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Abstract: Research on substituting petroleum-based carbon black (CB) fillers in rubber composite 
with renewable, environmentally friendly, and sustainable fillers based on biomass is increasingly 
essential to develop. Meanwhile, biomass-based biocarbon faces challenges in rubber composites due 
to poor surface activity and fluctuating particle size features. Therefore, this study aimed to develop 
biomass-based biocarbon fillers (cassava starch and tamarind wood) for natural rubber (NR) 
composites. Pyrolysis and ball mill methods were applied to achieve this. The chemical and physical 
properties of biocarbon were determined by the particle size analyzer (PSA), specific surface area 
(SSA) analyzer, and field emission scanning electron microscopes (FE-SEM). In the process, the 
mechanical properties of biocarbon-filled NR composite were characterized using the ASTM D5289-
12 standard. The results showed that the chemical and physical properties of biocarbon filler derived 
from cassava starch were significantly similar to those of CB N990. It is important to note that the 
chemical properties of biocarbon filler derived from tamarind wood were lower than those of cassava 
starch biocarbon and commercial CB N990. On the other hand, the mechanical properties of tensile 
and tear strength of tamarind wood-filled NR composite at 15 phr (parts per hundred rubber) were 
significantly equivalent to CB N990-filled NR composite. Based on the result, biocarbon filler derived 
from tamarind wood in NR composites was discovered to be promising at 15 phr of filler content for 
substituting petroleum-based carbon black N990 fillers.  

Keywords: Biomass-based biocarbon; Filler; Mechanical properties; Natural rubber composite 

1. Introduction 

Filler is commonly used to enhance mechanical and dynamic properties. as well as to reduce 
material costs. This material can be in the form of fibers or particulates. Carbon black (CB) is the 
most widely used in the rubber industry, specifically in the tire and automotive sectors (Zweid et 
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al., 2021). It is produced through incomplete combustion of petroleum and requires high energy 
consumption, wherein two metric tons of petroleum hydrocarbons were required to produce one 
metric ton of carbon black. The production of carbon black also produces CO2 emissions as much 
as 8.109 metric tons CO2 emissions (Probst et al., 2012). Higher demand for fossil fuels leads to 
higher CO2 emissions (Shieddieque et al., 2021) . Therefore, biocarbon from biomass feedstock was 
produced to reduce CO2 emissions of carbon black production.  The exploration of new materials 
such as biocarbon has intensively increased to substitute carbon black, wherein considered on 
renewable and abundant resource and quite low processing costs (Jiang et al., 2020).  

Carbon black in eco-friendly rubber products or rubber composite is increasingly being reduced 
and even eliminated to minimize CO2 emissions, aligning with the increasing demand for 
environmentally friendly and sustainable chemicals in the rubber industry. Research focusing on 
biocarbon derived from biomass as a replacement for carbon black has gained significant interest 
in addressing these environmental concerns. Biocarbon is a carbon-rich material derived from the 
pyrolysis of various biomass or biomass wastes, including agricultural and forestry wastes (Jiang 
et al., 2020). Those derived from a range of biomass material have been studied intensively as a filler 
in NR or synthetic vulcanizates. These sources coconut fiber and shells (Aguele and Madufor, 2012), 
birchwood (Peterson et al., 2016), molasses (Moryadee et al., 2018), sawdust (Otoikhian et al., 2019), 
rice husks (Xue et al., 2019),  landscape wood waste (Peterson and Kim, 2020), lignin waste (Jiang 
et al., 2020), Paulownia elongata and Populus tremuloides wood (Peterson, 2020),  leaves (Lay et al., 
2020), coffee grounds (Raju et al., 2021), as well as straw fiber waste (Faga et al., 2022). However, 
using biocarbon as a filler in rubber vulcanizate still presents challenges, including issues related to 
large particle size, low surface activity, long processing time, impurities, material content, and 
varying properties (Jiang et al., 2020).  

This study proposed comparison of a novel biocarbon material characteristic derived from 
carbonized wood and non-wood as a filler for natural rubber (NR) composites. Carbonized starch 
and tamarind wood were characterized, used, and studied in this experiment to substitute carbon 
black filler. It has still not been reported in the literature. Moreover, the particle size reduction of 
biocarbon will be explored to overcome the biocarbon particle size problems in the previous study 
(Jiang et al., 2020).  

Natural rubber composites have been widely used to manufacture products that require good 
elasticity and vibration damping properties, such as tires, rubber seals, rubber isolators, etc.  In the 
manufacturing of natural rubber composites, it commonly used filler in the form of particles or 
fiber. Biocarbon filler prepared from pyrolysis of starch and tamarind wood was characterized and 
used to manufacture natural rubber composites. Based on the characteristics of biocarbon filler and 
the properties of biocarbon-filled natural rubber composites, the correlation was studied to obtain 
the application of biocarbon in the manufacture of rubber products. 

2. Methods 

2.1.  Production of Rubber Fillers from Biocarbon 
Biocarbon based rubber filler made from cassava starch and tamarind wood. Initially, biocarbon 

was produced through pyrolysis technique at 450 °C for 7 hours (Tomczyk et al., 2020). The particle 
size reduction of formed biocarbon was held in mortar grinder and planetary ball mill, respectively.  
The latter process was carried out with weight ratio of biocarbon powder to grinding balls as 1:4.5 
and grinding speed of 125 rpm for 2 hours (Naghdi et al., 2017), to obtain similar particle size of 
commercial carbon black (CB N990) as a comparison. 

2.2.  Characterization of Biocarbon 
Biocarbon powder samples obtained from cassava starch, tamarind wood, and CB N990 were 

subjected to proximate analysis, including moisture, ash, volatile matter, and bound carbon 
contents per SNI 1683: 2021 standards. The degree of acidity (pH) of carbon was characterized using 
the JIS K 1474:2007 standard. Iodine absorption of rubber fillers from biocarbon and CB N990 was 
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evaluated following the SNI 06-3730-1995 procedures. The bulk density of rubber filler from 
biocarbon was determined following the SNI 06-3730-1995 standard. Furthermore, particle size 
distribution was investigated using the Dynamic Light Scattering method using a PSA Nanoplus. 
The specific surface area of biocarbon rubber fillers, including the pore size, porosity, and pore 
volume, was determined by the static volumetric method using the JW-BK112 instrument. 
Functional group analysis of the powder fillers was evaluated using the FTIR spectrometry 
technique (Thermo Scientific Nicolet iS5). Finally, biocarbon particles' microstructure and surface 
morphology were determined using FESEM (JEOL-JIB-4610F). 

2.3. Materials and Manufacture of NR Composite 
NR composite was prepared by mixing materials (NR, fillers, and rubber chemicals) according 

to the standard of the American Society for Testing and Materials (ASTM) 3182 (Figure 1) standard. 
Type and dosage of NR, fillers, and rubber chemicals were used (Table 1). Dosage of materials is in 
phr (parts per hundred rubber) unite. Various types of rubber fillers were used namely carbon black 
N990 (CB), biocarbon derived from cassava starch (CP), and biocarbon derived from tamarind 
wood (CK). 

 
Figure 1 Manufacturing stages of NR composite 

  
Table 1 Type and dosage Materials for NR composite formula 

Sample 
Code 

NR 
ZnO 
(phr) 

Stearic 
acid 

 (phr) 

Sulphur 
(phr) 

MBTS 
(phr) 

CB (phr) CP (phr) 
 

CK (phr) 
  

CB15 100 5 2 2.90 1.35 15 - - 
CB30 100 5 2 2.90 1.35 30 - - 
CB50 100 5 2 2.90 1.35 50 - - 
CP15 100 5 2 2.90 1.35 - 15 - 
CP30 100 5 2 2.90 1.35 - 30 - 
CP50 100 5 2 2.90 1.35 - 50 - 
CK15 100 5 2 2.90 1.35 - - 15 
CK30 100 5 2 2.90 1.35 - - 30 
CK50 100 5 2 2.90 1.35 - - 50 

Note: phr = parts per hundred rubber 
 

2.4. Characterization of NR composite 
The curing characteristics of the compound from NR composite were determined based on the 

ASTM D5289-12 standard method at 150 °C, using an Alfa 2000 moving die rheometer (Alfa 
Technologies. Akron. USA). The composite was tested for mechanical properties, including 
hardness, tensile strength, elongation at break and tear strength. 

3. Results and Discussion 

3.1.  Chemical Characteristics of the Biocarbon 
Table 2 exhibits the chemical characteristics of of biocarbon from cassava starch and tamarind 

wood and CB N990 as a rubber filler. The proximate value and pH value of the CP was better than 
CK, as indicated by the higher bonded carbon content and lower moisture, ash, and volatile matter 
content values. Even the chemical properties of CP was not significantly different from the chemical 
properties of commercial CB N990. These results indicate that the chemical properties of biocarbon 
are influenced by the type of biomass feedstock used (Das et al., 2021; Tomczyk et al., 2020). 
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Table 1 Chemical characteristics of CB N990 and biocarbon from cassava starch (CP) and tamarind 
wood (CK) 

Characteristics 

Filler type 

CB 
N990 

CP CK 

Water content (%) 0.01 1.88 4.46 
Ash Content (%) 0.01 0.54 3.94 
Levels of Volatile Substances (%) 1.01 1.96 18.26 
Bonded Carbon Content (%) 98.98 97.50 77.80 
Acidity (pH) 7.25 7.59 8.67 

  
The volatile substances levels of biocarbon shows organic substances bound in charcoal which 

evaporate on heating without oxygen at a temperature of 950 °C. The test results (Table 2) shows 
that the volatile matter in CK is greater than CP and CB. Meanwhile, the  volatile matter content of 
CP was not significantly different from CB. The volatile matter content in CK was 18.26%, while CP 
was 1.96%, and CB was 1.01%. The pyrolysis process of softwood biomass in microwave heating at 
2700 Watt  resulted 25% of volatile matter content (Wallace et al., 2019). Hence, the not wood raw 
material as CP produces lower levels volatile matter than CK. 

Ash content reflects the mineral percentage in pyrolysis charcoal, determined by heating a 
sample without oxygen at 800°C. In Table 2, CK's ash content surpasses CP and CB, while CP and 
CB exhibit comparable ash content. On the other hand, CK's bonded carbon content is lower than 
CP and CB, with CP and CB showing no significant difference, indicating that tapioca starch-based 
biomass yields lower ash content and higher bonded carbon content compared to tamarin-based 
biomass, with similarities to CB. 

Table 2 revealed that biocarbon acidity (pH) relates to carbonate and alkaline content, with CK, 
CP, and CB exhibiting pH values of 8.67, 7.59, and 7.25, respectively. The pH of biocarbon is 
generally alkaline aligns with the general range (7.1 to 10.5) and is influenced by biomass 
composition, oxygen functional groups, and carbonate content (Ronsse et al., 2013). Pyrolysis 
reduced carboxyl groups, deprotonating acid groups, leading to an alkaline pH. 

3.2. Physical Characteristics of the Biocarbon 
Table 3 presents the physical characteristics of cassava starch-derived biocarbon, resembling 

commercial CB N990 in particle size, surface area (evaluated via BET and Langmuir methods), total 
pore volume, and average pore diameter. In contrast, tamarind wood biocarbon exhibits smaller 
particle size, pore diameter, and surface area than cassava starch and commercial CB N990. The 
bulk density values indicate that tamarind wood particles are more easily broken-down during 
grinding compared to cassava starch. 

 
Table 2  Physical characteristics of CB N990 and biocarbon from cassava starch (CP) and tamarind 
wood (CK) 

Characteristics 
Filler Type 

CB CP CK 

Bulk Type Density (g cm-3) 0.715 0.787 0.558 
Particle Size (nm) 203.0 220.1 130.0 
Absorption of Iodine (mg g-1) 109.60 160.56 463.04 
BET method surface area (m2 g-1) 14.939 10.780 297.078 
Langmuir surface area method (m2 g-1) 4.353 4.353 416.388 
Total pore volume (cm3 g-1) 0.047 0.031 0.177 
Average pore diameter (nm) 12.567 11.634 2.378 

  
The experimental results show that the milling process can produce a biocarbon particle size of 

220.1 nm and 130 nm for cassava starch and tamarind wood, respectively. It successively degraded 
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the particle size of cassava starch and tamarind wood to 61.9% and 83.7% compared to this original 
size. The particle size distribution of CP and CK biocarbon had 2 widely particles size distributions 
(Figure 2(a)) and become narrower and more uniform after the milling treatment, the particle size 
distribution in the biocarbon is narrower and more uniform (Figure 2(b). Previous studies have 
reported that utilizing a planetary ball mill yielded biocarbon particles as small as 60 nm (Naghdi 
et al., 2017).  

  
(a) (b) 

Figure 2 Size and distribution of biocarbon particles. (a) before milling and (b) after milling 
 

The absorption capacity of iodine in biocarbon particles obtained from cassava starch, tamarind 
wood, and CB N990 was 160.56 mg g-1, 463.04 mg g-1, and 109.6 mg g-1. These results showed that 
biocarbon particles from tamarind wood have a larger surface area than others. It was in line with 
the report that biocarbon from tamarind wood had a smaller particle size than cassava starch. 

Using the BET method. biocarbon from cassava starch showed a surface area of 10.780 m2 g-1 
while that from tamarind and CB N990 measured 297.078 m2 g-1 and 14.939 m2 g-1. Based on the 
Langmuir method, biocarbon particles from cassava starch recorded a surface area of 4.353 m2 g-1, 
while tamarind wood and CB N990 measured 416.388 m2 g-1 and 4.353 m2 g-1. These results showed 
that biocarbon particles from tamarind wood can interact with composite matrix in a large contact 
surface area compared to other samples. 

The volume and pore diameter of particles was determined the pore type and correlated to 
particles surface area. Smaller particle pore diameter indicated a larger particle surface area. Table 
3 shows that CK had larger pore volume values and smaller pore diameters of CP and CB. 
Furthermore, CB, CP, and CK had an average pore diameter value of 12.567 nm, 11.634 nm, and 
2.378 nm, respectively. These pore size diameter was (2<(d)<50) nm, which classified as 
mesoporous types. CK had the smallest pore size diameter, so it had particle surface area, compared 
to CP and CB.  

3.3. Carbon Surface Activity  
The FTIR spectra of biocarbon fillers from cassava starch, tamarind wood, and commercial 

carbon from CB N990 are depicted in Figure 3. The functional groups formed on the surface of 
biocarbon particles are affected by the temperature of the pyrolysis process, C/H ratio, specific 
surface area, and ash content (Janu et al., 2021). Notably, biocarbon produced at pyrolysis 
temperatures of 300 and 450 °C had the same molecular functional groups on the surface. On the 
contrary, when subjected to higher pyrolysis temperatures, specific functional groups like alcohols, 
phenols, aromatics, ketones, and even aldehydes were no longer detected (Janu et al., 2021). Other 
studies also showed that the aliphatic, hydroxyls, and aromatic groups in biocarbon gradually 
diminish with increasing pyrolysis temperatures ranging from 400 to 1000 °C (Suman et al., 2021). 
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Figure 3 Spectra FTIR CB N990, biocarbon from cassava starch and tamarind wood 
 

Alcohol, aromatic, and ketone functional groups were detected in CP and acids form alcoholic, 
aromatic, and alkene functional groups were detected in CK. Meanwhile, Functional groups was 
detected in CB i.e. alkyne, alkene, carbonyl, alcohol, and aromatic functional groups. The functional 
group of alkyne and alkene were only presence in CB, but not in CP or CK.  Alkyne and alkene 
functional groups have double bonds on the carbon atom which are predicted to be more reactive 
for interactions with the NR matrix in the composite. This result correlates with the results of testing 
the strength properties of the material which are better according to the results in Figure 4 (tear and 
tensile strength). The NR composite containing CB N990 had higher strength properties compared 
to the composite containing biocarbon from cassava starch and tamarind wood.  

3.4. Carbon Surface Morphology  
The results of surface morphology testing (Figure 4) reveal that CB N990 particles were spherical, 

forming aggregates and agglomerates form, while biocarbon particles were non-spherical flakes. 
These formations show that the interactions between CB N990 particles were stronger than those 
from cassava starch or tamarind wood. According to the FESEM image, the particle size of 
biocarbon from cassava starch and tamarind wood was larger than the size of the aggregate of CB 
N990. The aggregate size of CB N990 was less than 1 μm, while the particle size of biocarbon was 
larger than 1 μm. The biocarbon particles were non-spherical and exhibited non-uniform shapes, 
with irregular arrangement and distribution, resulting in empty spaces. 

   
(a)                                                   (b)                                               (c) 

Figure 4 FESEM image of the filler particles of CB N990 (a). biocarbon from cassava starch (b). and 
tamarind wood (c) at 10.000x magnification 
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3.5. Curing Characteristics of the Rubber Compound 
The torque maximum (MH) and torque difference (MH-ML, ML (torque minimum)) values are 

curing characteristics of NR compounds, which significantly change with increasing filler content. 
The composite-containing biocarbon fillers had higher MH and (MH-ML) values than those with 
CB N990 (Table 4). The MH value represents the maximum crosslinks formed during vulcanization 
(Shi et al., 2019), while the (MH-ML) value or torsion delta indirectly correlates with the total 
crosslink density of the rubber compound (Shi et al., 2019). These values reflect the torque 
magnitude influenced by factors such as mobility of rubber molecular chains  (Puspitasari and 
Cifriadi, 2022; Kazemi et al., 2022), interactions between rubber molecules and filler particles 
(Puspitasari and Cifriadi, 2022; Sowińska-Baranowska and Maciejewska, 2021), and interactions 
between filler particles (Sowińska-Baranowska and Maciejewska, 2021). Additionally, in composite 
with higher filler content, the size and shape of the filler particles were predicted to affect the torque 
value. Smaller particles with greater surface areas and non-spherical shapes tend to impede the 
mobility of rubber molecular chains, resulting in higher torque values. 

 
Table 3  Curing characteristics of rubber compound on various types and amounts of fillers 

Samp
le Code 

Curing Characteristics 

MH 
(dNm) 

ML 
(dNm) 

(MH-ML) 
(dNm) 

t90 
(min:sec) 

tS2 

(min:sec) 

CB15 8.05 0.42 7.63 10:58 5:09 
CB30 9.77 0.79 8.98 10:23 4:35 
CB50 11.64 0.79 10.85 9:53 3:50 
CP15 8.55 1.04 7.51 10:07 5:09 
CP30 10.80 0.75 10.05 9:06 4:12 
CP50 14.44 1.26 13.18 10:25 4:21 
CK15 8.60 0.63 7.97 8:19 3:43 
CK30 10.63 0.64 9.99 8:14 3:16 
CK50 14.10 0.81 13.29 8:38 2:59 

Note: Torque maximum (MH), torque minimum (ML), torque difference (MH-ML), optimum cure time (t90), 
scorch time value (ts2) 
 

In the process of producing finished rubber or rubber composites, determining the correct 
vulcanization time is a very important factor, which referred to optimum cure time (t90). Table 4 
exhibits that the rubber composite containing CK filler had faster t90 and ts2 than CP and CB  filled 
rubber composite. This effect can be possibly related to the acidity (pH) of biocarbon materials and 
carbon black N990, wherein acidic rubber compound chemicals can react with alkaline accelerators 
resulting in degradation of t90 and ts2.  

3.6. Mechanical Properties of NR composite 
Based on the NR composite formula (Table 1), filler type and content were studied on mechanical 

properties of NR composites. ZnO and stearic acid are rubber chemicals for activator agent on sulfur 
vulcanization system, while MBTS is used for accelerator agent on sulfur vulcanization process.  
Carbon double bond in the structure molecules of NR (Winarto et al., 2024) reacted with Sulphur 
to produce sulfide crosslink on the NR molecule chains through the vulcanization process (Figure 
5).  

 
Figure 5 Reaction NR with sulphur 
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The mechanical properties of various NR composites are shown in Figure 6. Several factors 
include particle size, surface area, structure, shape, surface activity, filler concentration, and degree 
of dispersed particles in the polymer matrix can influence of polymer composite (Mulyani et al., 
2023; Robertson and Hardman, 2021). The hardness value of the NR composite containing 
biocarbon filler was higher than the parameter value of the NR composite containing CB N990, 
while the values of tensile strength and elongation at break expressed the opposite ones. Compared 
to the NR composite containing CB N990, formulations with 15, 30, and 50 phr of biocarbon derived 
from the tamarind wood experienced a decrease in tensile strength values of 10.3%, 26.6%, and 
40.3%, respectively. Furthermore, for those containing 15, 30, and 50 phr of biocarbon from cassava 
starch, the tensile strength values dropped by 22%, 33%, and 40.7%. 

NR composite containing 15 phr of biocarbon had a higher tear strength than NR-filled CB N990. 
However, the composites containing CB N990 had a greater tear strength than the NR composites 
containing 30 and 50 phr biocarbon. This phenomenon was attributed to the characteristics of the 
filler as shown in Tables 2 and 3, the functional groups on the filler particles as detailed in Figure 3, 
and the surface morphology of the particles in the NR composite matrix. The higher carbon content 
of the material, as demonstrated in Table 2, along with its functional groups (specifically alkyne 
and alkene groups), is attributed to this effect. The reinforcement mechanism of CB in rubber 
composites suggests that the functional groups on the surface of CB particles react with the 
composite matrix, thereby enhancing strength through reactions involving double bonds, sulfur, 
olefins, and radicals (Fan et al., 2020). It accounts for the superior strengthening properties of CB 
N990 over biocarbon in NR composite despite having a larger particle size and smaller surface area. 
Therefore, the surface activity of the filler, facilitating stronger interactions with the composite 
matrix, played a crucial role in enhancing its strengthening properties. 

  
(a) (b) 

  
(c) (d) 

Figure 6 Mechanical properties of NR composite with variations in the type and amount of filler. 
(a) hardness. (b) tear strength. (c) tensile strength. and (d) elongation at break 
 

Surface morphology of CB N990 particles (Figure 3) tends to form aggregations and 
agglomerates in the composite matrix while biocarbon particles do not tend to do so. It shows that 
the filler particles forming aggregates and agglomerates have stronger interactions. Therefore, the 
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interaction strength between the fillers and the fillers and composite matrix can influence the 
mechanical properties of the composite (Kim et al., 2020). In addition,  the holes between the 
biocarbon particles had potential material damage when subjected to mechanical loads (Ojogbo et 
al., 2021). Hence, the tensile strength of NR composite filled 30 and 50 phr of CB N990 were lower 
than those of composite containing biocarbon. 

Hardness was influenced by matrix materials (Nasruddin and Susanto, 2020; Hafad, 2020), 
rubber fillers (Khalaf, 2022; Puspitasari and Cifriadi, 2022), and softeners (Nun-Anan et al., 2021; 
Murniati et al., 2020). The hardness properties of rubber composite showed a relationship between 
strengthening (Othman et al., 2022; Kim et al., 2020) and viscoelastic properties (Bakošová and 
Bakošová, 2022; Moonart and Utara, 2019), which alternately affected the hardness. Figure 4(a) 
showed that the hardness properties of rubber composite were influenced by viscoelastic 
properties, wherein hardness did not significantly increase along with the filler loading. Moreover, 
the hardness of NR composite containing biocarbon was higher than CB N990 according to the 
particle size of the filler.  

A novel biocarbon material characteristic derived from carbonized starch and tamarind wood as 
a filler for natural rubber (NR) composites were studied in this experiment to substitute carbon 
black filler. It has still not been reported in the literature.  Moreover, rubber composite produced in 
this experiment has a specific and different NR composite formula. Thus, the properties of 
carbonized starch and tamarind wood-filled NR composite could not be compared with the result 
of previous research. 

4. Conclusions 

In conclusion, using pyrolysis and ball mill methods produced biocarbon particles from cassava 
starch and tamarind wood with nanometer-scale dimensions of 220 nm and 130 nm, respectively. 
Biocarbon filler derived from tamarind wood had distinctive chemical and physical properties, 
featuring a larger particle surface area than cassava starch and CB N990. Regarding mechanical 
properties, the NR composite containing 15 phr biocarbon filler from tamarind wood showed 
tensile and tear strength properties significantly equivalent to formulations with CB N990. Based 
on the particle size, biocarbon filler derived from tamarind wood in NR composites was discovered 
to be promising at 15 phr of filler content for substituting petroleum-based carbon black N990 fillers. 
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