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Abstract: Lignocellulosic fillers have attracted considerable attention over the years as a promising
alternative to conventional petroleum-based fillers (carbon black) in rubber composites due to their
renewability, biodegradability, availability, high mechanical properties, low density and low cost.
Based on the literature available, a comprehensive review is presented here of rubber biocomposites
reinforced with plant-based fillers. The study is divided into different sections depending on the ma-
trix (natural or synthetic rubber) and the type of lignocellulosic fillers (natural fiber, microcrystalline
cellulose, lignin and nanocellulose). This review focuses on the curing characteristics, mechanical
properties and dynamic mechanical properties of the resulting rubber biocomposites. In addition, the
effect of hybrid filler systems, lignocellulosic filler surface modification and modification of the rubber
matrix on the properties of these rubber biocomposites are presented and compared. A conclusion is
finally presented with some openings for future works.

Keywords: rubber biocomposites; natural fibers; cellulose; lignin; nanocellulose; hybrid reinforcements

1. Introduction

Rubbers are elastomeric materials containing unsaturated bonds in their backbone
that can be strengthened by the vulcanization process (crosslinking reaction). Vulcanized
rubbers have exceptional properties, such as high elasticity, excellent abrasion resistance,
low compression set, high elongation, and high tensile and tear strength. Therefore, they
can be used for various products, such as tires, hoses, belts, gloves, footwear, gaskets,
etc. [1,2]. Additionally, rubber composites can be used in biomedical applications as well
as electrical and thermal devices such as sensors [3]. However, unfilled rubber is remains
inappropriate for industrial applications and must be reinforced with fillers to generate
composite structures [1].

Fillers are classified into three categories: (i) reinforcing, (ii) semi-reinforcing and
(iii) non-reinforcing. Reinforcing fillers are used to improve the properties (mechanical,
thermal, electrical and chemical) of the composites. However, non-reinforcing fillers are
used to decrease the costs, but they may also decrease the mechanical properties [4]. Today,
carbon black (CB) is still the most widely used reinforcing filler for rubber composites; it
can effectively improve the mechanical and dynamic mechanical properties since strong
interfacial interactions are formed between the CB particles and rubber chains. However,
CB is a non-renewable and non-biodegradable petroleum-based material. In addition,
a large amount of energy is consumed during its production, leading to environmental
issues [5–7]. For example, the CO2 emission and energy consumption factors are 3.3 tons
CO2/ton of CB and 44 GJ/ton of CB, respectively [8]. Therefore, replacing CB with more
sustainable and green fillers has garnered increased attention, generating several studies
on the subject.

Lignocellulosic fillers are attracting considerable attention as alternative reinforce-
ments in rubber composites due to their renewability, biodegradability, availability, high
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mechanical properties, low density and low cost [9,10]. For example, the annual production
of mill wood residues in Canada for 2004 was estimated at 21.2 million bone-dry tons
(BDt), of which 87% was used in applications such as pulp and paper, wood fuels, animal
bedding, pellets, etc. However, the other 13% (2.7 million BDt) was discarded [11]. This
represents a substantial source of low-cost fillers to be used in composite applications.
However, lignocellulosic materials are generally classified as non-reinforcing fillers for
rubber composites due to the poor compatibility between hydrophobic rubber molecules
and hydrophilic fillers. Therefore, the properties of rubber composites filled with pristine
lignocellulosic fillers are expected to be lower than those filled with CB. Consequently, some
modifications must be applied to the lignocellulosic fillers to improve their compatibility
with the rubber matrix [12]. Nevertheless, these modifications require additional costs and
could also decrease the biodegradability of natural fillers. Moreover, additional steps are
necessary for the fillers’ purification and their mixing with a rubber matrix, especially for
nanoscale fillers.

In this review, lignocellulosic fillers are classified into natural fibers, microcrystalline
cellulose (MCC), lignin and nanocellulose to determine their effect on the curing char-
acteristics and mechanical and dynamic mechanical properties of rubber biocomposites.
Furthermore, lignocellulosic fillers’ surface modifications are presented and compared. The
review is divided in two main sections: natural rubber (NR) and synthetic rubbers. Since
NR is also bio-based, most studies have focused on NR biocomposites. Nevertheless, some
applications of lignocellulosic filler addition into synthetic rubbers are also reported to
complete the review.

2. Natural Rubber (NR)
2.1. Natural Fiber/NR Composite

Raw natural fibers (NF) are generally categorized as non-reinforcing fillers, but the
specific features of these materials, such as renewability, biodegradability, availability,
and high mechanical properties, make them promising candidates for NR composite
applications. Moreover, NF/NR composites have low cost and low density. NF are
classified into plant-based, mineral-based and animal-based fibers. Plant-based fibers are
the most abundant natural fibers and are extracted from different sources and parts of
plants. Therefore, the main components of plant fibers are similar (cellulose, hemicellulose
and lignin), but their compositions are different [13]. The chemical compositions of typical
natural fibers are reported in Table 1.

Table 1. Chemical composition of typical natural fibers [13].

Fiber Cellulose (wt.%) Hemicellulose (wt.%) Lignin (wt.%)

Bagasse 55.2 16.8 25.3
Bamboo 26.0–43.0 30.0 21.0–31.0

Coir 32.0–43.0 0.15–0.25 40.0–45.0
Cotton 80.0–95.0 5.0–20.0 0

Flax 71.0 18.6–20.6 2.2
Hemp 68.0 15.0 10.0

Jute 61.0–71.0 14.0–20.0 12.0–13.0
Kenaf 72.0 20.3 9.0

Oat straw 31.0–35.0 20.0–26.0 10.0–15.0
Oil palm 65.0 - 29.0

Pineapple 81.0 - 12.7
Rice husk 35.0–45.0 19.0–25.0 20.0
Rice straw 41.0–57.0 33.0 8.0–19.0

Sisal 65.0 12.0 9.9
Wheat straw 38.0–45.0 15.0–31.0 12.0–20.0
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2.1.1. Effect of Natural Fiber Physical Properties

Filler size is a critical factor affecting the mechanical properties of composites. A smaller
filler size has a higher surface area and has a greater possibility to bind to the rubber. On the
other hand, it is also more difficult to disperse into polymer matrices. Therefore, composites
filled with smaller fillers have better mechanical properties than those containing larger
particles, providing good dispersion. Sareena et al. [14] compared two different particle sizes
of coconut shell powder (0–45 µm and 45–90 µm) and reported that the filler surface area
can control the mechanical properties of NR composites. The tensile strength of composites
containing 10 parts/100 rubber (phr) of coconut shell powders with a size of 0–45 µm was 26%
higher than the one with a size of 45–90 µm. Ismail et al. [15,16] also reported similar results
for the effect of oil palm wood flour size on the mechanical properties of NR composites.

Natural fibers can have a wide range of length-to-diameter ratio (aspect ratio). The
fiber aspect ratio plays an essential role in the mechanical properties of composites. It must
be above a critical value to be effective for interfacial stress transfer. The critical fiber aspect
ratio is defined as the minimum value to maximize the interfacial stress transfer between
the fiber and the matrix. Below this value, the fibers are simply acting as fillers. On the
other hand, if the aspect ratio is too high, the fibers may entangle during mixing, leading to
poor dispersion [17]. Joseph et al. [18] indicated that in addition to the fiber aspect ratio,
fiber orientation has a strong effect on mechanical properties. They showed that the tensile
strength of NR composites filled with 20 phr of oil palm fibers in the longitudinal direction
was 15% higher than that in the transversal direction.

2.1.2. Biodegradability

Biodegradability is one of the most important features of natural fibers, making them
interesting for polymer composites. Abdel-Hakim et al. [19] studied the biodegradation
of sisal fiber/NR composites of different filler contents using simulated soil containing
equal parts soil, sand and animal manure. The samples were buried under a layer of soil
(1 cm) with a pH of 7.5. The biodegradation period was 90 days, and the weight loss was
measured every 2 weeks. Figure 1 shows the weight loss of sisal fiber/NR composites as a
function of filler content. The weight loss of neat NR was 0.25% after 90 days, while this
value for the composites containing 5, 10, 20 and 30 phr of sisal fiber was 0.81%, 1.57%,
2.44% and 3.25%, respectively. It was found that the degree of biodegradability increased
with increasing the amount of sisal fiber in NR composites. The authors also reported
that, although coating the sisal fibers with a hydrophobic polymer (styrene butyl acrylate)
improved the mechanical properties of NR composites, this treatment resulted in lower
weight loss during biodegradation. Similar results were obtained by Jacob et al. [20]. They
confirmed that the biocomposite weight loss in soil increased with natural fiber (sisal
and oil palm) addition to NR, but performing chemical treatments (mercerization and
silanization) on the fibers reduced the biodegradability.

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 4 of 35 
 

 

 
Figure 1. Weight loss of sisal fiber/NR composites with different filler contents (adapted with per-
mission from [19]). 

2.1.3. Curing Characteristics 
Curing characteristics are critical parameters because they control the degree of 

crosslinking with respect to the curing time and temperature and thus help understand 
the processability of rubber compounds. The scorch time (t’10), optimum curing time 
(t’90), minimum torque (ML) and maximum torque (MH) are generally obtained from the 
curing curve, where t’x represents the time to reach x% of torque increase: 

t’x = minutes to ML + x (MH − ML) · 100 torque (1)

Scorch time, also known as induction time, is the time before vulcanization. The op-
timum cure time represents the degree of crosslinking or curing time required to prepare 
the vulcanized NR. Minimum torque is related to processability, while maximum torque 
is associated with the stiffness and crosslink density of the rubber compound. 

Since NF are stiffer than NR, their addition leads to a restriction in the deformation 
and mobility of rubber chains, increasing the compound viscosity. The minimum torque 
and maximum torque are increased with their addition, and more energy is required to 
process the rubber compounds. As a result, more heat is generated due to additional fric-
tion (viscous dissipation), leading to shorter scorch time and optimum cure time [14,21–
25]. For example, the curing characteristics of NR composites filled with coconut shell 
powders are reported in Table 2. 

Table 2. Curing characteristics of NR composites filled with coconut shell powders [14]. 

Filler Content (phr) 0 10 20 30 40 
Minimum  

torque (N.m) 
0.01 0.12 0.18 0.19 0.23 

Maximum torque  
(N.m) 

2.5 2.6 3.0 3.5 3.8 

Scorch time  
(min) 

3.3 2.7 2.4 2.5 2.4 

Cure time  
(min) 

11.5 9.0 8.3 8.1 6.6 

Figure 1. Weight loss of sisal fiber/NR composites with different filler contents (adapted with
permission from [19]).



J. Compos. Sci. 2022, 6, 183 4 of 32

2.1.3. Curing Characteristics

Curing characteristics are critical parameters because they control the degree of
crosslinking with respect to the curing time and temperature and thus help understand the
processability of rubber compounds. The scorch time (t’10), optimum curing time (t’90),
minimum torque (ML) and maximum torque (MH) are generally obtained from the curing
curve, where t’x represents the time to reach x% of torque increase:

t’x = minutes to ML + x (MH −ML) · 100 torque (1)

Scorch time, also known as induction time, is the time before vulcanization. The
optimum cure time represents the degree of crosslinking or curing time required to prepare
the vulcanized NR. Minimum torque is related to processability, while maximum torque is
associated with the stiffness and crosslink density of the rubber compound.

Since NF are stiffer than NR, their addition leads to a restriction in the deformation
and mobility of rubber chains, increasing the compound viscosity. The minimum torque
and maximum torque are increased with their addition, and more energy is required to
process the rubber compounds. As a result, more heat is generated due to additional friction
(viscous dissipation), leading to shorter scorch time and optimum cure time [14,21–25]. For
example, the curing characteristics of NR composites filled with coconut shell powders are
reported in Table 2.

Table 2. Curing characteristics of NR composites filled with coconut shell powders [14].

Filler Content (phr) 0 10 20 30 40

Minimum
torque (N.m) 0.01 0.12 0.18 0.19 0.23

Maximum torque
(N.m) 2.5 2.6 3.0 3.5 3.8

Scorch time
(min) 3.3 2.7 2.4 2.5 2.4

Cure time
(min) 11.5 9.0 8.3 8.1 6.6

2.1.4. Mechanical Properties

Various natural fibers have been used as fillers in NR composites. Although the main
components of most natural fibers of plant origin are the same (cellulose, hemicellulose
and lignin), their chemical compositions are different (Table 1). This leads to differences in
the mechanical properties of NR composites filled with different NF. Some examples are
listed in Table 3.

The results in Table 3 show that the tensile strength of NR composites decreased
with increasing natural fiber content because of poor filler dispersion, limited interfacial
adhesion, and restricted strain-induced crystallization of NR. The poor compatibility be-
tween NF and NR is clearly visible through SEM analysis (Figure 2). SEM images show
that rattan fibers can be easily pulled out from the rubber matrix, leaving holes due to
weak interfacial adhesion. Moreover, agglomerations are formed when 30 phr of fillers
are added. Filler–rubber incompatibility can also be observed by studying the swelling
properties of NR composites in a good solvent (toluene). Since the solvent dissolves un-
vulcanized (uncrosslinked) NR and swells crosslinked NR, it can be used as a molecular
probe in vulcanized rubbers to study the internal structure of composites. Several stud-
ies confirmed the incompatibility between untreated natural fibers and NR using this
technique [23,25,30,31]. In addition, the high content of natural fibers may lead to a dis-
continuous phase of the NR matrix and thereby decrease the possibility of strain-induced
crystallization. In other words, the addition of a high amount of filler limited the mobility
of NR chains and their orientation during stretching, causing the onset of stress-induced
crystallization to be shifted to smaller strains compared to unfilled NR. Consequently, the
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tensile strength and elongation at break decreased sharply at higher filler loadings [32,33].
In contrast, the tensile modulus and hardness continuously increased with natural fiber
content because these fillers were much stiffer than NR. Similar trends were observed in NR
composites filled with rattan powder [25], bamboo fiber [26], cotton [27], jute [28], aspen
wood flour [29], sisal [30], grass [31], maple [34], flax [35], hemp [36], oil palm [37], wheat
straw [38], pineapple leaf [39], coir [22], isora [40], silk [41], coconut shell powder [14] and
peanut shell powder [24].

Table 3. Mechanical properties of NR composites filled with different types of natural fibers.

Filler Content
(phr)

Tensile
Strength

(MPa)

Elongation at
Break (%)

Modulus at
100%
(MPa)

Hardness
(Shore A) Ref.

Rattan
powder

0 24.8 1016 0.70 -

[25]
5 21.4 945 0.87 -

10 18.9 893 0.98 -
15 16.8 855 1.21 -
30 11.2 707 1.52 -

Bamboo
fiber

0 19.8 749 0.61 35

[26]
10 9.3 421 0.81 41
20 7.4 359 1.19 49
30 5.5 293 1.41 54
50 3.6 181 1.90 64

Cotton
fiber

0 21.3 625 1.08 44

[27]
5 18.6 600 1.52 55

10 15.6 576 2.08 65
15 12.4 561 2.18 72
20 10.3 554 2.67 77

Jute fiber

0 18.46 788 0.68 -

[28]

1 18.21 785 0.73 -
2.5 21.05 779 1.09 -
5 19.03 775 1.12 -

7.5 15.40 731 1.66 -
10 14.23 735 1.94 -

Aspen
wood
flour

0 18.5 593.7 0.89 42

[29]
10 21.3 655.1 1.26 48
20 18.8 567.7 1.72 52
30 15.0 647.4 1.68 56
50 9.68 523.9 2.28 62

Sisal fiber

0 20.1 1347 0.81 40

[30]
10 10.9 1089 1.08 45
20 9.6 1050 1.12 49
30 8.6 916 1.22 55
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2.1.5. Dynamic Mechanical Properties

Dynamic mechanical properties are very important for rubber applications, such as
tires, since they can simulate the performance of a compound under real-life conditions.
Several studies have been carried out on the dynamic behavior of NF/NR composites.
Most of them reported improvement in storage modulus (E’) and reduction in loss factor
(tan δ = E”/E’) after adding natural fibers to NR [28,42–50].

Figure 3 presents typical values of E’ and tan δ as a function of temperature for NR
composites filled with different contents of untreated oil palm fibers. The storage modulus
curve gives useful information on stiffness, filler/matrix interfacial interaction and degree
of crosslinking. In all cases, E’ decreases with increasing temperature, and a significant
reduction is observed between −60 and −40 ◦C. In the glassy region, the composite is in a
frozen state and is immobile. Therefore, the storage modulus difference between all the
samples is very small. As the temperature increased, the composites became more mobile
and the modulus decreased. At higher temperatures (−20 to 80 ◦C), E’ became a function of
filler content, and the highest modulus was observed for the composite having the highest
filler loading (30 phr), as natural fibers can increase the stiffness of rubber composites. This
improvement in storage modulus led to a decrease of the loss factor; i.e., tan δ decreased
with increasing filler content [49].
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2.1.6. Natural Fiber Modification

Because of the poor compatibility between the hydrophilic NF and the hydrophobic
NR, it is necessary to apply surface treatments on the natural fibers. The most common
chemical modifications for NF are alkali treatment, functionalization with hydrophobic
functional groups and the use of a coupling agent, as described in the following section.

Alkali Treatment

Alkali treatment is one of the simplest treatments for NF, and Figure 4 presents the
mechanism involved. In this technique, sodium hydroxide (NaOH) is used to remove
waxes, natural fats and other impurities from the surface of natural fibers. Therefore, the
alkali treatment increases the surface area available for bonding with the matrix, improves
surface roughness and decreases the surface tension of the filler. After an alkali treatment,
the fiber diameter decreases and the fiber aspect ratio increases [51,52]. Moreover, the alkali
treatment partially removes the amorphous regions (hemicellulose and lignin) from the
fibers, leading to higher crystallinity [53,54].
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Although the thermal and mechanical properties of the composites are significantly
improved by this treatment, excessive delignification can take place if the alkali concen-
tration is higher than the optimum condition, leading to damaged/weaken fibers. For
example, Jacob et al. [55] used different NaOH concentrations (0.5%, 1%, 2%, 4% and 10%)
for the treatment of sisal/oil palm fibers for 1 h and reported that the best results were
obtained when 4% NaOH was used. In another work, Ray et al. [56] treated jute fibers
with 5% NaOH for 2, 4, 6 and 8 h. The results showed that the optimal time was 4 h.
Other researchers studied the effect of alkali treatment on the mechanical properties of
NR composites and showed that the values were all improved [14,18,22,24,39,40,55,57–60].
For example, Geethamma et al. [22] showed that the tensile strength of NR composites
containing 35 phr of coir fiber was improved by 44% after treatment with 5% NaOH for 24 h.
However, the tensile strength was still 64% lower than unfilled NR. So other treatments can
be applied to improve all properties.

Modification with Hydrophobic Functional Groups

Natural fibers are hydrophilic and rich in hydroxyl groups. This high number of
hydroxyl groups generates hydrogen bonds between natural fibers, leading to possible
agglomeration in a polymer matrix. Consequently, the replacement of hydroxyl groups
by hydrophobic functional groups can prevent agglomeration and improve compatibility
with NR. Moreover, this treatment is known to decrease the water absorption of natu-
ral fibers [12,61]. Typical treatments are acetylation, benzoylation, peroxide, potassium
permanganate and acrylic acid treatment.

In the acetylation treatment, the hydroxyl groups (OH) are replaced by acetyl groups
(CH3CO) using acetic anhydride reactions. To accelerate this reaction, an acid catalyst
can be used to graft acetyl groups onto the cellulose structure, as shown in Scheme 1.
Acetylation decreases the fibers hydrophilicity and improves the mechanical properties of
NR composites due to better compatibility [62–68]. Varghese et al. [68] reported that the
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tensile strength of NR composite containing 40 phr of sisal fibers increased by 65% after
acetylation, but still was 22% lower than that of unfilled NR. Mathew et al. [67] compared
both alkali treatment and acetylation for isora fibers. Their results showed that acetylation
was more effective in improving the mechanical properties of NR.
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Benzoylation uses benzoyl chloride to decrease the hydrophilic nature of fibers and in-
crease interfacial adhesion, thereby improving the mechanical properties of NR composites.
This treatment is generally performed after an alkali pre-treatment by replacing hydroxyl
groups with benzoyl groups (C6H5CO-), as shown in Scheme 2 [61]. Lopattananon et al. [39]
used a benzoyl peroxide treatment and reported that the tensile strength of NR composite
with 20 phr of pineapple leaf fiber was improved by 57%. They also reported that benzoyl
peroxide treatment gave better results than alkali treatment.
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Scheme 2. Reaction mechanism of fiber benzoylation [69].

Potassium permanganate (Scheme 3) and acrylic acid (Scheme 4) are two other treat-
ments for natural fibers. Dhanalakshmi et al. [70] compared the effect of untreated,
alkali-treated, potassium permanganate–treated, benzoyl chloride–treated and acrylic acid–
treated areca fibers on the mechanical properties of NR composites. The results showed
that the highest value was obtained when 60% of acrylic acid–treated fibers was used.
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Silane Coupling Agents

Silane coupling agents are widely used for silica-filled NR composites, as they chemi-
cally react with both the filler and the matrix and thus significantly improve the fiber-matrix
interfacial adhesion (Figure 5). Bis(3-(triethoxysilyl) propyl) tetrasulfide (TESPT) is the
most common silane coupling agent for NR composites [72].
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Figure 5. The mechanism of silane coupling agent treatment in rattan/NR composites.

Some publications reported on the mechanical property improvements for NR com-
posites filled with NF after silanization [25,31,60,67,73–80]. All the treatments presented
in above were used to improve the filler–matrix physical interactions. However, silane
coupling agents can form a covalent bond between NF and NR, producing stronger ad-
hesion. Mathew et al. [67] reported that isora fibers treated with a silane coupling agent
showed better results than alkali, acetylation and benzoylation treatment to reinforce NR
composites. The mechanical properties of kenaf fiber/NR composites before and after
treatment with TESPT as a coupling agent are presented in Figure 6 [75]. The results
show a significant improvement (up to 105% increase in tensile strength for 40 phr filler
content) compared to untreated fibers, but this treatment is still not sufficient to reinforce
NR composites. Moreover, silane coupling agents have several disadvantages, such as
alcoholic by-products, challenging processing and high costs [4].
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2.1.7. Natural Rubber Modification

Maleated natural rubber (MNR) is obtained via NR chemical modification by blending
maleic anhydride with NR. As shown in Figure 7, MNR can form a hydrogen bond with
the hydroxyl groups of cellulose, thus improving interfacial adhesion and composite me-
chanical properties. Some work used MNR as a compatibilizer for NF/NR composites and
reported mechanical property improvements using this compatibilizing strategy [30,81–84].
Zeng et al. [27] observed that the tensile strength of NR composite with 10 phr MNR at
10 phr cotton fiber was 11% higher than that without MNR.
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Figure 7. Schematic representation of the interaction between cotton fiber and MNR through hydro-
gen bonding (reproduced with permission from [27]).

Epoxidized natural rubber (ENR) is an NR modification prepared with acetic or formic
acid and hydrogen peroxide. ENR has better resistance to heat/oxidation degradation
and hydrophobic solvents (like oil) than NR because of the oxirane ring. ENR has polar
epoxy groups and is hydrophilic; hence, better compatibility with lignocellulosic fillers
is created. Wongsorat et al. [30] compared both MNR and ENR as a compatibilizer in
sisal fiber/NR composites. It was observed that MNR was more effective than ENR to
improve the mechanical properties of NR composites. At 10 phr sisal fiber content, the MNR
compatibilized composite showed 43%, 13%, 44% and 53% higher tensile strength, hardness,
modulus at 100% strain and modulus at 300% strain compared to the uncompatibilized NR
composite, respectively.

2.1.8. NF/NR Composites Reinforced with Hybrid Fillers

CB and silica are the most common reinforcing fillers for NR composites. Although
lignocellulosic fillers have a high potential for NR compounds, they cannot be used to fully
replace conventional fillers. Although NF addition to NR decreases the tensile strength and
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elongation at break, it can improve other properties such as hardness, tensile modulus and
storage modulus, while decreasing density and costs. Therefore, to obtain the advantages of
natural fibers without their drawbacks, the idea was to combine them with more standard
fillers (silica and CB) to produce hybrid systems. Hybrid fillers can result in an optimal
balance between different properties of NR composites [34,60,85–88].

Tzounis et al. [89] studied short jute fibers/multiwall carbon nanotube (MWCNT)
hybrid fillers to improve the interaction between the hydrophilic fibers and the NR matrix.
Firstly, to increase water dispersion and interactions with jute fibers, MWCNT was func-
tionalized under mild acidic conditions (HNO3) to generate carboxylic acid moieties. As a
result, hydrogen bonds were formed between the hydroxyl groups of jute fibers and the
carboxyl groups of treated MWCNT. The hybrid fillers showed higher hydrophobicity than
the jute fibers alone, resulting in better compatibility with NR. The tensile strength of NR
composite with 10 phr hybrid fillers was 25% and 76% higher than that with 10 phr jute
fiber alone and neat NR, respectively.

2.2. Microcrystalline Cellulose (MCC)/NR Composite

The main components of NF fibers are cellulose, hemicellulose and lignin (Table 1).
Cellulose has a crystalline structure, the highest content of hydroxyl groups (18.5 mmol/g)
and is stronger than the other components [90]. Different techniques were proposed for
extracting cellulose from natural fibers. Alkali treatment followed by acid hydrolysis is a
simple method to produce microcrystalline cellulose (MCC). The alkali solution removes
impurities from the natural fibers and facilitates the hydrolysis process, while an acid
hydrolysis removes the amorphous phases (lignin and hemicellulose) to obtain the cellulose
fibers (Figure 8). MCC has a higher specific surface area (smaller diameter) than natural
fibers and therefore has more interaction and bonding possibilities with the polymer
matrix [91]. In addition to MCC, some studies also used regenerated cellulose as fillers for
rubber matrices [92–96].
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Roy et al. [82,97] showed that adding 5 phr of MCC to NR improved the tensile strength
by 13–16%. However, other studies showed that the tensile strength decreased when more
than 10 phr of MCC was used in NR composites due to poor filler dispersion and poor
filler–matrix compatibility [33,98,99]. For example, Chuayjuljit et al. [33] reported that the
tensile strength decreased by about 50% when the MCC content increased from 0 to 30 phr.



J. Compos. Sci. 2022, 6, 183 12 of 32

However, cellulose modifications can improve the mechanical properties of NR composites.
Deng et al. [100,101] reported that the tensile strength of NR composite containing 5 phr
MCC was 9% higher than that of unfilled rubber, which can be increased up to 32% after
grafting MCC with ethyl acrylate, butyl acrylate or methyl methacrylate monomers.

In another study [102], the effect of CB replacement with MCC as well as the effect
of cellulose surface treatment via maleic anhydride grafted to polyisoprene (MAPI) in
NR composite were investigated. The results showed that replacing CB with cellulose de-
creased density while increasing curing time due to accelerator absorption by the cellulose
hydroxyl groups. In addition, the tensile modulus and dynamic mechanical properties
were improved after cellulose addition. However, the tensile strength dropped rapidly
with increasing concentration above 10 phr of neat cellulose. On the other hand, 50%
replacement of CB with modified cellulose produced even better results than the composite
filled with CB alone. The tensile strength was only 7% lower, but the tensile modulus
at 100%, elongation at break and storage modulus at 25 ◦C were respectively 24%, 35%
and 22% higher. This was associated with a crosslinking reaction between the modified
cellulose and NR chains, as shown in Figure 9.
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2.3. Lignin/NR Composite

Lignin is an inexpensive material, since it is commonly available as a by-product of the
pulp and paper industries and from emerging cellulosic ethanol production (biorefineries).
Even today, about 98% of lignin is usually burned to generate energy or simply disposed
of in landfills [7]. Lignin is more hydrophobic than the other plant cell wall components
(cellulose and hemicellulose) [103,104]. Therefore, it is more compatible with NR. The
amount of hydroxyl groups for lignin is 5.3 mmol/g, which is 3.5 times less than for
cellulose (18.5 mmol/g) [90].

2.3.1. Curing Characteristics and Mechanical and Dynamic Mechanical Properties of
Lignin/NR Composites

Adding lignin to NR significantly increases the curing time of rubber compounds.
Jiang et al. [105] reported that the scorch time and optimal cure time of lignin/NR compos-
ites increased by 200% and 70%, respectively, when the lignin concentration increased from
0 to 40 phr. This was associated with a radical scavenging effect of the hindered phenol
groups in lignin. However, the authors showed that lignin had less effect on the cure time
when a compatibilizer was added to the rubber compounds.
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Kazemi et al. [106] compared cellulose and lignin to replace CB in NR composites.
The results showed that the lignin/NR composites exhibited longer curing time than
the composites filled with cellulose. They compared the mechanical properties of NR
composites filled with cellulose and lignin at different concentrations, as shown in Figure 10.
Higher tensile strength and elongation at break were observed for the lignin-filled NR
composite, since lignin is more hydrophobic than cellulose. On the other hand, cellulose
generated higher modulus and hardness in NR composites compared to lignin because
cellulose is more crystalline and more rigid compared to amorphous lignin.
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Lignin-filled rubber composites can be prepared by two methods: conventional milling
(dry mixing) or latex co-precipitation (suspension mixing). Dry mixing of lignin with
rubber exhibits little or almost no reinforcing effect due to the high content of hydroxyl
groups present on the lignin surface, resulting in agglomeration (poor dispersion). Lignin
agglomeration is the origin of lower tensile strength in rubber composites compared to a
reference sample [107–109]. For example, Datta et al. [108] reported that the tensile strength
dropped by 48% after the addition of 40 phr lignin to NR. On the other hand, lignin particles
were homogeneously dispersed inside the matrix in latex mixing, and a finer particle
aggregate of lignin was formed [110,111]. The mechanical properties of lignin/rubber
composites prepared with different methods are compared in Table 4. Similarly, the
dynamic mechanical properties showed that the loss factor increased with increasing lignin
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content in the case of dry mixing [112]. On the other hand, latex mixing led to a lower loss
factor at higher lignin concentrations [113].

Table 4. Mechanical properties of NR nanocomposites filled with lignin.

Filler Mixing
Method

Content
(phr)

Tensile
Strength

(MPa)

Elongation at
Break (%)

Modulus at
300%

(MPa)

Hardness
(Shore A) Ref.

Softwood
lignin

- 0 15.0 586 3.25 -
[107]Dry mixing 15 14.3 521 3.23 -

Latex mixing 15 23.7 578 4.55 -

Softwood
lignin

Dry mixing

0 16.2 717 - 43.6

[108]
5 15.1 626 - 45.5
10 14.2 706 - 44.3
20 14.3 733 - 41.2
40 8.3 682 - 38.3

Sulfate lignin Latex mixing

0 25.2 654 2.00 38

[110]
1 25.0 679 2.14 36
3 23.9 701 1.96 37
5 23.3 675 2.13 38
7 23.8 693 2.17 39

Kraft lignin
powder

Dry mixing
0 16.9 698 1.97 44.7

[112]10 13.8 725 1.78 47.0
40 10.5 645 1.99 52.8

Sodium lig-
nosulfonate

Dry mixing

0 18.8 890 0.7 -

[113]

5 17.1 880 0.9 -
10 19.2 880 1 -
20 17.4 830 1.2 -
40 11.8 750 1.4 -

Latex mixing

0 13.9 950 0.9 -
5 27.2 780 1.8 -
10 24.6 780 1.9 -
20 15.1 680 2.4 -
40 12.2 550 4.2 -

Ikeda et al. [113] showed that adding 5 phr of lignin to NR by dry mixing did not
affect the tensile modulus but decreased the tensile strength by 9%. In contrast, at the same
filler content, the composite prepared by latex mixing showed 96% higher tensile strength
and 157% higher modulus at 300% strain compared to the neat NR. However, significant
tensile strength reduction was observed when more than 5 phr lignin was added to NR
using latex mixing. For example, the tensile strength dropped by 44% when the lignin
content increased from 5 phr to 20 phr. At 20 phr lignin, the compound prepared by dry
mixing showed even higher tensile strength (15%) compared to latex mixing. This result
confirmed that it is not possible to add high amounts of lignin to NR using latex mixing.
Nevertheless, the preparation of lignin-based rubber composites via latex mixing is time
consuming and requires the use of water or organic solvents, which are not suitable for
industrial production [105].

2.3.2. Lignin/NR Composite Modification

Similar to other lignocellulosic fillers, the most important problem with lignin addi-
tion in rubber composites arises from its high amount of hydroxyl groups (5.3 mmol/g)
and poor compatibility with the NR matrix [107,114]. Some treatments, such as acetyla-
tion [107], silanization [115] or using epoxidized natural rubber as a compatibilizer [105],
were developed to improve lignin–NR interfacial adhesion. Jiang et al. [105] developed
a method for modifying and mixing lignin/NR composites. First, the lignin was mixed
with ENR on a two-roll mill. Then, the compound underwent high-temperature dynamic
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heat treatment (HTDHT), i.e., sealed in an internal mixer at 60 rpm and 180 ◦C for 30 min.
This treatment led to a ring-opening reaction between lignin and ENR, resulting in a sub-
stantial improvement of the mechanical and dynamic mechanical properties of the rubber
composites. Compared to a direct mixing of rubber compounds, the tensile strength and
modulus at 300% strain of the heat-treated rubber composites filled with 40 phr of lignin
were increased by 114% and 400%, respectively.

2.3.3. Lignin/NR Composites Reinforced with Hybrid Fillers

Hybrid systems containing lignin and conventional fillers are attracting considerable
attention for rubber composites [106,111]. Yu et al. [111] showed that replacing silica
with lignin decreased the Payne effect and improved processability, as well as increased
the curing time and elongation at break. However, the tensile strength, tensile modulus
and hardness decreased with increasing silica replacement. The results also showed that
replacing silica with lignin led to higher loss factor and heat build-up. This indicates
that lignin is not a good alternative to completely replace conventional fillers in rubber
composites. Nevertheless, it can be used to partially replace them and produce more
sustainable composites. In their case, 30 phr of silica and 20 phr of lignin produced the
optimal overall mechanical properties.

2.4. Nanocellulose/NR Nanocomposite

Unlike macro-sized lignocellulosic fillers, which are mainly known as non-reinforcing
fillers for NR, nanocellulose can be used to greatly improve all mechanical and dynamic
mechanical properties of NR compounds. Jong et al. [116] showed that NF can change
from non-reinforcing fillers to reinforcing fillers by decreasing the filler size from the macro
level to the nano level. One of the greatest advantages of nanocellulose arises from its
high dispersion in water. Since NR latex is also an aqueous suspension, a uniform filler
distribution is achieved in the rubber matrix when nanocellulose is added to the NR latex.
Moreover, during the casting/evaporation step, the nanocellulose particles move closer
to each other due to their hydrophilic heads (OH functional groups) through hydrogen
bonding attractions forming a strong continuous 3D network in the matrix. This network is
the origin of NR nanocomposite reinforcement [3].

Casting/evaporation is the most common method to produce rubber nanocomposites
from latex. The nanocomposite is prepared by mixing a suspension of NR latex and
nanocellulose in an aqueous solution. The nanocellulose is firstly dispersed in the NR
latex for 0.5–12 h. Then, the aqueous suspension is cast in a mold and left to dry. This is
the best method to disperse nanoparticles with a high surface area in a rubber matrix [3].
Ismail et al. [117,118] compared mechanical mixing with solution mixing and showed
that better mechanical properties were obtained with solution mixing, since better filler
dispersion was achieved.

Plant-based nanocellulose can be classified into two categories, depending on the
preparation method: cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF). Other
common names for CNC are nanocrystalline cellulose (NCC) and cellulose nanowhiskers
(CNW). CNC is usually extracted from the plant cell walls by a chemical acid hydrolysis
process (usually 60–65 wt.% H2SO4 aqueous solution). In this method, the amorphous
materials (hemicellulose and lignin) are removed from the cell wall, and the rod-shaped
crystalline cellulose fibers are isolated. On the other hand, CNF is prepared by mechan-
ical treatment (high-pressure homogenization) with or without chemical pre-treatment
or enzymatic hydrolysis [119]. Bacterial cellulose whiskers (BCW) are another type of
nanocellulose produced by gram-negative non-pathogenic bacterial genera like the genus
Komagataeibacter (formerly Acetobacter or commonly acetic acid bacteria) [120].

CNF are long flexible fibers with a diameter at the nanometer level. Therefore, CNF
have higher aspect ratios than CNC. Another difference between CNF and CNC comes from
their chemical compositions. Except for crystalline cellulose, some amorphous components,
like hemicellulose and lignin, are also present in the structure of CNF. Agrebi et al. [121]
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compared CNW and CNF to study the filler-matrix interface using attenuated total re-
flectance/Fourier transform infrared spectroscopy (ATR/FTIR). The results showed that
the interfacial adhesion in NR nanocomposites filled with CNF was better than for CNW
because of the presence of lignin on the CNF surface acting as a compatibilizer.

Nanocelluloses can have a wide range of aspect ratios (from 10 to 100) depending
on their source and preparation methods. Neto et al. [122] reported that higher aspect
ratio led to a better reinforcing effect on NR nanocomposites by comparing their storage
modulus with data taken from the literature. The authors reported that a higher aspect ratio
provided a higher surface area, leading to improved interfacial contact surface between
the filler and matrix. Similarly, Kumagai et al. [123] showed that decreasing the cellulose
nanoparticle diameters resulted in better filler dispersion and better mechanical properties
of NR nanocomposites.

2.4.1. Curing Characteristics

The addition of nanocellulose to NR increases the viscosity of rubber compounds. This
is because of the high rigidity of CNC, as well as the filler network formation in the rubber
matrix leading to higher torque imposed on the rubber compounds. However, the curing
time did not vary after CNC addition to NR. This is due to the CNC concentration in the
rubber compound being too low (0–10 wt.%) to affect the curing behavior [124,125]. The
curing characteristics of NR nanocomposites reinforced with different CNC concentration
are reported in Figure 11.
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2.4.2. Mechanical Properties

Typical stress-strain curves of nanocellulose/NR nanocomposites are presented in
Figure 12. Neat NR exhibits a typical nonlinear elastic behavior like all amorphous poly-
mers. The addition of nanocellulose to NR significantly increased the tensile strength and
tensile modulus but decreased the elongation at break. For NR nanocomposites up to
5 wt.%, the mechanical behavior is similar to the neat NR. However, a further increase
in nanocellulose concentration (above the percolation threshold) completely changed the
mechanical behavior, as the nanocomposites became stiffer and more brittle. This is due to
the formation of the filler network after the addition of a high concentration (5–10 wt.%) of
nanocellulose to NR [125–131]. The mechanical properties of nanocellulose/NR nanocom-
posites are compared in Table 5.
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Table 5. Mechanical properties of NR nanocomposites filled with nanocellulose.

Matrix Nanocellulose
Source

Content
(wt.%)

Tensile
Strength

(MPa)

Young’s
Modulus

(MPa)

Elongation
at Break

(%)
Ref.

NR Bamboo

0
2.5
5

10

9.2 ± 1.3
14.0 ± 2.1
14.5 ± 2.6
17.3 ± 1.4

1.7 ± 0.2
2.6 ± 0.1
3.0 ± 0.3
3.8 ± 0.2

554 ± 9
539 ± 14
477 ± 13
455 ± 11

[127]

NR Syngonanthus
nitens

0
2.5
5

10

0.6 ± 0.1
1.3 ± 0.4
3.4 ± 0.4
7.2 ± 0.6

0.6 ± 0.1
4.5 ± 1.8
20.9 ± 6.3
165 ± 23

464 ± 125
215 ± 10
94 ± 27
52 ± 17

[128]

NR Banana

0
2.5
5

7.5
10

1.3 ± 0.1
4.2 ± 0.2
6.3 ± 0.2
8.1 ± 0.3
9.6 ± 0.3

1.6 ± 0.2
5.2 ± 0.1
6.8 ± 0.2
9.8 ± 0.2

12.2 ± 0.4

912 ± 19
576 ± 23
413 ± 22
275 ± 12
144 ± 5

[130]

Abraham et al. [130,132,133] assumed that the elasticity of nanocellulose/NR nanocom-
posites is related to the double network (Zn–cellulose complex) formation and the presence
of a high number of entanglements. They reported that cellulose can form complexes with
zinc (II) to produce a 3D network (cellulose/cellulose network and Zn/cellulose network)
in the NR matrix, which was the origin of significant improvements in mechanical proper-
ties. However, other studies showed that the tensile strength decreased when more than
10 wt.% of nanocellulose was added [116,134,135]. This was associated with the presence
of a high number of hydroxyl groups in the nanocellulose, causing agglomerations in the
rubber matrix.

Although most publications reported an inverse relationship between filler concentra-
tion and elongation at break for nanocellulose/NR nanocomposites, some studies observed
higher elongation at break when the nanocellulose content increased from 5 to 10 wt.%. The
authors explained that higher viscosity of the nanocellulose/latex suspension prevented
the sedimentation of nanoparticles during casting/evaporation (better stability). As a
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result, better filler dispersion was achieved, leading to higher stiffness and ductility due to
a more homogeneous structure [3].

2.4.3. Dynamic Mechanical Properties

The addition of nanocellulose to NR can substantially increase the storage modulus
of nanocomposites (Table 6). As previously discussed, this reinforcing effect is related
to the formation of a stiff continuous filler network. In contrast, adding a small amount
(less than 10 phr) of cellulose nanoparticles to NR only slightly increases the loss modulus.
As a result, nanocellulose addition decreases the loss factor and heat buildup of the NR
nanocomposite [122,126–128,130,131,136–139]. Interestingly, some studies showed that
increasing the nanocellulose content from 5 to 10 wt.% significantly increased the storage
modulus, but a further increase in nanocellulose concentration was less effective. For
example, Bendahou et al. [126] showed that increasing the nanocellulose concentration
from 5 to 10 wt.% improved the storage modulus by 1556%, while only a 92% improvement
was reported when the nanocellulose content increased from 10 to 15 wt.%. This indicates
that the percolation threshold for nanocellulose/NR systems is in the range of 5–10 wt.% for
the filler network to be formed. Figure 13 presents the dynamic mechanical properties of NR
nanocomposites reinforced with different CNC contents. On the other hand, Kulshrestha
et al. [140] studied the dynamic mechanical properties as a function of temperature and
reported that 2.0 phr CNF produced a good balance between properties such as rolling
resistance, traction and heat build-up. In another study [141], additional rheological
analyses were performed, such as stress decomposition via Chebyshev harmonics. The
results showed that the relative contribution of the viscous nonlinearity gradually decreases
with increasing CNC content, while the elastic nonlinearity contribution becomes more
important with CNC addition.

Table 6. Storage modulus (E’) at 25 ◦C of NR nanocomposites with different nanocellulose contents.

CNC Source CNC Content (wt.%) E’ (MPa) Ref.

Soy hulls

0
1

2.5
5

0.6
7.7

13.3
17.6

[122]

Palm

0
2.5
5

10
15

0.5
2.5
6.4
106
204

[126]

Cassava bagasse

0
2
5
7

10

2.2
9.8

33.4
41.1

153.9

[136]
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2.4.4. Nanocellulose/NR Nanocomposite Modifications

Even though nanocellulose is known as a reinforcing filler for NR, it is a hydrophilic
material and has poor compatibility with the rubber matrix. Therefore, some studies at-
tempted to develop new modifications to improve nanocellulose/NR interactions.
Kato et al. [142] modified CNF with unsaturated fatty acids (long hydrophobic molecules)
to improve its compatibility with NR. They also proposed that a sulfur crosslinking reaction
can be formed between the modified CNF and NR. This modification improved by 1530%
the Young’s modulus of NR nanocomposites containing 5 wt.% of CNF compared to the
neat NR, and by 530% compared to the nanocomposite without treatment. In another
study, Thakore et al. [143] used the acetylation method to produce hydrophobic cellulose
acetate nanofiller for NR nanocomposites. The authors claimed that adding this filler (up
to 40 phr) to NR linearly increased the tensile strength by 300%. Yasin et al. [144] studied
the effect of ionic liquid (1-ethyl-3-methylimidazolium acetate ([EMIM]OAc)) on CNC-
and CNF-filled NR compounds and vulcanizates. The results showed that ionic liquid
improved the dispersion of cellulosic nanofillers in NR and increased both the crosslinking
density and mechanical strength of the NR vulcanizates. The authors also investigated
the viscoelastic rheological behavior of nanocellulose-NR compounds compared to vul-
canizates. The results showed that the amplitude of the Payne effect decreased in the
compounds but increased in the vulcanizates with increasing cellulosic nanofillers and
ionic liquid addition.

Some researchers attempted to create a covalent bond between nanocellulose and NR
to produce stronger interfacial adhesion. Kanoth et al. [145] modified CNC by grafting
thiol functional groups onto cellulose nanoparticles using an esterification reaction with
11-mercaptoundecanoic acid. They showed that in addition to increasing the hydrophobic-
ity, the modified CNC could form crosslinks with NR after UV irradiation, which improved
all the properties (tensile strength, strain to failure and toughness) of CNC/NR nanocom-
posites. Similarly, Li et al. [146] developed a new modification to form a covalent bond
between modified CNC (treated with 3-amino-1,2,4-triazole-5-thiol (ATT)) and NR by UV
irradiation. This modification was found to significantly improve the mechanical properties
of NR nanocomposites. For example, the tensile strength as well as Young’s and storage
moduli respectively increased by 160%, 468% and 1041% with the addition of 10 wt.%
modified CNC compared to neat NR. The same reaction was used by Zhu et al. [147] to
crosslink CNF with NR.

The effect of NR modification was studied by Mariano et al. [148] using KMnO4 to
oxidize NR (more hydrophilic) and increase its interaction with the hydroxyl groups of
CNC through hydrogen bonding. Different levels of NR oxidation (1 to 5) were used
according to the molar ratio of –OH groups borne by NR to the number of CNC particles.
The best results were obtained for an intermediate oxidation (level 3), where the hydroxyl
molar ratio of NR to CNC was 1.5 × 102. After NR oxidation, the Young’s modulus and
tensile strength of NR nanocomposite with 5 wt.% of CNC were improved by 530% and
27%, respectively. Trovatti et al. [149] used both CNC and NR modifications to prepare
nanocomposites. In this study, NR was modified with furan, and the CNF was treated with
maleic anhydride. The combined effect of both modifications formed a crosslink between
the filler and matrix with reversible bonds, which is useful for recycling and reprocessing.

Using ENR as a matrix is also a common modification method for nanocellulose-based
rubber nanocomposites. This comes from the strong interaction between the hydroxyl
groups of nanocellulose and the epoxy groups of ENR (Figure 14) [150,151]. Cao et al. [150]
reported that the addition of 10 wt.% of CNC into ENR improved the tensile strength and
modulus at 300% strain by 57% and 683%, respectively. Further reinforcement can also be
obtained with the nanocellulose modification and its addition to the ENR. Studies showed
that the application of carboxyl functional groups onto the CNC surface after treating
with maleic anhydride [152] or 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) [153] can
generate a possible ester bond with the epoxy groups of ENR. In addition to excellent
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mechanical properties, nanocellulose/ENR showed good self-healing ability [154] and
water-responsive sensitivity [155] for various biomedical applications.
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In other studies, the effect of bonding agents, such as TESPT [156,157], MNR [158] and
resorcinol/hexamethylenetetramine [159], to improve nanocellulose/NR interactions, as
well as the effect of dispersants, such as cetyltrimethyl ammonium bromide (CTMAB) [160],
on the nanocellulose dispersion were also investigated. Although all these modifications
generated better filler–matrix interactions, the amount of nanocellulose used in rubber
compounds was still limited due to strong filler–filler interactions and the formation
of agglomerations.

2.4.5. Nanocellulose/NR Composites Reinforced with Hybrid Fillers

Some work investigated the effect of partial CB replacement by nanocellulose. The re-
sults showed that in addition to increased sustainability, nanocellulose/CB hybrid fillers can
produce an optimal balance between different properties of NR composites and generate a
better reinforcing effect than using CB alone [140,161–163]. Hybridization of nanocellulose
with conductive fillers, such as carbon nanotube (CNT) [135,164,165], graphene [166,167]
and conductive carbon black [168,169], is also interesting for some applications, such as
flexible strain sensors and energy storage. These hybrid fillers can produce a 3D conductive
network inside a rubber matrix (Figure 15), leading to improved conductivity (thermal and
electrical) as well as mechanical and dynamic mechanical properties (Figure 16).

Kazemi et al. [135] showed that the NCC/CNT hybrid filler system produced superior
properties (lower swelling weight ratio in toluene, higher tensile strength, higher tensile
modulus, higher storage modulus and higher thermal conductivity) compared to each
nanoparticle used separately. When 10 phr of hybrid filler (filler ratio of 1) was added to
NR, the tensile modulus at 300% elongation, storage modulus at 10% strain, tensile strength
and thermal conductivity were increased by 137%, 120%, 57% and 30%, respectively. It
was also found that the NR nanocomposite properties can be controlled by tuning the
NCC/CNT filler ratio. In fact, the presence of NCC increased the NCC/CNT hybrid filler
dispersion by forming a 3D network, while the presence of CNT improved the filler–matrix
interaction and thermal conductivity.
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Figure 16. Reduced graphene oxide (RGO)/CNC/NR nanocomposite properties: (a) electrical
conductivity and (b) tensile properties (reproduced with permission from [167]).

3. Synthetic Rubbers

Several synthetic rubbers are available, and typical examples are nitrile butadiene
rubber (NBR), styrene butadiene rubber (SBR), butadiene rubber (BR), silicone rubber (SR),
ethylene-propylene diene monomer rubber (EPDM) and ethylene-co-vinyl acetate rubber
(EVA). Similar to NR, synthetic rubbers can undergo a crosslinking reaction and be tough-
ened, but they also need to be reinforced with fillers. Among all the synthetic rubbers, NBR
is the most interesting matrix for biocomposite applications due to the presence of polar
nitrile groups (C≡N) in the polymer backbone. The NBR hydrophilicity mainly depends
on the acrylonitrile content. The nitrile groups of NBR can form hydrogen bonds with the
hydroxyl groups of the lignocellulosic fillers. NBR can also be used as a compatibilizer for
other rubber-based biocomposites reinforced with lignocellulosic fillers. Hydrogenated
acrylonitrile-butadiene rubber (HNBR) and carboxylated acrylonitrile-butadiene rubber
(XNBR) are derivatives of NBR; they have better mechanical properties, better thermal
resistance and better oil resistance compared to NBR [3].

SBR, along with NBR, is the most commonly used synthetic matrix for rubber bio-
composite applications. SBR is mainly used in the tire industry because of its high abra-
sion resistance, thermal stability and resistance against crack formation. Carboxylated
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butadiene-styrene rubber (XSBR) is a derivative of SBR and is more compatible with ligno-
cellulosic fillers due to the presence of hydrophilic groups in its backbone [3]. The studies
performed on lignocellulosic filler addition in NBR and SBR are listed in Table 7. Addi-
tionally, some examples are described in more detail in Table 8. Other studies also used
BR [170–172], SR [173–177], EPDM [178,179] and EVA [180], as well as rubber blends such
as NR/SBR [181–186], NR/NBR [187], NR/SBR/BR [188,189], NR/BR [190], NR/EVA [191]
and SBR/NBR [192] as a matrix for lignocellulosic-based rubber composites.

Table 7. List of publications on NBR and SBR biocomposites reinforced with lignocellulosic fillers.

Matrix Filler Reference

NBR
Natural fibers [193–200]
Nanocellulose [201–213]

Lignin [214–219]

SBR
Natural fibers [220–227]
Nanocellulose [228–237]

Lignin [238–245]

Table 8. Examples of NBR and SBR biocomposites reinforced with lignocellulosic fillers.

Matrix Filler Modification Main Results Reference

NBR Pineapple leaf
fiber Bonding agent

Bonding agent
improved all
mechanical
properties

[200]

HNBR CNF TEMPO oxidation
Grid-like network
structure formed

in the matrix
[210]

NBR Lignin/CB Addition of ZNCl2
Dual crosslinking
created inside the
matrix network

[218]

SBR Hemp hurd
powder

Silane coupling agent
(TESPT)

Silanization
improved the
filler–matrix

interaction and
properties of

rubber composites

[227]

SBR CNC
Modified with

3,3′-dithiodipropionic
acid chloride (DTACl)

Covalently bound
modified CNC
interface to the
dienic matrix

[230]

SBR Lignin Cyclohexylamine
modification

Improved
compatibility with
rubber via proton

transfer and
hydrogen bonding

interactions

[241]

4. Conclusions

In this review, lignocellulosic fillers were divided into four categories (natural fibers,
microcrystalline cellulose, lignin and nanocellulose) as biobased reinforcement for vulcan-
ized rubbers (natural or synthetic). Natural fibers are generally known as non-reinforcing
fillers and are mainly used to reduce the costs in rubber applications. The addition of
pristine natural fibers is not comparable with conventional fillers like CB and silica, as their
addition to rubber matrices decreases the tensile strength of the composites due to poor
filler–matrix interactions. Therefore, several modifications (alkali treatment, acetylation,
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benzoylation, silane coupling agents, maleated coupling agent, etc.) have been developed
to improve their compatibility with rubbers. In some cases, MCC show better mechanical
properties than natural fibers, but they can also decrease the tensile strength above an
optimal concentration (around 10 phr) in the rubber matrix. On the other hand, lignin
is more compatible with rubbers than natural fibers and MCC. Therefore, adding lignin
to rubbers has a less negative effect on the tensile properties, but it cannot improve the
tensile modulus and hardness compared to natural fibers and cellulose. However, lignin
can effectively reinforce rubber composites when mixed into the rubber matrix by the latex
co-precipitation method.

Nanocellulose is another derivative of lignocellulosic fillers. Unlike macro-fillers
(natural fiber, MCC and lignin), nanocellulose is known as a reinforcing filler for rubber
composites that can improve all the mechanical and dynamic mechanical properties. In
recent years, most studies focused on nanocellulose as a bio-reinforcement for rubber appli-
cations. Although nanocellulose itself is a reinforcing filler, some modifications (hydropho-
bic molecule treatment, grafting with thiol functional groups, coupling agent addition,
etc.) were also developed to improve its interaction with the rubber matrix. However, the
amount of nanocellulose used in rubber compounds is limited due to strong filler–filler
interactions and the formation of agglomerations. Therefore, rubber composites reinforced
with low concentrations of nanocellulose are not suitable for industrial applications.

Based on the results available, it is recommended to further develop hybrid filler
systems, especially using multi-scale particles such as macro-sized lignocellulosic fillers (as
a non-reinforcing filler to reduce the costs) and nanocellulose (as a reinforcing filler) for
rubber biocomposites. Due to its availability and different compositions, further studies
should be conducted on lignin as a potential reinforcing filler for rubber biocomposites. In-
creasing the dispersion of lignin in the rubber matrix, as well as developing new treatments
to create a stronger interaction between lignin and the matrix, can be useful to develop
biobased composites. According to the literature, some lignocellulosic-based rubber bio-
composites can not only increase the sustainability but also provide standard requirements
for various general rubber applications, such as tires, hoses, belts, gloves, footwear, gaskets,
etc. Rubber biocomposites can also be used for some specific biomedical applications.
However, since lignocellulosic fillers are generally known as non-conductive materials,
some modifications are required to improve their conductivity (thermal and electrical) for
high-tech applications, such as sensors, electrical devices and energy storage.
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114. Košíková, B.; Gregorová, A.; Osvald, A.; Krajčovičová, J. Role of Lignin Filler in Stabilization of Natural Rubber-Based Composites.
J. Appl. Polym. Sci. 2007, 103, 1226–1231. [CrossRef]

115. Shorey, R.; Gupta, A.; Mekonnen, T.H. Hydrophobic Modification of Lignin for Rubber Composites. Ind. Crops Prod. 2021,
174, 114189. [CrossRef]

116. Jong, L. Particle Size and Particle–particle Interactions on Tensile Properties and Reinforcement of Corn Flour Particles in Natural
Rubber. Eur. Polym. J. 2016, 74, 136–147. [CrossRef]

http://doi.org/10.1016/j.matdes.2014.01.071
http://doi.org/10.3389/fenrg.2018.00013
http://doi.org/10.1016/j.ijbiomac.2016.09.056
http://www.ncbi.nlm.nih.gov/pubmed/27645920
http://doi.org/10.1080/00914037.2010.531806
http://doi.org/10.1002/app.20214
http://doi.org/10.1021/acs.macromol.7b01663
http://doi.org/10.1023/A:1023901001185
http://doi.org/10.1007/s10853-007-2079-7
http://doi.org/10.5254/rct.19.81533
http://doi.org/10.4028/www.scientific.net/AMR.1133.593
http://doi.org/10.3390/polym12091959
http://www.ncbi.nlm.nih.gov/pubmed/32872461
http://doi.org/10.1002/app.43087
http://doi.org/10.1002/app.42666
http://doi.org/10.5254/rct.21.78988
http://doi.org/10.15376/biores.2.4.534-535
http://doi.org/10.1016/C2015-0-05524-1
http://doi.org/10.1002/app.42044
http://doi.org/10.1002/app.52462
http://doi.org/10.1021/acssuschemeng.6b00774
http://doi.org/10.1016/j.indcrop.2016.11.036
http://doi.org/10.1002/app.22865
http://doi.org/10.3144/expresspolymlett.2013.44
http://doi.org/10.1016/j.polymertesting.2016.07.014
http://doi.org/10.1007/s13726-017-0534-0
http://doi.org/10.1039/C6RA26359C
http://doi.org/10.1002/app.24530
http://doi.org/10.1016/j.indcrop.2021.114189
http://doi.org/10.1016/j.eurpolymj.2015.11.018


J. Compos. Sci. 2022, 6, 183 28 of 32

117. Ismail, H.; Ramli, R. Organoclay Filled Natural Rubber Nanocomposites: The Effects of Filler Loading and Mixing Method.
J. Reinf. Plast. Compos. 2008, 27, 1909–1924. [CrossRef]

118. Ismail, H.; Ramly, F.; Othman, N. Multiwall Carbon Nanotube-Filled Natural Rubber: The Effects of Filler Loading and Mixing
Method. Polym.-Plast. Technol. Eng. 2010, 49, 260–266. [CrossRef]

119. Xie, H.; Du, H.; Yang, X.; Si, C. Recent Strategies in Preparation of Cellulose Nanocrystals and Cellulose Nanofibrils Derived from
Raw Cellulose Materials. Int. J. Polym. Sci. 2018, 2018, 7923068. [CrossRef]

120. Abol-Fotouh, D.; Hassan, M.A.; Shokry, H.; Roig, A.; Azab, M.S.; Kashyout, A.E.H.B. Bacterial Nanocellulose from Agro-Industrial
Wastes: Low-Cost and Enhanced Production by Komagataeibacter Saccharivorans MD1. Sci. Rep. 2020, 10, 3491. [CrossRef]
[PubMed]

121. Agrebi, F.; Ghorbel, N.; Bresson, S.; Abbas, O.; Kallel, A. Study of Nanocomposites Based on Cellulose Nanoparticles and Natural
Rubber Latex by ATR/FTIR Spectroscopy: The Impact of Reinforcement. Polym. Compos. 2019, 40, 2076–2087. [CrossRef]

122. Flauzino Neto, W.P.; Mariano, M.; da Silva, I.S.V.; Silvério, H.A.; Putaux, J.L.; Otaguro, H.; Pasquini, D.; Dufresne, A. Mechanical
Properties of Natural Rubber Nanocomposites Reinforced with High Aspect Ratio Cellulose Nanocrystals Isolated from Soy
Hulls. Carbohydr. Polym. 2016, 153, 143–152. [CrossRef]

123. Kumagai, A.; Tajima, N.; Iwamoto, S.; Morimoto, T.; Nagatani, A.; Okazaki, T.; Endo, T. Properties of Natural Rubber Rein-
forced with Cellulose Nanofibers Based on Fiber Diameter Distribution as Estimated by Differential Centrifugal Sedimentation.
Int. J. Biol. Macromol. 2019, 121, 989–995. [CrossRef]

124. Ojogbo, E.; Tzoganakis, C.; Mekonnen, T.H. Effect of Extrusion, Batch-Mixing, and Co-Coagulation on the Dispersion of CNCs in
Natural Rubber—CNC Nanocomposites. Compos. Part A Appl. Sci. Manuf. 2021, 149, 106580. [CrossRef]

125. Thulasimani, C.; Ramesh, S.; Ramesh, K.; Salmah, H. Fabrication and Characterization of Natural rubber/Imperata Cylindrica
Cellulose Fiber Biocomposites. Asia-Pac. J. Chem. Eng. 2015, 10, 716–723. [CrossRef]

126. Bendahou, A.; Habibi, Y.; Kaddami, H.; Dufresne, A. Physico-Chemical Characterization of Palm from Phoenix Dactylifera-L,
Preparation of Cellulose Whiskers and Natural Rubber-Based Nanocomposites. J. Biobased Mater. Bioenergy 2009, 3, 81–90.
[CrossRef]

127. Visakh, P.M.; Thomas, S.; Oksman, K.; Mathew, A.P. Crosslinked Natural Rubber Nanocomposites Reinforced with Cellulose
Whiskers Isolated from Bamboo Waste: Processing and Mechanical/thermal Properties. Compos. Part A Appl. Sci. Manuf. 2012, 43,
735–741. [CrossRef]

128. Siqueira, G.; Abdillahi, H.; Bras, J.; Dufresne, A. High Reinforcing Capability Cellulose Nanocrystals Extracted from Syngonanthus
nitens (Capim Dourado). Cellulose 2010, 17, 289–298. [CrossRef]

129. Bras, J.; Hassan, M.L.; Bruzesse, C.; Hassan, E.A.; El-Wakil, N.A.; Dufresne, A. Mechanical, Barrier, and Biodegradability
Properties of Bagasse Cellulose Whiskers Reinforced Natural Rubber Nanocomposites. Ind. Crops Prod. 2010, 32, 627–633.
[CrossRef]

130. Abraham, E.; Deepa, B.; Pothan, L.A.; John, M.; Narine, S.S.; Thomas, S.; Anandjiwala, R. Physicomechanical Properties of
Nanocomposites Based on Cellulose Nanofibre and Natural Rubber Latex. Cellulose 2013, 20, 417–427. [CrossRef]

131. Bendahou, A.; Kaddami, H.; Dufresne, A. Investigation on the Effect of Cellulosic Nanoparticles’ Morphology on the Properties
of Natural Rubber Based Nanocomposites. Eur. Polym. J. 2010, 46, 609–620. [CrossRef]

132. Abraham, E.; Thomas, M.S.; John, C.; Pothen, L.A.; Shoseyov, O.; Thomas, S. Green Nanocomposites of Natural Rub-
ber/nanocellulose: Membrane Transport, Rheological and Thermal Degradation Characterisations. Ind. Crops Prod. 2013, 51,
415–424. [CrossRef]

133. Abraham, E.; Elbi, P.A.; Deepa, B.; Jyotishkumar, P.; Pothen, L.A.; Narine, S.S.; Thomas, S. X-ray Diffraction and Biodegradation
Analysis of Green Composites of Natural Rubber/nanocellulose. Polym. Degrad. Stab. 2012, 97, 2378–2387. [CrossRef]

134. Chawalitsakunchai, W.; Dittanet, P.; Loykulnant, S.; Sae-oui, P.; Tanpichai, S.; Seubsai, A.; Prapainainar, P. Properties of Natural
Rubber Reinforced with Nano Cellulose from Pineapple Leaf Agricultural Waste. Mater. Today Commun. 2021, 28, 102594.
[CrossRef]

135. Kazemi, H.; Mighri, F.; Park, K.W.; Frikha, S.; Rodrigue, D. Hybrid Nanocellulose/carbon Nanotube/natural Rubber Nanocom-
posites with a Continuous Three-Dimensional Conductive Network. Polym. Compos. 2022, 43, 2362–2374. [CrossRef]

136. Pasquini, D.; de Morais Teixeira, E.; da Silva Curvelo, A.A.; Belgacem, M.N.; Dufresne, A. Extraction of Cellulose Whiskers from
Cassava Bagasse and Their Applications as Reinforcing Agent in Natural Rubber. Ind. Crops Prod. 2010, 32, 486–490. [CrossRef]

137. Phomrak, S.; Phisalaphong, M. Reinforcement of Natural Rubber with Bacterial Cellulose via a Latex Aqueous Microdispersion
Process. J. Nanomater. 2017, 2017, 4739793. [CrossRef]

138. Zhang, C.; Dan, Y.; Peng, J.; Turng, L.-S.S.; Sabo, R.; Clemons, C. Thermal and Mechanical Properties of Natural Rubber
Composites Reinforced with Cellulose Nanocrystals from Southern Pine. Adv. Polym. Technol. 2014, 33, 21448. [CrossRef]

139. Yin, Q.; Wang, D.; Jia, H.; Ji, Q.; Wang, L.; Li, G.; Yin, B. Water-Induced Modulus Changes of Bio-Based Uncured Nanocomposite
Film Based on Natural Rubber and Bacterial Cellulose Nanocrystals. Ind. Crops Prod. 2018, 113, 240–248. [CrossRef]

140. Kulshrestha, U.; Gupta, T.; Kumawat, P.; Jaiswal, H.; Ghosh, S.B.; Sharma, N.N. Cellulose Nanofibre Enabled Natural Rubber
Composites: Microstructure, Curing Behaviour and Dynamic Mechanical Properties. Polym. Test. 2020, 90, 106676. [CrossRef]

141. Yasin, S.; Hussain, M.; Zheng, Q.; Song, Y. Large Amplitude Oscillatory Rheology of Silica and Cellulose Nanocrystals Filled
Natural Rubber Compounds. J. Colloid Interface Sci. 2021, 588, 602–610. [CrossRef]

http://doi.org/10.1177/0731684407082541
http://doi.org/10.1080/03602550903413888
http://doi.org/10.1155/2018/7923068
http://doi.org/10.1038/s41598-020-60315-9
http://www.ncbi.nlm.nih.gov/pubmed/32103077
http://doi.org/10.1002/pc.24989
http://doi.org/10.1016/j.carbpol.2016.07.073
http://doi.org/10.1016/j.ijbiomac.2018.10.090
http://doi.org/10.1016/j.compositesa.2021.106580
http://doi.org/10.1002/apj.1908
http://doi.org/10.1166/jbmb.2009.1011
http://doi.org/10.1016/j.compositesa.2011.12.015
http://doi.org/10.1007/s10570-009-9384-z
http://doi.org/10.1016/j.indcrop.2010.07.018
http://doi.org/10.1007/s10570-012-9830-1
http://doi.org/10.1016/j.eurpolymj.2009.12.025
http://doi.org/10.1016/j.indcrop.2013.09.022
http://doi.org/10.1016/j.polymdegradstab.2012.07.028
http://doi.org/10.1016/j.mtcomm.2021.102594
http://doi.org/10.1002/pc.26546
http://doi.org/10.1016/j.indcrop.2010.06.022
http://doi.org/10.1155/2017/4739793
http://doi.org/10.1002/adv.21448
http://doi.org/10.1016/j.indcrop.2018.01.040
http://doi.org/10.1016/j.polymertesting.2020.106676
http://doi.org/10.1016/j.jcis.2020.10.094


J. Compos. Sci. 2022, 6, 183 29 of 32

142. Kato, H.; Nakatsubo, F.; Abe, K.; Yano, H. Crosslinking via Sulfur Vulcanization of Natural Rubber and Cellulose Nanofibers
Incorporating Unsaturated Fatty Acids. RSC Adv. 2015, 5, 29814–29819. [CrossRef]

143. Thakore, S. Nanosized Cellulose Derivatives as Green Reinforcing Agents at Higher Loadings in Natural Rubber. J. Appl. Polym.
Sci. 2014, 131, 40632. [CrossRef]

144. Yasin, S.; Hussain, M.; Zheng, Q.; Song, Y. Effects of Ionic Liquid on Cellulosic Nanofiller Filled Natural Rubber Bionanocompos-
ites. J. Colloid Interface Sci. 2021, 591, 409–417. [CrossRef] [PubMed]

145. Parambath Kanoth, B.; Claudino, M.; Johansson, M.; Berglund, L.A.; Zhou, Q. Biocomposites from Natural Rubber: Synergistic
Effects of Functionalized Cellulose Nanocrystals as Both Reinforcing and Cross-Linking Agents via Free-Radical Thiol–ene
Chemistry. ACS Appl. Mater. Interfaces 2015, 7, 16303–16310. [CrossRef]

146. Li, L.; Tao, H.; Wu, B.; Zhu, G.; Li, K.; Lin, N. Triazole End-Grafting on Cellulose Nanocrystals for Water-Redispersion
Improvement and Reactive Enhancement to Nanocomposites. ACS Sustain. Chem. Eng. 2018, 6, 14888–14900. [CrossRef]

147. Zhu, G.; Dufresne, A. Synergistic Reinforcing and Cross-Linking Effect of Thiol-Ene-Modified Cellulose Nanofibrils on Natural
Rubber. Carbohydr. Polym. 2022, 278, 118954. [CrossRef]

148. Mariano, M.; El Kissi, N.; Dufresne, A. Cellulose Nanocrystal Reinforced Oxidized Natural Rubber Nanocomposites. Carbohydr.
Polym. 2016, 137, 174–183. [CrossRef]

149. Trovatti, E.; Cunha, A.G.; Carvalho, A.J.F.; Gandini, A. Furan-Modified Natural Rubber: A Substrate for Its Reversible Crosslinking
and for Clicking It onto Nanocellulose. Int. J. Biol. Macromol. 2017, 95, 762–768. [CrossRef] [PubMed]

150. Cao, L.; Fu, X.; Xu, C.; Yin, S.; Chen, Y. High-Performance Natural Rubber Nanocomposites with Marine Biomass (Tunicate
Cellulose). Cellulose 2017, 24, 2849–2860. [CrossRef]

151. Cao, L.; Yuan, D.; Fu, X.; Chen, Y. Green Method to Reinforce Natural Rubber with Tunicate Cellulose Nanocrystals via One-Pot
Reaction. Cellulose 2018, 25, 4551–4563. [CrossRef]

152. Cao, L.; Huang, J.; Chen, Y. Dual Cross-Linked Epoxidized Natural Rubber Reinforced by Tunicate Cellulose Nanocrystals with
Improved Strength and Extensibility. ACS Sustain. Chem. Eng. 2018, 6, 14802–14811. [CrossRef]

153. Cao, L.; Fan, J.; Huang, J.; Chen, Y. A Robust and Stretchable Cross-Linked Rubber Network with Recyclable and Self-Healable
Capabilities Based on Dynamic Covalent Bonds. J. Mater. Chem. A 2019, 7, 4922–4933. [CrossRef]

154. Cao, L.; Yuan, D.; Xu, C.; Chen, Y. Biobased, Self-Healable, High Strength Rubber with Tunicate Cellulose Nanocrystals. Nanoscale
2017, 9, 15696–15706. [CrossRef]

155. Tian, M.; Zhen, X.; Wang, Z.; Zou, H.; Zhang, L.; Ning, N. Bioderived Rubber–Cellulose Nanocrystal Composites with Tunable
Water-Responsive Adaptive Mechanical Behavior. ACS Appl. Mater. Interfaces 2017, 9, 6482–6487. [CrossRef]

156. Singh, S.; Dhakar, G.L.; Kapgate, B.P.; Maji, P.K.; Verma, C.; Chhajed, M.; Rajkumar, K.; Das, C. Synthesis and Chemical
Modification of Crystalline Nanocellulose to Reinforce Natural Rubber Composites. Polym. Adv. Technol. 2020, 31, 3059–3069.
[CrossRef]

157. Somseemee, O.; Sae-Oui, P.; Siriwong, C. Reinforcement of Surface-Modified Cellulose Nanofibrils Extracted from Napier Grass
Stem in Natural Rubber Composites. Ind. Crops Prod. 2021, 171, 113881. [CrossRef]

158. Balachandrakurup, V.; George, N.; Gopalakrishnan, J. Effect of Compatibiliser on the Mechanical, Rheological and Thermal
Properties of Natural rubber/Cellulose Nanofibre Composites. Mater. Today Proc. 2021, 47, 5345–5350. [CrossRef]

159. Jiang, W.; Gu, J. Nanocrystalline Cellulose Isolated from Different Renewable Sources to Fabricate Natural Rubber Composites
with Outstanding Mechanical Properties. Cellulose 2020, 27, 5801–5813. [CrossRef]

160. Jiang, W.; Shen, P.; Yi, J.; Li, L.; Wu, C.; Gu, J. Surface Modification of Nanocrystalline Cellulose and Its Application in Natural
Rubber Composites. J. Appl. Polym. Sci. 2020, 137, 49163. [CrossRef]

161. Li, C.; Huang, F.; Wang, J.; Liang, X.; Huang, S.; Gu, J. Effects of Partial Replacement of Carbon Black with Nanocrystalline
Cellulose on Properties of Natural Rubber Nanocomposites. J. Polym. Eng. 2018, 38, 137–146. [CrossRef]

162. Jiang, W.; Cheng, Z.; Wang, J.; Gu, J. Modified Nanocrystalline Cellulose Partially Replaced Carbon Black to Reinforce Natural
Rubber Composites. J. Appl. Polym. Sci. 2022, 139, e52057. [CrossRef]

163. Gu, J.; Chen, W.J.; Lin, L.; Luo, Y.F.; Jia, D.M. Effect of Nanocrystalline Cellulose on the Curing Characteristics and Aging
Resistance Properties of Carbon Black Reinforced Natural Rubber. Chin. J. Polym. Sci. 2013, 31, 1382–1393. [CrossRef]

164. Wang, S.; Zhang, X.; Wu, X.; Lu, C. Tailoring Percolating Conductive Networks of Natural Rubber Composites for Flexible Strain
Sensors via a Cellulose Nanocrystal Templated Assembly. Soft Matter 2016, 12, 845–852. [CrossRef]

165. Shahamati Fard, F.; Kazemi, H.; Mighri, F.; Rodrigue, D. Hybrid Nanocomposites Based on Cellulose Nanocrystals/nanofibrils and
Carbon Nanotubes: From Preparation to Applications. In Cellulose Nanocrystal/Nanoparticles Hybrid Nanocomposites; Rodrigue, D.,
Qaiss, A.E.K., Bouhfid, R., Eds.; Woodhead Publishing: Cambridge, UK, 2021; pp. 65–98. [CrossRef]

166. Xiong, X.-Q.; Bao, Y.-L.; Liu, H.; Zhu, Q.; Lu, R.; Miyakoshi, T. Study on Mechanical and Electrical Properties of Cellulose
Nanofibrils/graphene-Modified Natural Rubber. Mater. Chem. Phys. 2019, 223, 535–541. [CrossRef]

167. Cao, J.; Zhang, X.; Wu, X.; Wang, S.; Lu, C. Cellulose Nanocrystals Mediated Assembly of Graphene in Rubber Composites for
Chemical Sensing Applications. Carbohydr. Polym. 2016, 140, 88–95. [CrossRef]

168. Wu, X.; Lu, C.; Zhang, X.; Zhou, Z. Conductive Natural Rubber/carbon Black Nanocomposites via Cellulose Nanowhisker
Templated Assembly: Tailored Hierarchical Structure Leading to Synergistic Property Enhancements. J. Mater. Chem. A 2015, 3,
13317–13323. [CrossRef]

http://doi.org/10.1039/C4RA14867C
http://doi.org/10.1002/app.40632
http://doi.org/10.1016/j.jcis.2021.02.029
http://www.ncbi.nlm.nih.gov/pubmed/33631528
http://doi.org/10.1021/acsami.5b03115
http://doi.org/10.1021/acssuschemeng.8b03407
http://doi.org/10.1016/j.carbpol.2021.118954
http://doi.org/10.1016/j.carbpol.2015.10.027
http://doi.org/10.1016/j.ijbiomac.2016.11.102
http://www.ncbi.nlm.nih.gov/pubmed/27916570
http://doi.org/10.1007/s10570-017-1293-y
http://doi.org/10.1007/s10570-018-1877-1
http://doi.org/10.1021/acssuschemeng.8b03331
http://doi.org/10.1039/C8TA11587G
http://doi.org/10.1039/C7NR05011A
http://doi.org/10.1021/acsami.6b16308
http://doi.org/10.1002/pat.5030
http://doi.org/10.1016/j.indcrop.2021.113881
http://doi.org/10.1016/j.matpr.2021.06.065
http://doi.org/10.1007/s10570-020-03209-3
http://doi.org/10.1002/app.49163
http://doi.org/10.1515/polyeng-2016-0382
http://doi.org/10.1002/app.52057
http://doi.org/10.1007/s10118-013-1340-6
http://doi.org/10.1039/C5SM01958C
http://doi.org/10.1016/b978-0-12-822906-4.00006-2
http://doi.org/10.1016/j.matchemphys.2018.11.041
http://doi.org/10.1016/j.carbpol.2015.12.042
http://doi.org/10.1039/C5TA02601F


J. Compos. Sci. 2022, 6, 183 30 of 32

169. Wu, X.; Lu, C.; Han, Y.; Zhou, Z.; Yuan, G.; Zhang, X. Cellulose Nanowhisker Modulated 3D Hierarchical Conductive Structure of
Carbon Black/natural Rubber Nanocomposites for Liquid and Strain Sensing Application. Compos. Sci. Technol. 2016, 124, 44–51.
[CrossRef]

170. Hait, S.; De, D.; Ghosh, P.; Chanda, J.; Mukhopadhyay, R.; Dasgupta, S.; Sallat, A.; Al Aiti, M.; Stöckelhuber, K.W.; Wießner,
S.; et al. Understanding the Coupling Effect between Lignin and Polybutadiene Elastomer. J. Compos. Sci. 2021, 5, 154. [CrossRef]

171. Peng, C.; Dong, B.; Zhang, C.; Hu, Y.; Liu, L.; Zhang, X. A Host–Guest Interaction Assisted Approach for Fabrication of
Polybutadiene Nanocomposites Reinforced with Well-Dispersed Cellulose Nanocrystals. Macromolecules 2018, 51, 4578–4587.
[CrossRef]

172. Peng, C.; Yang, Q.; Zhao, W.; Ren, J.; Yu, Q.; Hu, Y.; Zhang, X. Relationship between Interface Chemistry and Reinforcement in
Polybutadiene/cellulose Nanocrystal Nanocomposites. Compos. Sci. Technol. 2019, 177, 103–110. [CrossRef]

173. Valentini, L.; Bittolo Bon, S.; Mussolin, L.; Pugno, N.M. Silkworm Silk Fibers vs PEEK Reinforced Rubber Luminescent Strain
Gauge and Stretchable Composites. Compos. Sci. Technol. 2018, 156, 254–261. [CrossRef]

174. Kamarul Bahrain, S.H.; Mahmud, J.; Ismail, M.H. Arenga Pinnata–silicone Biocomposite Properties via Experimental and
Numerical Analysis. Medziagotyra 2018, 24, 277–282. [CrossRef]

175. Yang, X.; Li, Z.; Jiang, Z.; Wang, S.; Liu, H.; Xu, X.; Wang, D.; Miao, Y.; Shang, S.; Song, Z. Mechanical Reinforcement of Room-
Temperature-Vulcanized Silicone Rubber Using Modified Cellulose Nanocrystals as Cross-Linker and Nanofiller. Carbohydr.
Polym. 2020, 229, 115509. [CrossRef]

176. Li, X.; Wu, Q.; Zheng, M.; Li, Q.; Wang, S.; Zhang, C. Mechanical, Thermal Properties and Curing Kinetics of Liquid Silicone
Rubber Filled with Cellulose Nanocrystal. Cellulose 2018, 25, 473–483. [CrossRef]

177. Yu, H.-Y.; Chen, R.; Chen, G.-Y.; Liu, L.; Yang, X.-G.; Yao, J.-M. Silylation of Cellulose Nanocrystals and Their Reinforcement of
Commercial Silicone Rubber. J. Nanopart. Res. 2015, 17, 361. [CrossRef]

178. López Manchado, M.A.; Arroyo, M. Short Fibers as Reinforcement of Rubber Compounds. Polym. Compos. 2002, 23, 666–673.
[CrossRef]

179. Rozik, N.N.; Abd-El Messieh, S.L.; Yaseen, A.A.; Shouk, A.A. Dielectric and Mechanical Properties of Natural Nanofibers-
reinforced Ethylene Propylene Diene Rubber: Carrot Foliage and Corn Gluten. Polym. Eng. Sci. 2013, 53, 874–881. [CrossRef]

180. Ma, P.; Jiang, L.; Hoch, M.; Dong, W.; Chen, M. Reinforcement of Transparent Ethylene-Co-Vinyl Acetate Rubber by Nanocrys-
talline Cellulose. Eur. Polym. J. 2015, 66, 47–56. [CrossRef]

181. Pal, K.; Chowdhury, S.G.; Mondal, D.; Chattopadhyay, D.; Bhattacharyya, S.K.; Mukhopadhyay, R. Impact of α-Cellulose as
a Green Filler on Physico-Mechanical Properties of a Solution Grade Styrene-Butadiene Rubber Based Tire-Tread Compound.
Polym. Eng. Sci. 2021, 61, 3017–3028. [CrossRef]

182. Li, Z.; Li, Y.; Wan, J.; Zhao, S. Static and Dynamic Adhesive Properties between Continuous Basalt Fibre Cords and NR/SBR
Matrix Tackified by P-Octylphenolic Resins. Int. J. Adhes. Adhes. 2018, 85, 1–7. [CrossRef]

183. Wan, J.; Li, Z.; Yang, Y.; Zhao, S. Factors Influencing Resorcinol–formaldehyde–latex-Coated Continuous Basalt Fiber Cord/rubber
Interfacial Fatigue Behavior: Loading Direction and RFL Formula. J. Appl. Polym. Sci. 2018, 135, 46619. [CrossRef]

184. Li, Z.; Wan, J.; Li, Y.; Li, Y.; Zhao, F.; Zhao, S. Effects of Coupling Agents on the Properties of an NR/SBR Matrix and Its Adhesion
to Continuous Basalt Fiber Cords. J. Appl. Polym. Sci. 2019, 136, 47098. [CrossRef]

185. Lin, L.; Ecke, N.; Kamerling, S.; Sun, C.; Wang, H.; Song, X.; Wang, K.; Zhao, S.; Zhang, J.; Schlarb, A.K. Study on the Impact of
Graphene and Cellulose Nanocrystal on the Friction and Wear Properties of SBR/NR Composites under Dry Sliding Conditions.
Wear 2018, 414, 43–49. [CrossRef]
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