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Abstract 

Ending the fossil fuel era towards a sustainable future will require high-performing renewable 

materials with a low environmental impact. Carbon black, produced by partial combustion or 

thermal decomposition of petroleum hydrocarbons, is by far the most dominant filler of rubber 

composites, followed by mineral fillers (e.g. silica, talc, clay, calcium carbonate, etc.). However, 

the manufacture of carbon black has a considerable carbon footprint. Similarly, the mineral fillers 

do not also come without a challenge including poor compatibility with rubber matrices and high 

density. Consequently, the need for sustainable and green fillers with low or even zero carbon 

footprint has dramatically increased. In recent years, plant derived sustainable materials, such as 

cellulose nanocrystals, natural fibers, lignin, biochar, polysaccharides, etc. are extensively 

investigated as a substitute or complementary fillers of rubbers. In this work, we critically 

reviewed the recent developments in the innovation and utilization of sustainable biofillers for 

rubber composite applications, emphasizing the effect of the filler on the structure-processing-

property relationship in rubber composites. A wide range of biofillers with an array of structure, 

morphology, and physico-chemical properties and their various attributes in different rubbers are 

intensively reviewed and discussed. Effective fabrication strategies and surface modifications 

platforms on the different biofillers to develop a high-performance sustainable rubber 
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biocomposites were critically reviewed. Finally, future perspectives for biofillers in rubber 

composite applications and challenges are discussed.

Keywords: Rubber; Composites; Cellulose; Lignin; Natural fibers, Bioresources

List of Abbreviation 

BC Bacterial cellulose
CNT Carbon nanotubes
MWCNT Multiwall carbon nanotubes
CB Carbon black
GF Glass fiber
GO Graphene oxide
CF Carbon fiber
CNC Cellulose nanocrystalline
CNF Cellulose nanofiber
PP Polypropylene
phr Mass parts per hundred parts of rubber
VOC Volatile organic compounds
TiO2 Titanium dioxide 
PLA Poly(lactic acid)
ZnO Zinc oxide
PMMA Poly(methyl methacrylate)
EVA Polyethylene-co-vinyl acetate
NF Natural fiber
GTR Ground tires rubber 
MA Maleic anhydride
MCC Microcrystalline cellulose
EPDM Ethylenepropylene-diene monomer
CTE Coefficient of linear thermal expansion
BR Polybutadiene rubber
SBR Styrene butadiene rubber
C-SBR Carboxylated styrene butadiene rubber
CO2 Carbon dioxide
CaCO3 Calcium carbonate
SEM Scanning electron microscopy 
ScCO2 Supercritical carbon dioxide
TEM Transmission electron microscopy
ANBR Acrylonitrile-butadiene rubber
NBR Nitrile rubber
NR Natural rubber
ENR Epoxidized natural rubber
XNBR Carboxylated nitrile rubber
WVP Water vapor permeation
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1. Introduction 

Renewable and sustainable biobased composites (biocomposites) innovation is among the 

best solutions to deal with environmental pollution, climate change, and the gradual depletion of 

finite petroleum resources associated with materials development. From the encouragement and 

enforcement of government bodies around the globe, biocomposites design and fabrication have 

become an enticing research topic and new scientific vision in both industry and academia. 

Industries have started to pursue eco-friendlier alternative materials for consumer products and 

advanced material fabrications. 

Biocomposites are composite materials that are made from at least one biosourced 

component, i.e., either matrix or filler or both. Biosourced materials include all range of plant 

fibers, biomasses, and agricultural wastes such as rice husk, sugar beet, starch, sawdust, corn stalk, 

etc. Presently, natural fibers (NF) are the most widely explored and established biosource 

constituent for biocomposites fabrication. Due to the lightweight and high specific mechanical 

properties of NF, the application of NF-based biocomposites in the automotive industry is rapidly 

increasing in recent years 1, 2. The substitution of synthetic fiber (e.g., glass fiber (GF)) reinforced 

composites with NF-reinforced biocomposites can reduce the overall weight of cars, which leads 

to fuel efficiency and less carbon footprint. In addition, the production of NF-based biocomposites 

is generally 30% less energy consumptive compared to the traditional synthetic GF-based 

composites 3.

Biobased fibers extracted from sisal, hemp, jute, kenaf, coir, date-palm, and flax are some 

of the popular natural fillers for green composites fabrication. Recently, agricultural wastes and 

co-products are being extensively used to develop biocomposites because of their low to negative 

cost, availability, and acceptable performances. A large amount of wastes is produced from 
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agroforestry and agricultural harvesting every year. Most of these wastes end-up in landfill and/or 

incineration, which are detrimental to the environment. The diversion of and effectively utilizing 

these waste biomass into value-added products can promote the circular economy concept (waste-

to-resources). Fig. 1 shows the current popular biobased waste fillers that can be utilized as 

additives or reinforcing agents for biocomposites fabrication after further processing and 

purification. These waste-derived materials are abundant and possess great potential as 

multifunctional green biofillers for different polymer systems including rubber.  

Fig. 1. Various commonly used biosourced fillers and bio-wastes from biomass feedstock for 
polymer composites applications. Figure adapted with permission from ref. 4. Copyright Springer, 
2019. 

Natural rubber (NR) is a natural product produced from rubber plants (Hevea brasiliensis) 

latex and it is one of the essential materials that have been with humans since ancient civilization. 

It is composed of a complex mixture of different chemical components including, hydrocarbons, 

Page 4 of 101Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

at
er

lo
o 

on
 6

/2
1/

20
21

 4
:1

8:
52

 P
M

. 

View Article Online
DOI: 10.1039/D1GC01115D

https://doi.org/10.1039/d1gc01115d


5

water, starch, proteins, sugars, gums, alkaloids, lipids, and inorganic substances. The latex 

undergoes a coagulation process upon exposure to air, or through pH adjustment or thermal 

treatment. Rubber crumb recovered as such has interesting properties, including unique elasticity, 

good dynamic mechanical performance, and excellent energy absorption that no or few other 

materials can provide. The expansion of its application in the modern rubber industry started since 

the discovery of rubber vulcanization with sulfur by Charles Goodyear in the early 19 centuries. 

Some of the irreplaceable important NR-based products are boots, early tires, gaskets, belts, etc. 

With the increasing demand for rubber products, non-renewable synthetic rubbers were produced 

starting from the 20th century (e.g. styrene butadiene rubber (SBR), polybutadiene rubber (BR), 

polychloroprene (CR), nitrile butadiene rubber (NBR) etc.). In 2018, the global consumption of 

rubber was around 30 million tonnes of which 13.7 million tonnes were  NR 5.  

Rubbers, also commonly referred as elastomers, are important class of polymers. Because 

of their large free volume content, rubber usually requires appropriate additives and reinforcements 

to obtain useful material properties for different applications. The mechanical strength and 

stiffness of the rubber filled composites can be enhanced significantly by improving filler-rubber 

interactions and optimizing the filler dispersion. Currently, carbon black (CB) and silane modified 

silica are the most commonly used reinforcing filler in rubber composites because of their strong 

reinforcing effects. Other additives such as crosslinking agents, activators, antioxidants, heat 

stabilizers, dyes, pigments, plasticizers, etc are also introduced in rubber composites to improve 

the overall performances. 

To date, CB is by far the most applied reinforcing filler in rubber product manufacturing 5. 

Over 90% of the worldwide production of CB is used in rubber products such as tires,  belts, 

sidewalls, inner liners, conveyor belts, footware, etc 6. The good surface reactivity, homogeneity, 
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and the hierarchical structure of CB make it a promising filler for rubber composite materials 7, 8. 

The consumption of CB exceeded one million tons per year in the United States’ tire industry alone 

9. However, the production of CB is very energy-intensive and is not sustainable in the long term 

as it is derived from a finite resources 10. On the other hand, silica is derived from minerals. Though 

it is not a petrochemical-based product, it also consumes a lot of energy during production 11. 

Furthermore, both CB (~1.7-1.9 g/cm3) and silica (2.5 g/cm3) exhibited higher density as compared 

to the rubber matrix (1.1 g/cm3) 12. Therefore, tire manufacturers are looking for alternative light-

weight and “greener” substitutes. Table 1 presented important material properties of common 

incumbent rubbers fillers and some of the green fillers that can potentially be used in rubber 

composites applications. It can be noticed that the biobased fillers possesses diverse fundamental 

properties which exhibited huge potential to replace the existing traditional petroleum-based or 

mineral-based fillers with satisfactory modulus and high surface area. In addition, the biobased 

fillers are generally lighter in weight as compared to traditional fillers that can provide weight 

saving benefits to the rubber composites. 
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Table 1. Important material properties of some traditional fillers and sustainable biofillers that could be used for rubber composites 
applications. 

Basic properties of various fillers 
Traditionally used fillers Relatively new (biobased fillers)

Filler Carbon 
black

Clay Silica Calcium 
carbonate

Talc Mica TiO2 Biochar Cellulos
e 
nanocry
stal 
(CNC)

Chitin Eggshell Kraft 
lignin

Starch Natural 
fibers
(Hemp)

Density 
(g/cm3)

1.8-2.1 ~2.5 ~2.65 ~2.71 ~2.5-2.8 2.7-2.9 4.23 ~1.3-1.4 ~1.5 ~1.43 ~2.1 ~1.3-1.4 1.5 1.2-1.6

Modulus
(GPa)

4-30 2-250 
MPa

60-80 70-90 56.25
Ref.13

57
Ref.14

~220 10-25  
Ref15

70-134 150 
Ref.16

41-86 
Ref.17

4 2.7
Ref.18

30-70
Ref.19

Color Black Brown/
White

White White Gray/
White

White White Black White Brown/
White

Brown/
White

Brown White Brown

Surface 
area 
(m2/g) 

7-12
Ref.20

5.83
Ref.21

110-240
Ref.22

4.46
Ref.21

2.51
Ref.23

4.85 98.2
Ref.24

438
(Pyrolyz
ed at 
600 °C)
Ref.25

400-500
Ref.26 

360
Ref.27

19.6
Ref.28

15.8 ± 
2.5
Ref.29

0.9-1.3
Ref.30

0.5-1.0

Unique 
features

Black in 
color, good 
mechanical 
& abrasion 
resistance

Large 
ratio of 
surface 
area to 
volume, 
Good 
cation 
exchange 
capacities 

Good 
optical, 
mechanica
l and 
thermal 
properties

Nontoxic, 
odorless, 
& thermal 
stable

Softness, 
lubricity

Platy 
layers 
structure

Unique 
optical, 
photo 
stability 
anti-
oxidant & 
chemical 
resistance

Black in 
color, 
high 
surface 
area

Heat 
stability, 
customi
zable, 
high 
mechani
cal 
strength 
& high 
aspect 
ratio

Bio-
compatibil
ity, bio-
degradabil
ity, non-
toxicity

Low cost 
industrial 
byproduct, 
good 
mechanica
l 
properties

Abunda
nt, 
Hydrop
hobic, 
UV 
protecti
on

Biodegr
adable, 
non-
toxic, 
low cost

Light-
weight, 
good 
thermal and 
acoustic 
insulating, 
biodegradab
le, 
processing 
friendly

Note: Most of the presented information are estimates value that based on the authors current knowledge. They can be varying from the 
different grades available from the producer in the market around the globe. 
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            In order to reduce the environmental pollution and global warming, there is increasing 

interest to replace CB and other inorganic mineral-based fillers in rubber materials with more 

sustainable biobased fillers as an alternative. Biobased fillers including lignin 31, cellulose 

nanocrystals (CNC) or cellulose nanofibers (CNF)32, starch 33, eggshell 34, 35, pistachio shell 36, soy 

protein 37, etc have been explored as reinforcement in the rubber composites. 

In alignment with global environmental concerns, industries have shifted their focus into 

sustainable development in terms of raw materials, energy efficiency, and product recycling. Part 

of this aim can be achieved by using renewable materials that are derived from various biomass 

feedstocks or through recycling of agricultural industry wastes. This has accelerated the 

biocomposites innovation and development as an alternative to traditional synthetic composites. 

NF and other agro-forestry derived biomass resources have the advantages of being renewable and 

sustaianble as compared to inorganic traditional fillers. The main challenge of these biobased 

fillers is their ability to fulfill cost and performance attributes that can be on-par to the current 

existing traditional fillers. The cellulose incorporated rubber composites were found to improve 

wear resistance 36, reduced Payne effect 12, and enhance biodegradability  of rubber in soil 38. 

Composites made from these materials are beneficial to the environment, which can contribute to 

sustainable development in the future. Fig. 2 shows the closed loop sustainable approach to 

produce NR composites with micro-and nano-structured renewable fillers extracted from different 

biomasses.  
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Fig. 2. Schematic diagram of a promising closed loop sustainable approach to develop renewable 
and sustainable NR-based micro-and nano-biocomposites consumer products.  

It is widely accepted that the use of sustainable biofillers for rubber products provides long 

term environmental benefits; however, the specific performance attributes of these biofillers must 

be properly evaluated to ensure that they fulfill industrial requirements for specific application. 

Overall, there is an increasing interest in biomass derived filler reinforced rubber composites for 

various industrial applications as an alternative to CB or mineral-filled rubber composites. At the 

same time, biomass supply chain in conjuncture with the performance attributes of the biofillers 

are among the critical challenges for the successful development of rubber composites with 

enhanced sustainability and performance. Biomass properties can often vary based on their 

harvesting time and methods, collection, transport and storage mechanisms, and 
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extraction/processing methodologies. These variabilities need to be addressed by developing  

protocols for the effective utilization of biosourced fibers/filler in industrial applications. In many 

cases, the polarity difference between the natural filler/fibers and rubber matrix typically results 

in inferior composite performance. The insufficient compatibility between the renewable 

fibers/fillers and rubber can be overcome by modifying the fibers/fillers or matrix or combination 

of the two. Hybrid fillers strategy and appropriate processing methods are also important factors 

to achieve desired properties for specific end-use industrial applications. Another challenge in 

rubber biocomposites is the recyclability, durability, and service life requirements for engineering 

applications. 

This review presented the recent developments achieved in the use of renewable and 

sustainable biofillers in rubber composites based on NR, synthetic rubbers, and thermoplastic 

elastomer matrices. A comprehensive and critical review of the scientific literature, patents, and 

market studies were carried out. The effect of various fillers on the structure–property of rubber 

composites and their potential to replace or complement traditional rubber fillers in both lightly 

crosslinked rubber goods (e.g. gloves) and highly crosslinked rubber products (e.g. tires) are 

reviewed. Scheme 1 presents the structure and scope of the review. Finally, future perspective and 

challenges are discussed.  
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Scheme 1. The complete structure and scope of this review.

2. Towards environmentally friendly green rubber composites 

Rubbers are extensively used in several commodity and advanced material applications 

due to their excellent dynamic and static mechanical properties. Pristine NR develops a crystalline 

domain due to the realignment of rubber chains when subject to a large strain. These crystalline 

units work as reinforcement which ultimately enhances mechanical properties at applied high 

strain 39. However, to enhance the mechanical properties of the rubber at room temperature, filler 

mediated reinforcement is usually required.

Rubber compositions are typically filled with particulates such as CB, calcium carbonate 

(CaCO3), aluminum silicates, talc, mica, and fumed silica to improve the performance and reduce 

cost 40, 41. Such compositions are extensively used in various rubber applications, such as tires, 

conveyor and power transmission belts, foot wares, hoses, gaskets, seals, coatings, mattings, 

construction, etc. This is because fillers provide excellent mechanical, thermal, and physical 

properties that would not otherwise be achieved. Depending on their effect on the mechanical 

performance of rubber compositions, fillers can be classified as reinforcing, semi-reinforcing, or 
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non-reinforcing. While reinforcing fillers improve the mechanical and abrasion resistance 

properties of rubber compositions, non-reinforcing fillers simply act as diluents, and semi-

reinforcing fillers perform both functions to some extent 42. 

The effect of fillers on rubber compositions is related to the intrinsic properties of the filler 

including particle size, shape, aspect ratio, and interfacial interaction between the rubber elastomer 

and the filler. CB is the dominant filler used in the tire industry due to its excellent compatibility 

with common rubbers used in tires, which translates into reinforcement in the form of enhanced 

dynamic and static mechanical properties. Other fillers such as CaCO3, clays, silica, silicates, talc, 

and titanium dioxide (TiO2) are also used as partial substitute of CB usually to impart some 

performance benefits and improve the cost structure of the rubber 40, 41, 43. 

Although CB has been used in the rubber industry for many decades, the carbon footprint 

of its processing and production is extremely high due to the partial combustion of hydrocarbons. 

It has been reported that 2.5 tons of CO2 are emitted during the production of one ton of CB 44. In 

addition, studies have found that CB is carcinogenic to humans. Excessive inhalation of this ultra-

fine powder causes malignant lung tumors 45 and cell inflammatory 46. 

The tire industry is keen on developing rubber compositions that provide low rolling 

resistance, high wet traction, and long-lifetime to tires, mainly by complementing or replacing a 

portion of CB fillers or fine-tuning the formulations. Formulations that provide cost-saving, and 

energy savings through better processability or light-weighting without compromising the 

performance attributes are of interest as well. 

Polysaccharides such as starch 47, cellulose 48, microcrystalline cellulose or cellulose 

microcrystals (MCC) 11, 49, 50, nanocrystalline and nanofibrillated cellulose 32, cellulose esters 51, 52 

are among the promising candidates that are being extensively investigated as potential renewable 
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reinforcing fillers of rubber, with various degrees of success. Wu et al. 47 reported the use of 

gelatinized starch as a filler in SBR with an in situ compatibilization and results exhibited 

reinforcing effect in the developed formulation. However, sensitivity to moisture could be a major 

challenge for starch-based incorporated rubber formulations, owing to the hydrophilic nature of 

the starch. Replacement of CB with CNC (10 phr, mass parts per hundred parts of rubber) in a 

ternary blend of NR/butyl rubber/SBR matrix was also shown to improve dynamic and static 

mechanical performance as compared to the control 32. 

2.1. Cellulose fibers

There are growing interests in the scientific community and industries to replace non-

sustainable filler with renewable agents without compromising the performances. Due to cost, 

availability, and performance attributes, cellulose fiber reinforcement of rubber gained substantial 

attention. The properties of the reinforced rubber composites can be fine-tuned by varying the 

amount and  dimensions of the cellulose 53. Cellulose (cellulosic fibers) possess relatively high 

tensile modulus (20-70 GPa) and tensile strength (⁓1 GPa) depending on their fibril orientation, 

high aspect ratio (50-200), good flexibility (better than glass fibers), and relatively low cost which 

makes it an attractive filler material in rubber composites54. 

Bai and Li 11 reported the partial replacement of silica with microcrystalline cellulose 

(MCC) in rubber composites. They found that the MCC did not adversely affect the mechanical 

performance of the rubber with up to 18% substitution of silica. The composites with MCC reduced 

Mooney viscosity and improved heat resistance. However, the tear strength was reduced as 

compared to the silica-based rubber composites. 

Homogeneous dispersion of the filler and favorable thermodynamic interaction between 

rubber matrix and filler can provide less surface defects with enhanced properties 55. Different 
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physical and chemical treatments, such as alkaline treatment, benzylation, etc.,54 can be taken into 

consideration in order to enhance the adhesion between fibers and matrix. Physical modifications, 

such as plasma treatment and electron irradiation can also be used to graft cellulose fibers to NR 

molecules. Ahlblad and his group56 have carried out a 5 min plasma treatment of 10 phr cellulose 

fibers in the presence of butadiene and/or divinylbenzene and found a reduction in hydrophilicity 

with no water absorption due to the grafting phenomenon. The same research group57 have 

employed another physical method called electron irradiation. Results of this study demonstrated 

the reduction in the hydrophilicity, enhancement in the adhesion and dispersion of cellulose fibers 

in the rubber matrix, which led to an effective transfer of load between the matrix and cellulose 

fibers that ultimately improve mechanical properties of rubber. 

Another strategy to improve the dispersion of cellulose fibers in rubber, adopted by Reis-

Nunes et al. 39, 58 is precipitation/coagulation of NR latex solution with regenerated cellulose (10% 

aqueous solution of cellulose xanthate) in an acidic medium followed by vulcanization. The 

homogeneous dispersion of 25% cellulose in the NR matrix led to an enhancement in the tensile 

strength and tear strength by 64% and 175%, respectively. Also, the addition of cellulose fibers in 

natural rubber results in reduced gas transport. It is known that the natural and synthetic rubber is 

available in the form of water suspension (latex), which makes filler dispersion relatively easy. As 

dispersed cellulose fibers contain primary and secondary hydroxyl moieties, it can react with 

rubber during the vulcanization and curing process to form chemical bonds55, 59. Reinforcing 

rubber with cellulose powder can result in the improvement of tensile properties and hardness by 

strain-induced crystallization during stretching which causes the orientation of rubber and 

cellulose molecules 48. 
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Although regenerated cellulose is a low-cost potential alternative reinforcing filler in 

rubbers, properties of produced rubber composites were found to be less than CB-filled rubber 

composites 60. Overall, the effect of the reinforcing agent on the rubber depends on the fillers 

intrinsic properties such as shape, particle size, size distribution, etc. It is anticipated that the 

nanocomposite of rubber and nanocellulose may result in improved properties 61 as filler’s size, 

shape, aspect ratio, surface characteristics positively affects rubber properties (Fig. 3). Nano-sized 

cellulose (nanocellulose) expected to enhance rubber properties significantly due to its nanoscale 

morphology that can interact with the elastomer chains at molecular level, enhanced available 

reactive hydroxyl functional groups, high crystallinity, etc. Nano-sized cellulose can be fabricated 

from cellulosic fibers using acid hydrolysis which generates 3-50 nm cross-section and submicron 

length. A brief report about production and application of CNC and cellulose nanofibers is given 

elsewhere 62-64. The effect of nanocellulose species on the properties of rubber is discussed in the 

subsequent section.

Fig. 3. Effect of different mixing methods and size of cellulose species on rubber mechanical 
properties.
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2.2. Cellulose nanocrystals and cellulose nanofibers 

Cellulose nanocrystals (CNC) and cellulose nanofibers (CNF) are the most researched 

nanocellulose species as a filler for biocomposites including rubber 65. The main advantages of 

these CNCs against other nano-fillers are their renewability, abundance, low density, availability 

of reactive groups, low energy consumption during processing, etc. 66. They can be extracted from 

plants using various physical and chemical processes 67. CNC (also referred as cellulose 

nanowhiskers) are needle-like or rod-shaped nanoparticles with a size of 10-20 nm in width and 

several hundred nanometers in length 68, while CNF are nano-size in diameter with micron size in 

length. Fig. 4 presents the microscopic images and the main characteristic differences between 

CNC and CNF and their extraction techniques. 

Fig. 4. Microscopic images of both CNC and CNF and main characteristic differences between 
CNC and CNF and their extraction techniques. Data and TEM image adapted and reproduced from 
ref. 68. Copyright ACS, 2013.

            Different from the micron sized microcrystalline cellulose (MCC), the nano-size CNCs can 

maintain the transparency of the parent composites depending on the fabrication technique. Due 
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to their nano size, CNCs have inherently high surface area among other types of cellulose 

derivatives. This high specific surface area of nanocellulose exhibited high potential to be used as 

green and stiff reinforcing agent in different types of polymers for biobased nanocomposites 

development. The tensile strength and modulus of CNC are estimated to be approximately ⁓14-

29 GPa 69 and ⁓143 GPa (measured by Raman spectroscopy on an epoxy/CNC composite), 

respectively70. The crystalline nature of CNCs makes it ⁓1300% stronger with 100-600% higher 

modulus than the native cellulose. Besides its high specific strength, low density and very low 

coefficient of thermal expansion (CTE) 71 are also its extra merits for composite applications, 

especially light-weight auto parts.

            At 20 phr loading of CNCs, the tensile strength of nitrile rubber (NBR) has doubled due to 

enhanced crosslink density69 resulting from homogeneous dispersion and strong interaction 

between CNC and NBR. Part of the good reinforcing effect of nanocellulose is due to their high 

aspect ratio and good interfacial bonding with polar rubber materials72. With an optimal CNC 

contents, a strong percolation network could form in the nanocomposites through hydrogen 

bonding linkages (interaction between hydroxyl and oxygen of the adjacent molecules) between 

the nanocellulosic molecules 38, 66, 73. Also, it was found that CNCs can increase the crosslinking 

density of the carboxylated styrene butadiene rubber (C-SBR) through hydrogen bonding 

formation between the hydroxyl groups of CNC and carboxyl groups of C-SBR molecules 74. Due 

to the good interfacial compatibility, good stress transfer was observed in the CNC/NBR 

nanocomposite foams, as shown in the gradual improvement in tensile strength, elongation at break 

and tear strength without any surface treatment 75.

Overall, the properties of the rubber composites can significantly vary depending on the 

source of the nanocellulose because the source decides the sequence length of crystalline and 
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amorphous domains ultimately affecting the dimension of nanocellulose species. Bamboo derived 

CNC reinforced NR nanocomposites showed better elongation at break than sisal CNC-reinforced 

NR nanocomposites 67, 76. Moreover, the mechanical performance depends greatly on the 

nanocomposites preparation and the properties of the rubber matrix. Also, the unique network 

structures of nanocellulose allow it to hybridize with different nanoparticles in forming a strong 

hierarchical structure 77. CNC can also be used in rubber along with other fillers such as graphene 

78, CB 79, 80, silicon dioxide (SiO2) 81 for different applications. 

2.2.1. Effect of CNCs on the thermal properties of rubber

In terms of thermal stability, the onset degradation temperature of the CNC/rubber 

nanocomposites are usually lower than the neat rubber due to the early degradation of main CNC 

resulting from the decomposition of glycosyl and sulfate groups arising from the hydrolysis of 

CNCs74. However, there should not be a significant shift of the maximum decomposition 

temperature to a lower temperature if a strong crosslinking networks are formed in the rubber 

composites. For instance, a study reported the thermal stability enhancement of NR with the use 

of bamboo nanocellulose as a reinforcing filler76. The great vicinity on the nanocellulose-NR 

interphases forms a barrier in restricting the NR chain mobility resulting in reduced diffusion of 

degradation products. Similarly, no adverse effect of CNC extracted from pine pulp on NR 

composites was found 82. The strong network formation in the CNC/rubber nanocomposites (e.g. 

nitrile rubber) can also be reflected in the enhancement of the storage modulus before glass 

transition temperature and the glass transition temperature could shift to higher temperatures. In 

other words, enhancement in the glass transition can also be a measure of the degree of interaction 

between components. Interaction of cellulosic nanoparticles with polychloroprene rubber results 

in reduction in free volume and ultimately suppress the rubber chains mobility causing upshift in 
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glass transition temperature 83. However, studies also reported that there is no significant changes 

in the glass transition in case of NR after the incorporation of CNCs 38. 

2.2.2. Effect of CNCs on static and dynamic mechanical properties of rubber

Pasquini et al.84 observed that the incorporation of cassava bagasse CNC in NR enhanced 

the tensile storage modulus significantly, which increased with the increase in the CNC loading 

levels. Similarly, when 15 phr CNC, produced using cottonseed linter pulp, was used to reinforce 

C-SBR matrix, the storage modulus below the glass transition has increased by as much as 55% 

74. Strong filler to filler interaction also called percolation structure and interaction with C-SBR 

plays a major role in the increase in storage modulus. Bacterial cellulose (BC), which is a nano-

fibrous cellulose produced by bacteria, could also be used as reinforcing biofillers in NR. 

Comparison of the stress-strain curve of neat NR with 2.5% of BC filled NR, the properties did 

not display noticeable change at such low levels of filler loading. However, high amount of BC 

(around 5-10%) enhanced the tensile strength and modulus of the NR by 80% and around 900%, 

respectively while making the NR brittle and relatively less stretchable.  Incorporation of 5% CNC, 

extracted from pine pulp, in pre-vulcanized NR results in increased tensile strength (38%) and 

modulus (433%) along with storage modulus. Conversely, ductility was found to reduce (~16%) 

due to reinforcing effect of CNC 82.

A peculiar phenomenon of CNC fibers is that the inter and intra-molecular hydrogen 

bonding leads to high modulus in dry conditions whereas disintegration of the molecular network 

and weakened filler-filler interaction happens upon exposure to water resulting in reduction in 

modulus 85. This repetitive change in modulus due to moisture interaction can make CNC and its 

composite a water/moisture responsive materials 86, 87. Storage modulus of biocomposites of CNC 

with NR increase from 1.2 MPa to 2.6 MPa, whereas in case of epoxidized natural rubber (ENR) 
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and CNC based biocomposite, it increased to 25 MPa at 37 °C to be utilized for water responsive 

biomedical applications 88. In the case of ENR, dual network formation, i.e. filler-filler and filler-

matrix synergistically improve the modulus and show good reversibility in moisture triggered 

tunable mechanical behavior.  

Rubber applications in specific industries require load bearing while maintaining low 

density. In such cases, rubber foams come handy as the foaming significantly reduces the density 

of matrix89, 90. However, pure rubber cannot provide the required load support on its own 

mechanical integrity 91. The use of CNCs that provide reinforcement, while maintaining low 

density could be appealing in such cases. Moreover, the presence of hydroxyl groups on the surface 

of CNC promotes hydrogen bonding with some rubbers, such as NBR (Fig. 5a). Reinforcing NBR 

foam with 15 phr CNC greatly enhances the tensile strength (from 3.7 MPa to 6.5 MPa) and tear 

strength (around 10 kN/m to 15.8 kN/m) (Fig. 5c) 75. This enhancement in the mechanical 

properties was the result of enhanced crosslink density which can be resulted from the increased 

volume fraction of the rubber (Fig. 5b). This possible physical crosslinking promoted by hydroxyl 

groups present on CNC and -C≡N group of NBR chain also led to doubling of the storage modulus 

(from 610 MPa to 1150 MPa) below the glass transition temperature of the NBR. As proposed by 

Blanchard et.al. 92, the formation of Zn-CNC complex implies that the CNCs assists in enhancing 

the dispersion of ZnO that results in higher crosslinking density though the sulfur quantity 

(crosslinking agent) was kept constant. Consequently, the enhanced crosslinking in conjuncture 

with the reinforcing capability of CNCs results in improved tensile strength, and modulus that 

increased from 2 MPa to 7 MPa, and 3 kPa to 11 kPa, respectively, with the use of only 5 phr 

CNCs. 
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Fig. 5. (a) Possible hydrogen bonding mechanism of cellulose nanocrystals (CNC) with nitrile 
rubber (NBR),  (b) its effect on volume fraction of rubber (Vr), and (c) stress-strain curve (phr, 
parts per hundred). Figure adapted and reproduced from ref. 75. Copyright Elsevier, 2015. 

Targeted chemical modification of CNCs and formation of chemical bond with elastomers 

can develop crosslink at the polymer interface and provide synergistic crosslinking and 

reinforcement effects93-95. Chemical modification of CNC using hydrocarbon chains containing 

thiol (-SH) groups and its dispersion in NR significantly improve the mechanical properties of 

rubber. Covalent bond or cross-linking between thiol groups and double bonds of rubber can be 

formed by photo-chemical reaction96. Kanoth et.al.97 have fabricated a cross-linkable thiol 

modified CNC by esterification reaction with 11-mercaptoundecanoic acid and crosslinked with 
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NR via UV irradiation (Fig. 6a). The resulting covalent bond between the filler and matrix 

interface (10 phr modified CNC content) led to an increase in tensile strength, modulus, and strain 

at failure by 325%, 84%, 33%, respectively, in comparison to neat NR as shown in Fig. 6 (b & c). 

Long hydrocarbon chain reduces the hydrophilicity of the CNCs and enhances its compatibility 

with and dispersion in NR, which ultimately enhance mechanical properties. It is also hypothesized 

that if the rubber network is crosslinked by a traditional vulcanization method, the reinforcing 

effect may give multifold improvement in mechanical properties 97. In another work performed by 

Fumagalli et. al. 98, CNC was modified using palmitoyl chloride and 3,3`-Dithiodipropionic acid 

chloride (DTACL) to yield a hydrophobic CNC due to introduction of alkyl moieties and CNC 

with reactive surface due to incorporation of disulfide function, respectively. Incorporation of 17% 

modified CNC in SBR during melt processing, result in significant reinforcement (tensile strength 

increase from 2 MPa to 9 MPa, modulus increased from 10 MPa to 47 MPa) against neat SBR, 

whereas extensibility remained in the desired range (elongation was reduced from 368% to 329% 

only). The chemical reactive disulfide interaction bonding between DTACL modified CNC and 

SBR was responsible for the strain hardening effect. 

In the case of hydrogenated acrylonitrile-butadiene rubber (ANBR), the use of 5% TEMPO 

(2,2,6,6-tetramethylpiperidine-1-oxyl radical) oxidized cellulose nanofibers (TOCN) produces 

high modulus (~45 MPa) composites 99. Another researcher reported a tensile modulus of 63 MPa 

and a storage modulus of 112 MPa at 25°C with 5% TOCN hydrogenated ANBR 100. Another 

method to enhance TOCN dispersion is proposed by Noguchi et. al. 101. They reported that high-

shear kneading can contribute to an improved dispersion of TOCN with greater homogeneity in 

the rubber matrix, which ultimately resulted in high tensile strength (~20 MPa), modulus (400 

MPa), and storage modulus (>1200 MPa). 
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Fig. 6. Chemical modification of CNC with Thiol group and its photo initiated reaction with 
natural rubber (NR) that leads to its homogeneous dispersion (a) and its effect on tensile properties 
(b) and storage modulus (c). Figure adapted and reproduced from ref. 97. Copyright ACS, 2015. 

The Steglich esterification is a mild reaction that uses 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC) as a coupling reagent to produce ester from alcohol and carboxylic acid 

catalyzed by 4-dimethylaminopyridine (DMAP). In Steglich esterification technique, the 

functionalization of CNF with –SH or –C=C and its use in SBR as reinforcing agent was found to 

be more effective than CB. Tensile strength and modulus were improved from 3.2 to 12.3 MPa 

and 1.7 MPa to 27 MPa, respectively 102. Modification of CNC via surface grafting with poly(lactic 

acid) with 3% total grafted PLA on the CNC improved the tensile strength and modulus of 

chloroprene rubber by 200% and 400%, respectively 103. Grafting with lactic acid makes CNC 
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hydrophobic and improves the dispersion in the rubber matrix. Some other mechanical properties 

improvement related to different nanocellulose species and rubber composites are listed in Table 2. 

Further understaning of surface modification of CNC is condensed elsewhere 104. 

2.2.3. Effect of CNCs on rubber rheology

Final product designing and processing is extremely depending on the viscoelastic 

characteristics of rubber and its blend and composites. Rheological evaluation of the materials is 

the most reliable technique to understand viscoelastic behavior of the composites before 

vulcanization. Rubbers have inherent crystallization behavior upon application of strain that results 

in higher tensile strength and viscosity. Before rubber processing, it is important to understand the 

vulcanization process which consists of different stages. Scorch time or cure induction time is an 

important parameter for rubber curing and processing. After completion of scorch time, 

crosslinking starts and rubber loses its fluidity. Optimization and understanding of such parameters 

decides the processing conditions and its different desired properties. After the induction time, 

crosslinking of rubber molecules starts drastically and a huge rise in elastic modulus (G’) can be 

noticed in rheology data. Elastic modulus (G’) is measure of energy storage by the material at 

particular temperature and its increment at low frequencies give information about rolling 

resistance of the rubber. This rise in elastic modulus continues until crosslinking completes and a 

plateau confirms the equilibrium curing. The use of fillers or reinforcing agents in rubbers can 

affect these parameters depending on the loading concentration, particle size, interfacial interaction 

and adhesion of filler and rubber chains. 

A strong filler-polymer interfacial adhesion is crucial factor for reinforcement. Rubber 

matrix and filler interaction can be understood and quantified using rheological characteristics. 

The CNCs as fillers hinders the movement of rubber chains ultimately increasing the viscosity. 
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The crosslinked network structure formation during the vulcanization process immobilize CNC 

within cavities of crosslinked NR network. The complex formation between CNC-NR through 

curing agent and during curing process and filler-filler percolation network formation before 

curing results in the development of a homogeneously dispersed and robust structure, which has 

relatively high viscosity. Due to high aspect ratio and cylindrical shape of CNCs, increase in 

viscosity found to be a function of the amount of filler 105. In order to enhance CNCs dispersion, 

oxidation of natural rubber can be another way which generates hydroxyl functional group on the 

backbone of NR that likely allow it to interact with CNC through hydrogen bonding. Such 

hydrogen bonding and filler-rubber interaction leads to enhanced viscosity at lower shear rate 106. 

In the case of C-SBR, incorporation of CNCs promote the gelation and reduce induction time, 

which may be the result of hydrogen bonding between hydroxyl group of CNC and carboxylic 

acid groups of rubber upon mixing. It leads to the formation of a C-SBR rigid network loaded with 

CNC that have enhanced elastic modulus 107. 

Contrary to elastic modulus, loss factor (tan δ) is the ratio of dissipated energy over stored 

energy. It is desired to have low tan δ at low frequencies because stored energy reduces rolling 

resistance. Whereas, high value of tan δ is needed at higher frequencies as energy loss enhances 

grip. Presence of CNC in C-SBR matrix cause higher tan δ which indicates enhanced viscous 

properties of C-SBR composites which improves the energy dissipation 107.

Another rheological property which is mainly observed in filler reinforced/filled rubbers 

called Payne effect, is related to softening of the rubber compound against induced strain. It 

describes the strength of filler network in repetitive low stain deformation and quantitatively it is 

the decrease in the elastic modulus of highly reinforced uncured rubber with increase in strain. It 

is related to the change in material’s microstructure induced by repetitive deformation during low 
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amplitude dynamics. In other words, it can be ascribed to breakage and recovery of relatively week 

physical bonds which links neighboring filler aggregates under periodic loads. Increase in the 

strain induces typical reduction in elastic modulus and difference in the maximum and minimum 

G’ can be used to quantify Payne effect and denoted as ΔG’ at particular strain. For industrial 

production of tire, normally 350-400 kPa ΔG’ is an acceptable range which indicate sufficient 

filler-filler interaction. Low amount (3 phr) of CNC in 30% silica filled natural rubber weaken the 

Payne effect confirming improved filler dispersion and filler-rubber interaction 108. Normally, the 

addition of CNCs together with either silica or carbon black that are incorporated in rubber matrix 

as agglomerates can help improve their dispersion attributed to its nanostructure, high surface area, 

and high aspect ratio. The incorporation of a secondary reinforcing filler such as CNC may 

interrupts undesirable filler networks and reduce the Payne effect as depicted in Fig. 7. These 

usually have a positive impact in rubber composite materials (e.g. reducing rolling resistance of 

tires, thereby improving driving fuel efficiency).
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Fig. 7. Strain softening comparison between silica or carbon black-rubber formulation and hybrid 
network with CNC before and after applied strain.

2.2.4. CNC based rubber composites for packaging application

Barrier properties (both oxygen and water), moisture absorption, and degradation test are 

important attributes for materials to be used in packaging applications. The high crystallinity of 

CNCs provide positive effects on the water vapor permeation and barrier properties when a stable 

percolated cellulose network is established. The water vapor permeation (WVP) was found to 

increase with increasing CNC content initially 38. However, the WVP of the rubber composites 

was reduced drastically when CNC loading was above 7.5 wt.% due to the formation of cellulose 

network. Similarly, moisture absorption reaches a plateau when optimum CNC loading is 

incorporated in rubber matrices38. Packaging films with very low gas permeability and relatively 

good tensile strength can be fabricated using nanocellulose-based NR composites. Also, the 
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incorporation of nanocellulose in NR matrix contributes to the enhancement in the 

biodegradability of the composites 109. The use of CNF as filler in the NR matrix could also 

enhanced the grease resistance which makes this material more useful for packaging applications 

110. 

2.2.5. Biodegradation of CNC based rubber composites

Rubber films have been employed for a range of packing applications (foods, electronics, 

toys, etc.), which are typically utilized for single and short time use.   After the short service life 

of such material is over, it can either be reused, repurposed, recycled, landfilled, or in some cases 

degraded to its constituents. Biodegradation of packaging materials, whereby materials are 

metabolized by microorganisms and converted into its basic components is another appealing end 

of life for polymers that reduces the ecological impact of plastics and elastomers 111. 

Biodegradation of natural rubber is specifically of great interest as it is a natural product 112. Many 

studies indicate that native natural rubber is biodegradable 112, however the crosslinking process 

that instils covalent bond between the chains limits its biodegradation. 

The presence of nanocellulose could increase the rate of biodegradation of rubber in soil 

as the rate of biodegradation of cellulose is faster than rubber. Due to higher degradation rate of 

cellulose component in the nanocomposites films, microorganisms consumes cellulose faster than 

NR leading to increased porosity, void formation, and the loss of the integrity of the rubber matrix. 

The rubber matrix is then broken down into smaller particles with high surface area via the 

disintegration38, which can promote its ultimate biodegradation. For instance, the presence of 

12.5% CNF resulted in 71% biodegradation of NR within 4 weeks in soil 38. Crosslinking of the 

NR may slow the rate of biodegradation even in presence of cellulose due to reduced accessibility 

for microorganisms 113.  Non-crosslinked NR/CNF nanocomposites promise a higher degree of 
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biodegradation, which is accelerated due to the presence of CNF 113 and possibly other types of 

cellulosic fillers. 
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Table 2. Some of the main mechanical properties improvement of cellulose nanocrystal reinforced rubber composites (only works 
published in recent 10 years are included). 

Nanocellulose 
species

Rubber Fiber 
treatment/
modification

Fiber 
loading

Highest TS 
achieved 
(MPa)

Highest E
achieved 
(MPa)

EAB
(%)

Other 
improvement

Ref.

CNF NR -No 2.5, 5, 7.5 
& 10%

1.6 → 12.2 
(at 10%)

1.3 → 9.6 
(at 10%)

↓ with ↑ fiber 
content 

CNF increased 
the rate of 
degradation of the 
composite when 
subjected to 
composting

113

CNC-RGO 
Hybrid

NR CNC mediated 
assembly of 
graphene

1.25 & 2.08 
vol.%

0.2 → 1.9 
(at 2.08 
vol.%)

Improved 440 → 550 
(at 1.25 
vol.%)

Significantly 
enhance electric 
conductivity and 
mechanical 
properties 
through 3D 
conductive 
network

78

Polyaniline-
CNC

Hybrid

NR In situ 
polymerization 
of CNC with 
aniline 

PANI-
CNC/NR

(15/10/100)

wt.%

1.7 →  6.1 0.4 → 
10.7

610 → 377 3D hierarchical 
structure 
significantly 
improved the 
electrical 
conductivity and

114
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mechanical 
properties 
simultaneously

CNC/CB 
Hybrid

NR CNC 
sonication 
with CB

2.5-7.5 phr 0.86 → 7.4 0.45 → 
23.2

~450% vs 
580% 

CB/NR vs 
CB/CNC/NR

Hybrid of 
CNC/CB 3D 
network enhance 
the electrical 
conductivity and 
mechanical 
properties 
simultaneously

115

CNC Nitrile 
rubber foam

-No 3-15 phr 3.7 → 6.6 
(at 15 phr)

N.A. 300 → 330

(at 10 phr)

Strong interfacial 
adhesion resulted 
in excellent 
reinforcement 

75

CNC C-SBR -No 3-15 phr 16.9 → 
24.1

(at 15 phr)

N.A. ~250 → 300 

(at 10 phr)

Significant 
increase in tear 
strength with 
increasing CNC

74

CNC Nitrile 
rubber

-No 5-20 phr 7.7 → 15.8 N.A. ↓ with ↑ fiber 
content

-Tear strength 
increases with 
increasing CNC

-Tg shifted to a 
higher temp. with 
increasing CNC 

69
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CNP NR -Mechanical 
shearing

-Enzymatic 
treatment

-Acid 
hydrolysis

6 wt.% 0.56 → 6.6 0.50 → 
109

576 → 849 -Different fiber 
treatment results 
in different 
mechanical 
properties 
enhancement

67

CNC NR 3-
aminopropyl-
triethoxysilane

5-25 phr Modified 
CNC 
showed ↑ 
TS 

Modified 
CNC 
showed ↑ 
E

Modified 
CNC showed 
↑ EAB

-Accelerated 
curing rate, 
reduced Payne 
effect 

-Improved tear 
strength hardness, 
& heat build-up

12

CNC NR

(crosslinked)

-No 2.5-10 
wt.%

9.2 → 17.3

(at 10 
wt.%)

1.7 → 3.8 
(at 10 
wt.%)

554 → 455 
(at 10 wt.%)

Significant 
improvement on 
mechanical 
properties and 
thermal stability 

76

CNC NR -No 2.5-12.5 
wt.%

↑ 374% ↑ 530% ↓ EAB -Optimal CNC 
loading exhibited 
positive impact 
on barrier 
properties

38

Page 32 of 101Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

at
er

lo
o 

on
 6

/2
1/

20
21

 4
:1

8:
52

 P
M

. 

View Article Online
DOI: 10.1039/D1GC01115D

https://doi.org/10.1039/d1gc01115d


33

-Presence of CNC 
increased the rate 
of degradation of 
rubber in soil.

CNF: Cellulose nanofiber; CNC: Cellulose nanocrystal; CNP: Cellulose nanoparticles; RGO: Reduced graphene oxide; CB: Carbon 
black; TS: Tensile strength; E: Modulus; EAB: Elongation at break; N.A.: Not available; C-SBR: Carboxylated styrene-butadiene 
rubber; Tg: Glass transition temperature; Temp: Temperature, phr: parts per hundred.
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3. Starch, nanostarch, and other polysaccharides

3.1. Starch and nanostarch

Starch is a class of polysaccharides, which are a highly functional renewable biopolymer 

extracted from the natural feedstock (e.g., potato and corn) and extensively used in a range of 

industrial goods in addition to the food industry 116. It possesses a cyclic structure along with 

hydrogen bonding making it structurally rigid. Due to such rigidity and crystalline content, starch 

has a relatively high glass transition and melting temperature. Starch as a material retains several 

appealing attributes such as low density, availability, environmental friendliness, and low cost that 

make it a potentially promising biofiller for rubber composite applications. However, it has high 

polarity associated with the surface –OH moieties, which is not compatible with the typically non-

polar rubber matrices. Nevertheless, the hydroxyl groups on the surface of starch are amenable to 

a wide array of chemical modifications and functionalization 117-120. 

The incorporation of starch in the rubber matrix can provide a reinforcing effect along with 

increased bio-based content and enhanced biodegradation rate. Starch itself can be used as polymer 

matrix, however, depending on the form of starch such as particle size (macro, - micro- 

nanoparticles), melt state, and relative modulus associated with its source displays different 

reinforcing effects. It is known that the rubbers are nonpolar entity whereas starch is highly polar 

which make these materials incompatible to each other. Using starch as polymer form leads to 

enhance biodegradation rate, reduced cost, may improve gas barrier, while starch as particles 

works as reinforcing agent in rubber. The particle form of starch helps to fabricate rubber 

composite with high crosslinking and improved mechanical strength and modulus. Independent of 

the form and state, miscibility of starch with rubber is crucial to extract its maximum benefit for 

development of rubber starch blend and composites.
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In general, extensive high shear mixing produces good dispersion of polysaccharide 

particles in rubbers that result in good reinforcing effect including starch 121. For instance, it was 

reported that the coagulation of NR-filled with 10 phr cassava starch showed improvement in 

mechanical properties compared to the NR/starch composites prepared by direct mixing 122. Starch 

may also work as a vulcanizing agent for NR through the reaction of hydroxyl and C=C bond of 

NR without any chemical catalyst that ultimately reduce the cure time even at higher loading (up 

to 50%) 123. The addition of 2 phr starch grafted NR (NR-g-St) which acts as a coupling agent was 

found to enhance the compatibility of natural fibers (NF) with NR matrix. Grafting of starch 

molecules with NR leads to the fabrication of molecules with polar-nonpolar combination that acts 

as a bridge between NR and NF molecules. This bridge enhances the interfacial interaction of NR 

and NF by development of hydrogen bonding between polar part of filler and coupling agent and 

crosslinking among nonpolar rubber and NR-g-St during curing process. Addition of NR-g-St also 

helps to accelerate the formation of crosslink precursor and reduce activation energy required for 

curing ultimately reducing the cure time from 33 min (NR/NF compound without coupling agent) 

to 10 min (NR/NF compound with coupling agent ) 124. The porous structure of starch and other 

organic fillers can trap air and sound, which can improve the acoustic properties of rubber as well 

125. Furthermore, the use of starch in rubbers could help to reduce or remove the use of expensive 

and environmentally non-friendly coupling agents for properties enhancement in NR or other 

elastomer composite formulations 126. 

Further improvement in the properties of modified starch with NR can be done by 

enhancing the crosslinking using high energy radiation techniques. Senna et. al. 127 demonstrated 

that modification of starch with resorcinol and formaldehyde and its incorporation in natural 

rubber, which enhanced the thermal stability against unmodified starch-NR composite, however, 
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it was still lower than the pristine natural rubber. Thermal stability was further enhanced after 

irradiation due to an increased interfacial adhesion through irradiation driven free radical 

formation at the interface. However, the tensile strength of the modified starch filled composites 

(6.44 MPa) reduced to similar values as that of the NR (2.01 MPa) after irradiation. This reduction 

can be the consequence of starch degradation during irradiation. 

Chemical modification or grafting of other polymers on to starch such as poly(methyl 

methacrylate) (PMMA), NR128, polybutylacrylate129, dicumyl peroxide driven homo-

polymerization of sodium acrylate 130, etc. can improve the interfacial bonding of the constituents. 

For example, PMMA grafted starch was found to be able to enhance the physical entanglement 

which leads to an increase in tensile strength of SBR from 2.9 MPa up to 9.7 MPa 131. Further 

interfacial interaction bonding between starch and SBR molecules can be improved by using 

suitable coupling agents such as bis(3-triethoxysilyl propyl) tetrasulfide (TESPT), 3-aminopropyl 

triethoxysilane (APTES), 3-Mercaptopropyl triethoxysilane (MPTES), 4,4-methylene bis (phenyl 

isocyanate) (MDI) etc. Li et. al. 33 reported that the use of MDI affects the interfacial interaction 

significantly. Due to this coupling effect of starch, the tensile strength and modulus of SBR was 

enhanced by 14% and 159%, respectively.  

Starch nanoparticles fabricated using acid hydrolysis, micro-emulsion method132 also have 

interesting properties to be used as reinforcing agent in rubbers. It contains crystalline nano-

platelet structure in the size range of 6-8 nm and length and width of 20-40 nm and 15-30 nm, 

respectively133. Angellier et. al. 134 reported that the nano-sized starch fabricated from waxy maize 

starch can form percolating network within NR matrix via hydrogen bonding between starch 

nanoparticles. The authors concluded that the starch nanoparticles enhanced the storage modulus 

and strength at break by 75% and 4%, respectively while reducing the elongation at break by only 
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25%. Adsorption/desorption or in other words sliding of NR chains over starch nanoparticle’s 

surface is responsible for nonlinear viscoelastic behavior during shear 135. Overall, the 

incorporation of starch enhances the biobased content and mechanical properties of rubbers. As 

such, starch is a promising candidate as it provides dual effects in the rubbers system. It can work 

as reinforcing agent along with a coupling agent effect in rubbers (Fig. 8). 

Fig. 8. Different strategies to use starch for development of rubber composite and its prospective 
advantages. 

3.2.  Chitin

Chitin is a structural long-chain polymeric polysaccharide (N-acetylglucosamine) that is 

found in many animals and plants136. It is one of the most abundant biopolymers in nature with 

amine functionality, semi-transparent, white, inexpensive and hard nitrogenous material 137. The 

molecular backbone of chitin is similar to cellulose replacing the 2-hydroxy with an acetamide 

group 136. Chitin is believed to be safe and biocompatible with the human body. It can be recovered 
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from marine organic wastes by acid hydrolysis, mechanical treatment, dissolution-regeneration 

method, oxidation, etc., 138. It forms microfibrillar arrangement in living organisms embedded in 

a protein matrix with a length between 50 to 300 nm and diameter between 6 to 50 nm 139, 140. 

Chitin and its derivatives can be useful in different applications such as paper production, 

pharmaceutical, and biomedical applications as it enhances the antibacterial properties 141, textile 

finishes photographic products, heavy metal chelating agents, waste removal, etc., 136, 142. Chitin 

has the potential to be used as filler in rubbery materials and may work as compatibilizer, which 

helps to interweave filler to rubbery matrix ultimately improving rubber properties 143. 

As discussed in the previous sections, the nano form of fillers has a high potential to 

enhance the properties of rubber. Chitin nanocrystals could also be utilized as a reinforcing agent 

144 or Pickering emulsifier 145 in polymers. With an elastic modulus of ~150 GPa, the inherently 

amine functionalized and positively charged nanochitin can be an appealing reinforcing agent of 

rubber or other polymers 146. The use of nanochitin as a reinforcing agent in polymers provides 

lightweight, biodegradable, biocompatible, higher strength composites. Nair and Dufresne 147 

reported that the chemical modification of chitin by using different coupling agents, such as 

alkenyl succinic anhydride (ASA), phenyl isocyanate (PI), and 3-isopropenyl-R,R′- dimethyl 

benzyl isocyanate (TMI) does not contribute to its reinforcing effect in rubber. This was because 

the three-dimensional structural network of chitin was partially destroyed in the studied chemical 

modification processes. The same group has reported that the reinforcing effect of nanochitin 

derived from crab shell in NR is strongly based on its ability to form three dimensional network 

governed by percolation mechanism through intra- and inter-molecular hydrogen bonding 148, 149. 

The incorporation of only 3% nanochitin, produced by acid hydrolysis, into C-SBR enhanced the 

Page 38 of 101Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

at
er

lo
o 

on
 6

/2
1/

20
21

 4
:1

8:
52

 P
M

. 

View Article Online
DOI: 10.1039/D1GC01115D

https://doi.org/10.1039/d1gc01115d


39

tensile strength by 123% (to 9.2 MPa) and elongation at break by 11% (to 396%) compared to the 

unfilled C-SBR 150. 

Formation of self-assembly of chitin nanoparticles contributes a significant role in 

enhancing different properties of rubber 151. Nanochitin having around 7.5 GPa tensile strength 

can easily form homogeneous dispersion and relatively enhanced interfacial interaction with 

rubber matrices152. The incorporation of 10% nanochitin increases the tensile strength of NR by 

up to 625 %. Hydrogen bonding and electrostatic interaction between rubber molecules and 

nanochitin may be responsible for the improvement in mechanical properties 140. Deprotonated NR 

and 4% nanochitin formed a complex by electrostatic self-assembly, which results in higher 

mechanical properties (tensile strength of 25 MPa) of the composites 153. 

Another approach to enhance the distribution of chitin in rubber is to develop a masterbatch 

with rubber and blend it with the rubber matrix. The use of the masterbatch enhances the dispersion 

and ease subsequent processing. In the case of ANBR, the incorporation of 2% nanochitin 

masterbatch resulted in 116% and 54% improvement in tensile and tear strength, respectively 154. 

The tensile modulus and crosslink density were also found to be enhanced, which are attributed to 

the ‘caged’ or ‘trapped’ rubber chains within the three-dimensional network of rigid hydrogen-

bonded network formed by nanochitin as represented in Fig. 9.
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Fig. 9. Schematics for molecular interaction of nanochitin with nitrile rubber matrix (NHAc: acetyl 
amine group, NH2: amine group, OH: hydroxyl group).

 

Some mild in situ surface interaction of chitin with rubber matrix containing reactive 

functionality can help improve the dispersion and mechanical properties.  The reactive hydroxyl 

groups present on the surface of chitin may interact with the functionality present in rubber 

matrices. For instance, epoxidized natural rubber (ENR) that contains epoxy reactive groups can 

react with the residual hydroxyl groups of nanochitin to form supramolecular networks as shown 

in Fig. 10. The formation of such networks result in enhanced mechanical properties and self-

healing properties (95%) as well. Using such approach, the use of 20% of nanochitin enhanced the 

tensile strength and modulus of the unfilled ENR by 200 % and 600 %, respectively 155.  
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Fig. 10. Representation of the reaction of epoxy groups of epoxidized natural rubber (ENR) and 
residual hydroxyl functional groups of nanochitin  that results in supramolecular networks and 
their effect on tensile strength and modulus as a function of nanochitin content. Figure adapted 
and reproduced with permission from ref. 155. Copyright Elsevier, 2019. 

3.3.  Chitosan

Chitosan is a mucopolysaccharide biopolymer derived from chitin by alkaline 

deacetylation. The biodegradation of chitosan by enzymes, microorganisms, etc. makes it a 

promising candidate for different applications such as wound healing156, biomedical applications 

157, packaging applications158, dye removal159, etc. Overall, chitosan is biodegradable, 

antibacterial, non-toxic, biocompatible, and has film forming properties. Similar to other 

polysaccharides, chitosan has a melting temperature close to its thermal degradation temperature, 

which makes this material not suitable for melt processing160. In the case of producing rubber 

composites with chitosan, co-coagulation is a very beneficial mixing method that enhances the 

dispersion and provides appealing composite properties. Some studies demonstrated that the 
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incorporation of chitosan improves the mechanical properties of rubbers161, 162. The immiscibility 

of chitosan with rubbers makes it close to impossible to get the ultimate benefit of chitosan to 

develop mechanically strong rubbers163. Different methods can be employed to improve the 

compatibility of chitosan with rubbers such as maleic anhydride (MA) compatibilization 163, 164, 

dicumyl peroxide crosslinking 165, epoxy crosslinking 166-168, ball mill mixing 169, plasma treatment 

170 etc. Poly-electrolytic derivatives of chitosan  with carboxyl (COO−) and quaternary ammonium 

(NR4
+) groups can also enhance the dispersion of chitosan in rubbers 171.

The development of chitosan microspheres by ion induction and chemical crosslinking and 

its reinforcement of rubber can also enhance the thermal and mechanical properties 172. It is known 

that chitosan is mostly soluble in low pH aqueous medium 173, which is undesirable for rubber 

formulations as rubber crosslinking is usually conducted at high pH. Thus, alternative ways of 

developing chitosan microspheres are required. For instance, chitosan gels formed by the 

incorporation of specific salts i.e., glycerol-phosphate complex, sodium triphosphate etc. can be 

used as a precursor for the chitosan microsphere 174. The interaction between chitosan chains and 

phosphate complex can then occur due to ion induction or ion cross-linking. These ion crosslinked 

chitosan can then form microspheres upon the addition of chemical crosslinkers 175, 176. The C-

NH2 functional group of chitosan and aldehyde group of vanillin reacts and form Schiff base, 

which is important to enhance the antibacterial activity. Polycationic characteristics of chitosan 

due to the presence of amine groups enhance the ionic crosslinks in the polymeric matrix. 

Nanochitosan may also act as a multi-functional crosslinking structure due to the high surface area 

and exposed reactive functionality 177. Nanoparticles can be formed by gelation and crosslinking 

of chitosan chains in the presence of crosslinkers in solution. In the case of C-SBR, 20% 

nanochitosan loading improved the tensile strength to 1.3 MPa (2 times higher than neat C-SBR) 
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and enhanced water uptake by 75% due to the developed ionic bond crosslink in supramolecular 

polymer network (Fig. 11) 178. 

Fig. 11. Ionic crosslink formation between carboxylated styrene butadiene rubber (XSBR) and 
nanochitosan (NCS). Figure adapted with permission from ref.  178. Copyright Elsevier, 2019.

3.4. Other polysaccharides

The molecular structure and design of different polysaccharides are not as uniform as other 

synthetic polymers, which result in variation in properties based on its source, season, or 

geographical location. Technology like enzymatic polymerization of sugars may yield novel 

controllable molecular structures (Fig. 12). Rubber composites developed using enzymatically 

polymerized glucose that is derived from sucrose 179, such as poly alpha-1,3-gulcan as reinforcing 
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agent, which is a water-insoluble material, can be utilized for seal, valves, footwear, tubing, 

gaskets, mats etc.,180. Polyalpha-1,3-glucan is an experimental engineered polysaccharide polymer 

synthesized via enzymatic polymerization by DuPont Nutrition and Bioscience (currently IFF). 

Due to the control of the enzymatic polymerization parameters, it was possible to produce a well-

defined and controlled structure, architecture, and functionality.  These fibrous materials can be 

utilized for different application such as elastomeric composites, polymer composites 181, 

polyurethanes, coating application etc. (Fig. 12). As it was produced from glucose that was derived 

from sucrose, it is found to be biodegradable which drive the circular economy vision. 

Fig. 12. Process to develop poly alpha-1,3-glucan and its application and biodegradation. SEM 
image adapted and reproduced from ref. 179. Copyright ACS, 2020.
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4. Lignin 

4.1. Lignin structure and properties

Lignin is a highly aromatic natural polymer that is found in all sorts of lignocellulosic 

materials. It has several functionalities such as providing strength and rigidity to plant cell walls, 

improving the water transport, and protecting the cell wall polysaccharides from destructive 

agents and insects 182. The ratio of cellulose, lignin, and hemicellulose varies in different 

lignocellulosic materials i.e., trees and grasses. In woods, the percentage of lignin on a dry 

matter basis range from 12% to 39% 183. Lignin has a polyphenolic amorphous structure which 

is made from the polymerization of p-coumaryl, coniferyl, and sinapyl alcohols resulting in the 

p-phenylpropane (H-monomer), guaiacyl (G-monomer), and syringyl (S-monomer) units (Fig. 

13) 183, 184. These monomers have different degree of methoxy (-OCH3) group 

substitution, which provides a variety of chemical interactions in the resulting lignin. 

The amount of these functionality varies in the structure of lignin available in different woods 

and grasses. Softwood lignin (from evergreen trees) is an aromatic polymer that is composed 

of guaiacylpropane linked through C-C and ether bonds. In hardwood lignin (from deciduous 

trees) the percentage of guaiacyl and syringyl units are approximately the same. Grasses have 

all three types of functionality. Lignin biosynthesis is an enzymatic radical polymerization 

in which the monomers randomly link together to produce a three-dimensional complex 

structure of aryl-alkyl ether bonds 185
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Fig. 13. Lignin basic monomer structural units: (a) 4-hydroxyphenyl, (b) Guaiacyl, and (c) 
Syringyl. Redrawn from ref. 184. Copyright Elsevier, 2019.

The application of the lignin is mainly influenced by its source and extraction method. 

Therefore, lignin molecular characteristics such as molecular weight, chemical functionalities, 

and glass transition temperature should be determined to decide its end-use. Since lignin is 

bounded to and surrounds cellulose, some extra processing need to be conducted before 

recovering either the lignin or cellulose. In addition to origin-based variations between lignins, 

pretreatment methods also cause structural differences as they induce different types of 

degradation to lignin molecules 186, 187. Kraft and sulfite processes are two common pretreatment 

methods in the paper industry. The sulfite process involves the reaction between sulfur dioxide 

and metal sulfite to produce water-soluble lignin 187. Sulfonation of lignin during the sulfite 

process creates water-soluble lignin which has aliphatic sulfonic acid functionalities. Kraft 

process on the other hand is performed in an alkaline solution and results in lignin chains 

containing a small number of aliphatic thiol groups 186. Overall, the sulfur-free lignin has great 

structural similarity with native lignin with moderate molecular weight change and no sulfur. 

The properties of the sulfur-free lignins are different compared to sulfite and kraft lignins. 

Sulfur-free lignins are obtained from biomass conversion processes (mainly bio-ethanol 

production), solvent pulping (“organosolv”) processes, and soda pulping 186. Solvent pulping or 

the organosolv process is a pretreatment suggested as an alternative to kraft and sulfite pulping. 
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This process is claimed to be more environmentally friendly and less expensive. Organosolv 

lignins extracted from the spent solvent in this process are usually pure and have low molecular 

weights with a narrow distribution. They a l so  have a lower glass transition temperature, flow 

upon heating, are highly soluble in organic solvents but insoluble in water. However, the 

commercial process to produce this lignin has stopped due to process economics issues. Another 

process to produce sulfur-free lignin is alkali/soda pulping. In this process, the lignin is 

precipitated and separated from the pulping mass. The lignin isolated from this process is low 

quality and has a wide range of variation in properties but most commonly have a low glass 

transition temperature, high phenolic hydroxyl functionality, and low molecular weight 186.

4.2. Lignin reinforced rubber composites 

             Rubber filled composites can be used for different applications because of their unique 

properties. Among the fillers, CB or silica is commercially used as a filler to impart better 

properties in the rubber products. Depending on the requirements, ingredients such as plasticizer, 

vulcanizing agent, accelerator, activator, and anti-degradant are incorporated into rubber 

compounds to achieve different functionalities in the resulting material. Since lignin is an 

inexpensive renewable material, it can be utilized as a reinforcing agent, antioxidant, plasticizer, 

UV shield, and coupling agent in rubber matrices 188. However, the performances of the lignin 

reinforced rubber composites are influenced by several factors including lignin molecular weight 

(Mw), Mw distribution, ash content, purity, the concentration of the lignin in the matrix, 

preparation method, and compatibility/miscibility of the lignin with the rubber matrices. Lignin is 

hydrophobic material and therefore should have good miscibility with other hydrophobic 

polymers. However, polar groups on lignin such as hydroxyl and carbonyl groups provide the 
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opportunity for tailoring the polarity of the lignin to make it compatible with other hydrophilic 

polymer systems 187.

A large amount of hydroxyl groups present in the purified lignin can limit the interaction 

with rubber matrices that result in inferior performances in the resulting composites. Surface 

modification (e.g. esterification) of the lignin can be carried out to adjust the polarity and enhance 

its compatibility with rubber matrices 189. Chemical modifications of the lignin and prediction of 

the solubility parameters of the modified lignin were found to be useful methods to achieve high 

performance in the lignin filled rubber composites 190. When lignin is incorporated into rubber, the 

resulting composites can form spaghetti (rubber chains) and meatball (lignin particles) 

morphology. The lignin domain size in the rubber matrix is dependant on the lignin concentration 

and compatibility with the matrix. Several studies have investigated lignin as a reinforcing agent 

in rubber formulations, especially in NR, ANBR, SBR, polyethylene-co-vinyl acetate (EVA), and 

EPDM systems 188, 191, 192. 

These lignin/rubber composites are mainly prepared by three methods, namely, mechanical 

mixing, latex mixing, and soft processing 191. The performances of the lignin filled rubber 

composites are reviewed in the following section with more emphasis on reinforcing effect and 

compatibility. Hosseinmardi et al. 193 observed mechanical properties improvement in the NR 

when nanoscale organosolv lignin was incorporated. It was observed that the tensile strength of 5 

wt.% lignin incorporated NR composites can increase by 39% in tensile strength compared to neat 

NR while retaining high elongation at break (∼1800 %). Similarly, the toughness and hardness of 

the NR with 5 wt.% lignin were improved by 53 and 12%, respectively. These improvements are 

associated with favorable interaction between the lignin and rubber matrix. In another study, 

glycerolysate plasticizer was used as a plasticizer in the softwood lignin/NR composite 194. The 
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performance of the glycerolysate plasticized lignin/NR composites was similar to those of the 

lignin-containing composites prepared with other commercially available plasticizers. The 

lignin/NR composites prepared with 5 phr lignin showed optimal performances in terms of 

hardness, abrasiveness, and tensile properties because of the uniform dispersion of lignin with less 

agglomeration in the matrix. On the contrary, glycerolysate plasticized NR composites with 10 phr 

kraft lignin showed optimal performances as opposed to the 5 phr observed for the formulation 

without a plasticizer 195. When the lignin/NR composite was prepared with a higher amount (40 

phr) of lignin (softwood or kraft), the resulting composite showed detrimental effects in the 

performances due to agglomeration of lignin particles in the matrix. These observations suggest 

that the performance of the lignin incorporated rubber composites mainly depends on the lignin 

type and concentration in the formulations.   

The reinforcing ability and interfacial interaction of the kraft softwood lignin in three 

different acrylonitrile content NBR (33, 41, and 51 mol%) were systematically investigated 196. 

The lignin/NBR blend showed a stress-strain curve (Fig. 14a) which is similar to a typically 

reinforced elastomer. Due to the strong reinforcing ability of the lignin, the lignin/NBR composites 

performance was comparable with the 50 phr CB-filled NBR system. The lignin was finely 

dispersed (0.2–2 µm) in the 33 mol% acrylonitrile content NBR blend whereas lignin forms an 

extremely interpenetrating network morphology in the 41 mol% acrylonitrile content NBR (Fig. 

14a). Such a network structure formation in the lignin leads to form yield stress in the stress-strain 

curve before significant strain hardening occurs during the tensile test. In the same study, kraft 

lignin was fractionated using acetone/hexane (4:1) solvent to produce melt-stable lignin as a 

reinforcement in the 41 mol% acrylonitrile content NBR 196. Contrary to the original kraft lignin 

filled NBR, organic solvent fractionated lignin filled NBR resulted in a thermoplastic elastomer 
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behavior as shown in the stress-strain curve (Fig. 14b). The morphological analysis indicates that 

the solvent fractionated lignin can form fine morphology with nano-scale lignin domains (<100 

nm) in the resulting blend while micron-scale lignin domains were observed in the case of original 

kraft lignin used. 

Fig. 14. (a) Mechanical properties of reactive blends of methanol extracted fraction of kraft 
softwood lignin with nitrile rubber (NBR) with 33 mol% acrylonitrile content (NBR-33), NBR 
with 41 mol% acrylonitrile content (NBR-41), and NBR with 51 mol% acrylonitrile content (NBR-
51) and their corresponding transmission electron microscopy images; (b) Tensile stress-strain 
curves and SEM images of NBR-41/softwood Kraft lignin and NBR-41/acetone/hexane soluble 
fraction of the original softwood Kraft lignin blends. Figure adapted with permission from ref. 196. 
Copyright Wiley, 2016.

Nano-lignin (<100 nm) incorporated rubber composite was prepared from nano-lignin 

dispersed poly(diallyldimethylammonium chloride) complex and NR matrix 31. It was observed 

that the nano-lignin was able to disperse uniformly in the rubber matrix because of the strong 

interfacial adhesion between them. Consequently, the mechanical properties and thermal stability 

of nano-lignin incorporated NR composites were significantly improved. Similarly, the 

SBR/lignin-layered double hydroxide (lignin-LDH) composites showed better mechanical 

performances than the LDH/SBR composites, suggesting that the lignin-LDH complex could be a 

promising filler for rubber composites 197.  
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The addition of sulfur-free lignin into NR showed a significant reduction in the curing time 

of the rubber besides improving mechanical and physical properties 198. A similar observation has 

been reported for vulcanized styrene-butadiene rubber (SBR)/sulfur-free lignin (20 phr) 

composites 199. It was also shown that the lignin can act as an antioxidant to improve and maintain 

the mechanical properties of the vulcanized lignin/NR composites 200. The enhanced mechanical 

properties of the lignin/rubber composites are perhaps through a tandem mechanism of oxidation 

protection and reinforcement effect. It was also observed that the thiolignin incorporated NR 

composites can provide dielectric properties 201. Such a composite material could be used for 

energy applications. 

Strain-induced crystallization (SIC) is a phenomenon that can occur in rubber materials by 

orienting the molecules along the stretching direction. It can provide resistance to crack growth 

and improved fatigue behavior in the resulting rubber products. For instance, Ikeda et al. 202 

reported a soft processing method, which utilizes a rubber latex as opposed to a rubber crumb, to 

produce sodium lignosulfonates/NR composites. Composites (sulfur-crosslinked unfilled NR 

(NR-L0-S-soft), sulfur-crosslinked NR with 10 phr lignin (NR-L10-S-soft), and sulfur-crosslinked 

NR with 40 phr lignin (NR-L40-S-soft)) were produced and used to investigate the SIC by in-situ 

wide-angle X-ray diffraction (WAXRD)/tensile measurements. Fig. 15 shows the tensile stress-

strain curves, variations of crystallinity index (CI) against stretching ratio, and three-dimensional 

WAXD patterns at different stretching ratio (α = 1, 4.5, and 5.5) of the lignin/NR composites 

produced by a soft method. WAXD pattern (Fig. 15c) showed an amorphous halo ring in all the 

samples before stretching (α =1), suggesting the amorphous nature of the samples. On the contrary, 

the crystalline reflection was observed when the samples were stretched (α = 4.5 and 5.5). The 

crystalline reflection was attributed to the SIC which was caused by the alignment of rubber chains 
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during stretching. Furthermore, the crystalline reflection was increased with increasing stretching. 

Regardless of the stretching ratio, NR-L40-S-soft composite showed less crystalline reflection 

intensity and broader crystalline reflection compared to NR-L10-S-soft composites. All the 

samples showed similar CI (Fig. 15b) with a stepwise change in CI when increasing the stretching. 

The stepwise change in CI was attributed to the unique phase-separated morphology formation in 

the prepared samples. Unlike CI, the tensile properties of the prepared samples were significantly 

different (Fig. 15a). This suggest that the lignin incorporation has mainly influenced the tensile 

properties not SIC of the composites. 
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Fig. 15.  Strain-induced crystallization behaviors of natural rubber/lignin soft composites (NR-L-
S-soft) with 10 and 40 wt% lignin. (a) Tensile stress-strain curves, (b) variations of crystallinity 
index (CI) against stretching ratio, and (c) three-dimensional WAXD patterns at stretching ratio 
(α = 1, 4.5, and 5.5). Adapted with permission from ref. 202. Copyright RSC, 2017.

Mechanical properties of the hexamethylenetetramine (HMT) modified commercial lignin 

(Protobind 3000®) reinforced SBR and NR composites were compared to corresponding rubber 

composites produced with CB to investigate the potential use of HMT-treated lignin as a partial 

replacement for CB in the rubber composites production 203. The HMT-treated lignin/rubber 

composites showed poor dispersion of the lignin in the rubber matrix, which was attributed to the 

incompatibility between the lignin and the rubber. Consequently, the performances of the HMT-
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treated lignin/rubber composites were inferior compared to their corresponding rubber composites 

prepared with CB. On the contrary, hydroxymethylated kraft lignin incorporated in different 

rubber composites showed better dispersion and good interaction with the matrix because of the 

weakened filler–filler interactions 204, 205. Similarly, a high-temperature dynamic heat treatment 

can be used to self crosslink the lignin with ENR to improve the performances of the resulting 

materials as shown in Fig. 16 206. The self-crosslinking of lignin/ENR composites was 

accomplished by the ring-opening reaction between lignin and ENR during processing 207. The 

crosslinked lignin leads to form strong reinforcing effect, good interactions with ENR, and uniform 

dispersion of lignin in the matrix with submicron size. The observed strong reinforcing effect was 

mainly attributed to the lignin itself rather than the formation of strain-induced crystallization. 

Additionally, self-crosslinked lignin can provide superior aging resistance compared with 

sulfur-cured ENR because of its ability to scavenge free radicals of phenolic hydroxyls in lignin 

and the consumption of epoxy groups in ENR by lignin. For this, dynamic heat treatment at 

high‐temperature (80 - 180 °C) was employed to form submicron size lignin dispersion in the ENR 

with strong interactions between them 206. The high‐temperature dynamic heat-treated lignin/ENR 

composites showed superior mechanical performances compared to the directly mixed-rubber 

composites. The lignin incorporated polyethylene-co-vinyl acetate (EVA) rubber composites with 

enhanced performances have also been reported for durable application 208. 
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Fig. 16. Schematic illustration for the preparation of lignin/ENR composites. Figure redrawn with 
permission from ref. 206. Copyright Wiley, 2015.  

4.3. Lignin/conventional filler hybrid reinforced rubber composites 

It has been established that synergistic effects can occur when two different fillers are 

incorporated into a polymer matrix. A recent article has extensively investigated the performances 

of the lignin/silica hybrid fillers in NR 192. It was summarized that lignin can be a potential 

alternative to partially replace silica in rubber composites without negatively affecting the 

mechanical performances of the resulting composites. Incorporation of lignin into the rubber could 

reduce the Payne effect while improving the processability, anti-aging resistance, and anti-flex 

cracking of composites. Optimal mechanical properties were observed in the vulcanized NR 

composites with 30 phr silica and 20 phr lignin hybrid filler. A facile self-assembly method was 

used to produce a nanoscale lignin/silica hybrid as a reinforcement for the NR 209. Unlike lignin, 

sphere-like morphology was observed for both lignin/silica hybrid and silica as shown in Fig. 17 

(a-d). The lignin/silica hybrid showed potential for the partial replacement of conventional CB in 
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the NR composites because of the nanoscale reinforcing effect 209. Due to π-π interactions between 

the CB and kraft lignin, spherical nanostructured lignin was coated on the non-spherical aggregates 

of CB by precipitation method 210. Fig. 17 (e-h) shows the microscopic images of spherical nano-

domains of lignin, lignin coated CB hybrid, and non-spherical aggregates of CB. The lignin coated 

CB hybrid filler was used in the SBR matrix to reduce the CB network in the rubber compounds. 

The reduced filler networking in the composite led to a reduction in the viscoelastic loss of rubber 

compounds. Unlike unmodified lignin/CB filled rubber composites, NR/butadiene rubber matrix 

with hydroxymethylated kraft lignin and CB hybrid filler exhibited better tensile and compression 

properties because of the uniform dispersion of hydroxymethylated lignin in the rubber matrix as 

well as good interaction between the components 204.

Fig. 17.  SEM images of (a and b) lignin-silica hybrid material, (c) silica, and (d) lignin. Figure 
adapted with permission from ref. 209. Copyright Elsevier, 2020; TEM images of (e) kraft lignin, 
(f) CB, (g and h) kraft lignin/CB hybrid at 1:1 by weight of lignin and CB. Figure adapted with 
permission from ref. 210. Copyright Elsevier, 2014.

NBR composites with lignin/CB hybrid fillers were crosslinked by dynamic coordination 

sacrificial bonds and sulfur covalent bonds to develop high-performance composites as shown in 

Fig. 18a 211. The coordination sacrificial bonds are formed between the lignin and NBR in the 
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presence of ZnCl2 
212. As a result, NBR composites with lignin/CB hybrid fillers showed higher 

strength, modulus, oil resistance, and thermal stability compared to the corresponding composites 

produced with only CB. Overall, this study suggests that a high-performance rubber composite can 

be obtained with a high lignin/CB hybrid filler loading. In another study, lignin/NBR composites 

were transformed from rubber-like to plastic-like material after incorporation of 1-3 wt% ZnCl2 

213. Such a transformation was attributed to the interfacial crosslinking between NBR and lignin in 

the presence of Zn2+ cations as shown in Fig. 18b. It was also observed that the interfacial 

crosslinking leads to form nanoscale lignin domain (<100nm) in the matrix. Similarly, 

thermoplastic-like nanocomposites were developed from lignin, NBR, and graphene oxide (GO) 

(1-4 wt%) formulations without any vulcanization 214. The high surface area GO (>400 m2/g) 

incorporation led to the formation of hydrogen bonding and dipolar interaction with lignin as well 

as NBR, resulting in nanoscale lignin dispersion in the rubber matrix with a strong reinforcing 

effect. 

Fig. 18. (a) Constructing mechanism of lignin/CB/NBR elastomers with Zn-based coordination 
sacrificial bonds 211. Open access article. Copyright MDPI, 2018; and (b) Potential structural 
changes in an acrylonitrile‐butadiene‐lignin composition caused by compounding with ZnCl2. The 
image on the right shows that zinc cations (Zn+2) can link nitrile groups of NBR with anions from 
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phenolic hydroxyl groups of lignin to aid interfacial crosslinking between NBR and lignin. Figure 
adapted with permission from ref. 213. Copyright Wiley, 2019. 

Unlike traditional filler in rubber composites, lignin has been proven to be an effective 

coupling agent in EPDM rubber/CB composites by Xu et al. 215. It was observed that the alkali 

lignin can enhance the inter-phase cohesion between the constituents in the EPDM composites. 

Similar to NBR/lignin composites, maleic anhydride-grafted polyolefin elastomer/lignin 

composites can form synergistic coordination sacrificial bonds in the presence of ZnCl2 
216. 

Consequently, lignin dispersion, interfacial interaction between the components, and strain-

induced crystallization were significantly improved. In another study, a high-performance 

multiphase NBR/lignin/CB composite was produced by dicumyl peroxide and boric acid 

crosslinking in the presence of polyethylene oxide (PEO) compatibilizer 190. In the presence of 

peroxide, NBR was grafted on the lignin by melt free-radical polymerization to improve the 

interface between the components as shown in Fig. 19a-d. Boric acid can readily interact with 

lignin hydroxyl groups and PEO ether linkages to form borate esters and hydrogen bonding, 

respectively. The combination of these reactions in the softwood kraft lignin/NBR formulation led 

to a high-performance rubber compound with good tensile strength (25.2 MPa) and relatively low 

strain at break (9%) as shown in Fig. 19f. On the contrary, hardwood soda lignin was found to be 

less effective in terms of reactivity with NBR, PEO, and boric acid because of the predominant 

syringyl monomer units in the hardwood lignin. The reduced extent of reactivity in the hardwood 

lignin/NBR formulation resulted in inferior mechanical properties compared to the corresponding 

formulation produced with softwood soda lignin (Fig. 19 e, f). 
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Fig. 19. (a) Free-radical formation, (b and c) proton abstraction from lignin and NBR, (d) radical 
termination, tensile stress-strain plots of (e) hardwood soda lignin-NBR with different parts per 
hundred (phr) of polyethylene oxide (PEO) loading, and (f) softwood kraft lignin–NBR containing 
boric acid and varying PEO content. Figure adapted with permission from ref.  190. Copyright RSC, 
2016. 

5. Natural fibers reinforced rubber composites

Plant fibers/natural fibers (NFs) are renewable and biodegradable which can be obtained 

from the different parts of the plants as shown in Fig. 20. The NFs have great potential as a 
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reinforcement for the polymer system to produce biocomposites because NFs can offer high 

specific strength, lightweight, high toughness, reduced tool wear, and low respiratory irritation 

compared to most of the synthetic fibers 217-219. Therefore, the NFs reinforced rubber composites 

can be relatively cost-effective with a low coefficient of friction, lightweight, good thermal and 

dimensional stability. The NFs are used as a reinforcement to partially replace silica or CB in 

rubber formulations 220. Furthermore, 100% biobased composites can be produced from plant 

fibers reinforced NR which reduces the dependence on fossil fuels. Owing to its unique features, 

NFs reinforced rubber composites can be used in different applications including automotive parts 

221. 

Fig. 20. Classification of natural fibers.

NFs properties such as water content, wettability with polymeric matrix, differences in the 

coefficients of linear thermal expansion compared to the matrix can play an important role in 

determining the interfacial strength of the developed composites. The performances of the NFs 

reinforced rubber composites can be determined by the aspect ratio of the fibers, chemical 

functionality of the rubber matrix, the chemical composition of the fibers, fibers orientation in the 

matrix, the surface texture of the fibers, volume fraction of the fibers, interfacial adhesion, type of 

manufacturing method, manufacturing parameters, and void content 219. Interfacial interaction 

between the matrix and fibers is a key factor that determines the performances of the resulting 

Page 60 of 101Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

at
er

lo
o 

on
 6

/2
1/

20
21

 4
:1

8:
52

 P
M

. 

View Article Online
DOI: 10.1039/D1GC01115D

https://doi.org/10.1039/d1gc01115d


61

composites because good interfacial interaction between the fiber and matrix can provide an 

effective stress transfer from one phase to another 222, 223. Therefore, various oxidative and non-

oxidative chemical treatment strategies are established for NFs 224. Surface modified NFs (e.g., 

jute, coir, sisal, oil palm fibers, bamboo, etc.) have been used as a reinforcement in rubber matrices 

to produce biocomposites with improved performances 225-227. For instance, surface modification 

of the NFs can minimize the water uptake as well as enhance the interfacial interaction with rubber 

matrices 219. Benzoyl peroxide, silane, and alkali-treated short NFs reinforced NR composites 

enhanced adhesion, tensile properties, and dynamic mechanical properties 228, 229. The good 

interfacial bonding between the NR and chemically treated NFs can improve damping property 

because of the reduction in energy dissipation 230, 231. The dynamic loss and storage modulus of 

the alkali-treated sisal/oil palm fibers/NR composites were found to increase 231. 

Hussain et al. 232 studied the physicomechanical properties of the NR vulcanizates with 

acetyl modified long and short linen fiber wastes. It was observed that the acetyl modified linen 

fiber waste can improve the physicomechanical properties of the resulting composites. The alkali-

treated short jute fibers were modified with acid functionalized multiwall carbon nanotubes 

(MWCNTs) to enhance the compatibility with NR 233. The MWCNTs treated jute fibers exhibited 

hydrophobic nature to form good interaction with rubber matrix via mechanical interlocking 

mechanism. Consequently, mechanical properties were significantly improved in the developed 

composites with up to the 20 phr MWCNTs modified jute fiber loading. 

In short fiber-reinforced composites, fibers with critical length can provide superior 

performances in the composites. For example, alkali-treated coir fibers/NR composites with 

critical fiber length (10 mm) displayed higher mechanical properties in both machine and 

transverse directions 234-236. The alkali-treated coir fiber reinforced rubber composites indicated 
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less anisotropic swelling in toluene as compared to their corresponding untreated composites. 

Recently, the biodegradability of short flax fibers and sawdust filed NR composite was 

investigated in the presence of Aspergillus niger fungus 237. Both crosslinked and uncrosslinked 

NR composites indicated surface erosion with holes and cavities after 60 days of incubation, 

suggesting biodegradation of the NR composites can be enhanced as a result of the fibers.  

Hybrid NFs reinforced rubber composites have been widely studied because hybrid 

reinforcements can complement each other. Jacob et al. 238 observed that the water uptake of NR 

composites with sisal/oil palm hybrid fibers was mainly influenced by the fibers. Due to the higher 

polarity of the NFs, sisal/oil palm fibers/NR composites showed an increase in the dielectric 

constant values while reducing the volume resistivity 239. Similarly, NR composites were prepared 

using a combination of coir/sisal hybrid fibers for potential antistatic application 240. The NR 

composites with alkali, acetylation, benzoylation, peroxide, and permanganate treated coir/sisal 

hybrid fibers showed a reduction in the dielectric constants because of the reduced hydrophilicity 

of the fibers. 

Often, rubber matrix modification or addition of compatibilizers into the rubber composites 

is conducted to improve the interaction between the fibers and matrices. Introducing compatibilizer 

into the composites can reduce the interfacial tension by increasing interfacial adhesion. For 

example, strong rubber–filler interaction was achieved in the rubber composites with the help of 

the maleated NR as a compatibilizer 241. Similarly, a silane-based compatibilizer was found to 

enhance the tensile strength, tear strength, hardness, and tensile modulus of NR/bamboo fiber 

composites 242. The scorch and cure time were increased with increasing rice husk in the ENR 

composites 243. When rice husk ash was incorporated into the maleated NR and ENR, the resulting 

composites showed a higher tensile modulus compared to rice husk ash/NR composites 244. The 
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highest crosslink density and the shortest scorch time were observed in the rice husk ash/ENR 

composites compared to the NR and the maleated NR composites counterparts. The observed high 

crosslinking density was due to ENR tended to activate the adjacent double bonds in the rubber 

molecules to form free radicals. Subsequently, the free radicals can crosslink with sulfur to increase 

the crosslinking density. The observed lower scorch time in the maleated rice husk ash/NR 

composite was attributed to the acidity of maleic acid and the interaction between maleic anhydride 

and the accelerator. 

Among compatibilizers, maleic anhydride-grafted NR and ENR were mostly used with 

NF-filled rubber composites to improve the performances 245. For instance, paper sludge/NR 

composites were compatibilized with maleated NR 246. Due to the enhanced compatibility between 

the paper sludge and NR with the help of the maleated NR, better tensile modulus, tensile strength, 

scorch, and cure time were observed in the resulting composites compared to corresponding 

uncompatibilized composites. Furthermore, the palm ash/NR composites compatibilized with the 

maleated NR resulted in reduced damping characteristics 247. A synergistic effect was observed in 

the jute fiber/NR composites developed with 2.5 phr stearic acid-modified nanoclay. Due to the 

synergistic effect, the resulting hybrid rubber composites showed promising improvement in the 

dynamic mechanical properties. In another study, maleic anhydride (2.5%) was used as a 

compatibilizer to enhance the interfacial adhesion between ground bagasse powder/CB/SBR 

composites 248. It was observed that mechanical properties of the SBR vulcanizates can be 

preserved up to 50 phr of bagasse powder. Zhou et al. 221 conducted an extensive review on the 

effects of lignocellulosic fibers incorporation in a range of rubber matrices. 

NFs are more inherently hydrophilic as compared to virgin rubbers. As a result, the NF-

reinforced rubber composites are sensitive to water/moisture. The amount of water absorption has 
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increased with increasing fiber loading in the composites 249. This characteristic is very often 

limiting the NF-reinforced composites application in many areas.  However, the water absorption 

can be reduced by improving the interaction between the fiber and matrix, leading to encapsulation 

of the fiber by the rubber. For instance, NR/flax fiber composites showed less water uptake 

compared to NR/hemp and NR/sawdust because of the good interaction between NR and flax 

fibers 250. It has been proved that the interfacial adhesion between the fibers and rubber matrix can 

be enhanced by fiber modification, matrix modification, adding compatibilizer, or the combination 

of both fiber and matrix modifications 251, 252. 

Despite the fact that NF have been extensively used for composites development, the main 

challenge in the NF is inconsistent in their properties. The inconsistency in the NF properties is 

attributed to the difference in climate conditions during the growth, origin, types, and extraction 

methods 253. The variabilities in the NF can influence the performance of the NF-reinforced 

composites applications (e.g., durable product developments). Therefore, it is important to identify 

and understand the NF-reinforced composites performance in order to apply for specific 

applications.   

6. Renewable and sustainable biomass carbon (biochar) 

          Carbon-based materials such as graphene, graphene oxide (GO), carbon nanotubes (CNT), 

CB, and carbon fiber (CF) have been proven to be effective reinforcing agents for different 

polymer materials. The intrinsic nature of these different carbon structures promotes different 

interaction mechanisms with polymers due to their different carbon architecture and surface 

properties. Besides their mechanical strength, these carbon materials possess remarkable electrical 

conductivity and thermal stability, which make them popular filler materials for polymer 
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composites applications. Currently, there is an estabilished commercial interest for short CFs in 

injection moulded thermoplastic materials and CB for rubbers.   

               Fig. 21 presents the various forms of carbon materials that could be used as reinforcing 

agent of thermoplastics, thermosets, and rubbers. They display diversified physical properties 

depending on their structures, morphology, and arrangement (allotropes). Most of the carbon-

based fillers available in the market presently are sourced from petroleum feedstock (e.g. CB and 

CF). While most of the crystalline carbon materials provide satisfactory performance, the cost of 

production of these materials can be high due to their complex synthesis processes and various 

stages of purification, in addition to safety concerns (e.g. GO and CNT). This has led to the 

exploration of eco-friendly carbon material alternatives that are derived from low-cost renewable 

biomass, such as biochar.  
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Fig. 21. Different forms of carbons and their derivation that could be potentially used in polymer 
composite applications.

6.1 Production and characteristic of biochar

               In addition to renewable plant-based NFs, that are widely used as fillers, their carbonized 

form, known as biomass carbon, bioblack, or biochar are currently receiving a substantial interest 

and emerging as versatile sustainable biofillers that can be used for the fabrication of sustainable 

and green polymer biocomposites 254-256. Biochar is an amorphous, porous carbonaceous substance 

that is derived from various renewable lignocellulosic feedstocks, agricultural co-products, and 

wastes through a thermal conversion method. 

              Exploration of biomass-derived carbons for various engineering applications has 

increased drastically in recent years. This is due to the interest in diverting various biomass and 
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agro-wastes produced from various agricultural activities into value-added products, which can 

reduce the environmental concerns. The synthesis and fabrication of nanostructured carbon from 

biomass possess huge potential for advanced applications such as supercapacitors, photocatalysis, 

electrode materials, batteries, and nanocomposites 257-259, in addition to their use as a filler or 

reinforcing agent of composites.

                  The carbonization of the biomass is usually carried out by heating biomass at >350 °C 

in a limited oxygen environment, known as a pyrolysis process. With appropriate instrumentation 

setup, the main products i.e., biochar (solid), bio-oil (liquid), and pyro-gas (combustible gas) can 

be collected after the pyrolysis process (Fig. 22). These products can then be further processed and 

purified into value-added products for a range of industrial applications. The yield of each product 

can be controlled by controlling the pyrolysis process; while fast pyrolysis (high heating rate) is 

usually favorable for high bio-oil yield, slow pyrolysis (low heating rate) is more suitable for the 

production of a high yield biochar. The yield of biochar and bio-oil can be increased with the use 

of an appropriate catalyst as well. Recently, the use of biochar reinforced composites have been 

extensively studied for automotive applications 260-263. Due to the black color of biochar, it matches 

well with the color design of most car's interior components. Also, the low density of biochar (1.3-

1.4 g/cm3) fits well with one of the key material innovation goal of the automotive industry, which 

is overall vehicle weight and carbon footprint reduction.  
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Fig. 22. The three main products i.e. Bio-char, Bio-oil, and Pyro-gas obtained through fast 
pyrolysis using a fluidized bed system. Figure adapted with permission from ref. 264. Copyright 
Elsevier, 2020.

              The mechanical strength, carbon content, surface properties of the obtained biochar can 

vary greatly depending on the pyrolysis conditions, i.e., the heating rate and temperature. The 

biomass experience a huge change in physicochemical properties after it undergoes a controlled  

thermal-decomposition during the pyrolysis process at a high temperature. The carbon content and 

its carbon structure changes significantly with increasing the pyrolysis temperature. Fig. 23a 

presents the carbon structure evolution of the biochar with increasing carbonization temperatures. 

As the pyrolysis temperature increases, the biochar structures slowly change from amorphous char 

to composite char and finally to turbostratic char at above 700 °C. The pore sizes and spacing also 

increases linearly as the temperature increases and reach a saturation stage above 700 °C. Further 

increase in the pyrolysis temperature produces a higher amount of orderly-arranged carbon 

structures (graphitic carbon). A highly graphitic carbon structure with many pyrogenic nanopores 

on surfaces can be formed when the biomass is pyrolyzed above 1000 °C (activation process). 

Activated carbons are commonly used in filtration and absorption-based applications, such as 
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water filter and purification, and energy storage materials 265, due to their high and active surface 

area 266.

                Fig. 23b shows a Raman spectra of palm kernel shell biochar pyrolyzed at different 

temperatures (350-750 °C) 267. Both the disordered graphene carbon (D-band) and graphitic carbon 

(G-band) peaks increased with increasing pyrolysis temperature, while the oxygen and hydrogen 

content decreased 268. The degree of graphitization (ratio of D-band intensity to G-band intensity, 

ID/IG) of the carbonized palm kernel shell was found to increase with increasing pyrolysis 

temperature 267 (Fig. 23c). The biochar produced from different pyrolysis temperatures, heating 

rate, and different biomass feedstocks yield different properties and hence affecting the 

performance of the overall composite when used as fillers. A high temperature pyrolyzed biochar 

incorporated composites showed a higher increment in modulus and stiffness than a low 

temperature pyrolyzed biochar due to the high graphitic carbon content 269-271. 

Page 69 of 101 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

at
er

lo
o 

on
 6

/2
1/

20
21

 4
:1

8:
52

 P
M

. 

View Article Online
DOI: 10.1039/D1GC01115D

https://doi.org/10.1039/d1gc01115d


70

Fig. 23. (a) Biochar carbon structure transition as a function of pyrolysis temperature. Reproduced 
with permission from ref. 272. Copyright De Gruyter, 2019, (b) Raman spectra analysis of palm 
kernel shell biochar pyrolyzed at different temperatures and (c) The degree of graphitization (ID/IG) 
as a function of pyrolysis temperature. Reproduced with permission from ref. 267. Copyright 
Elsevier, 2017.

6.2 Biochar’s potential in rubber composites application

           The incorporation of different feedstocks of biochars have shown favorable effects on 

different thermoplastic polymers such as polypropylene (PP) 273, 274, poly(lactic acid) (PLA) 275, 

276, polybutylene terephthalate (PBT) 277, polycarbonate 278,  nylon 6 279, nylon 6,6 271 etc. Biochar-
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based biocomposites presented comparable performance to conventional mineral-filled polymer 

composites 280, 281. 

              CB, derived from petroleum resources, has long been the standard filler used in the rubber 

industry due to its superior reinforcing effects. However, renewable substitutes for fossil fuel 

derived fillers, like CB are being explored to obtain a greener, inexpensive, sustainable, and safer 

next generation alternatives. Biochar owns great potential in substituting CB in the rubber and tire 

industries due to its resemeblence in physical properties including the color. Recently, the partial 

replacement of CB with sustainable biochars received substantial research interest. Studies has 

demonstrated that the hybridization of biochar with CB displayed promising performance as a 

particle replacement of CB i.e., up to 30% total filler content in different rubber formulations 8, 282, 

283. For instance, a blend of biochar and corn starch in appropriate ratios exhibited better tensile 

properties than a CB-filled rubber 284. The 10% hybrid biochar/soy protein-reinforced NR 

composites have comparable tensile properties as that of CB-reinforced NR composites 285.   

              Besides pyrolysis temperature, biochar from different biomass can have a different 

interaction with the rubber matrix. It was found that coconut shell biochar exhibited a better 

reinforcing effect in NR as compared to wood biochar 286. This is attributed to the variation in the 

functionality and interaction between the biochar and NR. The Mooney viscosity and curing time 

of SBR were enhanced after the incorporation of bamboo biochar 287. It was also found that 

carbonized coconut biochar was able to substitute graphite and coal-based fillers as break pad 

materials 288. These biochar-based break pads showed good hardness, surface roughness, wear, and 

friction properties.  
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             Biochar after pyrolysis, without further processing is usually not useful for composites 

applications due to its large particle size among other factors. The sharp heterogeneous edges of 

the biochar can act as a stress concentrator in the rubber matrix which leads to reduce the 

mechanical performance. Thus, it is essential to produce appropriate particle size with uniform 

morphology. Ball milling is one of the most widely used process to reduce the biochar particle size 

and generate a high surface area materials without additional chemical activation 263, 289. Peterson 

and Kim recently reported that co-milling biochar with a small amount of nanosilica can further 

reduce the size of biochar 290, 291. The composites prepared from SBR and co-milled biochar with 

1 wt.% nanosilica exhibited great potential to replace up to 40% CB with virtually no loss in tensile 

strength. In addition, the toughness and elongation of the developed biocomposites displayed 

substantial improvement. In a separate study, the tensile strength and strain at break of 

biochar/NBR biocomposites were enhanced as the particle size of the biochar was reduced due to 

better dispersion and reinforcing ability 292. However, no obvious modulus change was noticed 

with particle size variation. 

              Pyrolysis parameters including pyrolysis temperature, heating rate, and holding time are 

important parameters to optimize the performance of biochars in composite applications. Biochars 

produced from the dead leaf at a high temperature (1000 °C) exhibited higher porosity, smaller 

particle size, carbon content, and lower density as compared to the lower temperature biochars 

(550, 700, and 900 oC) 293. The biochar produced at a high-temperature showed better interactions 

through the formation of 3D networks with rubber due to smaller particle sizes and carbon content, 

which greatly enhanced the mechanical properties of the NR composites 293. In addition, it was 

found that both biochar/NR and CB/NR had comparable performances, suggesting biochar as a 

potential reinforcing filler of NR. A study showed that the performances of SBR and coconut shell 
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derived biochar composites are comparable to the conventional CB (N330 & N772) reinforced 

SBR, which indicated the excellent potential of biomass derived biochars as replacements for 

rubber composites 10.   

              Depending on the production temperature and its raw materials, biochar is usually 

hydrophilic due to its inherent cellulose-based biomass feedstock and residual –OH moieties 

remaining after the pyrolysis process. On the other hand, rubbers are very hydrophobic. Therefore, 

appropriate surface treatments of the biochar could be beneficial to further improve the 

performance of rubbers. The compatibility of biochar and SBR was enhanced after the coating of 

the biochar with heat-treated starch due to better hydrophobicity of the treated biochar 9. The 

tensile properties and fracture toughness of the composites were improved significantly after 

employing the coating. The compatibility of rice bran biochar with SBR was  also found to improve 

when biochar was surface treated with (3-Mercaptopropyl) trimethoxysilane (MPTMS) 294. Zhang 

et al. 295 compared the mechanical properties of the rice bran biochar-filled C-SBR with a series 

of surface treatments. They found that 4,4-methylene bis(phenyl isocyanate) (MDI) treated biochar 

exhibited a stronger reinforcing effect in the composites compared to silane-based treatment due 

to the interaction of delocalized π electrons on MDI and benzene rings of C-SBR. In addition, the 

biochar/SBR biocomposites performance could be further enhanced in the presence of ionic liquid 

i.e., 1-hexyl-3-methylimidazolium hexafluorophosphate (HMIMPF6) 294. Therefore, an 

appropriate surface modification of biochar could maximize the performance of the rubber 

biocomposites which could further advance the practical use of biochar in rubber composites 

applications.  

Qian et al. 296 reported a facile method to produce a high-performance rice husk biochar-

filled NR/BR composites. The rice husk biochar was coated with phenolic formaldehyde (PF) resin 
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to improve its compatibility with the rubber phase. Fig. 24 depicts the comparison of mechanical 

performance of the developed biochar/rubber biocomposites and commercial CB (N774)/rubber 

composites. It can be seen that the PF coated biochar-based rubber biocomposites (S/P-100) 

exhibited an enhanced tensile strength and elongation at break as compared to the CB (N774), un-

coated biochar (SiCB), and rice husk ash (RHA)-based rubber composites. This shows that the 

mechanical properties of biochar-rubber composites can be significantly enhanced with proper 

surface modification.  

Fig. 24. (a) Stress-strain curves and (b) elongation at break of natural rubber/polybutadiene rubber 
composites reinforced with different fillers i.e. carbon black (N774), PF coated biochar (S/P-100), 
uncoated biochar (SiCB), and rice husk ash (RHA). Figure adapted with permission from ref. 296. 
Copyright MDPI, 2019. 

              The substitution of CB with rice bran biochar in NBR composites resulted in promising 

mechanical properties, good thermal stability, and static friction performance in a separate 

study292. The superior anti-skid performance of biochar/NBR composites could allow it to be used 

in various engineering applications such as soles and tire treads. Xue et al. 297 found that the rice 

husk-derived biochar/NR composites can provide excellent mechanical properties when used as a 

filler in NR. This is because rice husk biochar contains high amount of carbon and silica with Si-

O-C bonds which led to synergistic crosslinking and reinforcing effects in the developed rubber 
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composites. The rice husk biochar-filled rubber biocomposites prepared with approriate 

processing parameters and partcile size showed higher tensile strength and elongation than the CB-

filled rubber composites.   

              Jiang et al. 298 processed industrial lignin waste into biochar through a pyrolysis process 

at 800 °C and utilized them as reinforcing filler in SBR  (Fig. 25). The tensile properties of the 

developed lignin-based biochar/SBR biocomposites were comparable to the CB/SBR composites 

with up to 40 phr CB loading. This work has successfully demonstrated the undervalued lignin can 

be used to produce value-added products that can promote valorization of waste materials.   
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Fig. 25. Lignin waste processing and conversion into biochar (lignin-derived biochar, LB) as a 
renewable alternative filler to carbon black for styrene butadiene rubber (SBR) composites. Figure 
adapted with permission from ref. 298. Copyright Elsevier, 2020.

             Overall, biochar-filled rubber composites revealed great competitiveness in many aspects 

to CB-based rubber composites. Furthermore, the incorporation of biochar in polymers can impart 

additional functionality such as good electrical conductivity 299, 300, reduced CTE 270, 301,  

electromagnetic interference shielding 302, and fire retardancy 274, 276. 

7. Rubber recycling

One of the most critical applications of rubber, especially NR, is tires. Approximately 70% 

of all natural and synthetic rubbers are used in tire manufacturing303. Despite the massive 

contribution of rubber in the global transportation sector, it comes with a significant drawback i.e., 

tire waste. Automotive demand and tire production is increasing every year with population growth 

and economic uplifting in developing countries, leading to a substantial increase in the 

accumulation of waste tires. The reuse and recycling of used tires from vehicles and other 

transportations are challenging. This is due to the essential vulcanization and crosslinking process 

during the tire manufacturing process. Crosslinked NR or other elastomers cannot be re-processed 

through re-heating, like in the case of thermoplastics. Therefore, landfilling and incineration are 

the most popular ways of handling end-of-life tires. It is estimated that more than 1 billion tire 

waste are discarded into landfills every year around the world 304-306. The enormous amount of tire 

waste created strain on the existing landfills and the environment. In order to reduce the 

environmental impact, recycling, re-utilization, and value recovery from the used tires for various 

applications have attracted substantial interest. For example, shredded waste tires in asphalt 

pavement formulation, co-incineration to produce energy for power plants, rubberized flooring, 
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roofing material, sports goods, and many civil engineering applications can benefit from waste 

tires307.             

Currently, pyrolysis and devulcanization are the two most widely used techniques to 

recover value from waste tires for different applications. As presented in Fig. 26, pyrolysis of 

wastes tires can yield four different secondary products i.e., tire derive oil, pyro-gas, pyro-char, 

and steel wire. Each of them exhibits different physical and chemical properties that are desirable 

for a wide range of industries, including structural materials, energy and fuel, water treatment, etc.  

Fig. 26. Waste tire pyrolysis products and their desire application. Figure adapted from ref.308. 
Copyright Elsevier, 2019.

Devulcanization of ground tire rubber (GTR) is required for upcycling, use in a secondary 

application, or co-vulcanizing it in small amounts (10-20%) with virgin rubber for the fabrication 
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of new tires. It was reported that the incorporation of GTR with virgin rubber could accelerate the 

crosslinking reactions of rubber composites 309. In addition, the thermal, acoustical and physico-

mechanical properties could be enhanced. This is because of the similarity in the polarity of GTR 

with NR that results in good compatibility between phases leading to enhancement in properties 

309. The migration of unreacted curing additives and CB from GTR could also positively affect the 

mechanical performance of the GTR-based rubber composites. Several established GTR 

devulcanization and reclamation methods have been developed and utilized in the tire recycling 

industry. These include chemical reclaiming 310-312, mechanical shearing313, ultrasound314, 

microwave 315, 316, microbiological 317-319 and, thermo-mechanical 320 methods. These methods 

promote cleavage of sulfur-sulfur (S-S) and carbon-sulfur (C-S) crosslink bonds via different 

mechanisms.

The use of biofillers in rubbers necessitates re-thinking and re-design of the current 

recycling approaches. This is because typical rubber recycling processes involve thermal energy 

to devulcanize the bonds. While some biofillers (e.g., biochar) will be amenable to thermal energy, 

other fillers (e.g., CNCs, lignin, starch) could degrade depending on the applied thermal energy 

resulting in inferior recycled material quality.  Among the established devulcanization techniques, 

supercritical carbon dioxide (ScCO2) based on thermo-mechanical process could be the best option 

for biofiller/rubber recycling. This is because ScCO2 has low viscosity, high diffusivity, and high 

thermal conductivity 321, and processes involving ScCO2 require less thermal energy. In addition, 

ScCO2 fluid is chemically inert, non-toxic, inexpensive, non-flammable, easy to be removed from 

the devulcanized rubber, and its critical point can be easily reached (31.1 °C, 7.38 MPa) 312, 322. 

Meysami et al. 323 reported optimized processing conditions to effectively devulcanized scrap tire 

rubber with ScCO2 in an industrial scale twin-screw extruder, and results showed that mild 
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temperatures (e.g., 100 °C)  are sufficient to achieve the desired crosslink cleavage. The ScCO2 

environment can further protect the rubber and the biofiller from degradation during the 

devulcanization process at high temperatures. 

7.1. Biofiller filled rubber composites on tire performance  

The rubber manufacturing industry is keen on specific performance parameters, commonly 

known as magic triangle parameters. These paramters, (i) rolling resistance, which is associated 

with energy loss during continuous deformation caused by hysteresis, (ii) wear or abrasion 

resistance, and (iii) wet grip, associated with the friction between wet surface and rubber material, 

are critical drivers for tire performance 324. These three parameters are hard to fine-tune in many 

practical formulations, as one parameter enhancement leads to deterioration of the other(s). Thus, 

the tire manufacturing industry focuses on finding a sweet spot that balances the magic triangle 

parameters.    

Green tires development that focuses on eco-friendly tire technology in terms of raw 

materials, rolling resistance, and recycling are being implemented by forefront tire manufacturers 

like Michelin, Pirelli and Bridgestone Group 325, 326. Silica plays an important role in green tire 

production as it can increase the wet grip and reduce the rolling resistance of tires. Silica and other 

fillers have been used in conjuncture with CB co-reinforce tire treads and improve the magic 

triangle performance parameters. In the case of partial replacement of CB with sustainable 

biofillers, it is envisaged that rolling resistance will decrease as compared to CB-filled rubber 

(similar to silica addition) (Fig. 27). This is because secondary fillers generally interrupt network 

formation of CB, which will form and re-form as an external force is applied (known as Payne 

effect). Wet traction will also be improved as biofillers or biopolymers are typically hydrophilic 

Page 79 of 101 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

at
er

lo
o 

on
 6

/2
1/

20
21

 4
:1

8:
52

 P
M

. 

View Article Online
DOI: 10.1039/D1GC01115D

https://doi.org/10.1039/d1gc01115d


80

and they interact better with water which can result in better wet traction. On the other hand, wear 

or abrasion resistance could be reduced as biofillers are soft compared to CB or silica. Outside the 

magic triangle parameters, biofillers provide weight reduction advantages as compared to 

traditional rubber fillers. Goodyear Tire and Rubber Company have developed a green tire 

formulation with their innovative design starch-based materials, i.e., BioTRED, to partially replace 

silica and CB as tire additives with the main aim of reducing tire weight and rolling resistance 327.      

Fig. 27. Anticipation of biofiller filled rubber composites on tire magic triangle challenge as 
compared to traditional carbon black filler  

Despite many researches on the use of sustainable biofillers for rubber composites 

applications, very limited studies have investigated the partial replacement of non-renewable 

fillers with sustainable biofiller and their influence on the key performance attributes of rubbers 

for tire applications. Yu et al 192 reported that the partial replacement of silica with lignin in rubber 
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formulations and it was found that the NR containing both lignin and silica at optimum content 

(20 phr lignin and 30 phr silica) exhibited desirable mechanical performance, low rolling resistance 

and high wet grip property. In addition, the synergistic effect of lignin and silica improves the 

processability, durability and reduce Payne effect of the NR compounds. In another work reported 

by Ren and Cornish 324, the partial replacement of silanized silica with eggshell in guayule natural 

rubber (GNR) composites exhibited improvement in the wet grip performance and rolling 

resistance reduction. This was indicative that the formulated rubber can produce a green tire with 

very low energy loss and leads to enhancement in both fuel economy and tire safety. Furthermore, 

the hybridization of eggshell and silanized silica was shown to improve the durability, such as 

aging, fatigue, and ozone resistance of the GNR composites. 

Recently, Araujo-Morera et al. 328 reported the incorporation of ground tire rubber (GTR) 

in SBR on the Magic triangle of tire. They found that GTR was able to reduce the rolling resistance 

while maintaining both abrasion resistance and grip. Moreover, the developed GTR/SBR 

composites show a complete recovery of stiffness and relaxation after being damaged by cyclic 

deformation. The authors attributed it to the heterogeneous repairing and healing process of rubber 

network through the chain interdiffusion and the reversibility of the disulfide bonds. 

These encouraging performance and sustainability attribute biofillers bring in rubber 

composites make them exciting and promising ingredient for the sustainability of rubber products 

and green tire evelopment. However, studies on biofillers-filled rubber composites specifically 

addressing the magic triangle properties are still limited. Thus, more research focusing on the 

impact of surface modification of biofillers on rubber performance beyond the fundamental 

material properties is required to understand their potential fully.  
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8. Other developments on environmental sustainability of rubber composites  

8.1. Zinc oxide free rubber composites 

Often, functional additives such as activators, accelerators, and curing agents are 

introduced in rubber formulations during processing. The use of these additives has been 

established since the discovery of NR latex. Although only a small amount (usually ~1-5 phr) of 

functional additives are used for each formulation. With the increasing demand of rubber products 

for consumer use, these additives have a huge market in the rubber industry. For example, the 

global production of zinc oxide (ZnO) activator is approximately 105 tons per year to accommodate 

the rubber industry for various rubber products 329. The huge demand and usage of these traditional 

additives for rubber formulation have raised significant concern over their environmental impact, 

especially to marine life. The toxicity of ZnO to marine life is associated with the generation of 

reactive oxygen species (ROS) that can cause oxidative stress330 and also the release of Zn ions 

that can disrupt homeostasis in organisms 331. Therefore, in 2004, ZnO has been classified as toxic 

to aquatic organisms by the European Union, and it is legislated that the ZnO use in rubber products 

must be limited and controlled, according to the dangerous substances directive (2004/73/EC) 332, 

333.   

Considerable research works have been conducted on the possibility of reducing or partial 

replacement of ZnO content in rubber compounds to minimize its environmental effects. It was 

reported that zinc-m-glycerolate can be used as a replacement for ZnO as a vulcanization activator 

in both SBR and ethylene-propylene-diene monomer (EPDM) formulations without 

compromising their performances 334. On the other hand, zinc stearate is less effective as an 

activator for rubber vulcanization. Heidman et al. developed a Zn-Clay hybrid that can be used as 

a substitute that significantly reduced the concentration of ZnO for the rubber vulcanization 335. 
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Clay act as a carrier to load Zn2+ ions through an ion-exchange process during rubber processing. 

A novel multifunctional additive with amine complex and fatty acids system was used for SBR 

vulcanization, and their properties were comparable to the conventional ZnO/stearic acid system 

336. This study found that the developed zinc-free formulations were able to obtain the sulfur 

vulcanization process with good properties. Zinc complexes are good substitutes for ZnO 

activators in sulfur vulcanization of NBR-based system, without any loss in curing rate and 

physical properties 332. 

Roy et al. 337 synthesized magnesium oxide (MgO) nanoparticles by a sol-gel method and 

used it as  activator to replace ZnO in NR rubber formulation. They reported that NR incorporated 

with 1 phr nano-MgO exhibited four times faster cure rate index as compared to the NR vulcanized 

with 5 phr conventional ZnO, with satisfactory mechanical and thermal properties. Das et al. 329 

designed and synthesized layered double hydroxide (LDH) to replace ZnO for rubber 

vulcanization. The developed LDH was able to deliver Zn ions during the curing process to 

complete the vulcanization process and hence, ZnO-free rubber compound. Recently, plant 

proteins (i.e., wheat gliadin and corn zein) have been used to improve the properties of ZnO-free 

synthetic isoprene rubber 338. These efforts demonstrate that there are a number of chemistries and 

technologies under development that can potentially replace or complement ZnO, which will 

reduce the current concerns associated with the leaching of Zn species from rubber goods after 

being disposed in the environment. 

8.2. Volatile organic compounds free rubber composites 

The curing/crosslinking of rubber is essential for rubber composites to achieve high 

elasticity with good physico-mechanical properties. Strong three-dimensional networks are  

formed between the crosslinking agent and the elastomer’s chains during the crosslinking process. 
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Although several crosslinking agents are available in the market, sulfur remains the most widely 

adopted crosslinking agent since the discovery of the rubber crosslinking process by Charles 

Goodyear in 1839. Lately, there are increasing concerns about the negative impact of this 

crosslinking agent during rubber composites production. For instance, toxic volatile organic 

compounds (VOC) can be produced during the rubber crosslinking process (sulfur-based organic 

compounds and amines) 339. Moreover, the sulfur crosslinking process typically forms S-S and S-

C covalent bonds, while crosslinking  rubber with peroxide generates C-C covalent bonds 340. 

These strong covalent bonds makes the rubber-based products difficult to reprocess or recycle 

leading to disposal into the landfill as the only option for used rubber goods.  In order to address 

these issues, a number of technologies, such as desulfurization and pyrolysis have been proposed 

and implemented to recycle rubbers. However, the recovered  rubber crumb typically provides 

inferior mechanical properties and are not environmentally friendly 333, 341.   

Other than crosslinking agents, silane-based coupling agents that are implemented to 

reduce aggregation of nano-silica in rubbers can also contribute to VOC emission during 

productions. Currently, many countries have regulations governing VOC emissions, such as the 

Integrated Pollution Prevention and Control Directive (Europe) and the Clean Air Act (USA). In 

a large-scale tire manufacturing industry, around 5–6 mL/kg of VOCs (VOC/rubber composites) 

can be generated from the coupling agents during the rubber processing, this is about about 

~130,000 m3 per year 342. Thus, discovering a VOC-free crosslinking process and coupling agents 

is essential to mitigate environmental pollution.

Recently, Zhang et al. 340 demonstrated a new green crosslinking strategy with biobased 

epoxidized soybean oil in a commercial XNBR (Fig. 28). Effective crosslinking reactions were 

observed through the hydrolysis of ester crosslinking with diene groups in the XNBR. In addition, 
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the ester bonds can breakdown by selective cleavage that results in reprocessable and recyclable 

rubber products. From the same research group, a green curing process without VOC emission 

was reported in EPDM rubber composites 333. An epoxy-functionalized EPDM was able to 

crosslink with the carboxylic groups of biobased decanedioic acid. In another study, a novel VOC-

free epoxy-based coupling agent (bis-epoxypropyl polysulfide) was synthesized and used for SBR 

composites development in the tire industry 342. The developed green coupling agent improved the 

silica dispersion and interactions between silica and rubber that lead to excellent performance in 

the green tires. A low VOC and alcohol compounds emission during rubber processing was 

developed through the modification of alkoxy-based silsesquioxane compounds 343.    

Fig. 28. (a) Schematics showing the current sulfur cross-linking strategy which is suffering from 
several persistent issues i.e. production of volatile organic compounds (VOCs), pollution, and etc., 
and (b) the design of next-generation cross-linking strategy based on epoxidized soybean oil (ESO) 
for carboxylated nitrile rubber (XNBR) via epoxy-acid reaction. Figure adapted with permission 
from ref. 340. Copyright Elsevier, 2020.     
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8.3. Other biofillers

         Bhagavatheswaran et al. 4 investigated the properties of chicken eggshell as a potential 

replacement to CaCO3 in NBR composites. It was found that the biowaste eggshell-filled NBR 

exhibited better mechanical properties than that of CaCO3/NBR at high filler loading. This can be 

due to the better interaction of the peptide groups from the residual proteins in the eggshell and 

carboxylic groups of the modified polymers through covalent and hydrogen bonding. Prochon and 

Ntumba 344 incorporated keratin feathers from the tanning industry wastes as fillers in carboxylated 

nitrile rubber (XNBR). These rubber composites were found to have good mechanical properties, 

oil resistance, durability to thermal aging and ease of biodegradablility. da Costa et al. 345, 346 

incorporated rice husk ash in NR compounds and they found that the developed biobased rubber 

composites exhibited a greater rate of crosslinking and lowered apparent activation energy as 

compared to the commercial NR compounds containing CB and silica.         

Beside the satisfactory mechanical performance, it was found that partial replacement of 

CB with waste-derived materials (i.e., eggshells, guayule bagasse, carbon fly ash, tomato peels) 

could reduce the power consumption during rubber processing 347 with good mechanical 

performances 348. The incorporation of different types of proteins from soy, casein, zein, gelatin, 

gluten, and gliadin in guayule NR was found to reduce the bulk viscosity with enhanced thermo-

oxidative stability 349.   

9. Conclusion and future perspectives 

In alignment with global sustainable development and circular economy paradigm, there is 

an increasing interest for the utilization of renewable and sustainable biomass based fillers 

(including waste resources from agro-waste) in rubber composites applications. This paper 

provided a comprehensive review on the current development and improvement of renewable and 
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bioresource derived fillers for rubber composite applications. With appropriate processing, 

purification, and sometimes surface modifications, biofillers can be very effective reinforcing 

agents of rubber composites with a great potential to substitute or complement the incumbent 

petroleum derived carbon black or the undesirably high density mineral fillers.  

Micro- and nanoscale cellulose (MCC, CNC and CNF) are among the most promising 

alternative reinforcing agents for both natural and synthetic rubbers. However, the main challenge 

in the use of these fillers in industrial rubber composite applications is their cost-performance 

balance. The current selling price of CNCs in the market can be as high as $50 USD/kg (Canadian 

supplier, CelluForce Inc.), and CNF can be > USD 200/kg 350, 351 even after more than a decade of 

intensified research and development. This is due to the highly sophisticated extraction, 

purification steps, scale disadvantages. Hence, facile and large scale-production and cost 

minimization are key factors for the extensive utilization of nanocellulose in rubber composites 

applications. CNCs, chitin, chitosan, NF and other polysaccharide also have the extra benefit of 

enhancing biodegradation when used as filler with NR due to their high degradation rate as 

compare to NR. 

Understanding the structural characteristics of lignin is very important in the quest to utilize 

it for high-performance rubber composite products. With the appropriate modification and surface 

treatment, both lignins and NFs provided appealing composite properties, including light 

weighting benefits and good reinforcing effect. These composites performance can be further fine-

tuned by hybridizing them with other fillers like CB. The thermal stability of the biofillers and 

incompatibility between biofillers (hydrophilic) and polymers (hydrophobic) remain a major 

challenge in developing a high performance rubber biocomposites for real-world applications. 
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Several compatibilization strategies (e.g., matrix modification, filler modification, etc) were 

established to achieve desired property set in the hydrophilic filler/rubber composites.

Renewable and low-cost biochar-filled rubber composites also revealed great 

competitiveness in many aspects to CB-based rubber composites. The replacement of CB with 

renewable environmental friendly biochar (up to 40 to 60 phr) in tires and rubber technology is 

possible. Through the proper manipulation of the pyrolysis process (i.e. pyrolysis temperature, 

heating rate, biomass feedstock, catalyst, etc.), different engineered biochars with various physical 

properties, graphitization levels, surface functionality, and intrinsic carbon structures can be 

produced. It is worthwhile to note that there is still some gaps on the correlation between the 

functionality of biochar and its surface interactions with different types of rubbers (both natural 

and synthetic). Good compatibility and dispersion of such materials in rubber could further 

improve the performance and advance the process of replacing the non-renewable CB with this 

new class of renewable biofillers derived from biomass and waste resources. Furthermore, 

advances in innovative strategies to synthesize and produce nano-scale biochar in different carbon 

structure forms can be a game-changing initiative that put forward the biobased carbon materials 

to the next level. 

The performance of rubber composites reinforced with biofillers in tires and other rubber 

goods is auspicious. However, many studies are limited to fundamental material properties (e.g., 

tensile strength, modulus, etc.), and performance attributes that specifically address tire magic 

triangle properties or other key performance parameters or rubber goods are still lacking. Thus, 

more research is needed to design and modify biofillers that focus on specific goods, such as green 

tire applications. In addition, rubber recycling process investigations are limited to only CB filled 
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rubber goods. Research on biofiller based rubber composites as well as hybrid filler systems is 

needed to bring biofillers to commercial rubber products. 

Despite the continuing research and innovation on various biofiller reinforced rubber 

composites to support sustainable development, a streamlined and cost effective green processing 

technology with good product performance are needed to change the future of rubber industry 

towards a more sustainable development.     
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