber grades produced by large-
scale rubber manufacturing facilities [2], [3]. The necessity of 
further processing field latex compels rubber smallholders to sell 
their fresh latex to rubber processing factories, a situation that 
ultimately results in price monopolization of rubber prices by the 
factory rubber [4]. 

In addition to these products, there exist alternative products 
that rubber smallholders can independently produce, namely 
lump and latex [5]. Lump is one of the processed forms of rubber, 
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consisting of field latex and field latex coagulum obtained from 
the rubber tree (Hevea brasiliensis) [6]. Fresh lump is a processed 
rubber material that does not originate from field latex coagulum 
formed naturally within the collection cup [7]. Lump is generally 
utilized as a primary raw material for the production of rubber 
compounds, which are subsequently processed into various end 
products such as shoe soles, tires, seals, motorcycle footrests, and 
other applications [8]. 

To achieve the desired properties in rubber products, various 
additives are required, including fillers, vulcanizing agents, 
plasticizers, activators, antioxidants, and accelerators. Carbon 
Black (CB) is the most widely utilized filler in the rubber 
compound industry due to its broad availability and superior 
reinforcing capability [9]. However, CB is a non-renewable 
material and poses potential environmental hazards as a 
consequence of its production process. Therefore, alternative 
fillers to replace carbon black in rubber formulations need to be 
explored in order to mitigate environmental and health impacts. 

Empty Fruit Bunches (EFB) of Oil Palm  represent one of the 
most abundant agricultural by-products generated from the oil 
palm processing industry [10], [11]. EFB is a cellulosic material 
available in large quantities and possesses attractive properties 
such as toughness, weather resistance, and a unique chemical 
composition. Biochar derived from the pyrolysis of EFB has the 
potential to serve as an environmentally friendly alternative filler 
in rubber compound formulations [12]. 

The utilization of lump elastomer and EFB filler as raw 
materials in the rubber product processing industry is also highly 
relevant in supporting the enhancement of the Domestic 
Component Level (DCL) in accordance with Law No. 3 of 2014 
on industrial affairs. Furthermore, the application of both local 
materials directly contributes to the implementation of the 
circular economy program by substituting synthetic CB filler with 
natural materials derived from industrial waste [13]. 

Based on the aforementioned background, this study aims to 
evaluate the use of EFB biochar as a partial substitute for Carbon 
Black in lump-based rubber compound formulations, with the 
intended final application of motorcycle footrests. The ratio of the 
CB/EFB filler hybrid filler system was varied to determine the 
optimal formulation that meets the standards for mechanical and 
curing properties of rubber compounds in accordance with 
international ASTM standards. 

1.2. Literature Review 

1.2.1. Rubber Compound and Lump Elastomer 

 
Rubber compound is defined as raw rubber that has been 

blended with various additives, including fillers, process oils, 
accelerators, activators, and other constituents, to enhance the 
mechanical properties of rubber [14]. The formulation of rubber 
compounds plays a critical role in determining the final 
performance characteristics of rubber-based products, 
particularly in high-demand industrial applications such as 
automotive components, sealing systems, and vibration dampers 
[15]. The reinforcement process of rubber composites using lump 
elastomer in the automotive parts processing industry has 
conventionally relied on Carbon Black (CB) as the standard filler, 
owing to its well-documented ability to significantly improve 
tensile strength, and overall durability of the rubber matrix [16]. 
The dominance of CB as a reinforcing filler is attributed to its fine 

particle size, high surface area, and strong interfacial interaction 
with the elastomer chains, which collectively contribute to 
superior mechanical performance in the final vulcanized product 
[17]  

The incorporation of fillers into the elastomer matrix 
improves the physical and rheological characteristics of 
composite rubber products; however, the use of natural fillers 
may result in a reduction in hardness and even processing failures 
if not combined appropriately [18]. Growing environmental 
concerns and the increasing cost of synthetic fillers have driven 
extensive research into the utilization of bio-based and 
agricultural waste-derived fillers as partial or complete 
substitutes for CB in rubber formulations [19]. Natural fillers 
such as silica derived from rice husk ash, calcium carbonate, and 
cellulose-based materials have demonstrated potential as 
alternative reinforcing agents, although their hydrophilic nature 
and poor compatibility with the non-polar rubber matrix often 
necessitate surface modification or the use of coupling agents to 
achieve adequate dispersion and interfacial bonding [20]. The 
optimization of filler loading, particle size distribution, and 
surface chemistry remains a fundamental challenge in the 
development of high performance natural filler reinforced rubber 
composites intended for automotive and industrial applications 
[21]. 

1.2.2. Carbon Black as a Conventional Filler 

Carbon Black (CB) is one of the most extensively employed 
materials in the manufacture of rubber compounds and rubber 
products, owing to its wide availability and outstanding 
reinforcing capability (Sunali et al., 2022). The widespread use of 
CB is attributed to its thermal stability, electrical conductivity, 
and ability to enhance tensile strength and elastic modulus of 
rubber. Nevertheless, despite these advantages, CB is considered 
a non-renewable material and poses potential environmental 
hazards, as its production process generates significant carbon 
emissions (Sisanth et al., 2017). 

1.2.3. Empty Fruit Bunch (EFB) of Oil Palm Biochar 
as an Alternative Filler 

EFB constitute an abundantly available lignocellulosic waste 
material generated from the oil palm processing industry [22]. 
EFBOP possesses a chemical composition comprising cellulose, 
hemicellulose, and lignin, which can be converted into biochar 
through the pyrolysis process. EFB biochar has the capacity to 
function as an environmentally friendly alternative to CB filler in 
rubber compound formulations [23]. 

The particle size of fillers exerts a significant influence on the 
physical properties of rubber compounds. The smaller the particle 
size of the filler employed, the higher the resulting hardness, as 
smaller particles possess a greater surface area for interaction, 
thereby strengthening interparticle bonding and enhancing the 
mechanical properties of the material [24]. This principle serves 
as the scientific basis for utilizing EFB filler with controlled 
particle size as a substitute filler for CB within the elastomer 
matrix. 

Prior research has demonstrated that EFB constitutes a filler 
and reinforcing agent whose characteristics differ from those of 
carbon black, yet it remains applicable in the manufacture of 
rubber vulcanizates [16]. The use of natural fillers such as EFB 
filler facilitates improved dispersion within the elastomer, 



SUPRIYANTO/ASIAN JOURNAL OF APPLIED RESEARCH FOR COMMUNITY DEVELOPMENT AND EMPOWERMENT. VOL 10 (2026), NO.3 

https://doi.org/10.29165/ajarcde.v10i3.1000  Supriyanto et al 211

enabling it to achieve reinforcement nearly as effective as that 
produced by carbon black at lower filler loadings [25]. 
 

1.2.4. Mechanical and Rheological Properties of 
Rubber Compounds 

The evaluation of lump and EFB biochar utilization exerts an 
impact on changes in the mechanical properties of composite 
rubber. Among the mechanical properties most significantly 
affected are the reduction in tensile test values resulting from the 
use of EFB biochar [26], as well as changes in rheological 
parameters such as scorch time, optimum curing time, and curing 
rate [27]. Therefore, modifications in the preparation of EFB filler 
are essential to produce composite rubber compounds with 
mechanical properties that conform to quality standards. 

The determination of the optimal ratio between CB and EFB 
filler as a hybrid filler system is critical in producing rubber 
compounds with an optimal combination of hardness, tensile 
strength and elongation at break. Properties of natural rubber 
filled with hybrid fillers have been widely compared, where the 
loading of the primary filler, carbon black (CB), is fixed while 
secondary fillers are varied to evaluate their combined reinforcing 
effects on the rubber matrix [28]. The growing environmental 
pollution caused by emissions generated during the CB 
processing has prompted researchers to synthesize naturally 
derived materials that can be used in conjunction with CB as a 
rubber filler. The carbon black used in rubber manufacturing is 
one of the causes of environmental pollution; notably, the 
production of one ton of CB generates approximately 2.4 tons of 
carbon dioxide, making the conversion of agricultural wastes 
such as EFB into reinforcing materials a key trend toward 
sustainability [29]. Among agricultural wastes, EFB fibres are 
particularly attractive as fillers and reinforcements in hybrid 
composites due to their abundance and favourable mechanical 
properties, and their incorporation into composite materials offers 
a viable solution to reduce environmental impact [30]. 

Although previous studies have extensively explored the use 
of natural fillers as substitutes for carbon black in rubber 
compounds, several research gaps remain to be addressed. First, 
the majority of prior studies have employed synthetic rubber or 
conventional natural rubber (RSS/SIR) as the base elastomer, 
whereas the potential of lump as a smallholder-based raw material 
elastomer has not been thoroughly investigated in the context of 
finished products such as motorcycle footrests. 

Second, research on EFB biochar-based fillers applied to 
lump-based rubber compounds has generally examined only one 
or two aspects of mechanical properties, without integrating a 
comprehensive evaluation of both curing properties (rheology) 
and mechanical properties simultaneously. Third, the optimal 
ratio of Carbon Black to EFB fillers as a hybrid filler within a 
lump elastomer matrix for motorcycle footrest applications that 
meets ASTM standards has never been systematically 
determined. Fourth, studies examining the impact of varying 
CB/EFB hybrid filler ratios on the combined properties of 
hardness, tensile strength and elongation at break in lump-based 
motorcycle footrest products remain highly limited in the existing 
literature. 

The novelty of this study lies in three principal aspects. First, 
this research represents the first systematic study to investigate 
the use of smallholder rubber lump as a base elastomer in 
combination with a hybrid filler system comprising Carbon Black 

and EFB filler (derived from pyrolysis) in rubber compound 
formulations intended for motorcycle footrest applications. 

Second, this research comprehensively optimizes the 
CB/EFB hybrid filler ratio by simultaneously evaluating 
compound curing properties (scorch time, optimum curing time, 
and curing rate) and the mechanical properties of the final product 
(hardness, tensile strength and elongation at break) in accordance 
with ASTM standards, an approach that has not previously been 
conducted for lump-based elastomer systems. 

Third, this research contributes to the development of value-
added rubber products by integrating two categories of 
Indonesian local waste/materials, namely smallholder rubber 
lump and EFB waste from the oil palm industry, thereby directly 
supporting the implementation of circular economy principles 
and simultaneously enhancing the value of Domestic Component 
Level (DCL)  in alignment with national industrial regulations. 

1.3. Research Objectives 

This research on the use of lump elastomer with Carbon Black 
and EFB fillers was conducted to evaluate the final properties of 
the elastomer based on international ASTM (American Society 
for Testing and Materials) standards, specifically with respect to 
the mechanical properties of tensile testing, and the curing 
acceleration level of the compound through rheological testing. 

Based on the findings of previous research, the ratio of CB to 
EFBas a hybrid filler not only affects the mechanical and curing 
properties of the rubber compound, but also influences the 
properties of the final rubber product. Therefore, the objective of 
this research is to determine the most appropriate ratio of CB to 
EFB as a hybrid filler by varying the CB and EFB filler ratios and 
incorporating these hybrid fillers to produce motorcycle footrests 
as a rubber product. The curing properties of the rubber 
compound and the mechanical properties of the rubber product, 
including hardness, tensile strength, and elongation at break, were 
employed as the criteria to assess the quality of each formulation.   

2. MATERIALS AND METHODS 

2.1.  Materials and Equipment  

This study employed a series of laboratory instruments that had 
been calibrated in accordance with standard procedures prior to 
use. The primary instruments included: (1) a two-roll open mill 
for elastomer mixing; (2) a hydraulic hot press for compound 
vulcanization; (3) an analytical balance with a precision of 0.001 
g for material weighing; (4) a disk rheometer (Model HT-8756) 
for measuring vulcanization characteristics; (5) a Universal 
Testing Machine (UTM, Techcom) for tensile mechanical 
property testing; and (6) a Shore A durometer for hardness 
measurement of vulcanizates. 

The materials used in this study consisted of primary raw 
materials and rubber compounding chemicals. The primary raw 
materials comprised rubber lump with a moisture content of 
approximately 15–20%, biochar derived from Oil Palm Empty 
Fruit Bunches (OPEFB) produced via pyrolysis at 300 mesh 
particle size, and industrial-grade Carbon Black N550. The 
rubber compounding chemicals included: zinc oxide (ZnO) as an 
activator; stearic acid as a co-activator; 2,2,4-trimethyl-1,2-
dihydroquinoline (TMQ) as an antioxidant; tetramethylthiuram 
disulfide (TMTD) as an accelerator; 2-mercaptobenzothiazole 
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disulfide (MBTS) as a retarder; paraffin oil as a softener; and 
sulfur as a vulcanizing agent. 
 

2.2. Methods 

The research was conducted through two research stages, the first 
stage was the manufacture of filler from EFB to produce EFB 
charcoal and the second stage was the use of EFB filler as a 
substitute for the use of Carbon Black to make rubber compounds 
as raw materials for making motorcycle Foot Pad. 

2.2.1. Manufacturing of EFB Filler 

 
Empty Fruit Bunches (EFB) obtained from the palm oil 
processing plant of PTPN I Regional Bekri in Central Lampung 
were prepared through the following sequential steps. First, the 
raw material was washed repeatedly with boiling water to remove 
impurities and contaminants. The cleaned material was 
subsequently dried in an oven at 100 °C for 24 hours until a 
constant mass was achieved. The dried EFB material was then 
ground using a Hammer Mill and sieved through a 150-mesh 
screen to obtain a powder with a uniform particle size 
distribution. 

Pyrolysis was conducted in a furnace using 150 g of EFB 
powder placed in a porcelain crucible. The process was carried 
out at three temperature variations 550 °C, 700 °C, and 800 °C 
under a constant nitrogen gas flow of 100 cm³/min with a fixed 
heating rate of 10 °C/min. Upon reaching the target temperature, 
the nitrogen flow was terminated and replaced by a carbon 
dioxide flow for 60 minutes at the same flow rate. Three types of 
OPEFB activated carbon were produced through this procedure, 
designated as EFB 550, EFB 700, and EFB 800, corresponding to 
their respective activation temperatures. Following activation, the 
samples were cooled to room temperature under a nitrogen 
atmosphere and subsequently stored in a desiccator until further 
use. 

2.   Rubber Compound Manufacturing 
Rubber compound preparation followed the basic formulation of 
Ginting et al. (2020), modified in accordance with the 
requirements of this study. Five formulation variants were 
prepared with varying ratios of EFB Filler to Carbon Black N550, 
as presented in Table 1. All materials were accurately weighed 
prior to mixing, which was performed using a laboratory open 
mill in accordance with ASTM D3184-89. 

The sequence of material incorporation was established as 
follows. In the first stage, the rubber lump was masticated in the 
open mill for approximately 30 minutes until the elastomer 
attained a plastic condition with a smooth surface, thereby 
enhancing its capacity to absorb additive materials. In the second 
stage, ZnO and stearic acid were added as an activation system 
and mixed for 2–3 minutes. In the third stage, Carbon Black N550 
and EFB Filler were added incrementally as fillers in accordance 
with the ratio specified for each formulation. In the fourth stage, 
the retarder (MBTS), accelerator (TMTD), antioxidant (TMQ), 
and paraffin oil were incorporated in succession. Finally, sulfur 
was added last to prevent premature prevulcanization. The 
homogenized compound was subsequently sheeted to a thickness 
of 6.00 ± 0.1 mm. 

 
Table 1. Rubber compound formulations with varying ratios of 

EFB filler to Carbon Black N550 

Ingredient F1 
(0:60) 

F2 
(10:50) 

F3 
(20:40) 

F4 
(30:30) 

F5 
(40:20) 

Lump 100 100 100 100 100 
EFB filler  0 10 20 30 40 
CB N550  60 50 40 30 20 
Stearic 
acid  

2 2 2 2 2 

ZnO 5 5 5 5 5 
TMTD 0.5 0.5 0.5 0.5 0.5 
MBTS 1.4 1.4 1.4 1.4 1.4 
TMQ  2 2 2 2 2 
Paraffin oil  4 4 4 4 4 
Sulfur  2.5 2.5 2.5 2.5 2.5 
Total  167.4 167.4 167.4 167.4 167.4 

Note: all units are in phr = parts per hundred rubber; ratio 
indicates biochar EFB Filler : CB N550 
 

2.3. Filler Characterization Elemental Composition 

The elemental composition of the EFB Filler samples and Carbon 
Black was characterized using vario El Cube The elemental 
composition results are presented in Table 2. 
 

Table 2. Elemental composition of EFB Filler and Carbon 
Black as determined by vario El cube 

Sample C (%) O (%) N (%) Others 
(%) 

EFB 550 65.55 13.85 0.25 20.35 
EFB 700 70.55 11.08 0.14 18.23 
EFB 800 75.26 8.23 0.11 16.4 
Carbon 
Black 

96.12 0.91 0.09 2.88 

 
Based on the elemental composition analysis conducted using 

the vario EL cube, the carbon content of EFB filler increased 
consistently with rising pyrolysis temperature, from 65.55% 
(EFB 550) to 70.55% (EFB 700), reaching its highest value of 
75.26% at EFB 800, accompanied by a decline in oxygen content 
from 13.85% to 8.23% and a reduction in nitrogen content from 
0.25% to 0.11%. This trend is consistent with the findings 
reported by Ribeiro and Brandalise [31], who demonstrated that 
pyrolysis produced at elevated temperatures exhibits higher fixed 
carbon content and lower volatile matter, resulting in superior 
mechanical properties compared to filler produced at lower 
temperatures. This observation is further supported by Tomczyk 
et al. [32], who established that high pyrolysis temperatures 
promote the formation of biochar with greater carbon content and 
porosity, albeit with reduced volatile matter. The decline in 
oxygen content observed in EFB 800 indicates more complete 
decomposition of polar functional groups (–OH, C=O), whereby 
increasing pyrolysis temperature correlates positively with 
elemental carbon content and negatively with oxygen, hydrogen, 
and volatile matter concentrations. Although the carbon content 
of EFB 800 (75.26%) remains considerably lower than that of 
commercial Carbon Black (96.12%), high-temperature biochar 
retains significant potential as a sustainable alternative to 
conventional fillers such as Carbon Black in the development of 
environmentally friendly materials derived from biomass waste. 
Consequently, EFB 800 was selected as the optimal filler, as it 
possesses the highest carbon content, the lowest oxygen and 
nitrogen concentrations, and the elemental composition profile 
most closely approximating that of Carbon Black among all EFB 
samples evaluated  
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2.4. Characterization of Compound and Vulcanizate 
Properties 

2.4.1. Vulcanization Characteristics 

The cure characteristics of the rubber compounds were measured 
using a disk rheometer at 150 °C for 10 minutes, in accordance 
with ASTM D6204-15. Prior to testing, the instrument was 
conditioned until both the upper and lower platens reached stable 
operating temperatures. Circular specimens with a diameter of 30 
± 2 mm and a thickness of 6.00 mm were prepared from 
unvulcanized compound sheets. The parameters recorded during 
testing included: scorch time (TS2), optimum cure time (TC90), 
minimum torque (ML), and maximum torque (MH). 

2.4.2. Tensile Mechanical Properties  

Tensile property testing of the rubber vulcanizates was conducted 
using a Universal Testing Machine (UTM) equipped with a 10 
kN load cell, in accordance with SNI ISO 37:2017. Type 1 
dumbbell specimens were prepared from vulcanizate sheets with 
the following dimensions: minimum overall length of 115 mm, 
tab width of 25 mm, narrow section length of 33 mm, narrow 
section width of 6 mm, and radius of 14 mm. Testing was 
performed at a crosshead speed of 500 mm/min with a gauge 
length of 50 mm. The parameters recorded included tensile 
strength at break, elongation at break (Eb), modulus at 100% 
elongation (M100), and modulus at 300% elongation (M300). 
Five replicate specimens were tested for each formulation. 

2.4.3.  Hardness 

Hardness testing of the vulcanizates was conducted using a Shore 
A durometer in accordance with ASTM D2240-15. Cylindrical 
specimens (diameter: 4 cm; thickness: 0.5 cm) were prepared 
from vulcanizate sheets. Testing was performed by pressing the 
indenter onto the specimen surface placed on a hard, flat surface, 
and the hardness value was recorded within 1 ± 0.1 seconds of 
indenter application. A minimum of five measurement points 
were taken on each specimen to obtain a representative mean 
value. 
 

2.5. Statistical Analysis 

Data on the physico-mechanical properties of the 
vulcanizates comprising hardness, tensile strength, and 
elongation at break as well as vulcanization characteristic data 
were statistically analyzed using one-way Analysis of Variance 
(ANOVA) at a significance level of α = 0.05 (95% confidence 
level). When the ANOVA indicated significant differences 
among treatments, the analysis was continued with Duncan's 
Multiple Range Test (DMRT) to identify differences between 
treatment groups. All results are expressed as mean ± standard 
deviation. Statistical processing and analysis were performed 
using OriginPro 2024b (OriginLab Corporation, Northampton, 
MA, USA). 

3. RESULT AND DISCUSSION 

3.1. Vulcanization Characteristics of Rubber 
Compound 

Rheological characterization of rubber compounds was 
performed to determine the vulcanization (curing) characteristics 
of the compounds, which are directly associated with the 
processability of the compounds into finished rubber products. 
Rheological testing using a Moving Die Rheometer (MDR) 
generated critical parameters including minimum torque (ML), 
maximum torque (MH), optimum cure time (TC90), and scorch 
time (TS2). These parameters are critically important in the 
production of finished rubber goods, as they determine the 
process conditions during the hot press stage. For compounds 
with greater thickness, a longer vulcanization time is required to 
allow heat to penetrate uniformly throughout the compound, 
whereas thinner compounds generally require shorter 
vulcanization times for production efficiency [33]. Based on the 
analysis of variance, the filler formula exerted a significant effect 
on the minimum torque (ML), TS2, and TC90 values; however, the 
maximum torque (MH) showed no statistically significant 
differences among treatments. The complete rheological test 
results of the rubber compounds are presented in Table 3. 

 
Table 3. Vulcanization Characteristics of Rubber Compound Measured by Moving Die Rheometer (MDR) 

Comparison of EFB Filler and 
Carbon Black 

Minimum 
Torque 

Maximum 
Torque 

TS2 TC90 

(kg/cm) (kg/cm) (minute) (minute) 
F1   (0:60) 
F2 (10:50) 
F3 (20:40) 
F4 (30:30) 
F5 (40:20) 

7.95c 
7.69bc 
7.34ab 
6.91a 
7.19ab 

11.49a 
10.85a 
10.26a 
9.59a 
9.39a 

11.20b 
10.49ab 
8.91a 
8.84a 
8.84a 

12.34b 
11.35ab 
9.89a 
9.63a 
9.46a 

Note: Values followed by the same letter are not significantly different, while values followed by different letters are significantly different based on the 
DMRT test at a 95% confidence level (α = 5%).

3.1.1. Minimum Torque (ML) 

Minimum torque (ML) is a rheological parameter that reflects the 
viscosity of the rubber compound before vulcanization proceeds 
significantly. A lower ML value indicates that the compound has 
lower viscosity, making it easier to process and shape. Based on 
the test results presented in Table 3, the minimum torque values 
of the rubber compound exhibited a decreasing trend as the 
proportion of EFB filler increased, with values of 7.95, 7.69, 7.34, 
and 6.91 kg/cm for EFB filler:CB ratios of 0:60, 10:50, 20:40, 

and 30:30, respectively. A slight increase was observed in 
formula F5 at a ratio of 40:20, reaching 7.19 kg/cm. 

This decrease in minimum torque is attributed to differences 
in the physicochemical characteristics between carbon black and 
EFB filler as fillers. Carbon black is an active filler with very fine 
particle structure in the range of 8–100 nm, extremely high 
specific surface area, and strong affinity for the elastomer matrix. 
These unique characteristics enable carbon black to significantly 
increase the torque modulus of rubber compounds [34]. In 
contrast, EFB filler, as a bio-filler, has much larger particle sizes 
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of approximately 74 μm [8], resulting in weaker interactions with 
the natural rubber polymer chains compared to carbon black. 

Partial or complete substitution of carbon black with biomass-
based bio-fillers leads to reduced viscosity and modulus in rubber 
blends. This finding is consistent with the study by Hait et al. [35], 
who reported that the torque modulus increment was greater in 
compounds using carbon black compared to those using biomass 
charcoal as a filler. Torque modulus serves as an indicator of 
crosslink density and polymer chain entanglement, reflecting the 
extent of crosslink formation resulting from vulcanization [36]. 
Research conducted by Cui et al [37].  further confirmed that the 
number of crosslinks formed through sulfur-based vulcanization 
reactions significantly influences the torque modulus of natural 
rubber elastomers. 

A recent comprehensive review by Karunanayake et al. [34] 
on EFB as an alternative to carbon black in rubber composites 
confirmed that biochar derived from biomass waste has 
considerable potential as a partial replacement for carbon black. 
Although the resulting mechanical properties do not fully match 
those of carbon black, optimization of particle size and surface 
modification of biochar can enhance its compatibility with the 
natural rubber matrix. Furthermore, the study by Abd El-Aziz et 
al. [38] demonstrated that replacing carbon black with biochar 
from agricultural wastes such as rice straw, date palm leaf fibers, 
and common reed yielded competitive rheological characteristics 
in EPDM rubber composites. 

3.1.2. Maximum Torque (MH) 

Maximum torque (MH) marks the completion of crosslink 
formation during rubber vulcanization and characterizes the 
endpoint of the hardening process at a given time and 
temperature. The MH value reflects the crosslink density formed 
between the elastomer and the filler through sulfur vulcanization 
reactions. Based on Table 3, formula F1 (0:60), in which all filler 
consisted of carbon black, exhibited the highest MH value of 
11.49 kg/cm, while formula F5 (40:20) showed the lowest MH 
value of 9.39 kg/cm. Although a decreasing trend in MH values 
was observed with increasing EFB filler content, the analysis of 
variance indicated that these differences were not statistically 
significant across all treatments. 

These results are consistent with the findings of Abd El-Aziz 
et al. [38], who stated that maximum torque is an indicator of the 
number of structural units forming crosslinks between the 
elastomer and the filler. Carbon black, owing to its unique 
structural characteristics including an exceptionally high surface 
area and its ability to absorb polymer chains around its particles 
(occluded rubber) enables the formation of more abundant and 
stronger crosslinks. This mechanism is known as the Payne effect, 
in which the filler–filler network and filler–rubber interactions 
collectively contribute to the improvement of mechanical 
properties in the vulcanizate [39]. 

Notably, although MH values declined with increasing EFB 
filler content, the reduction was not statistically significant. This 
suggests that EFB filler still contributes to crosslink formation, 
albeit with lower efficiency compared to carbon black. Research 
by Cui et al. [37] confirmed that carbon-based bio-fillers continue 
to participate in the vulcanization network through both physical 
and chemical interactions with natural rubber polymer chains, 
although with lower intensity compared to conventional carbon 
black. 

3.1.3. Optimum Cure Time (TC90) 

Optimum cure time (TC90) is the duration required to complete 
90% of the crosslink formation between sulfur and rubber from 
the onset of heating. This parameter is used as a reference for 
determining the vulcanization time and temperature during the 
hot-press stage in the production of finished rubber goods [40]. 
Based on the data presented in Table 3, formula F1 (0:60) 
exhibited the highest tc90 value of 12.34 minutes, while formula 
F5 (40:20) showed the lowest tc90 value of 9.46 minutes. 
Statistical analysis revealed that formula F1 was not significantly 
different from F2 but differed significantly from all other 
treatments. 

The decrease in ts90 values with increasing EFB filler content 
is associated with differences in the carbon abstraction 
mechanism between EFB filler and carbon black in relation to the 
elastomer. In carbon black, the preferred site for carbon radical 
abstraction is the tertiary macro-carbon radical, thereby reducing 
the likelihood of chain scission and prolonging the crosslink 
formation process. In EFB filler, polymer chain scission occurs 
more readily, yielding polymer chains with lower molecular 
weight, which accelerates the vulcanization process [41], [42]. 

In addition, EFB filler contains various active functional 
groups, including carboxyl, carbonyl, and nitro groups [43]. 
These polar functional groups can interact with the vulcanizing 
agents (sulfur and TMTD accelerator), potentially accelerating 
the initiation of vulcanization reactions while simultaneously 
consuming part of the accelerator in the blend. This explanation 
is supported by the study of Cui et al. [37], which reported that 
biochar can adsorb curing agents, thereby altering the kinetics of 
vulcanization reactions. This finding was further confirmed by 
Pereira Negri et al. [8], who emphasized the importance of 
balancing a shorter TC90 for large-scale production efficiency 
with a longer TC90 for better process control during molding. 

In general, the time required for rubber crosslink formation is 
influenced by several factors, including sulfur concentration, 
temperature, the type and quantity of accelerators, and the 
interaction between the filler and the elastomer matrix [44], [45]. 
In the context of this study, the mechanism governing the 
acceleration of crosslink formation was influenced by the TMTD 
accelerator and its interaction with EFB filler as a substitute filler 
for carbon black. 

3.1.4. Scorch Time (TS2) 

Scorch time (TS2) refers to the safe processing window of the 
rubber compound before premature vulcanization 
(prevulcanization) or early hardening occurs. A higher TS2 value 
indicates a longer period during which the compound can be 
processed in its plastic state, thereby providing a safer timeframe 
for processing and molding [46]. Based on the test results in Table 
3, formula F1 (0:60) exhibited the highest TS2 value of 11.20 
minutes, which was statistically significantly different from 
formulas F3, F4, and F5. The lowest TS2 values were observed in 
formulas F4 and F5, each recording 8.84 minutes. 

The decrease in TS2 values with increasing EFB filler content 
is related to the surface reactivity of biochar toward vulcanizing 
agents. The polar functional groups on the surface of EFB filler 
interact with the TMTD accelerator, thereby lowering the 
activation energy for the initiation of vulcanization reactions and 
accelerating the onset of prevulcanization. This is supported by 
the findings of da Rocha et al. [17], who noted that higher torque 
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values are associated with greater crosslink formation, requiring 
more energy to process the compound and consequently 
extending the cure time. Scorch time also represents the initial 
stage of rubber vulcanization and serves as an indicator of 
processing safety. 

A recent study by Butuc et al. [42] confirmed that the silica 
naturally present in biochar ash contributes to the acceleration of 
vulcanization through silica–accelerator interactions, which can 
reduce scorch time. Nevertheless, all formulas in this study still 
exhibited TS2 values above 8 minutes, which remains within the 
acceptable range for the production of conventional finished 
rubber goods. 

 

3.2. Physical and Mechanical Properties of Rubber 
Composites 

Testing of the physical and mechanical properties of the 
rubber composites was conducted to evaluate their conformity 
with applicable quality standards. The parameters assessed 
included hardness, elongation at break, and tensile strength. The 
results of the physical and mechanical property tests are presented 
in Table 4. 

 
Table 4. Physical and Mechanical Properties of Rubber Composites Measured by Durometer and Universal Tensile Strength Tester 

Comparison of EFB filler and 
Carbon Black 

Hardness Test Elongation Break Tensile Strength 
(Shore A) (%) (MPa) 

F1   (0:60) 
F2 (10:50) 
F3 (20:40) 
F4 (30:30) 
F5 (40:20) 

70.30c 
69.05c 

68.65bc 
65.85ab 
64.65a 

612.50d 
600.00c 
572.50bc 
565.00b 
518.75a 

20.54d 
17.16c 

15.95bc 
15.81ab 
14.61d 

Note : Numbers followed by the same letter indicate no significant difference, and numbers followed by different letters indicate a significant difference in 
the BNT test at a 95% confidence level (ɑ = 5%). 
 

3.2.1. Hardness 

Hardness is one of the critical parameters in determining the 
quality of finished rubber products. Based on the analysis of 
variance, the filler formula had a significant effect on the hardness 
of the rubber composites. The test results in Table 4 indicate that 
a higher carbon black proportion in the formula corresponds to a 
higher hardness value of the vulcanized rubber. The highest 
hardness value was obtained in formula F1 (0:60) at 70.30 Shore 
A, while the lowest was observed in formula F5 (40:20) at 64.65 
Shore A. 

The higher hardness values in formulas with greater carbon 
black content are attributed to the unique characteristics of carbon 
black as an active filler. According to Dwivedi et al. [47], carbon 
black possesses highly specific properties that allow it to function 
optimally as a rubber composite filler, including very fine particle 
size (8 -100 nm), polarity compatible with nonpolar elastomers, 
and strong affinity for the natural rubber matrix. The strong 
interaction between carbon black and natural rubber polymer 
chains creates a dense filler elastomer network, increases 
crosslink density, and ultimately enhances the hardness of the 
vulcanizate. 

In contrast, EFB filler as a bio-filler presents several 
limitations that contribute to reduced hardness. First, the much 
larger particle size of EFB filler (approximately 74 μm) compared 
to carbon black induces local stress concentration within the 
polymer matrix, which may diminish composite hardness [8]. 
Second, EFB filler is a polar material due to the presence of polar 
functional groups such as carboxyl, carbonyl, and NO₂ groups on 
its surface, while natural rubber is a nonpolar material [48]. This 
polarity mismatch results in incompatibility between the EFB 
filler and the natural rubber polymer matrix, thereby reducing the 
efficiency of load transfer from the matrix to the filler. 

The study by Ferreira et al. [49] reported similar findings, 
demonstrating that the use of bio-fillers leads to a decrease in 
rubber hardness, and confirming that a higher carbon black 
content in rubber products yields higher hardness values. These 
findings were further corroborated by a recent study from 

Karunanayake et al. [34], which concluded that biochar from 
various biomass sources consistently produces lower hardness 
values compared to carbon black at equivalent dosages, owing to 
fundamental differences in surface properties and particle 
morphology. 

Nevertheless, this study demonstrated promising results, as 
formulas F1 through F4 still met the requirements of the 
Indonesian National Standard (SNI 06-7032:2004) for 
motorcycle footrest pads, which specifies a minimum hardness of 
65 Shore A. Only formula F5 (40:20), with a hardness value of 
64.65 Shore A, failed to meet this standard. This indicates that the 
substitution of EFB filler for carbon black at up to a 30:30 ratio 
can still yield rubber products that comply with quality standards. 
These findings align with research on oil palm trunk biochar 
(OPTB), which reported improvements in hardness and modulus 
at certain biochar concentrations, even though tensile strength and 
elongation at break declined. 

From the perspective of filler classification, the differing 
effects of carbon black and EFB filler on hardness can be 
explained by the distinction between active and inactive fillers. 
Active fillers such as carbon black are capable of increasing 
hardness and reinforcing rubber products due to their strong 
interaction with the polymer matrix. In contrast, inactive fillers 
such as EFB filler can only increase the volume of the rubber 
product without making a significant contribution to hardness 
improvement. The morphology of EFB filler including its larger 
particle size, porosity, and surface characteristics that differ from 
carbon black results in suboptimal dispersion and homogeneity 
within the natural rubber polymer matrix. However, Fan et al. 
[50] cautioned that the addition of filler to improve hardness has 
an optimum level, and excessive addition may actually reduce 
hardness due to filler particle agglomeration. 
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Figure 1. The comparison of hardness and elongation break in 

OPEFB substitution treatment 
 
The tensile test shows how much force the compound rubber 

can withstand before the compound breaks. Based on the 
observation results, it was found that the Formula 1 composition 
showed the greatest tensile strength of 209.50 kg/cm2 and the 
longest elongation% of 612.50%. This shows that the ratio of the 
addition of Carbon Black filler has a perfect breaking stress level 
when compared to the substitution of the addition of EFB filler. 
Thus, the addition of EFB filler will have an impact on decreasing 
the breaking stress force and reducing the percentage of breaking 
elongation. 

3.2.2. Elongation at Break 

Elongation at break is a measure of the elastic capacity of a 
rubber composite to stretch before fracture or rupture occurs. A 
high elongation at break value reflects good flexibility and 
elasticity of the rubber composite. Based on the data in Table 4, 
elongation at break values demonstrated a consistent decreasing 
trend with increasing EFB filler proportion: 612.50%, 600.00%, 
572.50%, 565.00%, and 518.75% for formulas F1, F2, F3, F4, 
and F5, respectively. Statistical analysis indicated that all 
consecutive treatment pairs were significantly different from one 
another. 

The decrease in elongation at break is closely associated with 
the reduction in crosslink density within the rubber composite. 
The crosslink formation process involves carbon–sulfur bonds 
present in the filler, which incorporate sulfur atoms into the 
polyisoprene chain, the TMTD accelerator, and hydrogen bonds 
between phospholipid proteins at the initiation and termination 
ends of the rubber chain [51]. The addition of bio-fillers into the 
rubber compound reduces crosslink density, as filler rubber 
interactions alter the rubber molecular chains and diminish sulfur 
vulcanization efficiency; furthermore, these interactions do not 
prevent solvent penetration into the rubber compound [37]. 

From a materials mechanics perspective, the decrease in 
elongation at break with increasing EFB filler content is 
consistent with reduced flexibility of the polymer network 
resulting from the incompatibility between the polar filler and the 
nonpolar matrix. The large particle size of EFB filler creates local 
defects within the polymer matrix that act as crack initiation sites 
when the composite is subjected to tensile load. This is confirmed 
by research on Natural Rubber Composites using hydrothermally 
carbonized hardwood waste biomass, which reported that biochar 
with large particle fractions in the range of 10 -100 μm can cause 

local stress concentrations, ultimately leading to fracture in the 
rubber composite [37]. 

 
Figure 2. The comparison of hardness and tensile strength in 

EFB filler substitution treatment 
 

The comparison of hardness to the mechanical properties of 
Tensile strength and Elongation at break proves that the more 
EFB filler substitution is added, the value of the resulting test 
variable will also decrease. The decrease in the value of the 
hardness variable is directly proportional to the change in Tensile 
Strength and Elongation at Break. This shows that the process of 
cross-linking with each addition of EFB filler substitution is 
decreasing. Cross-linking includes carbon-sulfur bonds present in 
the filler and involving sulfur atoms in the polyisoprene chain and 
the TMTD accelerator as well as hydrogen bonds between 
phospholipid proteins at the initiation and termination ends of the 
rubber chain 
 

3.2.3. Tensile Strength 

Tensile strength is a parameter that indicates the maximum 
force that a rubber composite can withstand per unit cross-
sectional area before fracture occurs. Based on the test results in 
Table 4, formula F1 (0:60) exhibited the highest tensile strength 
of 20.54 MPa, while formula F5 (40:20) showed the lowest value 
of 14.61 MPa. A consistent decreasing trend was observed as the 
proportion of EFB filler in the formula increased. 

This significant decrease in tensile strength reflects the 
superiority of carbon black as a reinforcing filler compared to 
EFB filler. The reinforcement mechanism of carbon black in 
natural rubber involves several aspects: (1) the formation of 
chemical bonds between active groups on the carbon black 
surface and the polymer chains; (2) physical immobilization of 
rubber layers on the surface of carbon black particles (bound 
rubber); and (3) the filler–filler network, which contributes to 
efficient load distribution [52]. These mechanisms cannot be fully 
replicated by EFB filler due to fundamental differences in particle 
morphology and surface properties. 

The study by Ferreira et al. [53] confirmed these findings, 
stating that fillers with higher carbon black content provide better 
reinforcement compared to those with lower carbon black 
content, as carbon itself is an excellent reinforcing filler. 
Hayeemassae et al. [54] also reported that the presence of 
vulcanizing agents affects the crosslink formation behavior of 
composites during the curing reaction, whereby scorch time (Ts2) 
and optimum crosslink formation time (TS90) tend to decrease 
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with increasing vulcanizing agent loading, which consequently 
reduces elongation at break and tensile strength. 

A recent study by Karunanayake et al. [34] demonstrated that 
modified biochar or biochar produced at higher carbonization 
temperatures can yield tensile strength values approaching those 
of carbon black. Research using sawdust-derived activated 
carbon (SAC400) carbonized at 400°C achieved a tensile strength 
of 13.40 MPa in NR composites, approaching the values 
produced by composites containing carbon black. This indicates 
that optimization of the carbonization process for EFB filler has 
the potential to improve the tensile strength performance of EFB 
based rubber composites. 

Although the tensile strength values of formulas containing 
EFB filler are lower than those with carbon black, the tensile 
strength values of formulas F2 through F4 remain within an 
acceptable range for motorcycle footrest pad applications. The 
use of EFB filler as a substitute filler should be complemented by 
particle size optimization through more intensive milling, surface 
modification to improve compatibility with the natural rubber 
matrix, or the addition of a compatibilizer to enhance interfacial 
bonding between the filler and the polymer matrix. 

3.2.4. Correlation Among Mechanical Property 
Parameters 

Correlation analysis among the tested variables revealed that 
increasing the proportion of EFB filler consistently reduced all 
measured mechanical properties, namely hardness, elongation at 
break, and tensile strength. The decrease in hardness values was 
directly proportional to the changes in tensile strength and 
elongation at break. This strong positive correlation indicates that 
the crosslink formation process undergoes a systematic decline 
with each incremental substitution of EFB filler. 

 

 
Figure 4. The comparison of hardness and tensile strength in 

OPEFB substitution treatment 
 

The underlying mechanism for this correlation is that 
hardness, tensile strength, and elongation at break are all 
influenced by the crosslink density within the vulcanizate 
network. A reduction in crosslink density resulting from 
decreased filler–rubber interaction efficiency upon using EFB 
filler simultaneously reduces all three parameters. This finding is 
consistent with the research of Hayeemassae et al. [54], which 
stated that decreases in elongation at break, hardness, and tensile 

strength are caused by a reduction in crosslink formation 
reactions between carbon chains in the filler and the elastomer. 

This consistent and correlated pattern of decline indirectly 
confirms the distinct reinforcement mechanisms of carbon black 
and EFB filler within the natural rubber matrix. Carbon black 
functions through an active reinforcement mechanism involving 
strong chemical and physical bonding with polymer chains, while 
EFB filler acts more as a passive filler, providing more limited 
mechanical contributions. Going forward, the development of 
surface modification methods for EFB filler such as chemical 
activation using KOH or H₃PO₄, or surface functionalization with 
silane coupling agents has the potential to improve interfacial 
interactions between EFB filler and the natural rubber matrix, 
thereby enhancing the overall mechanical properties of the 
composite [55]. 
 

3.3.  Standard Compliance Evaluation and Practical 
Implications 

Based on the test results for all parameters, the evaluation of 
compliance with the Indonesian National Standard (SNI 06-
7032:2004) for motorcycle footrest pads indicates that formulas 
F1 (0:60), F2 (10:50), F3 (20:40), and F4 (30:30) still meet the 
minimum hardness requirement of 65 Shore A. Formula F5 
(40:20), with a hardness value of 64.65 Shore A, does not fulfill 
this standard requirement. From an economic and sustainability 
perspective, formula F2 (10:50) with a hardness of 69.05 Shore 
A represents the best formula, as it offers the optimal balance 
between meeting product quality standards and utilizing OPEFB 
agro-industrial waste. 

From a sustainability perspective, the utilization of EFB filler 
as a substitute for carbon black in rubber composites offers 
several significant advantages. First, OPEFB is the primary waste 
material of the palm oil industry and is available in extremely 
large quantities in Indonesia, with production reaching tens of 
millions of tons per year. The use of OPEFB as a feedstock for 
biochar contributes to the reduction of agro-industrial waste while 
generating value-added materials. Second, the production cost of 
biochar is considerably lower than that of carbon black; as of 
2023, the average cost of biochar was approximately $131 per 
metric ton, well below the $1,198 to $2,085 per metric ton range 
for carbon black. Third, the substitution of petroleum-based 
carbon black with bio-fillers contributes to reducing the carbon 
footprint of the rubber industry. 

To improve the performance of EFB filler-based rubber 
composites, several strategies can be considered based on a 
review of recent literature: (1) optimization of the OPEFB 
carbonization temperature, where higher temperatures yield 
biochar with a more ordered carbon structure and greater specific 
surface area; (2) milling and particle size classification to obtain 
finer particles that more closely approximate the size of carbon 
black; (3) surface modification of EFB filler using silane coupling 
agents or other chemical agents to improve compatibility with the 
nonpolar natural rubber matrix; and (4) optimization of the 
accelerator system to adjust the vulcanization characteristics of 
the compound to accommodate higher EFB filler content. 

A recent study by Application of Sawdust Derived Activated 
Carbon demonstrated that biochar activated at 400°C can produce 
NR composites with hardness reaching 70 Shore A and tensile 
strength of 13.40 MPa, approaching the performance of carbon 
black. These findings confirm the considerable potential of 
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optimized EFB filler as a technically viable substitute for carbon 
black in finished rubber product applications, including 
motorcycle footrest pads. 

4. CONCLUSION 

The findings of this study support the potential utilization of Oil 
Palm Empty Fruit Bunch (OPEFB) charcoal as a natural filler 
substitute in rubber composites, partially replacing carbon black, 
which has traditionally served as the primary component in 
rubber formulations. OPEFB is sourced from palm oil industry 
waste, which is abundantly available in Indonesia; thus, its 
development holds strategic value from both economic and 
environmental perspectives. 

The substitution of EFB filler for carbon black had a 
significant effect on all tested variables except maximum torque 
(MH). The physical and mechanical properties across all 
substitution treatments exhibited a consistent pattern, 
characterized by a decline in every measured parameter as the 
proportion of EFB filler increased. This reduction in parameter 
values is attributable to differences in the physicochemical 
characteristics of EFB filler and carbon black, including particle 
size, surface polarity, and affinity for the natural rubber elastomer 
matrix. 

Based on the test results for each evaluated parameter, four 
formulas were found to comply with the Indonesian National 
Standard (SNI 06-7032:2004) for the hardness requirement of 
motorcycle footrest pads, namely F1 (0:60), F2 (10:50), F3 
(20:40), and F4 (30:30). Formula F5 (40:20) remained below the 
Indonesian standard requirement. The overall best-performing 
formula was F2 (10:50), with a hardness value of 69.05 Shore A, 
which offers the optimal balance between meeting product 
quality standards and the substitution of agro-industrial waste-
based filler. 

Further research is recommended to focus on optimizing the 
particle size of EFB filler through advanced milling processes, 
surface modification of EFB filler to improve its compatibility 
with the natural rubber matrix, and exploration of combinations 
of EFB filler with other fillers such as silica to further enhance 
the mechanical properties of the resulting rubber composites. 
 

REFERENCE 
 

[1] M. Mustangin, “AGRO FABRICA Jurnal Teknik 
Pengolahan Hasil Perkebunan Kelapa Sawit dan Karet 
Available online,” Agro Fabr., vol. 1, no. 2, pp. 7–15, 
2021. 

[2] G. R. Putri, K. Nadiyah, N. Rishelin, and R. Futeri, 
“Pengendalian Kualitas Mooney Viscosity ( MV ) dan 
Plasticity Retention Index ( PRI ) dalam Crumb rubber 
SIR 3CV 60 dengan Metode Statistical Quality Control ( 
SQC ) di Perusahaan Karet,” vol. XVIII, no. 3, pp. 315–
328, 2024. 

[3] B. Prastia, Bursamin, R. Fernandes, and S. Hidayad, 
“Analysis Of Dryer Control System For Non-Conformity 
Of The Crumb Rubber Products In PT. Bukit Angkasa 
Makmur Bengkulu,” J. Sains Agro, vol. 10, no. 2, pp. 
211–218, 2025. 

[4] M. Rosyidah, “World Development Sustainability 
Optimization of environmentally friendly coagulants 
based on circular economy and SDGs in the rubber latex 
industry in Indonesia,” World Dev. Sustain., vol. 8, no. 
December 2025, p. 100274, 2026, doi: 
10.1016/j.wds.2026.100274. 

[5] A. Sani et al., “Cup lump rubber and natural rubber latex 
biopolymers as promising modifiers for asphalt binders 
and mixtures : A review,” J. Road Eng., vol. 5, no. 4, pp. 
531–553, 2025, doi: 10.1016/j.jreng.2025.06.003. 

[6] D. S. Agustina, R. Nurmalina, and A. Fariyanti, 
“Research on World Agricultural Economy An Empirical 
Study on Indonesia ’ s Participation in the Global,” vol. 
06, no. 04, pp. 497–512, 2025. 

[7] M. Andriyanto and M. H. Fendiyanto, “Penggunaan 
Senyawa osmolit dan Alkalin Pada Penyadapan 
Tanmaman Karet (Hevea brasiliensis),” J. Agro Estate, 
vol. 3, no. 2, pp. 110–120, 2019, doi: 
10.47199/jae.v3i2.101. 

[8] R. B. Pereira Negri, A. H. Monteiro Fonseca Thomé da 
Silva, A. M. Furtado de Sousa, A. L. N. da Silva, and E. 
Brum Dutra da Rocha, “Improved mechanical and 
rheological behavior of nitrile rubber reinforced with 
multi-walled carbon nanotubes and carbon black dual-
filler system,” Mater. Today Commun., vol. 26, no. 
November, 2021, doi: 10.1016/j.mtcomm.2020.101884. 

[9] Sunali, J. Mago, A. Negi, K. K. Pant, and S. Fatima, 
“Development of natural rubber-bamboo biochar 
composites for vibration and noise control applications,” 
J. Clean. Prod., vol. 373, p. 133760, 2022, doi: 
https://doi.org/10.1016/j.jclepro.2022.133760. 

[10] S. Supriyanto, “PengaruhPenggunaanSubstrat pada 
Pengomposan Secara Anaerob Menggunakan Tandan 
Kosong Kelapa Sawit (TKKS) dari Limbah Media Jamur 
Merang,” Daun J. Ilm. Pertan. dan Kehutan., vol. 7, no. 
1, pp. 50–66, 2020, doi: 10.33084/daun.v7i1.1606. 

[11] P. Herianti and D. A. Permata, “Optimization of Oil Palm 
Empty Fruit Bunches Cellulose-based Bioplastic 
Formulation with Response Surface Methodology ( RSM 
),” vol. 9, no. 1, 2025. 

[12] I. Surya, L. Sukeksi, and N. Hayeemasae, “Studies on 
cure index, swelling behaviour, tensile and 
thermooxidative properties of natural rubber compounds 
in the presence of alkanolamide,” IOP Conf. Ser. Mater. 
Sci. Eng., vol. 309, no. 1, 2018, doi: 10.1088/1757-
899X/309/1/012060. 

[13] N. I. D. Arista, C. E. Natalia, I. L. Sinaga, and ..., “The 
potential of circular economy in the oil palm plantation to 
industry,” J. …, 2024, [Online]. Available: 
https://journal-
iasssf.com/index.php/JSSEW/article/view/311 

[14] G. P. Soeherman et al., “Upcycling Cangkang Kelapa 
Sawit Menjadi Green Filler Teraktivasi Ultrasonik dan 
Aplikasinya Sebagai Pengisi Kompon Karet,” vol. 19, no. 
1, pp. 25–32, 2025, doi: 10.24198/jt.vol19n1.4. 

[15] D. Y. S. Low et al., “Self-healing synthetic rubber 
composites: review of recent progress and future 
directions towards sustainability,” Mater. Today Sustain., 
vol. 24, 2023, doi: 10.1016/j.mtsust.2023.100545. 

[16] D. Prasetyo Bangun and S. Wulung R B, “Optimizing 
The Use of Carbon Black in Dock Bearings By 
Considering The Physical Properties of The Product 
Optimisasi Penggunaan Carbon Black Pada Bantalan 
Dermaga dengan Mempertimbangkan Sifat Fisis 
Produk,” Progr. Stud. Teknol. Pengolah. Karet dan Plast. 
Politek. Yogyakarta, vol. 8, no. 1, pp. 14–23, 2023. 

[17] E. B. D. da Rocha et al., “Cyclic uniaxial stress-strain test 
and rheological behavior of carbon black/metakaolin 
dual-filler system used in nitrile rubber compounds,” 
Polym. Test., vol. 77, no. February, p. 105906, 2019, doi: 
10.1016/j.polymertesting.2019.105906. 

[18] M. F. Omar et al., “A Comprehensive Review of Natural 
Rubber Composites : Properties , Compounding Aspects 
, and Renewable Practices with Natural Fibre 
Reinforcement,” 2024, doi: 10.32604/jrm.2024.057248. 



SUPRIYANTO/ASIAN JOURNAL OF APPLIED RESEARCH FOR COMMUNITY DEVELOPMENT AND EMPOWERMENT. VOL 10 (2026), NO.3 

https://doi.org/10.29165/ajarcde.v10i3.1000  Supriyanto et al 219

[19] G. Pudhupalayam Muthukutti et al., “Sustainable 
polymer composites from agro and municipal green 
wastes: a comprehensive review of materials, properties, 
and applications,” J. Mater. Cycles Waste Manag., vol. 
27, no. 5, pp. 3121–3142, 2025, doi: 10.1007/s10163-
025-02319-z. 

[20] B. Mensah, K. C. Gupta, G. Kang, H. Lee, and C. Nah, 
“A comparative study on vulcanization behavior of 
acrylonitrile-butadiene rubber reinforced with graphene 
oxide and reduced graphene oxide as fillers,” Polym. 
Test., vol. 76, pp. 127–137, 2019, doi: 
https://doi.org/10.1016/j.polymertesting.2019.01.026. 

[21] A. D. Aguilar et al., “Characterization dataset of oil palm 
empty fruit bunch (OPEFB) fibers – Natural 
reinforcement/filler for materials development,” Data 
Br., vol. 45, 2022, doi: 10.1016/j.dib.2022.108618. 

[22] Supriyanto, D. Riniarti, and W. R. Hartari, 
“PENINGKATAN KARAKTERISTIK SIFAT FISIKA 
SERAT PEMBUATAN BIODEGRADABLE POT,” vol. 
4, no. 1, 2025. 

[23] T. Mishra, P. Mandal, A. K. Rout, and D. Sahoo, “A state-
of-the-art review on potential applications of natural 
fiber-reinforced polymer composite filled with inorganic 
nanoparticle,” Compos. Part C Open Access, vol. 9, no. 
July, p. 100298, 2022, doi: 
10.1016/j.jcomc.2022.100298. 

[24] D. Syafei and W. Prendika, “Pembuatan dan 
Karakterisasi Komposit Termoplastik Elastomer dari 
Karet Alam-Polipropilena Bekas dengan Filler Tandan 
Kosong Kelapa Sawit,” J. Indones. Soc. Intergrated 
Chem., vol. 13, no. 1, pp. 52–57, 2021. 

[25] T. Ohashi, A. Tohsan, and Y. Ikeda, “Role of in situ 
generated silica for rubber science and technology,” 
Polym. Int., vol. 66, no. 2, pp. 250–259, Feb. 2017, doi: 
https://doi.org/10.1002/pi.5155. 

[26] M. F. Omar et al., “A Comprehensive Review of Natural 
Rubber Composites: Properties, Compounding Aspects, 
and Renewable Practices with Natural Fibre 
Reinforcement,” J. Renew. Mater., vol. 13, no. 3, pp. 
497–538, 2025, doi: 
https://doi.org/10.32604/jrm.2024.057248. 

[27] O. Kratina, M. Pöschl, and R. Stoček, “The effect of 
apparent density of sulfidic crosslink and their chemical 
nature on self-heat build-up in carbon black filled Natural 
Rubber under cyclic mechanical loading,” Polym. 
Degrad. Stab., vol. 227, p. 110871, 2024, doi: 
https://doi.org/10.1016/j.polymdegradstab.2024.110871. 

[28] W. Kitisavetjit, Y. Nakaramontri, S. Pichaiyut, S. 
Wisunthorn, C. Nakason, and S. Kiatkamjornwong, 
“Influences of carbon nanotubes and graphite hybrid filler 
on properties of natural rubber nanocomposites,” Polym. 
Test., vol. 93, p. 106981, 2021, doi: 
10.1016/j.polymertesting.2020.106981. 

[29] A. A. Koriem, M. E. Abd El-Aziz, S. R. Salem, A. I. 
Hussain, and G. Turky, “Management of agricultural 
waste to manufacture biochar: An alternative reinforcing 
filler for carbon black in nitrile butadiene rubber 
composites,” J. Clean. Prod., vol. 428, p. 139360, 2023, 
doi: https://doi.org/10.1016/j.jclepro.2023.139360. 

[30] A. Ahmad et al., “Development and characterisation of 
eco-friendly hybrid polymer composites from palm oil 
empty fruit bunch ( EFB ) fibre and glass fiber reinforced 
polyester for biomedical applications,” Mater. Technol., 
vol. 40, no. 1, 2025, doi: 
10.1080/10667857.2025.2512017. 

[31] W. Ribeiro and R. Brandalise, “Influence of pyrolysis 
temperature on biochar properties: Applications as a 
reinforcing filler in sbr and epdm elastomeric 
compounds,” J. Elastomers Plast., vol. 56, Oct. 2024, 
doi: 10.1177/00952443241289831. 

[32] A. Tomczyk, “Biochar physicochemical properties : 
pyrolysis temperature and feedstock kind effects,” Rev. 
Environ. Sci. Bio/Technology, vol. 19, no. 1, pp. 191–215, 
2020, doi: 10.1007/s11157-020-09523-3. 

[33] M. Dadkhah and M. Messori, “Materials Today 
Sustainability A comprehensive overview of 
conventional and bio-based fillers for rubber 
formulations sustainability,” Mater. Today Sustain., vol. 
27, no. June, p. 100886, 2024, doi: 
10.1016/j.mtsust.2024.100886. 

[34] L. Karunanayake, T. Etampawala, D. J. De Silva, and J. 
Bandara, “Role and potential of biochar as a sustainable 
alternative reinforcing filler to carbon black in rubber 
composites,” Biochar, 2025, doi: 10.1007/s42773-025-
00429-3. 

[35] S. Hait et al., “Unlocking the potential of lignin: Towards 
a sustainable solution for tire rubber compound 
reinforcement,” J. Clean. Prod., vol. 470, p. 143274, 
2024, doi: https://doi.org/10.1016/j.jclepro.2024.143274. 

[36] H. Shi, M. Wang, and C. Wan, “Progress in Polymer 
Science Detecting polymer network architecture and 
dynamics through the phase angle in oscillatory shear 
rheology,” Prog. Polym. Sci., vol. 173, p. 102068, 2026, 
doi: 10.1016/j.progpolymsci.2025.102068. 

[37] J. Cui, D. Wei, and F. Zeng, “Effects of Aggregation 
Degree and Cross-Linking Density on the Viscoelasticity 
of CNTs/CB-Filled Natural Rubber Composites: A 
Coarse-Grained Molecular Dynamics Simulation,” 
Polym. Compos., vol. 47, no. 5, pp. 3959–3970, Mar. 
2026, doi: https://doi.org/10.1002/pc.70400. 

[38] M. E. Abd El-Aziz, E. S. Shafik, M. L. Tawfic, and S. M. 
M. Morsi, “Biochar from waste agriculture as 
reinforcement filer for styrene/butadiene rubber,” Polym. 
Compos., vol. 43, no. 3, pp. 1295–1304, Mar. 2022, doi: 
https://doi.org/10.1002/pc.26448. 

[39] Z.-L. Wan et al., “Data-Driven Exploration of Polymer 
Processing Effects on the Mechanical Properties in 
Carbon Black-Reinforced Rubber Composites,” Chinese 
J. Polym. Sci., vol. 42, no. 12, pp. 2038–2047, 2024, doi: 
10.1007/s10118-024-3216-3. 

[40] S. Nie, J. Lacayo-Pineda, N. Willenbacher, and M. 
Wilhelm, “Aging of natural rubber studied via Fourier-
transform rheology and double quantum NMR to 
correlate local chain dynamics with macroscopic 
mechanical response,” Polymer (Guildf)., vol. 181, no. 
September, p. 121804, 2019, doi: 
10.1016/j.polymer.2019.121804. 

[41] E. M. Ginting, N. Bukit, E. Frida, and B. F. Bukit, 
“Microstructure and thermal properties of natural rubber 
compound with palm oil boilers ash for nanoparticle 
filler,” Case Stud. Therm. Eng., vol. 17, Feb. 2020, doi: 
10.1016/j.csite.2019.100575. 

[42] G. Butuc, K. van Leerdam, B. Rossenaar, A. Talma, and 
A. Blume, “Deciphering the crosslink mechanism of dual 
cure EP(D)M and CTS rubber compounds for reduced oil 
swell,” Polym. Test., vol. 145, p. 108736, 2025, doi: 
https://doi.org/10.1016/j.polymertesting.2025.108736. 

[43] K. Y. Sianturi, A. F. Nugraha, K. Y. Sianturi, A. F. 
Nugraha, B. Kristaura, and M. Chalid, “Enhancing 
Compatibility and Mechanical Properties of Natural 
Rubber Composites Enhancing Compatibility and 
Mechanical Properties of Oil Palm Empty Fruit Bunch ( 
OPEFB ) Fiber-Reinforced Natural Rubber Composites 
with Latex-Starch Hybrid Coupling Agent,” vol. 2, no. 1, 
2023, doi: 10.7454/jmef.v2i1.1029. 

[44] S. Zahmatkesh and R. Rizvi, “Evaluating surface 
texturing technologies of rubber composites on ice using 
a novel high-velocity tribotest method,” Tribol. Int., vol. 
206, Jun. 2025, doi: 10.1016/j.triboint.2025.110538. 



SUPRIYANTO/ASIAN JOURNAL OF APPLIED RESEARCH FOR COMMUNITY DEVELOPMENT AND EMPOWERMENT. VOL 10 (2026), NO.3 
  

Supriyanto et al.  https://doi.org/10.29165/ajarcde.v10i3.1000 220

[45] J. J. Dale et al., “Exploring inverse vulcanisation 
mechanisms from the perspective of dark sulfur,” Eur. 
Polym. J., vol. 195, Aug. 2023, doi: 
10.1016/j.eurpolymj.2023.112198. 

[46] H. E. Mayasari, “The blending of EPDM/NR with maleic 
anhydride as compatibilizer: Comparing the effect of 
accelerators on cure characteristic and mechanical 
properties,” Indones. J. Chem., vol. 19, no. 1, pp. 106–
114, 2019, doi: 10.22146/ijc.27730. 

[47] C. Dwivedi, S. Manjare, and S. K. Rajan, “Recycling of 
waste tire by pyrolysis to recover carbon black: 
Alternative & environment-friendly reinforcing filler for 
natural rubber compounds,” Compos. Part B Eng., vol. 
200, no. April, p. 108346, 2020, doi: 
10.1016/j.compositesb.2020.108346. 

[48] H. Harahap, H. Nasution, R. Manurung, A. Yustira, and 
A. A. Rashid, “Physical characteristics of biodegradable 
pots from empty fruit bunches (EFB) and sawdust waste 
as planting media,” Case Stud. Chem. Environ. Eng., vol. 
11, Jun. 2025, doi: 10.1016/j.cscee.2025.101193. 

[49] C. Ramos-oliveira, M. Ferreira, I. Belo, and A. Oliva-
teles, “Effectiveness of High-Solid Loading Treatments 
to Enhance Nutrient and Antioxidant Bioavailability in 
Codium tomentosum,” pp. 1–16, 2025. 

[50] Y. Fan, G. D. Fowler, and M. Zhao, The past, present and 
future of carbon black as a rubber reinforcing filler – A 
review, vol. 247. Elsevier B.V., 2020. doi: 
10.1016/j.jclepro.2019.119115. 

[51] N. A. Ramlee, M. Jawaid, E. S. Zainudin, and S. A. K. 
Yamani, “Tensile, physical and morphological properties 
of oil palm empty fruit bunch/sugarcane bagasse fibre 
reinforced phenolic hybrid composites,” J. Mater. Res. 
Technol., vol. 8, no. 4, pp. 3466–3474, 2019, doi: 
10.1016/j.jmrt.2019.06.016. 

[52] R. Chollakup, S. Suethao, P. Suwanruji, J. Boonyarit, and 
W. Smitthipong, “Mechanical properties and dissipation 
energy of carbon black / rubber composites,” 2021, doi: 
10.1177/26349833211005476. 

[53] M. F. P. Ferreira, B. F. H. Oliveira, W. B. S. Pinheiro, N. 
F. Correa, L. F. França, and N. F. P. Ribeiro, “Generation 
of biofuels by slow pyrolysis of palm empty fruit 
bunches: Optimization of process variables and 
characterization of physical-chemical products,” Biomass 
and Bioenergy, vol. 140, p. 105707, 2020, doi: 
https://doi.org/10.1016/j.biombioe.2020.105707. 

[54] N. Hayeemassae, K. Waysateh, S. Sootaranon, and A. 
Masa, “Jurnal Teknologi EFFECT OF 
VULCANIZATION SYSTEMS AND CROSSLINK 
DENSITY ON TENSILE PROPERTIES AND 
NETWORK STRUCTURES OF NATURAL,” vol. 6, pp. 
181–187, 2022. 

[55] V. Dananjaya, Y. Somarathna, S. Siriwardena, N. 
Sirimuthu, L. Karunanayake, and C. Abeykoon, “Effects 
of Latex Type and Processed-Mica Waste Loading on the 
Structural and Thermo-Physical Properties of Natural 
Rubber Latex Foam Composites,” Int. J. Light. Mater. 
Manuf., 2023, doi: 10.1016/j.ijlmm.2023.12.002. 

 
 
 
 

 


