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ABSTRACT

This review provides a comprehensive overview of natural rubber (NR) composites, focusing on their properties,
compounding aspects, and renewable practices involving natural fibre reinforcement. The properties of NR are
influenced by the compounding process, which incorporates ingredients such as elastomers, vulcanizing agents,
accelerators, activators, and fillers like carbon black and silica. While effective in enhancing properties, these fillers
lack biodegradability, prompting the exploration of sustainable alternatives. The potential of natural fibres as
renewable reinforcements in NR composites is thoroughly covered in this review, highlighting both their advan-
tages, such as improved sustainability, and the challenges they present, such as compatibility with the rubber
matrix. Surface treatment methods, including alkali and silane treatments, are also discussed as solutions to
improve fibre-matrix adhesion and mitigate these challenges. Additionally, the review highlights the potential
of oil palm empty fruit bunch (EFB) fibres as a natural fibre reinforcement. The abundance of EFB fibres and
their alignment with sustainable practices make them promising substitutes for conventional fillers, contributing
to valuable knowledge and supporting the broader move towards renewable reinforcement to improve sustain-
ability without compromising the key properties of rubber composites.
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Nomenclature
NR Natural Rubber
EFB Empty Fruit Bunch
SMR Standard Malaysia Rubber
phr (unit) Parts per hundred rubber
MPa (unit) MegaPascal

1 Introduction to Natural Rubber

Today, latex-producing plants and trees have grown naturally in many regions of the world. The raw
material (rubber) is typically extracted or tapped from Hevea brasiliensis, the Brazilian rubber tree
particularly native to the Amazon, the largest socio-geographic region in Brazil, encompassing all nine
states of the Amazon basin. In the last 1800s, the forests of these trees were raided by the Brazilians who
converted the latex into rubber, allowing Brazil to dominate the world market for natural rubber and
Amazonia to reach a production of 42,000 tons per year. During this time, rubber was collected by the
enterprising indigenous community near the lower Amazon and processed the rubber into goods such as
shoes and other products, which were then sold and shipped to traders or to the United States. Gradually,
collecting rubber became the main occupation of the Brazilian natives in the northeast. Since the world
was experiencing a period of discovery and prosperity at the time, the rapid growth of the Industrial
Revolution led to the opening of new markets with higher demand than supply in industrial sectors such
as automobiles, streetcars, telephones, electric lights, and others [1].

Several species rubber-producing plants were identified, as shown in Table 1, properties were studied
and compared. However, the comparison showed that the Hevea brasiliensis tree is the best candidate for
high latex production rate. Remarkably, this tree has a smooth, thick bark and possesses an efficient latex
vascular system. It features good bark renewal, a high growth rate after latex harvesting begins, and
demonstrates tolerance to severe diseases and strong winds. Additionally, it has a higher rubber content,
ranging from 30% to 40%, compared to other trees. These attributes ensure that it can produce a
substantial rubber yield to meet the growing demand [2,3].

Table 1: Summary of natural rubber plant species and their key characteristics (own elaboration)

Natural rubber
plant species

Latex characteristics Source Molecular
weight
(MDa)

Production
(Tones/Year)

Rubber
content
(%)

References

Hevea
brasiliensis

Latex-producing tree with
white/yellow latex found in
vessels and high rubber
content.

Bark 1.31 12,760,000 30–50 [2,3]

Guayule Shrub
(Parthenium
argentatum)

Produces brown/green
high-protein latex.

Root 1.28 10,000 3–12 [2]

Russian
dandelion
(Taraxacum
kok-saghyz)

Produces milky liquid in its
roots that contains high-quality
rubber.

Root 2.18 3000 15–30 [2]

(Continued)
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So far, increasing development has been observed, especially in rubber production, from the year
2000 to mid of the year 2023. As summarized in Fig. 1, global rubber production has gradually increased
over the years, indicating the high demand for rubber goods worldwide. This growth can be attributed to
the enormous potential uses of rubber in various industries, where natural rubber continues to play an
essential role due to its versatility and numerous applications. Specifically, natural rubber is crucial for
tyre production for vehicles, conveyor belts, and medical products such as surgical gloves, catheters, and
elastic bands.

However, synthetic rubbers, which have been developed since the 20th century, are now also widely
used in similar applications, such as car tyres, footwear, balloons, adhesives, protective gloves, hoses,
rubber bands, and gaskets, due to their enhanced material properties [5]. As illustrated in Fig. 2, these

Table 1 (continued)

Natural rubber
plant species

Latex characteristics Source Molecular
weight
(MDa)

Production
(Tones/Year)

Rubber
content
(%)

References

Fig tree (Ficus
carica)

Produces light grey natural
latex.

Bark,
leaf

0.19 – 4 [3]

Banyan fig
(Ficus
bengalensis)

Produces milky white latex
with high potential for rubber-
making.

Bark 1.50 – 17 [3]

Prickly Lettuce
(Lactuca
serriola)

Produces milky latex having
minor rubber content.

Stem 1.38 – 2–8 [3]

Sunflower
(Helianthus
sp.)

Stems contain latex-like
substances with low rubber
yield.

Bark 0.28 – 0.1–1 [3]

Figure 1: Annual global natural rubber production from 2000 to the first half of 2023. Own elaboration with
adaptation from [4]. Copyright © Statista 2024
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two types of rubber materials differ significantly in their production processes, which impact their overall
properties and suitability for different industrial uses.

Fig. 3 illustrates the step-by-step process involved in the forming of natural rubber from latex, starting
from the tapping of rubber trees to the final packaging for shipment. The formation of natural rubber begins
with the tapping of rubber trees, a process usually carried out every two days. During this process, an angled
cut is made on the bark to extract latex, which contains about 50 g of solid rubber per tapping. Rubber trees
can be tapped once they reach 5 or 6 years of age and can continue producing latex for over 20 years. The
latex is collected and transported to factories, where it is stored in bulking tanks. The dry rubber content
(typically about 30%–40%) is measured using a hydrometer, and sodium bisulfite and water are added to
standardize the latex and prevent spoilage. Once collected, the latex undergoes coagulation to separate the
rubber from the liquid. This is typically done by adding formic acid, resulting in the formation of rubber
“crumbs” that resemble curds of milk. The coagulated rubber is then washed, passed through roller mills
to form thin sheets or laces, and thoroughly dried over a period of three to four days. In some cases,
rubber is dried over smoky wood fires, which imparts a characteristic amber colour and protects the
rubber from mold. The rubber sheets or blocks are then trimmed and packaged in most cases of 25-kg
bulk, or into larger blocks measuring 67 by 33 by 18 cm and weighing 33.3 kg before shipment. In
addition, about 10% of natural rubber can be shipped in liquid latex form for some particular uses, such
as surgical gloves and toys, among others [6,7].

In contrast, polymerization of monomers is the method used in producing synthetic rubbers as illustrated
in Fig. 2. First, naphtha is produced by refining petroleum, coal, and other hydrocarbons. The naphtha is then
combined with natural gas in petrochemical plants to produce monomers. Typically, monomers such as
butadiene, styrene, isoprene, chloroprene, acrylonitrile, ethylene, or propylene are used as starting
chemicals, which in turn are treated in the synthetic rubber industry by polymerization using catalyst and
process steam to form polymer chains. Finally, rubber materials are manufactured and processed into
rubber products using vulcanization processes [5].

Apart from differences in production systems, natural and synthetic rubbers also vary significantly in
their properties. Natural rubber is known for its high wear resistance, elasticity, tensile strength, and good
resilience, making it an ideal material for applications requiring flexibility and durability. It also performs
well at low temperatures. However, natural rubber has limitations, such as poor aging properties, limited
chemical and oil resistance, and low resistance to elevated temperatures. In contrast, synthetic rubbers

Figure 2: Production system for natural rubber and synthetic rubber
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generally offer better resistance to chemicals, oils, ozone, and weathering and greater stability over a wide
temperature range. However, while synthetic rubber hardens over time, natural rubber retains its flexibility,
though it has inferior aging and abrasion resistance compared to many synthetic alternatives [8,9].

In some applications, natural and synthetic rubbers are blended to overcome the limitations of individual
properties by combining their strengths for optimal performance. For example, natural rubber, which excels in
elasticity, can be blended with nitrile butadiene rubber (NBR) to enhance its chemical and oil resistance.
However, blending different rubbers often leads to challenges due to differences in molecular weight,
viscosity, and polarity, which can result in phase separation during processing. The resulting morphology,
including co-continuous phases or a dispersed phase, greatly influences the performance of the rubber blend
[10]. Nonetheless, blending is widely used in various industries such as the tyre, footwear, and belting
industries to achieve an optimal balance of properties for specific applications. Optimizing the morphology
of rubber blends, ensuring uniform dispersion, and minimizing phase separation are critical steps in
maintaining the consistency and quality of these materials. The complementary use of natural and synthetic
rubbers helps address individual limitations, thereby achieving both cost-efficiency and high performance [11].

Despite these differences and rubber combinations, natural rubber remains undeniably crucial in today’s
market due to its unique combination of elasticity, strength, and resilience, which synthetic alternatives alone
cannot fully replicate. Its widespread use in industries reflects its ongoing significance, with growing demand
in regions where natural production capacity expands. The increasing global production trend of natural
rubber also demonstrates its continued relevance and essential role in meeting the high demand for rubber
goods worldwide.

2 Properties of Natural Rubber

NR is a polymer consisting of repeating cis-1,4-isoprene units, with some amounts of lipids, proteins and
other components as presented in Table 2 and its general chemical structure is shown in Fig. 4.

Tapping
Latex is tapped from rubber 

trees every two days with about
50 grams of rubber yield per 

tap.

Collection
Latex is collected and

transported to factories.

Bulking
Latex is stored in bulking

tanks, with dry rubber content
measured and standardized

using sodium bisulfite.

Coagulation
Formic acid is added to

coagulate latex into rubber 
“crumbs”.

Milling
Coagulated rubber is passed
through roller mills to form

sheets or laces.

Drying
Rubber is dried or sometimes 
uses smoke to prevent mold.

Packaging
Rubber is packaged in blocks 

with some portion is shipped as 
liquid latex for specialized

uses.

Figure 3: Flow diagram of natural rubber formation from latex
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Apart from that, NR is also a flexible polymer chain with a molecular weight of over 106 g/mol and a
high elasticity that allows it to stretch without breaking or failing. In addition, one of the characteristics of NR
is its high elasticity—it can be stretched without breakage/failure. The material returns to its original length
after the stretching force is released. The elasticity is because all rubbers consist of long and flexible
molecules (linear high polymer). To make the properties of the rubber flexible and strong, the long-chain
molecules must be cross-linked together through vulcanization [8,13].

Malaysia produces rubber in various grades of Standard Malaysia Rubber (SMR). SMR L (latex grade)
is made from acid-coagulated latex and is the highest quality. SMR 10 and SMR 20 are produced from cup
lump, and the numerals refer to the dirt content. The SMR 10 and SMR 20 grades of rubber are used to make
products such as tyres for automobiles [14]. The introduction of technically specified SMR products has
changed the production process and enabled better cleaning and automation of the process. As more
natural rubber producers entered the market, natural rubber of comparable quality was produced in
Thailand and Indonesia. Table 3 below shows the specifications of various types of SMR according to
Mech Chem Laboratory [15].

Table 2: Composition of NR latex. Adapted from [12]. Copyright © 2024 IOP Publishing

Component Percentage (w/w)

Rubber particles (cis-1,4-polyisoprene) 30–40

Proteins, amino acids, nitrogenous compounds 2.0–3.0

Lipids 0.1–0.5

Resins 1.5–3.5

Ashes 0.5–1.0

Carbohydrates/sugars 1.0–2.0

Water 55–65

Figure 4: Chemical structure of NR (own elaboration)

Table 3: Specifications of different SMR list. Adapted from [15]. Copyright © 2021Mech Chem Laboratory

Parameter unit Unit SMR
CV50

SMR
CV60

SMR
L

SMR
5

SMR
GP

SMR
10

SMR
10CV

SMR
20

SMR
20CV

Dirt (max) % wt. 0.02 0.02 0.02 0.05 0.08 0.08 0.08 0.16 0.16

Ash (max) % wt. 0.50 0.50 0.50 0.60 0.75 0.75 0.75 1.00 1.00

Nitrogen (max) % wt. 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60

Volatile matter (max) % wt. 0.80 0.80 0.50 0.80 0.80 0.80 0.80 0.80 0.80
(Continued)
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SMR L is highly recommended for its light colour and exceptional cleanliness. To prevent enzymatic
darkening during the latex stage, 0.05% sodium metabisulfite is added as a preservative. This rubber is
primarily used in coloured compounds, especially those requiring vivid or light hues, as its cleanliness
reduces the amount of dye needed and improves colour consistency between batches. Additionally, the
minimal contamination ensures excellent physical properties. Although SMR 5 is more affordable and
cleaner, it has a less attractive colour. However, when SMR L meets all requirements, there is little reason
to use two different types of the same product [16]. It is also worth noting that other rubber-producing
countries, such as Thailand and Indonesia, have also produced natural rubber of comparable quality.

3 Rubber Compounding

Rubber compounding is an essential aspect of rubber technology. It is a process in which various
compounds such as elastomers, vulcanizing agents, accelerators, activators, fillers, and other additives are
mixed to produce rubber composites with specific mechanical properties. Elastomers, which serve as the
base polymer matrix, form the basis of the composite material, giving it strength and flexibility. In
addition, vulcanizing agents improve the durability and elasticity of the rubber composite, and the use of
accelerators speeds up the vulcanization process of the rubber composite. Activators on the other hand
increase the effectiveness of the accelerators during the curing of the rubber composite. Fillers such as
carbon black or silica are commonly used to reinforce the composite material and improve the
mechanical strength and wear resistance of the rubber composites [17].

Various technologies have been employed to form these rubber composites. These methods include latex
compounding [18], in-situ polymerization process [19], compression moulding [20], as well as melt-blending
and two-roll milling [21]. Among these techniques, the combination of compression moulding and two-roll
milling has become prevalent and extensively used in the rubber industry. This is because these combined
processes are considerably more environmentally friendly as they do not involve organic solvents in the
application. Additionally, the combined processes provide relatively high compatibility with the existing
industrial system, which consequently makes them a direct and practical technique for rubber composite
production [22–24]. The mixing process involves determining the specific ratio of materials or additives
and the vulcanization process to produce the rubber composite. The typical ingredients used in rubber
compounding for the production of rubber composites are presented in Table 4 below. Additionally, one
critical aspect of these technological processes is vulcanization, where various factors, including but not
limited to temperature, curing time, sulphur-to-accelerator ratio, and the type of accelerators and
activators, significantly impact the final product’s properties. For example, higher curing temperatures can

Table 3 (continued)

Parameter unit Unit SMR
CV50

SMR
CV60

SMR
L

SMR
5

SMR
GP

SMR
10

SMR
10CV

SMR
20

SMR
20CV

P0 (min) % wt. N/A N/A 35 30 N/A 30 N/A 30 N/A

PRI index (min) 60 60 60 60 50 50 50 40 40

Lovibond colour:
individual value (max)

N/A N/A 6.0 N/A N/A N/A N/A N/A N/A

Lovibond colour: range
(max)

N/A N/A 2.0 N/A N/A N/A N/A N/A N/A

Mooney viscosity
(ML, 1, 100°C)

50 60 N/A N/A 65 N/A N/A N/A N/A
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result in shorter cross-links, improving heat resistance but potentially decreasing flexibility. On the other
hand, adjusting the sulphur-to-accelerator ratio can control the mechanical strength, modulus, and
elongation of the rubber composite. These factors must be carefully monitored and optimized to ensure
the rubber composite achieves desirable qualities such as durability, abrasion resistance, and elasticity. A
detailed discussion of vulcanization and its impact on product quality is outlined in the subsequent
sections of this review. As a result, the rubber composite produced from the rubber compounding will
usually have a unique and outstanding combination of properties that make it suitable for various
industrial applications.

Rubber composites are widely used in the automotive industry for the production of key components.
Since the base material is an elastomer, these composites are safe, reliable, effective, robust, and durable.
These are the most important properties required in the automotive industry, e.g., for car and bicycle
components. Rubber composites are also used in the aerospace industry to produce seals, hoses, and
vibration-isolating mounts. In the construction industry, rubber composites are used extensively for seals,
gaskets and vibration dampers. Rubber composites are also used in the production of conveyor belts,
hoses, and industrial seals [17,26]. Developments in the rubber compounding process are continuously
being investigated. Researchers are currently focusing on producing environmentally friendly compounds
to meet the growing demand for green materials. Researchers are currently exploring the use of bio-based
materials such as natural rubber and fillers, as well as recycled rubber to reduce the carbon footprint. Bio-
based material and recycled rubber can replace synthetic rubber, which will lead to a reduction in the
consumption of synthetic rubber derived from petroleum-based raw materials [27]. In addition, there is
some research on self-healing elastomers that can lead to an improvement in the use of rubber materials
in the automotive industry. One example is self-healing tyres, which are able to heal or seal damage
caused by punctures or cracks themselves, thus extending the service life of the materials and reducing
the consumption of raw materials [26].

3.1 Elastomers
Elastomers are materials known for their elasticity, flexibility, toughness, and durability, and they are

also impermeable to water and air. These materials are made up of long polymer chains held together by
weak intermolecular forces, which allow them to stretch and deform but still return to their original
shape. Elastomers generally consist of natural or synthetic rubber. Common types include silicone
elastomers, natural rubber, polyurethane, neoprene, and polybutadiene. It is worth to note that the term
“elastomer” is rephrased from “elastic polymer”, and is often used as a broad designation for a group of

Table 4: Typical compounding ingredients with respective dosages. Adapted with permission from [25].
Copyright © 2017 Copyright © 2017 Elsevier Inc.

Compounding ingredient Dosage range (phr)

Elastomer (base polymer) 100

Vulcanizing agent 0.5 to 35

Accelerator(s) 0.5 to 5

Activators 1.0 to 5

Antioxidants 0.5 to 2

Filler 25 to 200

Pigment 5.0 to 100
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polymers that share common properties, including high elasticity, viscoelasticity, and a glass transition
temperature well below room temperature. While rubber is frequently referred to as an elastomer due to
its exceptional elasticity, the terms should not be considered synonymous in a narrow sense. The term
elastomer encompasses all polymeric materials with high elasticity, including rubber, but not exclusively.
However, in a broader sense and common usage, the word “rubber” is often used interchangeably with
“elastomer.” In this context, and throughout this discussion, the terms can be considered interchangeable,
as “rubber” typically refers to the general concept rather than the more technical, narrow definition [26].
It is known that elastomers are economically significant and find widespread use across industries such as
manufacturing, healthcare, power lines, and information technology. Their versatility allows them to be
used in a wide range of products, from rubber balloons to seals for industrial machinery [28].

Natural rubber, which is known for its excellent abrasion resistance, high and low temperature tolerance,
enhanced tensile strength and high resilience, remains a crucial industrial polymer. The latex derived from
various plant species shows significant variability in its characteristics. As presented in Table 1, latex
from Hevea brasiliensis is known for its high rubber content, making it the primary source for
commercial rubber production, with molecular weight averaging 1.31 MDa and annual production
reaching 12,760,000 tons. In comparison, guayule and Russian dandelion are emerging sources of latex,
with guayule producing brown/green high-protein latex, while Russian dandelion produces a milky liquid
rich in high-quality rubber, both of which offer potential as alternative sources for natural rubber. Other
plants, such as the fig tree, banyan fig, and prickly lettuce, produce latex with lower rubber content. For
example, prickly lettuce yields milky latex with rubber content ranging between 2%–8%, while sunflower
stems contain a latex-like substance but with minimal rubber yield (0.1%–1%). While not yet
commercially significant in rubber production, these plants offer insight into the diverse natural sources
of latex and their potential applications. Other plants, such as the fig tree, banyan fig, and prickly lettuce,
produce latex with lower rubber content. For example, prickly lettuce yields milky latex with rubber
content ranging between 2%–8%, while sunflower stems contain a latex-like substance but with minimal
rubber yield (0.1%–1%).

Natural rubber remains a vital industrial polymer despite competition from synthetic elastomers like
styrene-butadiene rubber and polybutadiene derived from petroleum by-products. While synthetic
alternatives have gained popularity, over half of the world’s rubber production is still dedicated to
automobile tyres, with the remainder used in mechanical components (e.g., mountings, gaskets, belts, and
hoses) and a variety of consumer products such as shoes, furniture, and toys. One key feature of natural
rubber is its lightly cross-linked structure, which allows for the full extension of polymer chains. These
cross-links, however, prevent the molecules from sliding past each other, ensuring that even significant
deformations are reversible. Its low glass transition temperature further contributes to its flexibility across
a broad range of environmental conditions, making it suitable for diverse applications. Thus, despite
some advantages offered by synthetic elastomers, natural rubber’s unique combination of elasticity,
biodegradability, and renewability ensures its ongoing importance in both industrial and consumer
markets [29].

3.2 Vulcanizing Agent
Vulcanizing agents are important chemicals in the rubber compounding that trigger chemical reactions

such as the cross-linking of elastomer molecules. They transform raw rubber into a durable material that can
withstand environmental stresses. Combined with accelerators and activators at elevated temperatures, they
form stable covalent carbon-carbon double bonds in the rubber matrix. Sulphur is a commonly used
vulcanizing agent but must meet purity standards of 99.5% with a minimum ash content of 0.5%. Other
chemicals such as selenium, tellurium, thiuram disulphides, peroxides, metal oxides, and quinone
dioximes also improve rubber performance [30,31]. Adding these vulcanizing agents in combination with
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accelerators and activators at elevated temperatures initiates the crosslinking process in motion. This cross-
linking strengthens the rubber and increases its resistance to environmental stresses such as heat, cold,
chemicals, and mechanical forces. The resulting vulcanized rubber has improved tensile strength, tear
resistance, abrasion resistance, and dimensional stability, making it suitable for a wide range of
applications, including tyres, seals, hoses, and gaskets.

Adhesives based on epoxidized natural rubber (ENR) were produced with two-roll mills using
ENR25 with two crosslinking systems: Diamine/bisphenol A and anhydride/imidazole, and adhesive resin
PX1150 (terpene polymer) as tackifying resin. It was found that the adhesive made from sulphur-cured
ENR25 had higher tensile strength than that made from anhydride-cured ENR25 due to better
crosslinking efficiency. In addition, the tensile strength and tensile modulus of the sulphur-cured
ENR25 adhesive were improved by the addition of tackifying resin [32].

3.3 Accelerators
Accelerators are used in chemical compounding to increase the speed of rubber vulcanization. They are

categorized into groups such as sulphonamides, thiazoles, guanidines, dithiocarbamates, and thiurams. These
accelerators promote chemical reactions between rubber molecules and crosslinking agents, thereby
improving the mechanical strength, elasticity, and durability of the material. They can be used as single,
binary, or multiple accelerators in the rubber vulcanization system. Each group has unique properties,
such as thiazoles, which provide a balanced combination of scorch safety and vulcanization rate,
sulphonamides, which provide good vulcanization rates and compatibility with various elastomers,
thiurams for rapid vulcanization, dithiocarbamates, which provide moderate to fast vulcanization rates,
guanidines, which provide medium to fast vulcanization rates, thioureas, which improve performance, and
aldehyde amines, which provide slow to medium vulcanization rates [17,33]. A summary of typical
accelerator groups is listed in Table 5, along with examples and corresponding vulcanization rates.

Table 5: Classification of accelerator types according to ASTM D4818 (own elaboration with adaptation
from [34])

Accelerator group Accelerator examples Vulcanization rate

Thiurams Tetramethylthiuram disulfide (TMTD) Fast

Tetramethylthiuram monosulfide (TMTM)

Tetrabenzylthiuram disulfide (TBzTD)

Thiazoles 2-Mercaptobenzothiazole (MBT) Medium to fast

Benzothiazole disulfide (MBTS)

Dithiocarbamates Zinc dibutyldithiocarbamate (ZDBC) Medium to fast

Zinc diethyldithiocarbamate (ZDEC)

Zinc dimethyldithiocarbamate (ZDMC)

Sulfenamides N-Cyclohexyl-2-benzothiazolesulfenamide (CBS) Medium to fast

N-tert-Butyl-2-benzothiazolesulfenamide (TBBS)

N-Oxydiethylene-2-benzothiazolesulfenamide (NOBS)

Guanidines Diphenylguanidine (DPG) Medium to fast

Di-o-tolylguanidine (DOTG)

N,N-Dicyclohexyl-2-benzothiazolesulfenamide (DCBS)
(Continued)
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3.4 Activators
Activators such as amines, stearic acid, and zinc oxide (ZnO) are commonly-used activators, and are

essential in rubber compounding to enhance the effectiveness of accelerators. Stearic acid is the
predominant organic activator, while zinc oxide is the predominant inorganic activator. Depending on the
particle size, 3%–5% zinc oxide is usually required to activate the vulcanization fully. Zinc oxide forms
complexes with the sulphur accelerator, which increases the curing speed by 3%–5% depending on the
particle size. These Zn2+ based complexes enable the curing of sulphur and accelerators and improve the
effectiveness of the rubber compounding [35,36]. The chemical interaction between zinc oxide and fatty
acid to form Zn2+ ions, as shown in the Eq. (1) below:

ZnOþ 2C17H35COOH ! Zn COOC17H35ð Þ2þH2O (1)

Heideman et al. investigated the effect of adding zinc oxide (ZnO) as an activator for the sulphur
vulcanization of solution styrene-butadiene rubber and ethylene–propylene–diene rubber. They found that
the addition of ZnO enhanced the vulcanization efficiency and vulcanizate properties and shortened the
vulcanization time of the two rubbers [35]. However, it has been reported that the excessive use of zinc
oxide in the rubber compounding disturbs the ecological balance [37]. To address this problem,
researchers have explored other alternatives, such as magnesium oxide (MgO), that can replace zinc
oxide while retaining the required vulcanization properties [33].

Alam et al. [33] found that the use of binary activators combining ZnO and MgO in rubber composites
can significantly minimize the ZnO content in the rubber compounding while improving the vulcanization
rate from 0.3 to 0.85 Nm/min when a 3:2 ratio of MgO to ZnO is used as a vulcanization activator,
compared to the use of 5 phr ZnO alone. The use of 60 MgO as a cure activator can improve the
mechanical properties, resulting in 7.5% higher M100 (modulus at 100% elongation) (0.58 MPa from
0.54 MPa), 20% higher tensile strength (23.7 MPa from 19.5 MPa), 15% higher elongation at break
(1455% from 1270%) and 68% higher fracture toughness (126 MJ/m3 from 75 MJ/m3). Similar to the
mechanical properties, the thermal stability of the rubber composite is also significantly improved by the
combination of both vulcanization activators in the rubber [33].

3.5 Fillers
The mechanical, thermal, and other properties of rubber composites can be improved by the addition of

fillers, which can strengthen the rubber composite, increase the efficiency of the process, and facilitate
processing. When combined with compatibilizers and elastomers, fillers can improve the properties of the
rubber composite, such as tensile strength, hardness, modulus, elongation, tear, and abrasion resistance.
The choice of fillers is very important along with elastomer and vulcanizing agent type as it significantly
influences the physical and processing properties of rubber composites. Plus, the degree of reinforcement
provided by fillers correlates inversely with their particle size, with finer particles providing better

Table 5 (continued)

Accelerator group Accelerator examples Vulcanization rate

Thioureas Ethylene thiourea (ETU) Medium

Dipentamethylene thiuram tetrasulfide (DPTT)

Diethylthiourea (DETU)

Aldehyde-amine Hexamethylenetetramine (HMT) Slow to medium

Hexamethylenetetramine adipate (HMTA)
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reinforcement. However, finer filler particles require higher energy consumption during processing to
achieve proper dispersion within the polymer matrix, making them more difficult to process.
Consequently, the particle size of fillers has a great influence on the tensile properties, especially the
tensile strength, of the polymer compound.

Organic and inorganic fillers are two types of fillers generally used in rubber compounding. Organic
fillers, typically sourced from natural fibres such as rice husk, coconut fibre, kenaf, and oil palm biomass,
provide high electrical resistance, thermal insulation, fracture resistance, and strength. On the other hand,
synthetic or inorganic fillers, such as glass, carbon, or polymer fibres, can be used along with
thermoplastic or thermoset resins, but may have the poor reinforcing ability, so chemical modification is
required [38]. A more detailed discussion on fillers, including their role in vulcanization and sustainable
alternatives, is outlined in the subsequent sections.

4 Rubber Vulcanization/Curing

In general, rubber often is challenging to be used in its pure form in making of another elastomer
product, so additives must be compounded together with NR to create new rubber composites. This is
because conventional NR is inherently soft and sticky as when unvulcanized—hence the vulcanization
process is required to bond polymer chains together. Vulcanization is generally a process of chemically
creating a network “bridge” by introducing cross-links between polymer chains. A cross-link can be a
group of sulphur atoms in a short chain, a single sulphur atom, a carbon-carbon bond, a polyvalent
organic radical, an ionic cluster, or a polyvalent metal ion. Due to its unsaturated double bond on the
main polymeric chain, NR generally has low resistance to chemicals, aromatic oils, and environmental
factors. However, vulcanized NR significantly improves properties like tensile strength, hardness, and
abrasion resistance [8,39–41].

4.1 Factors Affecting Vulcanization
Variables that affect vulcanization kinetics include cure temperature, accelerator type, and accelerator-

sulphur ratio. Vulcanization affects the crosslink length and density, which, unlike thermoplastics, has a
direct effect on the mechanical properties of rubber elastomers. These factors influence the resulting
rubber elastomer.

4.1.1 Curing Temperature
Increasing the vulcanization temperature results in a significant decrease in the maximum density of

chemical crosslinks within the network, which accelerates the subsequent decrease in crosslink density.
Higher curing temperatures lead to the creation of shorter sulphidic bonds (mono- and di-sulphidic
bonds), reducing the poly-sulphidic bridges and promoting the distribution of di- and mono-sulphidic
bridges in NR during accelerated sulphur vulcanization. On the other hand, lower curing temperatures
favours the formation of longer sulphidic bonds (poly-sulphidic bonds) with lower stability. Additionally,
high curing temperatures may trigger devulcanization to take place [42–44].

4.1.2 Curing Time
The curing time during vulcanization is one factor that directly influences the crosslink density and,

consequently, the mechanical properties and service life of rubber composites. As the curing time
increases, crosslinking between the polymer chains is progressively established, leading to enhanced
durability and performance. However, beyond a certain optimal point, over-curing can cause degradation
in properties. According to Yilmaz et al. [45], natural rubber composites used in the automotive industry
require an optimized curing time to ensure safe performance. In an investigation, rubber samples were
vulcanized for 3, 5, 10, and 15 min at a constant temperature of 160°C. The study found that the sample
vulcanized for 10 min showed the maximum crosslink density and the best mechanical properties,
including the lowest permanent compression set values at various temperatures. This sample also
demonstrated a predicted service life of 2282 h at 70°C [45], showing that finding the correct curing time

508 JRM, 2025, vol.13, no.3



is able to ensure the longevity and performance of rubber products, especially under elevated temperature
conditions. Similarly, another study focused on pre-vulcanized natural rubber latex prepared at 55°C for
different time periods (2 to 10 h) showed that curing time significantly affects the latex’s colloidal
stability and physical properties. As the vulcanization time increased, mechanical stability improved, and
tensile strength peaked after 20 days of storage [46]. This shows that curing time not only affects
immediate properties but also has a long-term impact on the product’s performance during storage.

4.1.3 Curing Pressure
Curing pressure is another factor affecting vulcanization which directly influencing the mechanical

properties and structural integrity of rubber composites. Optimal curing pressure ensures the formation of
strong interfacial bonds, appropriate cross-link density, and minimal product defects. Various studies
highlight the significant role curing pressure plays in determining the final performance of rubber
materials. In producing natural rubber/ethylene propylene diene monomer (NR/EPDM) composites, it has
been proven that lower curing pressures result in poor interfacial adhesion, leading to compromised
mechanical properties. Conversely, excessively high curing pressures can cause deformation or breakage
of the rubber that negatively impacts the material’s structure. Optimal pressure during curing is essential
to improve tensile strength and reduce geometric inaccuracies, ensuring high-quality rubber products [47].

Similarly, research on silicone rubber used in polymer electrolyte membrane fuel cell (PEMFC) gaskets
showed that a curing pressure of 10 MPa yielded the best results. At this pressure, the material exhibited
superior tensile strength, compression properties, and stress relaxation resistance. The pressure also
minimized the compression set rate, which is crucial for long-term durability under compression.
Apparently, pressures higher than 10 MPa did not provide additional benefits and, in some cases, reduced
performance [48]. Thus, optimizing curing pressure is necessary to achieve the desired mechanical and
physical properties in rubber composites, making it one of the key factors in the vulcanization process.

4.1.4 Accelerators Type
Accelerators have a significant impact on the rate and effectiveness of rubber vulcanization. There are

several types of accelerators used, and each has unique characteristics and impacts on vulcanization. The type
of accelerator chosen is determined by several factors, including the required end-use, processing conditions,
and desired vulcanization rate. According to their chemical composition and mode of action, accelerators are
categorized into various groups as previously discussed and presented in Table 5.

4.1.5 Sulphur/Accelerators Ratio
The sulphur/accelerator ratio in the vulcanization of rubber is a decisive factor that influences the

mechanical properties, the vulcanization systems, and the formation of cross-links [44]. It influences
conventional (CV), efficient (EV) and semi-EV vulcanization systems. The ratio has a significant
influence on the type of crosslinks formed during the vulcanization process. CV systems have a low
sulphur/accelerator ratio (0.1–0.6), resulting in a high percentage (95%) of poly-sulphidic crosslinks and
only 5% mono- and di-sulfidic crosslinks. This provides high mechanical strength and flexibility, but with
a low modulus and low heat resistance. In contrast, EV systems use a high sulphur/accelerator ratio (2.5–
12), leading to predominantly mono- and di-sulfidic crosslinks (90%) with only 10% poly-sulphidic
crosslinks. EV vulcanization has low mechanical strength and flexibility but features a high modulus and
high heat resistance. Semi-EV system lies between the two extremes, with a sulphur/accelerator ratio of
0.8–1.2, resulting in a balanced mixture of poly-sulphidic (50%) and mono- and di-sulfidic crosslinks
(50%). It provides medium mechanical strength, flexibility, modulus, and heat resistance, thereby offering
a balanced combination of properties between CV and EV systems. It is reported that CV and EV systems
were used on different types of NR latex, including concentrated NR (CNR), deproteinized NR (DPNR),
and small rubber particle NR (SRP), resulting in varied mechanical properties. The CV system enhanced
tensile strength and elongation at break in CNR films despite lower crosslink density, while DPNR films
showed a more uniform Young’s modulus distribution correlating with superior mechanical strength. In
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contrast, SRP films exhibited rigidity due to accelerated vulcanization rates, leading to excessive network
structures that hampered interparticle crosslinking [49].

In principle, a high sulphur/accelerator ratio in rubber leads to an abundance of polysulphidic bonds,
which correspond to the original sulphur content in the form of S8 molecules. However, these bonds
decrease with a longer cure time due to thermal instability. Initially, only small amounts of mono- and di-
sulphidic bonds are present, gradually increasing with longer cure time. A low sulphur/accelerator ratio
leads to a predominance of monosulphide bonds, which increase initially but decrease over time. Poly-
sulphidic and di-sulphidic bonds decrease over time. In CV systems, the primary cross-linking occurs
through poly-sulphidic linkages, while in EV systems, mono-sulphidic bonds predominate [50,51]. The
selection of a suitable curing system is crucial for meeting the thermal stability requirements.

4.2 Unfilled and Filled Rubber Composites
The effectiveness of rubber composites is determined mainly by their stiffness and strength, which

cannot typically be enhanced by chemical modification alone, as is the case with most polymers. Rubber,
by itself, tends to exhibit lower strength and modulus. However, these properties can be significantly
improved by adding fillers, which reinforce the material, making it both stronger and stiffer. By adding
fillers, rubber composites can improve not only their mechanical properties but also flexibility and
abrasion resistance, while also reducing the overall cost of vulcanized rubber [52,53].

Rubber compounds are generally classified into unfilled and filled rubber. Unfilled rubber, which
contains no fillers, is typically used in applications such as food-grade gaskets, medical devices, and
automotive components. On the other hand, filled rubber refers to rubber composites that incorporate
various types of fillers to enhance their properties. The concentration of fillers plays a critical role in
determining the mechanical properties of rubber composites, and therefore, the interfacial bonding
between the filler and the matrix is another key factor that must be considered for optimal performance.
Furthermore, rubber composites can be categorized based on the type of filler or reinforcing material.
They are typically divided into continuous fibre composites, short fibre composites, and particle-filled
composites. For each type of filler, different properties are required to achieve optimal reinforcement. For
example, in particle-based composites, important factors influencing performance include particle size,
surface area, surface activity, aggregate structure, filler concentration, dispersion, and filler-matrix
interactions. Similarly, the properties of fibrous fillers are influenced by factors such as aspect ratio,
concentration, dispersion, and orientation of the fibres, along with the interaction between the fibre and
the matrix [54–60].

4.3 Particle Filler Reinforcement
Carbon black, silica, and fibres are the most commonly used reinforcing materials in polymer

composites. Silica is reported to provide a particular combination of tensile strength, aging resistance, and
great adhesion strength. Carbon black is often used as a reinforcing material in rubber to improve the
thermal and mechanical properties of rubber composites. However, it is also known for its negative
impact on the environment and the appearance of a black colour. When fillers are added to the natural
rubber, the morphological and mechanical properties improved. However, the lack of compatibility at the
interface between rubber and filler can reduce the stress transfer between rubber and filler. Therefore, the
filler and the matrix should have good compatibility to obtain rubber composites with excellent bonding
properties [61].

4.3.1 Carbon Black Reinforcement
Carbon black is a widely researched filler in rubber that can enhance the mechanical properties of rubber

composites, such as tensile and tear strength [62–64]. It is an inorganic material obtained from the incomplete
combustion of petroleum products and is considered the most effective filler due to its ability to increase
hardness and viscosity. Carbon black is used as a reinforcing material and as a diluent to reduce the cost
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of rubber products. Over 90% of carbon black consists of pure elemental carbon, forming aggregates
representing the smallest functional dispersible unit in the rubber matrix. The structure of carbon black is
characterized by its graphitic structure, with larger particle sizes resulting in a more graphitic structure
[65]. The structure of carbon black can be summarized as partially graphitic onion-like.

The structure of carbon black can vary in different grades. Carbon black-filled rubber consists of three
phases, A, B, and C, with the C phase acting as the ‘skeleton’. The physical adsorption of carbon black and
chemical bonding contribute to the development of these phases [66]. Carbon black strengthens rubber
through van der Waals interactions, chemical bonds, and mechanical interlocking. Van der Waals forces
promote adhesion and dispersion within the rubber matrix, while chemical bonding improves interfacial
interactions and the overall integrity of the composite material. Mechanical interlocking creates a network
of physical bridges that increase tensile strength, tear strength, modulus, and abrasion resistance. The
reinforcing mechanism of carbon black on rubber is a complex interplay of physical, chemical, and
mechanical interactions that improves the performance and reliability of rubber materials in various
industrial applications [67,68].

Carbon black, a widely used reinforcing filler in the rubber industry, is produced at 15 million tons
annually. Approximately 93% of this is used in rubber applications, the remaining 7% in paints, coatings,
printing inks and plastic compounds. Studies have investigated how carbon black improves the
mechanical performance of rubber composites. Rattanasom et al. [69] investigated the effects of the
addition of reinforcing fillers (silica, carbon black and clay) on the mechanical properties, heat aging
resistance, cut growth behaviour and morphology in natural rubber composites. Carbon black exhibited
better mechanical properties (hardness, 300% modulus, tensile strength and tear strength) compared to
silica, which was attributed to higher carbon black dispersion in the matrix, as evidenced by the
morphological analysis. The carbon black-filled composites had a smoother surface with uniformly
dispersed filler particles compared to the silica-filled composites. On the other hand, a higher silica
concentration was required to achieve the same hardness as the clay- and carbon black-based composites.
Clay achieved competitive, appealing properties with a lower percentage than silica and carbon black.

Carbon black has been used for years in the manufacture of rubber compounds. However, poor
dispersion of carbon black in rubber composites can significantly affect the production of high-
performance carbon black-filled rubber composites. Therefore, various methods have been developed to
improve carbon black dispersion, including surface modification, incorporation of coupling agents,
functionalization of the polymer matrix and incorporation of various nanofillers. One approach to
enhancing carbon black dispersion is to modify the surface of rubber. Fang et al. [70] utilized TAD click
chemistry to produce a range of natural rubber grafts with varying content of urazole groups. This
reactive urazole group can promote interfacial interactions in carbon black/natural rubber composites,
enhancing carbon black dispersion and composite performance. This observation was demonstrated from
the SEM morphology. SEM morphology showed non-uniform dispersion and notable aggregations of
carbon black in the rubber matrix. However, as the amount of the urazole group increases, the dispersion
of the carbon black becomes more uniform and the agglomeration decreases. This demonstrates that
urazole increases the interaction between NR chains and CB, reducing the self-aggregation of CB. In
addition, the covalent interaction of TAD-modified NR chains with CB can inhibit the thermodynamically
advantageous re-aggregation of CB during vulcanization.

Sattayanurak et al. [71] have investigated the synergistic effect of the combination of carbon black and
silica on the properties of natural rubber composites. In this study, the ratio between carbon black and silica
was varied, with the carbon black content varying between 0 and 36 by weight percentage. They found that
an optimum carbon black content of 18 by weight percentage led to an improvement in the bonded rubber
content, mechanical properties, and abrasion resistance of the rubber composites.

However, manufacturing carbon black results in a significant carbon footprint, leading to a focus on
researching environmentally friendly fillers for rubber reinforcement, focusing on natural resources, waste
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materials, and industrial or agricultural by-products [72]. One sustainable solution is to use used tyres and
recycle or convert them into gaseous, liquid, and carbon-rich solid fractions (RCB) through pyrolysis
processes. RCB has a high potential to replace conventional carbon black and can address many
environmental problems, such as pollution. Dwivedi et al. [73] investigated the use of RCB as an
alternative and environmentally friendly reinforcement for natural rubber composites. They found that the
use of RCB can improve the processing parameters, such as shortening the curing and scorch time
compared to pure natural rubber. In addition, the tensile strength and elongation at break increased, while
the tensile modulus, compressive strength, and tear strength were reduced due to the poor interaction of the
RCB particles with the rubber compounds [73]. Similar findings were also reported by Urrego-Yepes et al.
[74], who found that RCB improves the properties of natural rubber itself and can be a sustainable solution.
However, compared to pure carbon black, RCB offers lower reinforcement properties due to its higher
volatile matter and ash content, higher apparent PSD, lower presence of acidic functional groups, and lower
SBET. Masa et al. [75] studied the effect of using recycled nitrile glove waste as a blending component in
natural rubber and epoxidized natural rubber. They found that increasing recycled nitrile glove waste led to
increased tensile properties and elongation at break and increased the decomposition temperature.

4.3.2 Silica Reinforcement
Silica, also known as silicon dioxide (SiO2), is a common compound found in plants and grains and is

widely distributed throughout the earth’s crust in the form of silicate minerals. Silicon dioxide nanoparticles
(SiNPs) are inorganic materials containing silanol groups (Si–OH), characterized by a large surface area,
uniform pore size, and controllable particle size. As a result, they exhibit exceptional biocompatibility
and have a wide range of industrial applications due to their beneficial physical properties [76,77].
Specifically, it has a chemical formula of SiO2 and a molar mass of 60.08 g/mol. Its density differs
depending on the structure, being 2.648 g/cm³ for α-quartz and 2.196 g/cm³ for the amorphous form.
Amorphous silicon dioxide has a melting point of 1713°C, while the boiling point is 2950°C.
Furthermore, silicon dioxide has a magnetic susceptibility of −29.6 × 10−6 cm³/mol, indicating its
diamagnetic nature [78].

Moreover, silica is a hydrophilic and highly polar reinforcing filler with a structure that consists of
agglomerates, aggregates, and primary particles [78]. The size of agglomerates ranges from 1 to 40 μm and
is formed by hydrogen bonds and Van der Waals forces. Primary particles, typically 5 to 45 nm in size, are
linked during the dehydration process by siloxane bonds at the nanoscale, forming a siloxane-silanol surface.

Historically, silica has long been used as a reinforcement in rubber, initially as a white filler in coloured
rubber products like shoe soles. Recently, advances have led to the complete replacement of carbon black
with silica, particularly in car tyre treads, owing to the multiple benefits of silica-filled rubber. These
benefits include reduced hysteresis, lower rolling resistance, improved wet-slip resistance, good
mechanical properties, and lower fuel consumption and CO2 emissions [79]. However, the abundance of
polar hydroxyl groups on the silica surface causes compatibility issues with non-polar rubber, resulting in
problems during feeding and dispersion [80]. To overcome these challenges, surface modification with
silane coupling agents has been implemented, reducing hydroxyl groups and increasing rubber affinity,
thereby enhancing bonding at the inorganic-organic interfaces. Silane coupling agents function as a
bridge, forming Si–O–Si bonds with the hydroxyl groups on silica and linking reactive groups with
polymers, ultimately improving the compatibility and performance of silica-filled rubber composites.

Silica rubber technology uses a combination of rubber polymer, specialized silica, an effective coupling
agent, and an appropriate mixing technique to create tyre technology that balances rolling resistance, traction,
and wear. In particular, bifunctional organosilanes, such as bis(triethoxysilylpropyl)tetrasulfide (TESPT),
serve as coupling agents to enhance compatibility between silica and rubber. This process involves
several chemical reactions during rubber processing, including silanization, silane-rubber coupling, and
crosslinking. The silanol groups play a critical role in affecting the dispersion behaviour, dynamic
stiffness, and curing rate of the rubber [78].
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Additionally, Khan et al. [81] investigated the effect of silica as a filler on the mechanical properties of a
natural-based adhesive with coumarone-indene resin as the tackifying resin. They observed that increasing the
silica content enhanced peel strength up to 40 phr for both ENR50 and ENR25, due to stronger molecular
interactions between silica and rubber, which led to improved wettability of the adhesive. However, when
the silica content exceeded 40 phr, peel strength decreased due to increased viscosity, restricting chain
mobility. Furthermore, other adhesion improvers, such as xyloglucan (XG), rice flour (RF), calcium
carbonate (CaCO3), and silica (SiO2), are used to enhance the bonding of natural rubber-based pressure-
sensitive adhesives (NR-based PSAs) [82]. The adhesive properties of NR-based PSA were enhanced by
these fillers, as evidenced by increased shear strength and peel strength. Specifically, NR-based PSA with
CaCO3 achieved maximum peel strength, while NR-based PSA with XG showed the best performance as a
tack enhancer, maintaining higher peel strength and greater efficiency in preventing hardening during storage.

Due to concerns about the environmental impact of conventional fillers such as silica, the rubber
industry has recently shifted towards sustainability. Natural fibres, which are renewable, biodegradable,
and less harmful to the environment than synthetic fillers such as silica, are becoming popular alternatives
[83]. This change reflects a greater commitment to environmentally conscious practices and sustainability
in the rubber industry, as the industry favours more environmentally friendly manufacturing processes.

4.3.3 Other Filler Reinforcement
As mentioned in the previous subtopics, there are many studies investigating other alternatives such as

nanocellulose due to the concerns about environmental issues. Other possibilities are the use of bio-fillers in
the rubber matrix, as bio-fillers are sustainable and environmentally friendly reinforcement. Biofillers such as
lignocellulose, chitosan, and others are being intensively researched by researchers. Kazemi et al. [84]
investigated the effects of using lignin, cellulose, and carbon black from black spruce cellulosic pulps on
the mechanical properties of natural rubber composites. Bio-based materials are chemically extracted
from black spruce sawdust and used as a partial substitute for carbon black (CB) in NR composites. The
results showed that a higher L/C ratio led to better tensile strength and elongation at break, while a lower
ratio resulted in a higher tensile modulus and hardness [84]. Similar findings were also reported by
Dominic et al. [85] who replaced carbon black with rice husk-derived type 1 nanocellulose (RHNC) in
natural rubber composites. They reported that the composite containing 25 wt. % carbon black and
5 wt. % RHNC exhibited comparable mechanical properties to the composite containing 30 wt. % carbon
black, suggesting that RHNC is suitable to replace carbon black in tyre applications. Sanusi et al. [86]
incorporated cellulose derived from cucumber pomace into the natural rubber latex and investigated the
tensile properties and the swelling behaviour of natural rubber latex/cellulose. They found that cellulose
content increased, so did tensile strength and swelling percentage. The increment of both properties was
related to the reinforcement effect by cellulose derived from cucumber pomace in the natural rubber latex.

However, carbon black and silica are still widely used in the production of natural rubber with the
addition of other fillers such as graphite, graphene oxide, nanocellulose, mica, carbon nanotubes, and
other fillers due to their unique properties. For example, Yan et al. [87] incorporated potassium oleate
modified wollastonite into the natural rubber and investigated the effects on the contact angle and the
mechanical properties of natural rubber. They found that the polarity of the modified wollastonite was
weaker, and the Payne effect and rolling resistance were reduced with increasing tensile strength of the
natural rubber composites. Shahamatifard et al. [88] investigated the synergistic effect of carbon black/
multiwall carbon nanotubes (MWCNTs) on the mechanical properties of natural rubber composites. They
found that the scorch time and optimum curing time of composite natural rubber with a higher MWCNT
content improved due to the adsorption of curing agents and the shape difference between carbon black
and MWCNTs. The thermal conductivity and mechanical properties of natural rubber composites were
significantly improved. For example, the rubber composites with carbon black/MWNCT had a thermal
conductivity of 0.602 W/m·k with an increase of over 80%. Similar to the modulus, the rubber
composites achieved an increase of 72% with a 20% reduction in elongation at break.
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Rajan et al. [89] studied the effects of using graphene as a reinforcing filler on the properties of natural
rubber composites. They found that the incorporation of 2.5 phr of graphene into the rubber composites led to
better properties of the rubber composites, such as higher elongation at break and higher bonded rubber
content. This result was supported by the enhanced distribution of the fillers in the rubber matrix. Similar
results have been reported. In addition, organo-modified halloysite (OHNT) was incorporated into
ENR50 to optimize the properties of the rubber adhesives for potential use in flame retardant adhesives
[90]. OHNT is known as an efficient flame retardant because its tubular shape can help trap flammable
volatiles. The thermal analysis showed that the maximum decomposition temperature of the adhesive
increased with the increasing amount of OHNT. The limiting oxygen index (LOI) value also increased
from 21 up to 72% with the maximum addition of OHNT (5:1 weight ratio of OHNT: ENR50), and these
adhesives can be categorized as self-extinguishing materials that may be suitable for fire-resistant coating
applications. Varol et al. [91] introduced silver-coated copper as conductive fillers into the epoxy matrix.
The electrical conductivity of the epoxy matrix was improved by the presence of Ag/Cu. Morphology
analysis showed that the silver coatings were compact and continuous. These observations indicate that
these silver coatings can be used for the fabrication of ECAs.

Habep et al. [92] investigated the effect of the incorporation of nanoalumina on the structural, electrical,
morphological, and thermal properties of PMMA/ENR-50-based film. They found that the ionic
conductivity, electrical conductivity, decomposition temperatures increased with the increase of
nanoalumina content due to better the PMMA-filler interactions within the polymer matrix.

4.3.4 Fibres Reinforcement
The most commonly used reinforcing materials in the composites industry are synthetic and natural

fibres. The most commonly used synthetic fibres in fibre-reinforced composites are glass, carbon, aramid,
and boron. The use of E-glass fibre as a reinforcement in NR composites demonstrated enhanced flexural,
tensile, and impact properties, particularly when combined with liquid epoxidized natural rubber. The
addition of liquid epoxidized natural rubber further improved the flexibility and toughness of the
composite, although poor adhesion between the untreated glass fibres and the NR matrix was observed
[93]. Aramid fibre, on the other hand, displayed slightly better reinforcement efficiency at lower fibre
contents (2–5 phr) and temperatures below the glass transition temperature of NR, although its
effectiveness decreased at higher temperatures and fibre contents. However, aramid fibre remains a key
contender for enhancing the mechanical properties of NR due to its superior modulus and tensile strength
[94]. Additionally, carbon fibre extracted from periwinkle shells was studied as a low-cost alternative for
reinforcing NR [95]. The incorporation of carbon fibre significantly increased the tensile strength of NR
composites, making it a promising material for applications requiring improved vibration isolation. On
the thermal front, hexagonal boron nitride (BN) platelets were investigated as a filler to enhance the
thermal conductivity of NR composites [96]. Functionalizing BN platelets improved their compatibility
with NR, resulting in a 5.4-fold increase in thermal conductivity and a significant improvement in
mechanical properties, particularly in tensile strength, making it a potential material for advanced
electronic devices.

Nevertheless, the demand for sustainable materials has led to a shift towards natural fibres or natural
fillers as alternatives to traditional synthetic fillers. These fibres, which come from renewable sources
such as plants and animals, are biodegradable, renewable, and have a low environmental impact. They
also have promising specific strength properties. As the industry prioritizes sustainability, the use of
natural fibres as fillers in composite materials such as rubber reinforcements is an important step towards
greener manufacturing processes. Fig. 5 illustrates the classification of natural fibres, where they can be
categorised based on their origin: plant, animal, or mineral. Animal fibres such as silk, wool, and hair
have not been widely used as reinforcements while plant fibre such as kenaf, jute and hemp fibre have
been widely used in composite fields for applications such as construction, packaging, automotive, and
marine. Mineral-based fibres are rarely used due to their negative health effects, as they are considered
carcinogenic [97].
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Generally, all animal fibres contain protein as their major structural component, while plant fibres consist
of cellulose. Plant fibres, on the other hand, possess higher strengths and stiffness compared to animal fibres,
except for silk fibre. Lignocellulosic fibres are natural fibres obtained from plants and consist mainly of
cellulose, hemicelluloses, lignin, pectin, and waxes. They contain fewer inorganic substances such as ash
and organic extracts. Their crystalline structure combines cellulose with hemicellulose and lignin and
forms the main framework [98]. The amount of cellulose, hemicellulose, and lignin varies according to
plant, origin, and climate and also varies in different parts of the same plant. Inorganic components
enhance the fibre’s abrasion properties, while organic extracts help it resist colour, odour and decay
[99,100]. These basic components make up the physical properties of the fibres. These polymers are
unevenly distributed in the plant cell wall, making it difficult to determine the exact composition and
properties of fibres without further testing and characterization such as Fourier-Transform Infrared
Spectroscopy (FTIR), Nuclear Magnetic Resonance (NMR), and X-Ray Diffraction (XRD) [99,100].
Table 6 shows the average chemical composition of some plant fibres. Coconut fibres have the highest
percentage of lignin, while cotton fibres have the highest percentage of cellulose.

Natural fibres 

Animal Mineral 

Asbestos Silk Wool Hair 

Cellulose/lignocellulose 

Bast Leaf Seed Fruit 

Jute 

Flax 

Hemp 

Ramie 

Kenaf 

Roselle 

Mesta 

Sisal 

Agave 

Henequen 

PALF 

Abaca 

Banana 

Kapok 

Cotton 

Loofah 

Milk weed

Coir 

Oil palm

Wallastonite 

Rice husk 

Assai 

Stalk 

Wood

Wheat 

straw

Grass 

Bagasse

Bamboo

Figure 5: Natural fibre classification. Adapted with permission from [101]. Copyright © 2021 Elsevier Ltd.
All rights reserved
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Conceptually, natural fibres consist of a cell wall and a lumen that serves as a transport channel. The
main cell wall, which contains lignin, hemicellulose, and wax, reflects cell growth. Long-chain cellulose
microfibrils arranged in a helical structure are present in the secondary cell wall [103]. The strength of a
natural fibre stems from its lumen core, which is surrounded by layers of cell walls. These layers each
have unique orientations of microfibrils, which increase the fibre’s resistance to different types of stress.
The tensile properties of natural fibres are largely determined by the microfibrillar angle, which is the
angle formed by the cellulose helix structure and the fibre axis. In particular, when microfibrils align
along the fibre direction, natural fibre-reinforced polymer composites potentially exhibit a higher tensile
modulus, which optimizes strength under tensile loading. In addition, microfibrils have crystalline and
amorphous regions; the former determines the strength of the fibre, while the latter ensures flexibility
through asymmetrical molecular chains [104]. The properties of various plant fibres are listed in Table 7
and compared with those of man-made fibres.

Table 6: Composition of some known natural fibres. Adapted and modified with permission from [102].
Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved

Fibres Cellulose (wt. %) Lignin (wt. %) Hemicellulose (wt. %) Wax (wt. %)

Bast

Flax 71 2.2 18.6–20.6 1.7

Hemp 70.2–74.4 3.7–5.7 17.9–22.4 0.8

Jute 61.0–71.5 12.0–13.0 13.6–20.4 0.5

Kenaf 31.0–39.0 15.0–19.0 21.5 –

Ramie 68.6–76.2 0.6–0.7 13.1–16.7 0.3

Leaf

Abaca 56.0–63.0 7.0–9.0 20.0–25.0 3.0

Curaua 73.6 7.5 9.9 –

Henequen 77.6 13.1 4.0–8.0 –

Pineapple 70.0–82.0 5.0–12.0 – –

Sisal 67.0–78.0 8.0–11.0 10.0–14.2 2.0

Seed/fruit

Coir 36.0–43.0 41.0–45.0 0.15–0.25 –

Cotton 82.7 – 5.7 0.6

Rice husk 35.0–45.0 20.0 19.0 14.0–17.0

EFB 48.0–65.0 19.0–25.0 17.0–22.0 –

Grass

Bagasse 55.2 25.3 16.8 –

Bamboo 26.0–43.0 21.0–31.0 30.0 –

Straw

Rice 41.0–57.0 8.0–19.0 33.0 8–18.0

Wheat 39.0–45.0 13.0–20.0 15.0–31.0 –
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From Table 7, natural fibres such as flax, jute, kenaf, and sisal vary significantly in properties such as
density, tensile strength, Young’s modulus, and elongation at break. For instance, flax possesses a tensile
strength range of 345–1100 MPa and a Young’s modulus of 27.6 GPa, making it a strong, lightweight
material. Hemp, with a tensile strength of 690 MPa, provides a higher Young’s modulus (30–60 GPa),
while jute has moderate strength (393–773 MPa) but lower stiffness compared to flax. Among leaf fibres,
pineapple leaf fibre (PALF) stands out with a tensile strength of 413–1627 MPa, higher than many other
natural fibres, and a considerable modulus of 34.5–82.5 GPa. Abaca and curaua also demonstrate
significant tensile strength (400 and 500–1150 MPa, respectively), showing their potential in various
applications requiring strong yet flexible reinforcement. In contrast, synthetic fibres like aramid, carbon,
and glass fibres exhibit far superior mechanical properties. Carbon fibre offers exceptional tensile strength
(4000 MPa) and an Young’s modulus of up to 240 GPa, making it highly suitable for high-performance
applications. Aramid fibre also shows a high tensile strength (3000–3150 MPa) and modulus (63–
67 GPa), which is significantly higher than that of natural fibres.

Table 7: Mechanical properties of some natural and man-made fibres. Adapted and modified with permission
from [102]. Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved

Fibres Density (g/cm3) Tensile strength (MPa) Young’s modulus (GPa) Elongation at break (%)

Bast

Flax 1.5 345–1100 27.6 2.7–3.2

Hemp – 690 30–60 1.6

Jute 1.3–1.4 393–773 13.0–26.5 1.2–1.5

Kenaf – 930 53.0 1.6

Ramie 1.5 400–938 61.4–128.0 1.2–3.8

Leaf

Abaca 1.5 400 12.0 3.0–10.0

Curaua 1.4 500–1150 11.8 3.7–4.3

Pineapple – 413–1627 34.5–82.5 1.6

Sisal 1.4 468–640 9.4–22.0 3.0–7.0

Seed/fruit

Coir 1.1 131–175 4.0–6.0 15.0–40

Cotton 1.5–1.6 287–800 5.5–12.6 7.0–8.0

EFB 0.7–1.55 248 3.2 25.0

Grass

Bagasse 1.25 290 17 –

Bamboo 0.6–1.1 140–230 11–17 –

Synthetic fibres (Man-made)

Aramid 1.4 3000–3150 63.0–67.0 3.3–3.7

Carbon 1.7 4000 230–240 1.4–1.8

E-glass 2.5 2000–3500 70.0 2.5

S-Glass 2.5 4570 86.0 2.8
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The diversity of properties across both natural and synthetic fibres enables their use in different
engineering and industrial applications depending on the specific performance requirements, with
synthetic fibres generally offering higher strength and modulus but at the cost of being non-biodegradable.

5 Enhancing Interfacial Stress-Transfer in NR/Fibre Composite

Rubber/fibre composites aim to improve mechanical properties and performance characteristics by
incorporating reinforcing fibres into the rubber matrix. However, natural fibres have polar and hydrophilic
properties, while most commercial polymers have non-polar properties. This incompatibility often hinders
optimal performance, resulting in less efficient stress transfer between the two phases. Researchers are
focusing on enhancing the interfacial strength between the rubber matrix and reinforcing fibres,
modifying the surface of the fibres to promote adhesion with the rubber matrix. Dry bonding agents and
incompatible rubbers like epoxidized natural rubber (ENR), malleated NR (MNR), and NBR have been
used as compatibilizers to improve interfacial adhesion. Alkali and silane treatments aim to modify the
chemical composition of the fibre surface, creating reactive sites for bonding with the rubber matrix. This
approach leads to improvements in tensile strength, modulus, and toughness, expanding the potential of
NR/fibre composites [105].

5.1 Alkali Treatment of Fibres
Alkaline treatment is one of the most important methods for enhancing the interfacial adhesion between

the fibres and the polymer matrix in polymer composites. It can modify the chemical composition and surface
morphology, which can remove some of the hemicellulose, lignin, wax, and oils covering the outer surface of
the fibres. Since this hemicellulose, lignin, wax and oils have been removed, the cellulose chains are less
dense and rigid and can arrange themselves in tighter packing. This can improve mechanical properties
such as tensile strength. Sodium hydroxide (NaOH) has been used for alkaline treatment for many years.
However, if the optimum concentration is exceeded, the cellulose structure can be damaged, and the
mechanical properties can deteriorate. The general alkaline treatment reaction mechanism of the fibre with
NaOH is shown in the Eq. (2) below:

Fibre-cell-OHþ NaOH ! Fibre-cell-O-Naþ H2Oþ impurities (2)

The concentration of the alkali solution and the soaking time significantly influence the surface
modification and the properties of the treated fibres. Lower NaOH concentrations and shorter soaking
times are preferred to minimize fibre degradation while achieving adequate surface modification.
Typically, concentrations of 1%–10% NaOH and soaking times of a few minutes to several hours are
used. Studies have shown that a NaOH concentration of 5% and a soaking time of 2 h are optimal for the
partial removal of silica bodies in EFB [106–108].

Mat Nasir et al. [109] studied the effects of alkaline treatment on the mechanical properties of Lemba
fibres (LeLefs). The LeLeFs were alkaline treated with 6, 8 and 10 wt. % NaOH concentration and it was
found that the tensile strength, elongation and modulus increased with higher NaOH concentration. The
chemical resistance of LeLeF was also improved compared to untreated LeleF. These observations were
attributed to the fact that a higher NaOH concentration removes more surface impurities, hemicellulose,
and wax, resulting in tighter packing of the cellulose chains and thus improving mechanical properties
and chemical resistance. Norul Izani et al. [110] studied the effect of using untreated and NaOH-treated
EFB fibres at a concentration of 2%. The study showed that the alkali treatment significantly improved
the surface properties and chemical composition of the fibres, resulting in increased roughness and
porosity. This treatment also exposes more hydroxyl groups, which increases their polarity and creates
more reactive sites for bonding with polymer matrices. This enhances wetting and adhesion properties,
interfacial strength, and mechanical properties in composites [110]. Researchers can explore different
concentration ranges and soaking times to tailor the treatment to specific applications and fibre types.
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Dominic et al. [111] studied the effect of alkaline treatment of cellulose nanofibres from Cuscuta reflexa
and evaluated its reinforcing efficiency towards the mechanical and thermal properties of natural rubber
composites. They found that as the fibre content and the alkaline treatment increased, the tensile strength
and tear strength increased, with the optimum value at 2 phr of alkali-treated fibre content. Murugesan
et al. [112] investigated the effect of the incorporation of untreated and alkali treated Sanseveria
cylindrica on the mechanical properties of natural rubber composites. The incorporation of Sansevieria
cylindrica fibres into the natural rubber significantly improved the mechanical properties of the natural
rubber and, in particular, the composite with treated fibres exhibited significantly higher tensile strength.
This was attributed to the improved regularity of the fibre cells, in which the Sansevieria cylindrica fibres
were arranged hierarchically and provided good adhesion to the rubber matrix. It was demonstrated that
the increase in tensile value, tear value, and Shore A hardness of composites with alkali-treated
Sansevieria cylindrica fibres compared to those with raw Sansevieria cylindrica fibres was 10.5, 6.25,
and 6.10 wt. %, respectively.

In addition, alkali treatment increases the cellulose content of the fibres, resulting in higher purity and
crystallinity. This improves the mechanical performance and dimensional stability of composites [113].
However, excessive treatment time or high NaOH concentrations can deteriorate the mechanical
properties of the fibres. To optimize the applicability of natural fibre-reinforced polymer composites,
factors such as the ideal alkali concentration, soaking time, fibre loading, and potential treatments must
be considered [114]. Despite these considerations, alkali treatment remains an effective method for
enhancing the properties of composites in various industrial applications.

5.2 Silane Treatment of Fibres
Silanes are a cost-effective method for surface modification of plant fibres compared to other treatments

such as phosphorus or benzoyl [115,116]. These hydrophilic compounds with the formula SinH2n+2, in which
various groups are bonded to silicon, interact with hydrophilic inorganic minerals or fibres and a hydrophobic
organic matrix. They form a strong interfacial adhesion between the components and create a composite
phase. The use of silanes has been extensively studied for its potential applications [117,118].

The organofunctional silane compounds contain two distinct reactive parts: (1) an alkyl group for the
body and an end group that represents a reactive site for coupling with the polymer, such as amino,
methacryloxy, sulphide, or epoxy, and (2) a tail with alkoxy groups (–OR) that can be hydrolysed at the
fibre surface, such as methoxy (–OCH3), acetoxy (–OCOCH3), and ethoxy (–OC2H5). The choice of
silanes depends on the particular matrix system. The general structure of silane is represented as (RO)3–
Si–R–X. In addition, various factors, such as temperature, pH, duration of the hydrolysis reaction and
functionality, influence the infiltration of silanes [118]. The mechanism of silane action involves four
stages as shown below [117,118] and in Fig. 6:

(i) Hydrolysis: silane monomers are hydrolysed in the presence of water and a catalyst (acid or base),
releasing alcohol and forming reactive silanol groups.

(ii) Self-condensation: At this stage, condensation must be minimized to ensure that the silanols remain
free for absorption onto hydroxyl groups in natural fibres.

(iii) Adsorption: Reactive silanol monomers or oligomers are physically adsorbed on the surfaces of the
fibres (surface coating) and/or within the cell walls (cell wall swelling) via hydrogen bonds with the hydroxyl
groups of the natural fibres. Free silanols also react with each other and form a rigid polysiloxane structure
with a stable Si–O–Si bond.

(iv) Grafting: At elevated temperatures, hydrogen bonds formed between silanol and hydroxyl groups of
the fibres can transform into strong chains Si–OC–, releasing water (condensation). At very high
temperatures, a hydrogen bond between silanol and hydroxyl groups in the fibres can form a covalent
bond (Si–OC–) with the evaporation of water.
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The silane treatment process begins with the mercerization of natural fibres to clean the surface of
various impurities such as lignin, hemicellulose, and pectin. The treated fibres are then subjected to
hydrolysis, self-condensation, and adsorption. Due to the lower reactivity of the hydroxyl groups in
natural fibres, the hydrolysable groups (trialkoxy groups) are converted into more active silanols by
hydrolysis in the presence of atmospheric moisture. During condensation, the silanols formed during
hydrolysis condense to form a 3D Si–O–Si (siloxane) structure. Hydrogen bonding with the fibre surface
is achieved by adsorption and subsequent heating (curing). Acids or bases can be used to catalyse the
hydrolysis and condensation reactions.

Research on rubber/filler composites has shown promising results in improving the interfacial adhesion
and mechanical performance of rubber composites. However, there is a significant research gap in exploring
optimal treatment methods using different types of silane coupling agents, especially for natural fibre-
reinforced (NR) composites. The modification of silica surfaces with bifunctional organosilanes such as
bis(triethoxysilyilpropyl)disulfide (TESPT) and bis(triethoxysilyilpropyl)tetrasulfide (TESPD) has been
reported to play an important role in the dispersion of silica agglomerates in rubber chains [120]. This
modification alters the network of the rubber matrix through chemical interactions between silica, silane,

Figure 6: Mechanism steps of fibre modification by silane treatment. Adapted with permission from [119].
Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved
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and rubber. In particular, the hydroxyl groups on the surface of the silica chemically react with the hydroxyl
groups of the hydrolysed silane via condensation reactions and form a 3D network structure with the rubber
chains. In addition, functional sulphur groups chemically bond with the double bonds of the natural rubber,
further enhancing the 3D network structure between silica and rubber. Accelerators control the degree and
rate of cross-linking reactions during this process, while zinc ions significantly reinforce the 3D network
structure.

Two methods are generally used for incorporating silane to improve the mechanical properties of
composites materials. Firstly, silane can be incorporated directly during mixing, which facilitates
processing but offers limited effectiveness as a compatibilizer. Alternatively, silane can be used to treat
the surface of the filler before mixing with the rubber. This requires an additional processing step but
results in stronger bonding to the filler surface and better mechanical properties. Silane is normally
incorporated directly into NR/silica composites due to the large surface area of silica. It is reported that
the incorporation of different silanes into SBR/BR and silica tyre tread compounds to improve the
interfacial adhesion between rubber and silica resulted in TESPT significantly improving the interfacial
adhesion and thus increasing the modulus of the composites [121]. It has thus been proven that TESPT is
remarkably effective as a bonding agent or “adhesion promoter” for silica-reinforced elastomers.

Wan Busu et al. [122] investigated the effect of using kenaf and silane-treated short glass fibres towards
the mechanical properties of thermoplastic natural rubber composites. The incorporation of the treated or
untreated fibres into TPNR led to an increase in flexural modulus and impact strength of almost 100%
compared to the TPNR matrix. However, the maximum elongation decreased with increasing fibre
content. The optimum composition for the hybrid composite was at the fibre content of 30% kenaf fibres
and 70% glass fibres. The SEM images showed that the composite with a coupling agent or
compatibilizer promoted better fibre-matrix interaction. Surajarusarn et al. [94] studied the effect of the
addition of untreated and silane-treated of pineapple fibre and aramid fibres toward the mechanical
properties of natural rubber. They found that the silane-treated fibres provided better reinforcing
efficiency in the natural rubber composites. Similar findings were reported by Somseemee et al. [123].
Both untreated and silane treated of cellulose nanofibres from Napier Grass were used as a reinforcing
agent in the natural rubber composites, and the effect towards the mechanical properties were
investigated. They found that the modulus, hardness, and tensile strength were improved with increasing
fibre loading with the most prominent effect observed on the silane-treated fibre due to the enhanced
interfacial adhesion between fibre and the natural rubber matrix, and therefore, improve the mechanical
properties of natural rubber composites.

Nevertheless, research on the influence of silane coupling agents on natural fibres is still limited. This is
probably due to the fact that the treatment of natural fibres is more complex compared to silica, mainly due to
their lower surface area and surface contamination. Instead of direct incorporation during blending, surface
treatment methods have been explored to achieve optimal conditions for improving the interaction between
natural fibres and the coupling agent.

5.3 Combination of Alkali and Silane Treatment of Fibres
Interestingly, there are also some studies showing that a combined alkali-silane treatment method for

fibres is able to show a synergetic effect towards the mechanical properties of the resulting composites. In
a study on the effects of different treatments on modified pineapple leaf and kenaf fibre composites,
including 2% silane, 6% NaOH, and a combination of both, it was found that the 2% silane treatment
showed a remarkable improvement of 105% for pineapple leaf fibres and 175% for kenaf fibres compared
to other treatments. Notably, the shear stress at the interface was significantly improved by the 2% silane
treatment, reaching about 400% in the case of kenaf fibres [124]. This suggests that silane treatment
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alone can lead to significant improvements in certain fibres that exceed the effects of NaOH treatment or a
combination of NaOH and silane.

In the study by Atiqah et al. [125], the mechanical properties of hybrid composites made from sugar
palm fibre/glass fibre (SPF/GF) reinforced thermoplastic polyurethane (TPU) were investigated. Different
treatments were performed, including a 6% alkaline treatment, a 2% silane treatment, and a combined 6%
alkaline and 2% silane treatment of the SPF to enhance the interaction between the fibre and matrix. The
SPF/GF ratios were set at 30 and 10 wt. %, respectively, and the composites were produced using the
melt compounding method followed by hot pressing. The combined treatment with 6 wt. % alkali and
2 wt. % silane resulted in significant improvements in tensile, flexural, and impact strength, which
increased by 16%, 39%, and 18%, respectively, compared to untreated SPF/GF-reinforced TPU hybrid
composites [125]. In another study by Seki [126], the effect of treatment with oligomeric siloxanes on the
mechanical properties of jute/epoxy and jute/polyester composites was investigated. First, the jute fabrics
were treated with a 5% (w/w) NaOH solution for 2 h, followed by treatment with 1% silane. The
composites were prepared by the hand lay-up method. The mechanical properties, including tensile,
flexural, and interlaminar shear strength, were significantly improved by siloxane treatment by about
32%, 22%, and 109% for jute/epoxy composites and 31%, 37%, and 103% for jute/polyester composites,
respectively, compared to untreated jute fibre composites [126].

On the other hand, the effects of alkali and silane treatments on kenaf natural fibres incorporated into
polypropylene composites were investigated in another study by Asumani et al. [127]. The fibres were
pre-treated with alkali and silane before being incorporated into polypropylene by compression moulding.
The results showed a significant increase in the tensile modulus of composites with fibres that underwent
alkali-silane treatment compared to those with untreated or alkali-only treated fibres. This increased
modulus was attributed to the improved bonding between the fibres and the matrix, which enables
effective load transfer. The significant increase in tensile modulus observed between 3%–6% alkali
solution suggests that the benefits of silane treatment are maximized when the surface deposits on the
fibres are completely removed. The highest tensile modulus was achieved at a NaOH solution strength of
6%, beyond which the modulus decreased significantly [126].

Lin et al. [128] investigated the effect of the combination of alkaline and silane treatment on aramid fibre
and its impact on the mechanical properties of natural rubber composites. They observed that the
combination of alkaline and silane treatment increased the surface roughness and contact area of aramid
fibre. When both untreated and treated fibre were incorporated, the tensile properties improved, with the
combined alkaline and silane-treated aramid fibre showing an increase of 31.9%. This improvement in
tensile strength was related to the notable enhancement in interfacial adhesion between fibre and the
natural rubber matrix. Similar to the previous study, Zainudin et al. [129] utilized a combination of alkali
and silane treatment to improve the interfacial adhesion between silk fibre and epoxy composites. The
presence of silane improved the tensile, flexural, and impact strength of the composites, and the
improvement increased with increasing fibre loading. Plus, morphological analysis confirmed the
excellent fibre/matrix bonding and reduced fibre pull-out for silane-treated samples, which was consistent
with the improvement observed in the impact test. The TGA analysis also revealed that the silane
treatment enhanced the thermal stability of the silk fibre and its composites. This observation was
attributed to the silane coupling agent promoting the interfacial bonding of the fibre–matrix interface. The
excellent interfacial bonding facilitated better load transfer between the silk fibre and the epoxy matrix,
resulting in enhanced mechanical and thermal properties of the composites [129].

Nevertheless, given the structural weaknesses of oil palm fibres, such as the high microfibril angle and
stress transfer issues, a combined alkali/silane treatment may be necessary to maximize the mechanical
properties of EFB-reinforced NR composites. Further research could provide valuable insights into the
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development of high-performance natural fibre-reinforced rubber materials for various industrial
applications, including sound-absorbing materials for acoustical engineering purposes. The investigation
of different types of silane coupling agents and their combinations could help to develop high-
performance rubber materials for various industrial applications.

5.4 Other Fibre Treatment Methods
In addition to alkali and silane treatments, several other fibre treatment methods have been explored to

enhance the compatibility between natural fibres and polymer matrices, thereby improving the mechanical
and thermal properties of the resulting composites. One such method is hydrothermal treatment, which
involves subjecting fibres to high pressure and temperatures in the presence of water or steam. This
method has been shown to significantly improve fibre strength and reduce porosity. For instance,
hydrothermal pre-treatment at 100 kPa and 121°C, when combined with enzymatic retting, resulted in
hemp fibre composites with an ultimate tensile strength of 780 MPa and a porosity factor of 0.08, greatly
outperforming untreated fibres [130].

Furthermore, enzymatic treatment is an eco-friendly method that uses natural catalysts, such as amylase,
cellulase, and protease, to remove non-cellulosic materials like waxes and lignin from the fibre surface. This
process enhances the surface adhesion between the fibres and the polymer matrix, although it may also cause
some fibrillation and damage to the treated fibres [131]. Nonetheless, enzymatic treatment remains a viable
option for improving the mechanical properties of composites.

Additionally, acetylation treatment is a well-known chemical method used to reduce the hydrophilic
nature of fibres. By reacting the fibres’ hydroxyl groups (–OH) with acetyl groups (CH3CO–), this
treatment creates a hydrophobic surface, making the fibres more compatible with hydrophobic matrices
and improving their thermal stability. Notably, acetylation treatment has been demonstrated to
significantly reduce moisture absorption and increase the thermal stability of natural fibres [132,133].

Another technique is permanganate treatment, which involves creating radical sites on cellulose fibres
using potassium permanganate (KMnO4) to increase their reactivity with the polymer matrix. This treatment
reduces the hydrophilicity of the fibres, thereby lowering water absorption in the resulting composites.
However, it is worth noting that excessive KMnO4 concentrations can lead to the degradation of the fibre
structure [134,135].

Similarly, acid treatment has been employed to enhance fibre-reinforcement properties. For instance, in a
study involving jute fibres in natural rubber composites, a combined alkali/acid treatment was found to
improve the tensile strength, modulus, and hardness of the fibres, thereby resulting in stronger fibre-
matrix bonding [136].

In addition to chemical treatments, physical treatments play a crucial role in modifying the surface
characteristics of natural fibres without altering their chemical composition. One such method is heat-
treatment drying, which is essential for removing moisture from fibres. This process ensures better
bonding between the fibres and the polymer matrix and prevents the formation of voids during processing
[117]. Since excessive moisture can negatively impact the mechanical properties of composites, thermal
drying is crucial for achieving high-quality composites.

Moreover, plasma treatment has emerged as a highly effective physical treatment method. In this
process, ionised gas within a vacuum chamber interacts with the fibre surface, improving interfacial
bonding between the fibres and the matrix. Plasma treatment creates a rougher fibre surface, which
enhances adhesion and increases the mechanical strength of the fibre-reinforced composites [137,138].

Finally, electric shock treatments, such as corona discharge and cold plasma, have been employed to
modify the surface energy of fibres, making them more reactive and increasing their bonding strength
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with the matrix [117]. These electric discharge treatments offer an environmentally friendly alternative to
chemical treatments, as they are solvent-free and involve relatively short processing times [139].

6 Oil Palm EFB Natural Fibre in Malaysia

Malaysia’s oil palm crop is a valuable resource that has transformed the country’s agricultural and
economic landscape. It produces lignocellulosic biomass, including the oil palm trunk, empty fruit bunch
(EFB), fronds, palm pressed fibres, and husks, which have the potential for biomaterials. However, these
materials are rarely used. About 21% of fresh fruit bunch (FFB) waste contains palm oil, kernels, fibres,
peel, EFB and palm oil mill wastewater (POME) [140]. Optimizing waste recycling offers financial and
environmental benefits [141].

Oil palm EFBs are obtained from empty fruit bundles through retting after fruit separation for oil
production. These lignocellulosic fibres are composed of cellulose and hemicellulose that support the
lignin matrix. Other chemical components include ash, cellulose and holocellulose. EFB consists of two
types of fibres: stem and spikelet, with a composition of 20%–25% stems and 75%–80% spikelet [106].
Traditionally, the EFB of the oil palm is used as fuel for boilers, and the ash is used as fertilizer.
However, most of it remains unused and poses a risk to the environment. Research into additional uses is
limited due to problems such as the presence of a wax layer and silicate bodies on the EFB surface. EFB
exhibits a relatively low cellulose content compared to other natural fibres (Table 6), resulting in a lower
tensile strength (Table 7). However, it exhibits high elongation at break, which makes it durable for
various applications.

The biomass-derived EFBs of oil palm have varying mechanical properties depending on the extraction
method [106]. They are usually 10–30 mm or 50–60 mm long, with an average fibre length of 200 μm. The
tensile strength has been assessed through viscoelastic behaviour and stress relaxation tests [142]. On the
other hand, NaOH treatment has been found to increase tensile strength, but surface treatment can lead to
brittleness and reduced elongation values [143]. The differences in the reported mechanical properties can
be attributed to factors such as the age of the parent plant, the age of the fibres after extraction, surface
conditions, surface treatments, gauge length, and pressure variations during testing. The thermal
degradation of EFB from oil palm occurs in three stages: Moisture loss at 100°C, degradation of cellulose
and hemicellulose between 195°C and 360°C, and oxidation at higher temperatures [144].

Anuar et al. [145] studied the effect of the incorporation of both short glass fibre and EFB and the
effect of silane and maleic anhydride grafted polypropylene on the mechanical properties of thermoplastic
natural rubber composites. In general, a composite containing 10% EFB/10% glass fibres showed
optimum tensile and impact strength for treated and untreated hybrid composites. The tensile properties
increased with the addition of the coupling agent, with the presence of the coupling agent improving the
interfacial adhesion of fibre and matrix, as shown by the scanning electron micrograph (SEM). Further
addition of EFB of more than 10% reduced Young’s modulus and the impact strength. However, the
hardness increased with the addition of EFB fibres for the untreated composite and decreased for the
treated composite.

Roziafanto et al. [146] investigated the effect of increasing of silane-treated fibre content (5–15 phr) on
the mechanical and thermal properties of natural rubber. They found that with increasing fibre content, the
tensile strength and thermal stability also increased, with notable improvement for silane-treated fibre-
reinforced natural rubber composites as compared to untreated ones. This finding was supported by
morphological analysis, which showed better interfacial adhesion between EFB fibre and natural rubber
after undergoing silane treatment. Since short fibres derived from oil palm empty fruit bunch can cause
problems such as developing pinholes or tearing easily while being used in the natural rubber latex,
modifications or improvement to the fibre are needed.
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One of the methods to minimize this issue is to isolate cellulose nanofibre from cellulose derived from
oil palm empty fruit bunch. Low et al. [147] investigated the effect of adding different concentrations (0.01,
0.1, 0.5, and 1.00 phr) of cellulose nanofibres from oil palm empty fruit bunch towards the morphological,
thermal and mechanical properties of natural rubber composites. The result showed that the optimum tensile
strength was achieved at 0.5 phr of cellulose nanofibres with an increase of 44%, while a further addition of
1 phr reduced the tensile strength of the natural rubber film. On the other hand, the thermal stability of the
natural rubber composites was not affected by the addition of cellulose nanofibres. SEM analysis showed a
rough surface morphology indicating minimal fibre-matrix interaction. A similar study using cellulose
nanofibre as reinforcement in natural rubber film was conducted by Koeipudsa et al. [148]. They used
cellulose nanofibres as reinforcing fillers with low loading (0.5 to 3 phr) in the natural rubber matrix.
They found that the tear strength increased with increasing fibre content, with the optimum tear strength
at 2 phr showing an increase of 16.2%.

Azli et al. [149] utilized cellulose nanofibre from EFB in different concentrations (1, 3, and 5 wt. %) in
natural rubber latex and investigated the mechanical properties, glass transition temperature, and swelling
behaviour of natural rubber latex composites. The optimum tensile strength was achieved at a proportion
of 1 wt. % cellulose nanofibre in NRL with an improvement of 20 compared to pure natural rubber. The
thermal behaviour showed no significant changes, indicating that no chemical bonding was evident. The
swelling behaviour improved with the addition of 1 wt. % cellulose nanofibre loading and decreased with
increasing cellulose nanofibre loading after 1 wt. %.

These findings show that EFB can be utilised as a reinforcing agent for natural rubber due to its
affordability, accessibility, and potential biodegradability. However, its high microfibril angle impairs
stress transfer, especially in non-polar polymer matrices. Despite the moderate cellulose content,
achieving optimal stress transfer between the fibres and the polymer matrix is challenging. For this
reason, there are only a few research works focusing on EFB fibres in the natural rubber matrix. To
utilise EFB in natural rubber, certain modifications are necessary. Improving the interfacial adhesion
between the polymer matrix and the EFBs is crucial for optimizing the mechanical performance of
composites, with chemical treatment, silane treatment, a combination of both treatments, and other
methods being used.

7 Natural Fibre Reinforced Composite for Sound Absorption

Due to the increasing noise pollution caused by urbanization and industrial growth, sound management
is a growing field in modern society. To combat this, researchers are developing acoustic materials with
exceptional absorption performance. These materials, which are usually made from traditional chemical
and synthetic components, need to be replaced for a variety of reasons. The use of sustainable, cost-
effective, recyclable and reproducible natural materials is crucial in addressing environmental issues such
as increasing greenhouse gas emissions, health risks, air pollution, and the need for ecologically sound
cities. The development of these materials offers remarkable properties that make them a pioneering area
of research for acousticians and architects in the acoustics industry [150].

It is well known that polymer matrix composites (PMCs) are increasingly replacing traditional metals,
alloys, and metal matrix composites. Their damping and sound attenuation properties can be customized by
adjusting the fibre volume, matrix composition, and fibre-matrix interface. Key factors affecting attenuation
and sound absorption coefficient (SAC) include viscoelasticity, density, and porosity, which improve
attenuation and SAC due to stress concentration and mode conversion around the pores. Thicker
composites generally have higher sound absorption, especially at higher frequencies, where porosity plays
an important role. In addition, fibre diameter and length also influence SAC. Viscoelasticity contributes to
sound attenuation and vibration damping by influencing the macromolecular chain networks. Surface
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modification of the fibres can strengthen interfacial bonding but may reduce damping and SAC due to
improved mechanical properties. However, the integration of highly attenuating materials at the interfaces
and the addition of nanoparticles to the polymer matrix can improve attenuation and sound absorption.
The arrangement and orientation of the fibre stacking also influence the attenuation properties [151].

Additionally, it is notable that lignocellulosic fibres such as jute, hemp, kenaf, and flax could potentially
be used for the production of automotive body parts. By using materials based on natural (cellulose) fibres,
vehicle weight could be significantly reduced and noise levels could be lowered. Studies have concluded that
incorporating these fibres into components such as door panels and trunks, especially between noise-
producing parts, can effectively dampen noise levels by dissipating the energy of sound waves. In this
way, unwanted noise can be absorbed without significantly increasing the weight of the vehicle. In
addition, natural fibre materials can be blended with other fusible fibres such as polypropylene to produce
nonwoven fabrics that perform satisfactorily in various compositions for components such as trunk
linings, door panels, interior mats, and upholstery areas that do not require high temperature stability,
such as exterior door panels [152,153].

Yang et al. [154] studied the effect of using various of natural and synthetic fibres in epoxy resin
composites. Natural fibres such as flax, ramie, and jute-fibre reinforced epoxy resin composites,
demonstrated better sound absorption properties compared to glass- and carbon-fibre-reinforced
counterparts. The epoxy resin composite reinforced with jute fibres exhibited the highest sound
absorption coefficient, reaching almost 0.9 at 10,000 Hz, indicating its potential for effective noise
reduction, especially in high-frequency environments such as aeronautical applications. The density and
porosity of these composites were evaluated using the underwater weighing method. The unique lumen
structure contributes to improved absorption of sound energy, resulting in better acoustic absorption
properties. Notably, all epoxy composites studied exhibited low sound absorption at 8000 Hz, which is
attributed to the quarter-wavelength effect that maximizes sound pressure and minimizes energy loss
caused by viscous effects [154].

Sound is a ubiquitous part of our environment and comes from various sources, each with a
characteristic frequency range. Tables 8 and 9 show exemplary sound sources with their respective
frequencies, both from the environment and from automobile parts.

Table 8: Frequency of common environmental sounds. Adapted from [155]. Copyright © 2024 SlideShare
from Scribd

Frequency ranges with unit Sound source

1–5 Hz Sound of a tornado

1–20 Hz Ultrasound

2 Hz Clapping

17–30 Hz Blue and fin whales

20 Hz Lower limit of human hearing (20–20 kHz)

25–80 Hz Bat sonar clicks

45–50 Hz Ultrasonic cleaner

32 Hz Quartz watch

60 Hz Air conditioner (U.S. and Canada)

90 Hz Hummingbird in flight
(Continued)
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Table 8 (continued)

Frequency ranges with unit Sound source

247 Hz Truck horn

307 Hz Train whistle

349 Hz Car horn

520 Hz Fire alarm

630 Hz Marine air horn

400–2 kHz Dog barking

2–15 kHz Insects

2048 Hz Music note C (seventh octave)

4–5 kHz Cricket chirping

4.2 kHz Electric vacuum sound

9 kHz Shatters crystal glass

10 kHz Katydid and grasshopper sounds

13–25 kHz Drizzle and light rain

17–20 kHz Mosquito sound

20 kHz Upper limit human hearing (20–20 kHz)

23–54 kHz Dog whistle

Table 9: Sound sources in mechanical systems. Adapted from [156]. Copyright © 2024 IEEE. All rights
reserved

Frequency ranges with unit Sound source

1–5 Hz Sound of a tornado

1–20 Hz Ultrasound

2 Hz Clapping

17–30 Hz Blue and fin whales

20 Hz Lower limit of human hearing (20–20 kHz)

25–80 Hz Bat sonar clicks

45–50 Hz Ultrasonic cleaner

32 Hz Quartz watch

60 Hz Air conditioner (U.S. and Canada)

90 Hz Hummingbird in flight

247 Hz Truck horn

307 Hz Train whistle

349 Hz Car horn

520 Hz Fire alarm
(Continued)
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From Table 8, environmental sounds can range from very low frequencies, such as the sound of a
tornado at 1–5 Hz, to ultrasonic ranges such as a dog whistle at 23–54 kHz. Human hearing typically
spans from 20 to 20 kHz, encompassing everyday sounds like clapping at 2 Hz, bat sonar clicks at 25–
80 Hz, and high-pitched noises such as mosquito sound at 17–20 kHz [155]. Understanding these
frequencies and their sources is crucial for designing materials and composites for effective sound
absorption, particularly in applications where noise reduction is critical.

In industrial settings, Table 9 shows that mechanical noise sources include combustion noise (500–
8000 Hz), piston slap (2300–8000 Hz), and valve noise (500–2000 Hz) are common [156]. These
frequencies overlap significantly with many environmental and industrial sounds, making them relevant
targets for sound absorption materials. Thus, from the present study, the combination of NR’s elastic
properties and the porous structure of EFB fibres is hypothesized to effectively address a wide range of
frequencies encountered in both environmental and mechanical noise. EFB fibres are expected to create a
composite with higher porosity, allowing for effective dissipation of sound energy, particularly at higher
frequencies. The elasticity of NR could help in absorb and damp vibrations, making the NR/EFB
composite a potentially efficient solution for noise reduction across various applications.

Overall, exploring the application of NR elastomer composites reinforced with EFB fibres from oil palm
represents an area of research that has received relatively little attention considering the ongoing studies on
the integration of natural fibres in polymer and composite materials for sound absorption. The use of EFB
fibres in NR elastomers combined with refined surface treatment methods holds great promise for the
development of environmentally friendly sound absorbing materials. Future efforts could focus on
optimizing the composition and processing parameters of NR/EFB composites to improve their
effectiveness in sound-absorbing applications, thus contributing to the further development of
environmentally friendly acoustic solutions.

8 Conclusion

This paper reviewed the historical and current aspects of NR production, focusing on latex-producing
plants, especially the Hevea brasiliensis. It also highlighted the global rise in rubber production from

Table 9 (continued)

Frequency ranges with unit Sound source

630 Hz Marine air horn

400–2 kHz Dog barking

2–15 kHz Insects

2048 Hz Music note C (seventh octave)

4–5 kHz Cricket chirping

4.2 kHz Electric vacuum sound

9 kHz Shatters crystal glass

10 kHz Katydid and grasshopper sounds

13–25 kHz Drizzle and light rain

17–20 kHz Mosquito sound

20 kHz Upper limit human hearing (20–20 kHz)

23–54 kHz Dog whistle
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2000 to mid-2023 and compared NR with synthetic rubber with an emphasis on properties of NR, such as
high elasticity and strength, but lower chemical and oil resistance.

Additionally, the review detailed the chemical composition and molecular structure of NR, described the
production processes of natural and synthetic rubber, and discussed different grades of Standard Malaysia
Rubber (SMR) and their specifications. It also emphasized the importance of rubber compounding and
explored the roles of elastomers, vulcanizing agents, accelerators, activators, and fillers in producing
composites while enhancing rubber composites’ mechanical properties.

Furthermore, this review also highlighted the use of fillers like carbon black and silica, and the potential
of bio-fillers and natural fibres as sustainable alternatives. It particularly addressed the use of oil palm EFB
fibres in NR composites, discussing their mechanical properties, chemical treatments, and related or potential
applications. The review also discussed various surface treatments for natural fibres, including alkali and
silane treatments, to enhance interfacial adhesion between fibres and the rubber matrix. This improved
adhesion is crucial for optimizing the mechanical performance of NR composites.

Finally, the review is concluded with the potential of NR composites reinforced with natural fibres,
particularly EFB fibres, for sound absorption applications. It emphasized the benefits of using sustainable,
cost-effective, and recyclable natural materials in developing acoustic materials, highlighting the
promising properties of these composites for environmentally friendly sound-absorbing solutions.
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