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Recent development of biodegradable synthetic
rubbers and bio-based rubbers using sustainable
materials from biological sources

Zhen Hern Boon, Yin Yin Teo and Desmond Teck-Chye Ang@*

Rubber is an amorphous hyperelastic polymer which is widely used in this modern era. Natural rubber is
considered the ultimate rubber in terms of mechanical performance, but over the years, some limitations
and challenges in natural rubber cultivation that could result in serious shortages in the supply chain had
been identified. Since then, the search for alternatives including new natural and synthetic rubbers has
been rather intense. The initiative to explore new sources of natural rubber which started during the
1940s has been reignited recently due to the increasing demand for natural rubber. The
commercialization of natural rubber from the Parthenium argentatum and Taraxacum kok-saghyz
species, with the cooperation from rubber product manufacturing companies, has somewhat improved
the sustainability of the natural rubber supply chain. Meanwhile, the high demand for synthetic rubber
drastically increases the rate of depletion of fossil fuels and amplifies the adverse environmental effect of
overexploitation of fossil fuels. Moreover, rubber and plastic products disposal have been a major issue
for many decades, causing environmental pollution and the expansion of landfills. Sustainable synthetic
rubber products could be realized through the incorporation of materials from biological sources. They
are renewable, low cost, and most importantly, biodegradable in nature. In this review, brief introduction
to natural and synthetic rubbers, challenges in the rubber industry, alternatives to conventional natural
rubber, and recent advances in biodegradable and/or bio-based synthetic rubbers are discussed. The
effect of incorporating various types of biologically sourced materials in the synthetic rubbers are also
elaborated in detail.
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on incorporating bio-based monomers into synthetic rubber to
elucidate its effect on the mechanical properties and to enhance the
biodegradability of the synthetic rubber.
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1.0 Introduction to rubber and the
challenges behind natural rubber
industry

Rubber is a class of polymer categorized as elastomer, an amor-
phous hyperelastic material having sub-ambient glass transition
temperature. Rubber can be divided into 2 types, natural rubber
and synthetic rubber, depending on the origin. Natural rubber
was first used back in prehistoric times (Olmec and Mayans) as
rubber balls in sports, which were important religious and
political events during that time.** The industrialization of
natural rubber began following the discovery of the vulcanization
process by Charles Goodyear in 1839. The vulcanization process
managed to solve the low-temperature brittleness and high-
temperature softening of natural rubber,”” and subsequently
revolutionizes the rubber industry and increases the demand for
natural rubber drastically. This induced the Hevea seedling
smuggling incident in 1876 to hinder the monopolization of the
price of natural rubber as Brazil was the sole natural rubber
exporter during that time. The seeds were then replanted in
Malaysia, and this sparked the dawn of the natural rubber
industry in Southeast Asia as the major natural rubber suppliers
even until today. Currently, countries in Southeast Asia inclusive
of Thailand, Malaysia, and Indonesia contributed to over 90% of
global natural rubber supplies.”® The production, harvesting, and
processing of natural rubber had matured over these years,
bolstered by the suitable climate and growth conditions, cheap
labour costs, and the high acreage of land available for rubber
plantations in developing countries. However, several limitations
and challenges associated with the natural rubber industry had
been identified over time and these necessitate the search for
new or alternative sources of rubber material, both natural and
synthetic.

Current H. brasiliensis plantations in Southeast Asia are of the
same origin as the seeds brought in during the 19th century. H.
brasiliensis trees have very little genetic variability>”® and have
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limited resistance to diseases such as South American Leaf Blight
(SALB) or white rot disease.”** It was reported that infection in
one of the trees may wipe out the whole plantation in no time and
causes a shortage in natural rubber latex supply for future years.
Besides the vulnerability to infection, the supply of natural
rubber is further constrained by the strict conditions needed for
optimal growth of the trees, which include the need for tropical
climate that provides warm environment with abundant rainfall
and sunlight. This excludes non-tropical countries from culti-
vating H. brasiliensis and effectively limit the global supply of
natural rubber. Moreover, some of the tropical countries such as
Malaysia have gradually replaced rubber plantations with palm
oil plantations which are more profitable due to the increased
biofuel demand,'**? and this has further exacerbated the natural
rubber supply chain problem.

The applications of natural rubber cover a wide range of
products, including examination and surgical gloves. The use of
natural rubber gloves, also known as latex gloves first increased
during the HIV epidemic in the 1980s and has grown expo-
nentially with the recent COVID-19 pandemic since 2020.*7"
Latex allergy incidents have also been increasing dramatically,
with around 6% of the population exhibiting latex sensitiza-
tion.” Latex allergy caused by the proteins in natural rubber
latex could result in varying reactions ranging from moderate
symptoms such as itchy skin and hives, to life-threatening
symptoms such as anaphylaxis, difficulty in breathing, and/or
severe vomiting® through direct contact or particle inhalation
by sensitized personnel. There has been numerous studies and
initiatives to address the latex allergy issue caused by the
natural rubber gloves. The complete deproteinization of latex
had shown a negative effect on the mechanical property of the
rubber, as the non-rubber components, including the allergy-
associated proteins were found to be responsible for the
formation of island-nanomatrix structure that strengthened the
rubber and stabilised the latex."”** Other methods developed by
the glove manufacturers such as modification of leaching
protocol to leach out the soluble proteins near glove surface
and/or applying polymer coatings such as hydrogel or silicone
polymer on the gloves' surface to prevent direct contact with the
wearer have shown varying degrees of effectiveness.”*® These
additional steps are however responsible for the increase in the
production cost and the price of latex gloves.'”*

Unfortunately, after more than a century of industrialization,
the natural rubber industry still relies on only a single species of
natural rubber-producing crop as the predominant source of
natural rubber. Given the challenges and constraints to increase
the existing natural rubber supply, coupled with the high
demand for the natural rubber in various industries,**>* there is
an urgent need to exploit other rubber materials as potential
substituents to the current Hevea rubber. The following section
of this review details the alternative sources of natural rubber,
as well as recent progress in synthetic rubbers.

1.1 Alternative natural rubbers

Throughout the mid-20th century, there have been many
attempts to search for alternatives to Hevea rubber. The main
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reason behind it was the cut-off of natural rubber supply from
Southeast Asia due to the Japanese colonization during World
War IL.>** More than 2500 types of plants were found to be
capable of producing latex, but only two, Parthenium argentatum
and Taraxacum kok-saghyz were shortlisted as alternative sour-
ces of natural rubber with promising potential to be cultivated
commercially.>**”

Parthenium argentatum, also known as Guayule is a shrub
native to the Chihuahuan desert of Texas and northern Mexico,
and it is used as the rubber source for the local population
there."** The discovery of Guayule rubber was seen as a prom-
ising alternative source for its hypoallergic characteristic due to
the lack of proteins associated with the latex allergy.®'*>%?%2°
However, Guayule rubber was found to have inferior quality
compared to Hevea rubber, and this includes the presence of
high resin content and relatively low molecular weight rubber
component.’ Before Guayule rubber can serve as a substituent
to Hevea rubber, extensive research and breeding techniques
are required to address the abovementioned limitations. Initial
research focused on the yield had produced promising results,
with significantly higher yield and high-quality guayule rubber
obtained. Unfortunately, the yield was rather unstable, and the
higher production cost involved compared to producing Hevea
rubber has halted the research. It is noteworthy that the price of
Hevea rubber was relatively cheap when it became widely
available after the World War II period. Nevertheless, Guayule
remains as one of the attractive and potential alternatives to
Hevea rubber, with its high rubber yield and low water
requirement that allows it to be cultivated in non-tropical
regions.”®® Guayule however does not tolerate prolonged
freezing temperature which covers the USA and much of Europe
during the winter, as this will freeze the latex and greatly
inhibits Guayule's growth rate.>*?*** At present, although not
many, there are isolated reports on the use of Guayule rubber in
product innovation and these include Guayule/Neoprene blend
wetsuits and Guayule-derived tires commercialized by Yulex
Corporation and Bridgestone, respectively.

Taraxacum kok-saghyz, or Russian dandelion, originates from
Kazakhstan and was discovered in the USSR in the effort to
search for domestic sources of natural rubber in 1931. It is an
annual crop that has a short life cycle of around 6 to 8 months,®
which is significantly shorter compared to Parthenium argenta-
tum (2 years) and Hevea brasiliensis (minimum 10 years growth
required before producing rubber). The short life cycle of
Russian dandelion plant eases the research and cultivation
study, making it one of the prime candidates to substitute
Hevea rubber. Fig. 1 summarizes the processes involved in
harvesting natural rubber from the three plant species
mentioned above. The cultivation and harvest of Russian
dandelion are labour-intensive, has a low yield per hectare, the
seedlings are small, easily outcompeted by weeds, and cross-
breeding results in contamination between different species of
dandelions.'**> This makes vigorous tilling required for
a Russian dandelion plantation to be set up.® The compositional
analysis rubber reveals high-quality of Russian dandelion
rubber comparable to that from Hevea brasiliensis by having
very high molecular weight. The rubber is as resilient as the
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Hevea rubber and is better than Guayule rubber. However, it has
more associated protein than the Hevea's, making the latex
more sensitizing and increases the chances of allergy reaction
with symptoms likely to be more serious. With these traits,
Russian dandelion rubber is more suitable for non-medical
applications or for heavy usage such as tires. Russian dande-
lion rubber made up 30% of the rubber supply in USSR during
World War 2. However, similar to what had happened with
Guayule, most if not all research on the cultivation of Russian
dandelion was abandoned when the supply of Hevea rubber
resumed after World War II.

The globally rapid expanding economies, especially in
China, who is the biggest consumer of natural rubber, have seen
a rapid yearly increase in demands for natural rubber over the
past decades.”® The saturation of rubber plantations in the
“rubber-belt” area and the irreplaceability of natural rubber by
the synthetic alternatives had reignited the world's interest to
search for alternative sources of natural rubber to cope with the
increasing demand for the rubber. One of the solutions was to
source for natural rubber from different rubber producing plant
species that can be cultivated and expanded to non-tropical
regions. For example, Yulex, a corporation that commercial-
ized Guayule-based products focusing on apparel such as wet-
suits, swimming and diving suits, and footwear, has its own
Guayule plantation and processing facilities.*® Bridgestone has
Guayule research facilities in Arizona since 2012 and has
launched racing tires made of guayule-derived rubber.** Kulte-
vat and KeyGene biotech companies collaborated on the
research in Russian dandelion rubber towards the goal of
commercialization.*” Continental launched truck tires made
from Russian dandelion-derived rubber in 2016.** Although
these initiatives provided some degree of sustainability to the
supply of natural rubber, the yield and application of the
alternative natural rubbers is considerably low compared to the
well-established Hevea rubber. The global distribution of
natural rubber plantations, inclusive of Hevea, Guayule and
Russian dandelion are shown in Fig. 2.

2.0 Synthetic rubber and the need for
sustainability

Synthetic rubber refers to any artificial rubber synthesized from
monomers derived from petroleum by-products or those of
natural origin. The former however made-up bulk of the
synthetic rubbers that are in use today. Since the first successful
synthesis of synthetic polyisoprene in 1887, there were many
variations of synthetic rubbers developed throughout history.
The brief timeline of the development of synthetic rubbers is
shown in Fig. 3. Until today, there are more than 20 types of
synthetic rubbers that are widely available in the market. Fig. 4
shows the data on demand and distribution of synthetic rubber
by application in the year 2020, while a summary of the
industrial production methods and properties of some
commonly used synthetic rubbers is given in Table 1. Synthetic
rubbers not only share many similar applications as natural
rubber, but also provide an extended range of applications. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Natural rubber producing plant species and their general industrial harvesting process.33-%°

primary cause is that synthetic rubber is made using a wide
range of monomers, resulting in a variety of rubber properties
to be engineered, as opposed to natural rubber, which typically
has just one chemical structure. For example, NBR has excellent
oil resistance contributed by the polar nitrile group from acry-
lonitrile moiety in the rubber. The mechanical properties, oil,
and chemical resistance of the rubber could be altered by
manipulating the ratio of butadiene to acrylonitrile repeating
units. Over the decades, the oils and gas industry has optimized
the extraction and processing of crude oil and natural gas,
resulting in the availability of cost-effective raw materials for

© 2022 The Author(s). Published by the Royal Society of Chemistry

synthetic rubbers. This is presumably one of the reasons to
most of the synthetic rubber formulations and processing
technologies used in the rubber industries today are still largely
similar to those that were developed in the early days of
synthetic rubber discovery.

Since the 1960s, rapid technology and industrial develop-
ment had raised global concerns about the detrimental impact
on the environment and subsequently sparked the concept of
sustainable development later in the 1980s. The primary
concept of sustainable development is to ensure that the
present needs that could be achieved now should not be

RSC Adv, 2022, 12, 34028-34052 | 34031
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Fig. 2 Current global distribution of natural rubber plantations (Hevea = commercial scale, Guayule & Russian dandelion = commercial,
research and trial), and inset showing feasibility test site of guayule plantation in Mediterranean region.*-4”

compromising the future generations' ability to meet their targeted sustainability at its source. Unfortunately, this is not
needs. One of the goals of the United Nation's Sustainable the case in the synthetic rubber industry as the raw materials
Development Goals (SDGs), “Responsible Consumption and are mostly derived from non-renewable fossil fuels. With the
Production”, targeted the efficient use of natural resources can paradigm shift towards sustainable development and green
be alternatively defined as the resources that were used in any chemistry, the search for sustainable elastomers has been
product development should be able to be replaced naturally.®® intense in the last 10 years, and the desperation also arises from
Besides, the 6th principle of Green Chemistry, a guidance the ecological and environmental effects of the overexploitation
developed by the United States Environmental Protection of fossil fuels that had been evidently amplified.

Agency for the design of chemical processes of products One of the approaches to foster sustainability was through
emphasized the use of renewable raw materials rather than the the incorporation of conventional monomers obtained from
depletion of the economically available ones.*** Both of them biomass sources. Biomass is organic material from biological

1887 1914-1918 1929 1937
First synthesis of World War | Discovery of SBR and Invention of Butyl World Warll
polyisoprene NBR rubber

*— 0o o0 o 0 & sl

1826 1909 1927 1931 1939
Discovery of natural First patent of Synthesis of Commercialization of Production of
rubber chemistry, synthetic polysulfide rubber Chloroprene rubber Poly(butadiene-
isoprene polyisoprene by DuPont acrylonitrile),

Ameripol rubber

1948 1955 1960 1962
Commercialization of  Synthesis of high Commercialization of First synthesis of
polyacrylic rubber by cis-1,4-polyisoprene high EPDM

B. F. Goodrich Company cis-1,4-polyisoprene by

Shell Chemical Company

wasnl *——0—0—0—0 *—O

1950s 1956 1961 1963
First patent of Development of Commercialization of Small scale Commercial
Silicone rubber Fluorocarbon high cis-polybutadiene commercialization of  production of EPDM
elastomers by Kellogg ~ rubber by Phillips elastomeric EPM in United States
Company Petroleum Company

Fig. 3 Timeline of the development of different synthetic rubbers.*®
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EPDM : Ethylene Propylene Diene
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Fig. 4 Demand for synthetic rubber in 2020 according to rubber types, and their respective applications.**=>7

beings. Some of the common synthetic rubber monomers could
be obtained from reprocessing biomass fermentation products.
For instance, carbohydrate of biomass waste such as crops and
wood is hydrolyzed sequentially by acids and enzymes to
produce sugar such as sucrose, which are then fermented to
yield bioethanol.** In the case of EPDM, ethylene and propylene
can be obtained from the bioethanol through dehydration and
addition reaction with suitable catalysts.®>* In recent years,
some rubber manufacturing companies incorporated these bio-
based monomers in their rubber productions. Companies such
as Bridgestone, Goodyear, and Michelin incorporated bio-
sourced isoprene into their tire products in the 2010s.**
According to a statistical report, the usage of biomass-derived
chemicals was at 2.6% of total usage in year 2020.** Although
the number is increasing steadily in the past 10 years, it is
nowhere close to cope with the rate of depletion of fossil fuels
anytime soon. Refined protocols that could increase the
production efficiency and cost-effectiveness of the bio-sourced
monomers, as well as cooperation from large polymer
manufacturing companies may be necessary to ensure the
viability of this initiative.

Another approach to producing sustainable rubber was
achieved with the use of raw materials from natural sources in
rubber product development. This includes materials in the
form of monomers, as well as compounding materials such as
fillers or additives. Incorporation of these non-conventional
materials produced novel rubber materials or composites with
properties that are of interest and worth investigating. Over the
past decade, there are many studies and reports on the use of
naturally produced raw materials in the synthetic rubber
development. The studies are largely divided into two groups
with different focuses; one of them focuses on improving the
performance of the rubber (mechanical, thermal, and chemical
resistant properties) while ensuring its sustainability, and
another prioritizes the biodegradability of the novel synthetic
rubber. Naturally occurring compounds are known for their

© 2022 The Author(s). Published by the Royal Society of Chemistry

ability to be degraded naturally, hence it is reasonable to expect
synthetic rubber comprising of such compounds to exhibit
a certain extent of biodegradability. Unfortunately, the differ-
ence in priorities in the studies are distinct, with many of the
studies that investigate the improvement in the performances
of the rubber compounded with natural raw materials did not
report the biodegradability of the rubber. Due to this, the
following review section is divided into two segments, begin-
ning with the review on the recent advances in the use of natural
materials to enhance the biodegradability of synthetic rubbers
in Section 3.0, and the following Section 4.0 focuses on the
sustainability and improvement of the properties of synthetic
rubbers using biologically sourced materials.

3.0 Recent progress in enhancing
biodegradation of synthetic rubbers

The fact that polymeric materials generally do not decompose
easily applies to synthetic rubber as well and they take a long
time to be degraded in nature. The synthetic origin of the
rubbers is one of the contributing factors to their limited
biodegradability, with most of the raw materials used in the
production of rubber being derived from fossil fuels. The
availability of a wide range of types of monomers that can be
used to synthesize rubber has resulted in a vast variety of
synthetic rubbers with unique chemical compositions. Besides,
various polymerization techniques have been adopted and
resulted in rubber with different molecular weight, structure,
configuration, and the use of various petroleum-based additives
in the rubber compounding process also adds up to the
complexation when it comes to the biodegradation of synthetic
rubber.®® Many other factors are also known to affect biodeg-
radation activity such as the degradation environment which
includes the types of microbial species present, temperature,
pH, and aerobic or anaerobic surroundings. The disposal of
rubber products after their end-of-life cycle and poor waste

RSC Adv, 2022, 12, 34028-34052 | 34033
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Table 1 General description, properties, and applications of conventional synthetic rubbers
Industrial synthesis
Rubber Monomers method Properties Applications Ref.
Styrene butadiene rubber Styrene Hot emulsion More branched, lower Lightweight vehicle tire 49-52
(SBR) polymerization molecular weight chain (passenger car, radical car,
Butadiene Higher T, than cold & S-SBR motorcycle thread), electrical
Good dimensional stability  insulation, hoses, seals, haul-
Good extrusion off pads, shoe soles
characteristics
Cold emulsion Better abrasion resistance, 50 and 51
polymerization tensile strength than hot e-
SBR
Anionic solution High molecular weight linear 50 and 51
polymerization chain
Narrow molecular weight
distribution

Emulsion
polymerization

Chloroprene (Neoprene) 2-Chlorobutadiene

Butyl rubber (IIR) Isobutylene Cationic slurry

polymerization
Isoprene

Nitrile rubber (NBR) Acrylonitrile Hot emulsion

polymerization
Butadiene
Cold emulsion
polymerization
Ethylene propylene diene Ethylene Solution
rubber (EPDM) polymerization
Propylene
Dienes (1,4-

hexadiene etc.)

disposal management are among the problems faced
globally.®*® The high demand and usage volume for rubber
products created a serious problem, as the rate of biodegrada-
tion of synthetic rubbers is extremely low, and they persist in
landfills or nature for almost indefinitely after being discarded,
causing environmental pollution and increase in landfill sizes.*

In general, biodegradation is defined as the process to
breakdown bigger molecules into smaller products by the
activity of microorganisms. Naturally occurring materials tend
to produce smaller environmentally friendly organic by-

34034 | RSC Adv, 2022, 12, 34028-34052

Excellent abrasion and
fatigue resistance,
mechanical properties
Better tire tread traction

properties
High oil and solvent Gloves, shock absorber seals, 51 and 53
resistance electrical insulation, asphalt,

Good thermal, weather, ozone wetsuits, bearing pads
and aging resistance

High strength and stiffness
resulted from stress-
crystallization

Excellent water, air and gas
permeability resistance
Good low temperature
flexibility

Low compatibility with other
polymers, improved by
halogenation (CIIR & BIIR)
Excellent oil and solvent

Stopper, gas masks, sealant, 51 and 54
gasket, hoses, o-rings,

chewing gum base,

waterproof liners

Engine hoses, seals, gloves, 51

resistance oil and hydraulic seals, o-
High green strength, low rings, waterproof fabrics,
flexibility adhesives, pigment binder

Less branching chain than 51
hot polymerized
Better processability than hot-

NBR
Wide temperature range of  Roofings, radiator hoses, 51, 55
application door seals, gaskets, electrical and 56

Good weather, UV, ozone and connectors & insulators,
aging resistance water tank liners

Good resistance to polar

fluids, low non-polar solvent

resistance

Low compatibility with other

polymers (saturation)

products through biodegradation,® and ultimately the prod-
ucts can be further digested to produce CO,, H,O and/or CH,.
The mechanism of biodegradation involves the secretion of
enzymes by the microbes to initiate the breakdown of the
material, and it is essential for the microbes to be able to utilize
carbon sources from the material substrate. In general,
microbes are not able to consume or digest synthetic rubbers,
hence the low microbial activity and non-biodegradability of
those rubbers.®” This situation is worsened with the use of non-
biodegradable additives during the rubber compounding
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phase. In conventional rubber production, the rubber com-
pounding phase is an inevitable process to render the rubber
practically useful for many applications. The most significant
part of rubber compounding is the vulcanization process to
create crosslinking between rubber chains for the improvement
of physical and mechanical properties. Fillers and other addi-
tives are often incorporated during this phase; for example,
reinforcement fillers for further improving the properties and
dyes for changing the appearance of the product. In recent
years, there are many reports on the use of renewable materials
as additives or as blending components for synthetic rubber,
and the incorporation of such materials has resulted with
improvement in the biodegradability of the products.

3.1 Starch

There is an increase in the number of research that focuses on
the incorporation of natural fillers in synthetic rubber, and the
purpose of the additive is to not only emulate the conventional
role of fillers but to serve as nutrients for the microbes during
the biodegradation process as well. One example of such fillers
is starch, a type of polymer categorized as carbohydrates and
consists of glucose repeating units. Starch is widely available in
almost all plants as the product of photosynthesis, and as the
energy storage unit in plants. It has been utilized in the devel-
opment of bioplastics because of its high availability and
renewability, low cost, and biodegradability.

Rubber blending with starch is another approach to incor-
porating biodegradability in synthetic rubber. The blend
composite of cassava starch (CS)/carboxylated styrene buta-
diene rubber (XSBR) was reported by Riyajan et al. in 2018.”
Potassium persulfate initiator was included in the blend to
induce the grafting of CS to XSBR through the carboxyl group,
preventing the agglomeration of starch particles due to the
difference in hydrophilicity between the starch and the rubber.
In general, the increase in the ratio of CS in the blend resulted
in an increase in the rate of soil biodegradation, TS, and water
swelling ratio. The highest mass loss of 80% in 1 month was
reported with CS/XSBR ratio of 1: 1. The high TS of 25 MPa was
comparable to the conventional synthetic rubber, but EB of the
film was considerably low at about 100% only, resulting in
a strong but relatively brittle material. The TS, EB and biode-
gradability could be tuned with different ratio of cassava starch
in the blend and a balance in these properties are necessary to
produce a sustainable and biodegradable rubber blend with
high mechanical performance.

In a separate study, glycerol was used as a plasticizer in CS/
XSBR blend to largely improve the EB, and cellulose fibre fillers
were introduced to control the moisture content. Although
improvement in the mechanical property was observed, the
biodegradability of the composite slightly decreased, from full
disintegration to 82.6% weight loss within 30 days.””*

The presence of rich hydroxyl groups in starch molecules
promote agglomeration as a result from the strong hydrogen
bonding among starch molecules.” Modification of starch
molecules is often required for good dispersion and subse-
quently good resultant properties of the rubber.”* In 2019, Daud
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et al. incorporated acid hydrolyzed sago starch (AHSS) as filler in
carboxylated nitrile rubber (XNBR), showing improved biode-
gradability of the composite.” The AHSS-filled XNBR showed
22% mass loss in the soil burial test after 3 weeks. The
percentage of mass loss in both samples of AHSS-filled or native
sago starch-filled XNBR were much higher than the unfilled
XNBR (10% mass loss) at 22% and 17%, respectively. However,
AHSS is not a good reinforcing filler in XNBR as the mechanical
properties such as tensile strength (TS) and elongation at break
(EB) of the filled rubber are inferior to the unfilled control. The
demotion of mechanical properties is due to the poor interfacial
interaction that resulted from the high hydrophilicity difference
between hydrophilic starch molecules and the hydrophobic
rubber matrix.

Amino-functional starch (ANS) was synthesized by Misman
et al. by graft copolymerization of starch molecules with acry-
lonitrile, a monomer containing the same nitrile functional
group as XNBR.”® While the introduction of 10 phr ANS filler in
XNBR did create starch interstitial region that reduced the
crosslink density like in the case of AHSS, the EB of the rubber
improved, and TS was insignificantly affected. This was attrib-
uted to the glucose ring opening via amino functionalization
where the hydrogen bonding between the two sides of the ring-
opened glucose units provides reversible points to dissipate
external stress in the starch chain before total structure failure
occurs. ANS-filled XNBR also has significantly improved
biodegradability, with 25% mass loss over 8 weeks of soil burial
test. The formation of microbial coaggregation was also
observed through a scanning electron microscope (SEM) in the
soil burial test samples.

Starch-graft-poly(methyl methacrylate) produced through
emulsion polymerization between natural corn starch powder
and methyl methacrylate as a filler could improve the
mechanical properties of SBR through the physical entangle-
ment between SBR matrix and starch grafted PMMA.”” The soft,
high strength and bendable material are suggested for appli-
cations in tight packaging such as fruit wrapping. The rate of
biodegradation increases tremendously at a high filler content
of >30 phr but the mechanical strength deteriorates worse than
the unfilled SBR due to agglomeration as a consequence of high
filler-filler interaction overrides the mechanical reinforcement
resulting from the physical entanglement. At optimum 30 phr
filler content, 2% mass loss of samples could be obtained after
90 days of soil burial.

3.2 Cellulose

Cellulose is a polysaccharide composed of a linear chain of $-1,4
linked p-glucose units and is one of the most abundant organic
polymers on earth. In 2019, Taib et al. modified the properties
of nanocellulose using gallic acid as antioxidant and subse-
quently introduced it into synthetic rubber.” The antioxidant
nanocellulose (Aox-NCC) acts as a reinforcement filler and
crosslinking agent when incorporated into NBR. The optimum
amount of Aox-NCC reported was 3 phr, providing the
maximum mechanical strength improvement through the
increase in crosslink density, before the decrease in efficiency of
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reinforcement due to the agglomeration of Aox-NCC particles.
The resulting fillers have a negligible mass loss during the soil
burial degradation test within 6 months in both filled samples
and unfilled control. According to the author, the antioxidant
moieties act as radical removers during oxo-biodegradation,
slowing down the overall biodegradation process and further
investigation is required to conclude the biodegradability of
Aox-NCC. Cellulose occurs abundantly in plants as an impor-
tant constituent of cell walls, hence cellulose fibres can be
extracted from many sources, for example, Opuntia Cactaceae
cactus trunk, in the form of the mesh-like fibrous network.” A
high extent of degradation approaching complete disintegra-
tion can be achieved within 7 months with the incubation of the
cellulose fibre network (9 wt%) filled SBR composite in organic
soil. Besides plant cellulose sources, bacterial cellulose is also
frequently used as filler for synthetic rubber due to its high
purity, crystallinity and unique open network structure leading
to a large surface area.** Moreover, hydrolysis of bacterial
cellulose resulted in bacterial cellulose whiskers, forming
a rigid 3D filler network through hydrogen bonding between
whiskers. Water-induced stimuli-responsive SBR reinforced
with bacterial cellulose whiskers was reported by Chen et al
They suggested the rupture of the said 3D network occurs
during the presence of other competitive hydrogen bonding
agents, such as water. This results in a stimuli-responsive
composite for the applications such as sensors.*

3.3 Keratin

Keratin is also one of the natural raw materials that have
received attention from the rubber industry. Keratin refers to
one of the families under scleroproteins, a type of structural
fibrous protein. Keratin consists of peptide chains, forming
different functional components in biological organisms for the
role of support and protection, such as the epithelial tissues
which include skin and nails. Keratin for use in synthetic
rubber is usually extracted from the tannery and poultry waste
of vertebrate sources such as sheep wool and bird feathers. Even
though the occurrence of keratin in these wastes is not as high
as collagen, the extraction of keratin from these wastes involves
relatively low cost and could reduce the environmental damage
and pollution compared to the fossil fuel-based materials. The
use of keratin as a biodegradable component in XNBR has been
reported by Prochon et al.®* XNBR filled with cattle hair keratin
and its acid hydrolysate showed improved crosslink density and
higher oil resistance as diesel fuel and leaded petrol compared
to unfilled XNBR. Cattle hair keratin showed better mechanical
performance reinforcement than hydrolysate due to the higher
specific surface area, smaller particle size and the high molec-
ular weight, while in keratin hydrolysate, the large particle size
from the formation of aggregates by the small molecular weight
scissored chains during acid hydrolysis resulted in poor filler
dispersion and lower reinforcement effect. The better filler
dispersion is also seen to affect the biodegradability, with the
keratin-filled XNBR exhibiting a greater reduction in TS (—30%)
and crosslink density after 30 days of burial test in universal
soil, indicating the higher decomposition activity by microbes.
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Keratin hydrolysate from bird feathers (bird feather hydrolysate,
BFH) reinforced XNBR and NBR could achieve a faster cure rate,
and high strength reinforcement but resulted in lower flexibility
composites. However, the process of bird feather hydrolysis
should not use highly concentrated alkali as it could further
hydrolyse keratin to release free amine and carboxylate ions,
resulting in poor water uptake capability and biodegradability
of the composite.**

Keratin hydrolysate could also be obtained through enzy-
matic hydrolysis. The activity of enzymatic hydrolysate of
keratin was investigated in sulphur cured system with different
additional fillers, poly(vinyl alcohol), (PVAL) and montmoril-
lonite (MMT) clay by Prochon et al. in the year 2015 and 2020,
respectively.*** Generally, the MMT-filled samples have higher
TS, while EB and hardness are comparable to PVAL-filled
samples at the same amount of keratin fillers. At 10 phr
keratin hydrolysate, 3.2% and 5.2% in TS reinforcement were
observed in PVAL-filled and MMT-filled samples, respectively.
As for the biodegradation test, both samples appeared dis-
coloured, blotchy and uneven surfaces after being buried in soil
for 1 month. The discolouration observed through a spectro-
photometer was attributed to the biodegradation of the
biopolymer part as the colour protection properties were lost. In
the MMT-filled XNBR with 5 phr keratin hydrolysate sample,
a 50% decrease in TS after 3 months of soil burial was reported.
Compared to the negligible change in the TS of the unfilled
sample, the reported drop in the filled sample was considerably
large, suggesting the use of enzymatic keratin hydrolysate as
filler in XNBR could be a very promising approach to produce
biodegradable synthetic rubber without compromising the
mechanical performance. The effect of inorganic particle-
keratin filler blending in NBR was investigated by Prochon
et al.®* The blending of keratin with zinc oxide before the
compounding phase decreased the particle size