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ARTICLE INFO ABSTRACT

Keywords: Elastomers which are strong, tough, and resistant to tearing, are highly attractive for engineering applications
C.elllflose nanofibre such as conveyer belts, high-performance seals, tires, and soft robotics. Enhancing these properties for natural
Lignin ) rubber materials is possible by utilizing nanoscale fillers, however the nanocomposite approach remains chal-
E:E?;T:Eg:etﬁatex lenging because (a) nanofillers can impede latex molecular crosslinking, and (b) reduce the material’s inherent
Elastomer elasticity and compliance. This study demonstrates an approach to prepare ultra-strong, tear-resistant natural
Tear resistance rubber nanocomposites using cellulose nanofibers decorated with nanoscale lignin. The reinforcement of latex
Toughness with 0.1 wt% cellulose nanofibre compatibilized with 0.5 wt% lignin resulted in a 256% improvement in tear

strength, 95% in tensile strength, and 50% in toughness, while retaining the elongation at break. Such a
simultaneous improvement in tensile and tear properties has not been previously achieved through the latex
casting method with any other fillers, and herein it is attributed to the nanoscale reinforcement efficiency of
nanofibre coupled with enhanced interfacial adhesion between nanofibers and NR latex with the introduction of
nanoscale lignin. This compatibilization approach has also resulted in improved resilience in the nano-

composites, as evidenced by the cycling loading and unloading analysis.

1. Introduction

Elastomers that exhibit high extensibility without stiffening,
strength, and reversibility even after several cycles of deformation are
highly attractive for a wide range of industrial applications, from gloves
and soft robots to seals and tires (Ducrot et al., 2014; Millereau et al.,
2018; Zeng et al., 2018). The strength and toughness of elastomers can
be chemically enhanced by increasing the cross-linking density and
tuning the polymer chain length between the crosslink points, intro-
ducing multimodal molecular weight distribution, heterogeneity in the
network, and viscoelasticity through copolymerization (Ducrot et al.,
2014; Ducrot et al., 2015; Millereau et al., 2018). Strategies for tough-
ening new polymer architectures with networks formed through
hydrogen and coordinative bonds are also pursued (Galant et al., 2020).
The physical methods that promote strain-induced crystallization
(strain-hardening), energy dissipation, and crack resistance, such as
pre-stretching, incorporation of micro- to nano-scale fillers, and reactive

compatibilization are also explored (Ducrot et al., 2014; Dwivedi et al.,
2020; Hosseinmardi et al., 2017; Lay et al., 2020). The physical methods
are cost-effective, scalable, and often adaptable to classical polymer
processing techniques. The best property profile can be essentially
achieved by combining chemical crosslinking and physical reinforce-
ment methods.

Natural rubber (NR) latex is commonly used in manufacturing elas-
tomeric engineering products. The promotion of a homogeneous
network formation throughout the NR matrix by classical vulcanization
chemistry remains an ongoing challenge (Ducrot and Creton, 2016;
Ikeda et al., 2009), as an increase in crosslink density of NR matrix above
a certain limit fails to improve the crack resistance due to the brittle
failure mechanism that ensues upon uniaxial deformation. To circum-
vent this challenge (or to retain its intrinsic hyper-elastic properties
while improving strain stiffening) the incorporation of nanoscale fillers
into NR has been intensively explored in the last decade. In comparison
to microscale fillers, nanofillers offer a higher interfacial surface area
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and promote energy dissipation, and strain-induced crystallization upon
uniaxial deformation (Ozbas et al., 2012; Toki et al., 2013; Xue et al.,
2019).

Global concerns about the future of the earth, including sustain-
ability and occupational health awareness, have led to countless efforts
to substitute petroleum-based raw materials and inorganic nano-
materials with those derived from green, eco-friendly, renewable, and
sustainable resources (Chen et al., 2022; Jiang et al., 2018). So, biobased
nanomaterials have gained tremendous attention as an alternative
source in many industrial applications including the processing of
high-performance nanocomposites (Abid et al., 2021; Chang et al.,
2021). Also, with increasing reasonable concerns about the accumula-
tion of bio-waste from pulping industries and as byproducts from food
and agricultural industries, it is a timely effort to transform biomass
wastes into value-added chemicals and sustainable nanomaterials for
advanced materials applications (Basti et al., 2022; Gil, 2021;
Guimaraes et al., 2022; John et al., 2022). Therefore, the approach of
incorporating environmentally sustainable and safe bio-based nano-
materials such as lignocellulosic nanofillers represents the most attrac-
tive way forward, as these nanomaterials offer additional attributes of
renewability, biodegradability, biocompatibility, and less toxicity (Aziz
et al., 2022; Jagadeesh et al., 2021; Sepahvand et al., 2023; Zhang et al.,
2022).

Advances in the processing of lignocellulosic-based nanomaterials
with various morphologies from different bio-based sources and desired
surface chemistries have made nanocellulose as a versatile candidate to
be incorporated into different products such as NR nanocomposites
(Chang et al., 2021; Kazemi et al., 2022b; Roy et al., 2021). Also, about
700 million years of evolution of the plant’s lignocellulosic biomass
native structure effectively compatibilizers the hydrophilic poly-
saccharide components, lignin-like aromatic compounds and paraffinic
oils. This perspective indeed offers some inspiration for addressing
challenges in interfacial compatibility in rubber nanocomposites with
hydrophilic fillers.

As the main component of the lignocellulosic biomass, nanocellulose
can be isolated in the shape of rod-like cellulose nanocrystal (CNC),
filament-like or web-like cellulose nanofiber (CNF) through various
combinations of chemical, enzymatic and mechanical treatments, and
incorporated into NR materials improving stiffness, strength, toughness
and wear resistance (Gao et al., 2021; Kazemi et al., 2022a; Sirvio et al.,
2020). However, the presence of hydroxylic groups on cellulose makes it
extremely hydrophilic, moisture absorbent, and strongly self-associating
with other cellulose through hydrogen bonding. This makes it very
difficult to disperse homogeneously and efficiently in NR as a hydro-
phobic matrix (Chang et al., 2021; Olonisakin et al., 2022; Roy et al.,
2021; Yasin et al., 2021). The incorporation of such hydrophilic fillers in
NR latex through the industrially relevant process (latex dipping and
casting) achieving broader material property profiles (i.e. improving
tensile and tear properties without compromising on inherent soft
elastomeric properties) still remains very challenging.

In our previous studies, we have demonstrated that residual lignin in
CNF has been beneficial for improving interfacial compatibilization
between the CNF and NR matrix to improve overall tensile properties
upon uniaxial elongation (Hosseinmardi et al., 2017). Notably, this re-
sidual lignin composition can be readily tuned to tailor the surface en-
ergy of the CNF for a wide range of polymer matric (Hosseinmardi et al.,
2018). Also, from a processing perspective, the dispersion of lignin in NR
latex was observed to enhance the colloidal stability of latex and
improve the physical properties of rubber films (Hosseinmardi et al.,
2021).

Building upon these foundational findings, this study aims to further
advance the nanocomposite preparation approach by combining i) the
reinforcement effect of CNF, with the added benefits of lignin to enhance
colloidal stability/dispersibility of natural rubber latex. Moreover, it is
hypothesized that incorporation of lignin will be compatible with CNF
surface and enhance the dispersibility of CNF in the host matrix. Hence,
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the innovative compatibilization approach (Fig. 1) involves the modi-
fication (coating) of the nanofibers with lignin, which is inspired from
the natural lignin carbohydrate complex formation in growing ligno-
cellulosic plant biomass. By demonstrating the process to improve
properties through a bio-inspired compatibilisation, and discussing the
structural aspects, hysteresis behavior and swelling characteristics, this
study introduces an advanced methodology for NR nanocomposites with
lignocellulosic nanomaterials.

2. Materials and methods

Commercially centrifuged natural rubber latex (Lalan Rubbers Pvt
Ltd) was used for compounding with nanofillers. The nanofillers were
included cellulose nanofibers was derived from spinifex (T. pungens)
grass (generously supplied by Bulugudu limited) after washing in hot
water for three times, drying, grinding to powder, alkali treatment (with
2% w/v aq. solution of NaOH for 2 h at 80 °C, followed by washing
several times by filtration and then nanofibrillation through high pres-
sure homogenization (HPH) as described previously (Hosseinmardi
et al., 2018), commercial OSL, and vulcanizing agents (detailed in the
supporting information. The compounded natural rubber (NR) latex was
stirred by using an overhead stirrer at 150 rpm for 30 min. The vulca-
nizing agents (supplied from Tiarco Chemical (M) Sdn Bhd) and nano-
fillers are listed in Table S1. High ammonia content commercialized
centrifuged latex was supplied from Lalan Rubbers Pvt Ltd and used as a
compounded natural rubber (CNR) latex. The product contained 60%
NR (cis 1,4 polyisoprene, (CsHg)y,), obtained by wounding and sapping
the rubber tree (Hevea brasiliensis). The ammonia content and pH value
were 0.55% and 10.5, respectively.

The control NR and the nanocomposites with OSL, CNF, and OSL-
CNF dispersed were prepared following the protocol summarized in
Fig. 2 at the second step dilution of NR. The ultimate solids content and
pH mixture were adjusted to 47% and 10.5, respectively. Then, the
prepared mixture rested at room temperature for an extra 24 h (matu-
ration period) before casting into the flat glass molds. Cast films were
kept at room temperature overnight to become dry films. The dried films
were pre-cured for 20 min in a convection oven at 100 °C. The obtained
films were dusted with microscale calcium carbonate powder (to pre-
vent film tackiness) and leached with hot DI water (65 °C) for 15 min.
Finally, films were cured at 100 °C for 1 h in a convection oven. All
prepared samples were rested for at least 48 h within laboratory con-
ditions (room temperature and 50% humidity) before further charac-
terization. Samples were labelled according to the loading weight of
CNF and OSL. For example, 0.1 wt% CNF-2 wt% OSL/NR consists of
0.1 wt% CNF and 2 wt% OSL.

Further details on characterisation methods and conditions for
nanoscale lignin dispersions, CNF modification and nanocomposite
samples are described in supporting information.

3. Results and discussion

As inspired from natural interactions of the main components of
plant resources, lignin and cellulose at nanoscale in native lignocellu-
losic biomass, the CNF was modified with OSL after dissolution (Nishi-
mura et al., 2018). Firstly, the OSL was dispersed in alkaline aqueous
media and then the CNF was mixed to form OSL modified CNF. This
mixture was incorporated into NR latex media for nanocomposite
preparation through casting process including industrially relevant
leaching steps. The morphological differences of CNF derived from
spinifex grass biomass and those modified (coated) with OSL were
investigated using transmission electron microscopy (TEM). Fig. 3a-c
represents a high aspect ratio CNF with an average width of 28 nm and
length of over 10 um. When the CNF was modified with an aqueous
solution of OSL (prepared by increasing pH), the CNF was decorated
with nanoscale OSL causing a nominal increase in the thickness of the
nanofiber. For example, the average width of CNF increased to 40 nm
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Fig. 1. Bio-inspired modification of cellulose nanofiber with organosolv lignin for improving the dispersibility and compatibilization.
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Fig. 2. The schematic diagram for preparation methodology of control, OSL/NR, CNF/NR, and CNF-OSL/NR nanocomposites.

and 42 nm with 1 and 2 wt% of OSL (Fig. 3d-i), respectively. This can be
attributed to either re-agglomeration of CNF in presence of OSL and/or
the adsorption of OSL on the surface of CNF. It should be noted that not
all OSL coated to the CNF, but they also dispersed well in the aqueous
alkaline media which facilitates dispersion of CNF. Such interactions are
facilitated by the functional groups (such as phenolic hydroxyls and
carboxylic groups) available on both OSL and CNF (Corletto et al., 2022;
Hosseinmardi et al., 2021). To study the impact of bio-inspired lignin
modified CNF, uncoated CNF and nanoscale lignin on the performance
of NR nanocomposite, they were mixed individually at different con-
centrations with natural rubber latex and other curing agents for further
post-vulcanization. The NR nanocomposite films were prepared by
casting, drying, dusting with calcium carbonate powder, leaching in hot
deionized water and thermal curing.

Fig. 4 shows the tensile properties of control NR and nanocomposite
samples with CNF, OSL and OSL modified CNF. The dispersion of OSL
alone at 0.5 wt% and 1 wt% into the NR matrix increased the tensile
strength of NR by 13%, and 29%, respectively. This was simultaneously
accompanied by an improvement in tensile strain. For instance, the
tensile strain of the control sample increased from 1778% to 1921% for
0.5 wt% OSL/NR, and to 1937% for 1 wt% OSL/NR. This could be
attributed to the enhanced dispersion of OSL throughout the NR matrix,
resulting in good interactions between the latex and OSL and protection
against any possible thermo-oxidative degradation during curing at high
temperatures (Barana et al., 2016; Bokobza, 2004). A further increase in

loading level to 2 wt% has resulted in a slight decrease in tensile
strength and elongation at break. This can be attributed to the hetero-
geneous dispersion of OSL due to agglomeration at the higher loading.
Thus, heterogeneous dispersion of the filler in the NR matrix results in
inadequate OSL/NR adhesion (i.e. filler-filler interaction over
filler-matrix interactions) and affects the ultimate mechanical perfor-
mance during tensile deformation of the NR nanocomposite sample
(Setua et al., 2000; Tan et al., 2015). This trend of improvement in
tensile properties with OSL in post-vulcanized NR latex systems is
consistent with the improvements observed with pre-vulcanized NR
system, confirming the compatibility OSL with NR matrix (Hossein-
mardi et al., 2021).

The incorporation of 0.1 wt% of CNF in NR caused a significant in-
crease in the tensile stress and tensile strain of nanocomposites,
compared to the control. The tensile strength and elongation at a break
of 0.1 wt% CNEF/NR resulted in a 22 MPa (56% improvement) and
1999% (12% improvement), respectively. These improvements are
concurrent with our previous observations of pre-vulcanized NR latex/
spinifex CNF nanocomposites prepared through the casting method
(Hosseinmardi et al., 2018; Hosseinmardi et al., 2017). The improve-
ments are attributed to the enhanced dispersion of nanofibers
throughout the matrix and filling of the interstitial gaps between the
latex particles which efficiently transfer shear stress from the matrix to
fillers more efficiently (Annamalai et al., 2014; Hosseinmardi et al.,
2017).
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Fig. 3. TEM images and CNF thickness distribution of (a-c) CNF, (d-f) 1 wt% OSL-CNF and (g-i) 2 wt% OSL-CNF samples at different magnifications.

The incorporation of 0.1 wt% CNF with 0.5 wt% of OSL remarkably
improved mechanical properties Fig. 4. The tensile strength and elon-
gation at break were improved over 95% (28 MPa) and 17% (2079%),
respectively compared to control NR. This improvement is significantly
higher than that observed with 0.1 wt% CNF or 0.5 wt% OSL alone in
the NR matrix. The enhancement of mechanical properties, in addition
to providing the hydrodynamic reinforcement effect and the tandem
mechanism of protection, is related to OSL’s role as a compatibilising
agent between CNF and NR (Song and Zheng, 2016). Hence, the modi-
fication of CNF with OSL as shown in Fig. 3, facilitated dispersion of CNF
in the NR matrix, resulting in enhanced adhesion between CNF and NR
that considerably promoted strong filler-polymer interactions and
improved strain-hardening effect.

Further increases in loading levels of OSL (1 and 2 wt%) in the CNF-
OSL/NR nanocomposites did not exhibit such remarkable improve-
ments, but still showed modest improvements (50%) as compared to the
control NR films and comparable improvements (31% and 10%) as their

OSL/NR nanocomposite counterparts. This suggests that 0.5 wt% of OSL
is optimum to enhance the tensile properties of CNF-OSL/NR nano-
composites. At high loading levels of OSL (1 and 2 wt%), the rein-
forcement effect of 0.1 wt% CNF becomes insignificant, and no
synergistic improvements are observed. Above an optimum level, the
agglomeration and presence of OSL in the interstitial space between
latex particles might reduce the coalition of the latices and retard the
crosslinking reactions. This is reflected as a reduction in elongation at
break (Fig. 4b). For instance, compared to 0.1 wt% CNF-0.5 wt% OSL/
NR nanocomposite, the nanocomposites with high OSL loading (1 or
2 wt%) in combination with 0.1 wt% CNF showed a significant decrease
in elongation. The simultaneous improvements in tensile strength and
elongation with nanofillers (OSL, CNF and OSL modified CNF) is re-
flected in tear strength, toughness, and hysteresis behavior as well.
The tear strength values and pictures of tear crack propagation for
the control and nanocomposites are illustrated in Fig. 5a and b,

respectively. The tear strength of the control sample was 17.5 Nmm ™},
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corresponding to a clean break tear. The incorporation of OSL (up to
1 wt%) into the NR matrix caused an increase in the tear strength. For
example, the tear strength of 1 wt% OSL/NR increased by 42%
compared to the control sample. This is due to the reinforcement effect
of dissolved lignin. However, increasing OSL concentration to 2 wt%
was observed to decrease the tear strength showing a similar trend in
tensile properties. Agglomeration of OSL at higher loadings could be the
main reason for the deterioration of tear properties. Although the tear
strength of 0.5 and 1 wt% OSL/NR increased, Fig. 5b features clean
break tears for these samples, as well as for 2 wt% OSL/NR. These results

indicate that cracks propagated easily in one step, involving little energy
absorption.

Incorporation of 0.1 wt% CNF into NR had a significant influence on
the tear strength of NR nanocomposites. As shown in Fig. 5a, the tear
strength of 0.1 wt% CNF/NR improved by 102% compared to the con-
trol sample. The extraordinary increase in tear resistance was further
observed because of the compatibilization of CNF with OSL in NR ma-
trix. The tear strength of 0.1 wt% CNF-0.5 wt% OSL/NR increased to
62.3 Nmm !, which was 256% higher than the control. However, higher
OSL contents (1 and 2 wt%) in CNF-OSL/NR nanocomposites resulted in
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lower tear strength compared with 0.1 wt% CNF-0.5 wt% OSL/NR
nanocomposite, but still maintained astounding improvements in tear
resistance compared to the control NR sample and OSL/NR counter-
parts. The tear strength of 0.1 wt% CNF-1 wt% OSL/NR and 0.1 wt%
CNF-2 wt% OSL/NR were 51.8 Nmm ! and 43.3 Nmm ™, respectively,
corresponding to a 196% and 147% tear strength improvement
compared with the control sample. CNF/NR and CNF-OSL/NR nano-
composites in Fig. 5b featured the zigzag tear propagation pattern,
revealing a high resistance to crack initiation and growth during the tear
test. Therefore, further application of energy was necessary during the
tear test to achieve the ultimate failure of the specimen, demonstrating
that extensive adhesion and crosslinking had occurred between the OSL-
coated CNF and NR polymer chains. Moreover, another factor is the
influence of dissolved OSL (in NR matrix) that formed a homogenous
dispersion of OSL throughout the NR matrix. A similar trend of im-
provements was observed for toughness as well. The toughness values of
0.5% OSL/NR, 0.1 wt% CNF/NR and 0.5 wt% OSL-0.1 wt% CNF/NR
nanocomposites were improved by 19%, 59%, and 100% respectively,
as compared to the control (Fig. 5¢). This indicates the improvements in

latex form
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ductility and increase in energy required for failure upon compatibili-
zation of CNF with NR matrix by introducing of OSL. Higher loading of
OSL into CNF/NR resulted in decreasing trend in improvements, while
still maintaining toughness values well above the samples without CNF.

Cyclic uniaxial loading-unloading tensile tests were performed to
investigate the viscoelastic properties and hysteresis behavior of the
control and NR nanocomposites. The area of the stress-strain loop is
known as the ‘hysteresis value (kPa)’ and it represents the energy dissi-
pation or loss throughout the polymer matrix. The hysteresis behavior of
the control and NR nanocomposites was monitored from the five
continuous uniaxial loading-unloading stress cycles up to a strain of
100%, 300%, and 700% as shown in Fig. S2, where the higher strain
range was applied after completion of the 5th cycle. The hysteresis
values of the 2nd and 5th cycles at all measured strains are presented in
Table S3, while at 300% strains are plotted in Fig. 5d. Overall, the higher
hysteresis values for the nanocomposites as compared to the control
indicate the increased energy dissipation by the physical/chemical
network and/or the reinforcement effect of the incorporated fillers. The
hysteresis values for all samples decrease with increasing number of

cured form
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L
&
Natural rubber
latex particle

/\/

natural rubber
polymer chain

/\_/

Cellulose
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Organosolv
lignin

D

y

Vulcahizing
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Fig. 6. Schematic representation showing the dispersion of nanofillers in a latex and cured form of compounded natural rubber (a) a control sample, (b) CNF/NR
nanocomposites, (¢) OSL/NR nanocomposites and (d) CNF-OSL/NR nanocomposites.
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loading-unloading cycles, specifically after the first cycle at the same
level of strain, which indicates the typical stress-softening behavior of
elastomers. This is also referred to Mullin’s effect which is associated
with bond rupture, molecular slippage, filler rupture and disentangle-
ment that occur during the previous cycle of loading and unloading
(Bhattacharyya et al., 2008; Diani et al., 2009; Mullins, 1969).

The comparison of hysteresis values of the control and nano-
composite samples after the 2nd cycle (Table S3) at each strain showed a
moderately decreasing trend upon the incorporation of nanofillers (OSL,
CNF or OSL modified CNF). For instance, the hysteresis values of the
control, 0.1 CNF/NR, 1 wt% OSL/NR and 0.1 wt% CNF-1 wt% OSL/NR
nanocomposites in the 2nd cycle at 700% were 28.7, 26.6, 26.8 and
28.1 MPa, respectively. This shows that incorporated nanofillers did not
have significant stiffening effect. These results contrasted with the
hysteresis values of pre-vulcanized NR nanocomposites, which showed a
significant increase in hysteresis values after introducing OSL and CNF-
OSL into the polymer matrix (Hosseinmardi, 2019). This could be due to
the semi-crosslinked nature of pre-vulcanized NR, where nanofillers
were limited to embedding in the interstices and boundary regions of the
NR latex particles (Fig. 6). However, in the post vulcanizable NR system,
nanofillers (CNF, OSL, and CNF-OSL) were proposed to have the “further
freedom™ to disperse throughout the uncrosslinked NR matrix. This
retention and even slight enhancement of resilience is a very important
factor for many rubber products and this route to latex nanocomposite
preparation, although not fully optimized here and ultimately needing
further tech-transfer to a commercial latex facility, looks most preferable
from this standpoint.

Furthermore, the difference between the hysteresis values after the
2nd and 5th cycles indicates the irreversible changes in the sample (due
to NR chain orientations), where smaller differences are preferred for
resilience and energy dissipation. This difference for the control was
about 25.9 (10kPa) at 700% strain, whereas for the 0.5 wt% OSL/NR
nanocomposite, the value was only 11.7 (10 kPa). Further increases in
the OSL loading increased the difference in hysteresis values of the 2nd
and 5th cycles to 19.4 (10kPa) and 38.7 (10 kPa) for 1 wt% and 2 wt%
OSL/NR nanocomposites. This could be related to enhanced irreversible
changes in molecular architectures (during stretching) due to ruptures in
secondary bonding such as hydrogen bonding and van der Waals in-
teractions between nanofillers and NR, which could reduce the reor-
ientation of rubber chains.

For 0.1 wt% CNF/NR and 0.1 wt% CNF-0.5 wt% OSL /NR incorpo-
rated nanocomposites, this difference was about 16 (10 kPa) and 16.4
(10 kPa), respectively, which are still lower than observed for the con-
trol. This implies that incorporation of 0.5 wt% OSL has not induced any
significant irreversible changes effect which could affect the ability to
dissipate energy. Further increase in OSL loading (1 or 2 wt%) has
increased the differences in hysteresis values of the 2nd and 5th cycles.
This may correspond to an increase in molecular friction by increased
OSL contents, and irreversible changes during stretching of the
nanocomposites.

To understand the influence of nanofillers on the plastic deformation
during hysteresis cycles, the residual strain values at zero stress were
monitored after the 1st and 5th loading-unloading cycles at a strain of
100%, 300%, and 700% (Table S4). The difference between residual
strains after the 1st and 5th cycles at the same strain is referred as ‘re-
sidual strain shift’ which indicates the measure of plastic deformation
pronounced upon multiple load cycles. While the plastic deformation is
least preferred for elastomers, an increase in residual strain values is
attributed to the polymer chain reorientation (in control rubber film)
and/or displacement and/or agglomeration of nanofillers (for nano-
composites) after employing certain strain elongations. The residual
strain for the control was 11%, 23% and 49% after the 5th cycle
completion at 100%, 300% and 700% strain respectively, whereas the
residual strain shift at 700% strain was 9%. Upon incorporation of OSL,
it showed an increasing trend in residual strain shift values, while still
maintaining overall residual strain values at 46%, 43%, and 48% below
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the control. For example, the residual strain shift of 0.5 wt% OSL/NR,
1 wt% OSL/NR, and 2 wt% OSL/NR at 700% strain, were 5%, 7%, and
11%, respectively. This could be attributed to the interaction between
OSL (dissolved and agglomerated at higher loading weight) and the NR
host matrix, which acted as a more plastic-like interfacial deformation
and associative behavior and prevented specimens from returning to
their original dimensions (Sarkanen et al., 1981).

The incorporation of 0.1 wt% CNF into NR did not increase the re-
sidual strain (46%), or its shift (6%) compared to the control at 700%
strain. The compatibilization of 0.1 wt% CNF with 0.5 wt% OSL in NR
has further decreased the residual strain to 44% and its shift around 4%.
However, an increase in OSL content to 1 wt% with 0.1 wt% CNF has
increased the residual strain (after the 5th cycle at 700% strain) to 59%,
attributing to the disentanglement of OSL-coated CNF and NR polymer
chains. Another likely mechanism to explain these results could be the
rupture of hydrogen bonds between the OSL-CNF network and OSL-
coated CNF/NR during stretching, regenerating new hydrogen bonds
at newly available sites. Further increase in OSL loading to 2 wt% (in
0.1 wt% CNF-2 wt% OSL/NR), caused agglomeration of OSL in the
nanocomposites due to OSL-OSL interactions (Hosseinmardi et al.,
2021). Because of such heterogeneous dispersion of OSL in NR matrix,
the integrity and tensile properties decreased. This has been reflected in
lower residual strain (37%) and its shift (6%) compared with the control
sample.

To further understand these properties improvement upon incorpo-
ration of nanofillers (OSL, CNF and OSL modified CNF) in NR, structural
changes are explained schematically in Fig. 6. It shows the morpho-
logical changes upon the dispersion of vulcanizing agents (Fig. 6a) and/
or nanofillers (Fig. 6b-d) in an uncrosslinked NR matrix in the form of
latex and cured films. Unlike in the pre-vulcanized NR systems where
the nanofillers are placed in the boundary of the (optimally crosslinked
NR) latex particles and coalescence of soft-particles is controlled,
nanofillers can be dispersed throughout the matrix in the post-
vulcanized NR system where coalescence of soft-particles is thermody-
namically favored. In the post-vulcanization compounding method,
vulcanizing agents and nanofillers are mixed in the latex. These com-
ponents can form physical or chemical bonds with each other while
mixing in latex form during the maturation period and curing process.
Thus, the nanofillers OSL (Fig. 6b) and CNF (Fig. 6¢-d) are homoge-
neously distributed in the host NR matrix. Therefore, it would be ex-
pected that further crosslinking would take place in the post-vulcanized
NR system between nanofillers and NR polymer chains, which caused
significant improvement in the tensile properties. In the nanocomposite
system with OSL-modified CNF (Fig. 6d), the decorated OSL on the
surface of CNF could bond either with vulcanizing agents or NR polymer
chains promoting crosslinking. This could explain the outstanding ten-
sile and tear strength properties for CNF-OSL/NR nanocomposites.
These broader property improvements are related to good adhesion of
the nanofillers and cohesive interaction with polymer matrix. These
structural morphologies were confirmed by investigating the cross-
sections of nanocomposite specimens.

Fig. 7 compares the cryo-fractured (cross sectioned) surfaces of the
control and NR nanocomposite samples. The control shows a relatively
smooth cross section fracture surface. The addition of OSL (left panel in
Fig. 7), in NR latex introduced roughness on the cross-section surfaces.
At 2 wt% OSL loading it clearly showed OSL agglomeration in intersti-
tial spaces between latex particles which was attributed to the lowest
mechanical properties for this sample. Well dispersed OSL in the NR
matrix could enable both OSL/OSL and OSL/NR interactions. At higher
concentrations OSL/OSL interactions might be strong enough to form
agglomeration. When the CNF (0.1 wt%) was dispersed well into the NR
matrix, the cross-section appeared with rough, partially coalesced latex
particles and good wavy groove features (Hosseinmardi et al., 2017).

As soon as the CNF was incorporated in combination with OSL (0.5,
1 wt%), the samples showed rough surfaces with wavy groove features
indicating enhanced dispersion of CNF, vulcanizing agents and
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Fig. 7. SEM images of the cryo-fracture surface for control, OSL/NR, CNF/NR and CNF-OSL/NR nanocomposites with different contents of CNF and OSL. The

magnification and scale bar are 10 k and 1 um, respectively.

coalescence of latex particles. This supports enhanced compatibilization
and cohesion of OSL modified CNF in NR matrix which was associated
with improving the tensile and tear strength properties of the NR
nanocomposite samples (Hosseinmardi et al., 2017). In addition, the pit
features that were visible on the cryo-fracture surface for 1 wt% OSL/NR
did not form in 0.1 wt% CNF-1 wt% OSL/NR. In contrast, the fracture
surface morphology of 0.1 wt% CNF-2wt% OSL/NR differed from
0.1 wt% CNF-(0.5-1 wt% OSL)/NR, with the surface displaying several

pits. As discussed earlier, OSL could dissolve in the alkali media and then
reprecipitate or coat the surface of CNF to form OSL-coated CNF during
drying.

At an optimal loading level (<1 wt%), OSL could act as a compati-
bilizing agent between CNF and rubber, which enhanced adhesion be-
tween nanofillers and polymer chains. Further increase in the OSL
concentration promoted OSL/OSL interactions causing agglomeration
and congregation around NR latex particles which would decrease the
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crosslinking between NR latex particles during the curing process. This
also separated them and formed pit features in (1-2 wt%) OSL/NR and
0.1 wt% CNF-2 wt% OSL/NR samples.

Fig. 8a and b illustrate the short term (48 h) and long-term (8 weeks)
water uptake properties of the control and nanocomposite samples
soaked in DI water. All the samples showed an increasing trend of the
water uptake over the period of 8 weeks. Overall, the water absorption
can be affected by surface energy and roughness (of film), hydrophilicity
of the fillers, adhesion, and compatibility (different interfacial struc-
tures) between filler and matrix and crosslinking (Kumar and Singh,
2008; Qiu et al., 2003). The incorporation of OSL in NR reduced the rate
of water absorption and the water uptake decreased with increasing OSL
content above 1 wt%. This can be attributed to the hydrophobic nature
of OSL which can act as cementitious (rigid domain) barrier in the soft
matrix. When the 0.1 wt% CNF was incorporated alone, the water up-
take rate increased. This is in concordance with our previous observa-
tion of the prevulcanized NR system (Hosseinmardi et al., 2017). The
water uptake with CNF containing nanocomposites can be attributed to
the hydrophilicity of nanofiber which can act as water conduits chan-
neling water molecules further into the host polymer matrix (Annamalai
et al., 2014). When the CNF was incorporated in combination with OSL,
water uptake was relatively decreased. The lowest (final) water uptake
was observed for 2 wt% OSL containing CNF/NR nanocomposite. An
increase in the OSL/CNF ratio introduced cementitious rigid phases in
the host soft matrix, which decreased the ultimate water uptake. How-
ever, it is worth mentioning that increase in OSL content caused
agglomeration of OSL affecting cross sectional roughness (as seen in
Fig. 7) and hysteresis behavior under cyclic tensile loads.

To understand the effect of CNF and OSL on the swelling ratio,
crosslink density and shear modulus of nanocomposites, a swelling test

a
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in toluene was employed. Fig. 8c-e shows the swelling ratio, crosslink
density and shear modulus of the control and nanocomposites. These
results indicated that the swelling ratio of the control sample was
affected considerably after introducing nanofillers into the NR matrix.
Fig. 8 displays the swelling ratio, or the toluene penetration into the
matrix, of all prepared nanocomposites (except 2 wt% OSL/NR)
decreased compared to the control sample. This indicated that CNF, OSL
and CNF-OSL block suitable solvent uptake voids in NR nanocomposites.
Thus, these nanofillers blocked the solvent pathway into the matrix or
acted as obstacles to the spread of toluene in the NR matrix (Somaratne
et al., 2014). This could be associated with dispersion of these fillers in
the matrix, in addition to the effective filler/filler interaction and fill-
er/NR interaction that increased the crosslink density (Fig. 8d). Addi-
tionally, the swelling ratio of 2 wt% OSL/NR increased compared to the
control sample. This might be attributed to the tendency for OSL to
agglomerate at higher loading weights (the swelling ratio of 1 wt%
OSL/NR was marginally higher than 0.5 wt% OSL/NR and significantly
lower than 2 wt% OSL/NR). Therefore, the interaction of filler/filler
(OSL/0SL) was stronger than filler/polymer (OSL/NR polymer chains),
which forms voids in the matrix and facilitated toluene penetration into
the 2 wt% OSL/NR.

Fig. 8d and e indicated a trend of increasing crosslink density and
shear modulus after introducing CNF and OSL into the NR nano-
composites (excluding 2 wt% OSL/NR). These phenomena were
consistent with results from mechanical testing, as shown in Fig. 4, Fig. 5
and Table S2. So, it can be concluded that CNF and OSL individually, and
in the form of OSL-coated CNF, would enhance the crosslink density via
inclusion and interaction (chemically and physically) within the host
polymer (NR). According to Somaratne et al., in addition to covalent
bond chemical crosslinking between rubber chains and the physical
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Fig. 8. Solvent absorption properties of the control, CNF/NR, OSL/NR and CNF-OSL/NR nanocomposites with different contents of CNF and OSL, cured at 100 °C for
1 h. (a, b) water uptake for short-term and long-term, c) Swelling ratio, (d) crosslink density and (e) shear modulus determined from swelling of samples in toluene

for 5 days.
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interaction among fillers, secondary valence bonds occurred between
free ends rubber chains and fillers, which corresponded to further
enhancement of the crosslink density in NR nanocomposites (Fu et al.,
2008; Somaratne et al., 2014). For instance, the highest crosslink density
was obtained for 0.1 wt% CNF-0.5 wt% OSL/NR, which exhibited the
best tensile properties and tear strength. On the other hand, the lowest
tensile properties, tear strength and modulus at 300% and 700% were
achieved by 2 wt% OSL/NR, which was due to the smaller crosslink
density for this sample.

Also, the effect of OSL and CNF on the thermal stability of NR was
studied using thermal gravimetric analysis (TGA, Fig. S1). The attained
curves indicated that the onset decomposition temperature (Topget)
increased when introducing OSL into the NR latex. This could be
attributed to the lower decomposition temperature of OSL compared
with the control (Yang et al., 2007). Fig. S1b shows that all samples have
thermally decomposed in one-step, and the maximal weight loss tem-
perature (Tpay) is around 355 °C.

4. Conclusions

In this study, we demonstrated an advanced processing approach for
nanocellulose reinforced natural rubber nanocomposites through bio-
inspired compatibilisation using lignin. The incorporation of spinifex-
derived CNF modified with OSL has afforded a greater improvement
property profile as compared to control NR or the nanocomposites with
cellulose nanofiber or lignin separately. For example, 0.1 wt% CNF and
0.5 wt% OSL can improve tear strength by 256% and tensile strength by
95%, and toughness by 50% while improving resilience. This is attrib-
uted to enhanced compatibilization of CNF with NR in presence of
lignin. The cross-sectional analysis using electron microscopy and sol-
vent swelling measurements have supported enhanced adhesion of
nanofiber and the NR host matrix in presence of lignin. With these
findings, it can be concluded that a bio-inspired compatibilization
approach presents a promising strategy for developing ultra-tear-
resistant and strong natural rubber nanocomposites. Also, the well-
compatibilized nanocomposite materials have significant implications
in industrial and engineering fields, particularly for the production of
durable tires, conveyor belts, and seals that endure high levels of cyclic
mechanical stress and wear. Moreover, these nanocomposites as thin
film protective materials hold promise in medical applications, such as
the manufacturing of resilient condoms and surgical gloves.
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