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Abstract

This study aimed to chemically isolate two distinct types of nanocellulose derived from rubber leaves and
investigate their use in natural rubber (NR). The cellulose nanocrystals (CNCs) were obtained through acid
hydrolysis, while oxidation with 2, 2, 6, 6-tetramethylpiperidine-1-oxyl (TEMPO) was used to produce
cellulose nanofibers (CNFs). The CNCs exhibited rigid and rod-like structures due to the removal of amorphous
regions through acid hydrolysis, whereas the CNFs retained flexible, fiber-like morphologies and high aspect
ratios. Incorporating CNCs or CNFs into NR improved its tensile properties, with the rigid CNCs enhancing the
mechanical properties more than the flexible CNFs. CNC addition resulted in a 40% increase in tensile strength
and a 38% increase in Young's modulus of NR. However, elongation at break decreased with filler content. On
the other hand, CNF addition improved the elongation at the break without compromising the tensile properties.
NR with CNF addition exhibited a 25% increase in tensile strength, a 30% increase in Young's modulus, and a
20% increase in elongation at break. Additionally, the biodegradability of NR nanocomposite films containing
CNCs or CNFs surpassed that of unfilled NR film. Notably, a 6-month soil burial test revealed weight losses
of 35% and 40% for NR nanocomposite films with CNCs and CNFs respectively, compared to a weight loss
0f 25% for the unfilled NR film.
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1 Introduction of fillers such as silica particles, carbon black, and

nanocellulose into NR matrices offers several benefits

Natural rubber (NR), derived from the para rubber tree
(Hevea brasiliensis), has been used in many products,
such as tires, flexible tubes, medical gloves, and shoe
soles [1]. The main advantageous properties of NR
include high toughness, excellent flexibility, elasticity,
and resilience [2]. However, the use of NR for high-
performance applications is restricted by its low
strength and stiffness. Therefore, the incorporation

in terms of enhancing mechanical properties [3], [4].
Recently, nanocellulose has gained significant attention
as a reinforcing agent in NR, due to its high tensile
strength, high aspect ratio, and low density [3]. The
incorporation of nanocellulose into NR offers several
benefits in terms of enhancing mechanical properties,
barrier properties, and sustainability. The high aspect
ratio of nanocellulose enables effective stress transfer
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within the composite, resulting in improved strength
and stiffness [5]. In addition, it has been reported
that nanocellulose and the NR matrix have a strong
interfacial interaction, which contributes to enhanced
interfacial adhesion, reduces the potential for
delamination, and improves overall durability [2].
These properties make nanocellulose a valuable
additive for enhancing the mechanical performance of
NR-based materials.

Nanocellulose is a biopolymer with a nanostructure
derived from cellulose, one of the most abundant and
renewable biopolymers. The structure of nanocellulose
contains a carbohydrate macromolecule composed
of polysaccharides of glucose and is made up of
extremely small fibrils, typically ranging from 5-50 nm
in diameter and 100 nm to several microns in length
[2]. Nanocellulose has been extracted from a variety
of natural sources, including wood fiber, corncobs,
sugarcane bagasse, pineapple leaves, and other
biomass materials [5], [6]. NR is a major agricultural
crop in Thailand, and its rubber tree leaves are widely
available. The rubber leaves of the rubber tree have
never been used as a valuable source of nanocellulose.
As a result, our research aims to maximize resource
utilization while mitigating the potential environmental
consequences of rubber leaf disposal.

To isolate nanocellulose from these bioresources,
arange of techniques including chemical, mechanical,
and enzymatic methods can be employed [3]. The
selection of a particular type of nanocellulose, such as
cellulose nanocrystals (CNCs) or cellulose nanofibers
(CNFs), is contingent upon the isolation methods
employed. Among the commonly used methods,
chemical processes like acid hydrolysis and oxidative
treatment are particularly prevalent in nanocellulose
isolation. In the acid hydrolysis method, cellulose
fibers are treated with strong mineral acids such as
sulfuric acid, resulting in the breakdown of cellulose
into smaller crystalline regions [7]-[9]. CNCs have a
rod-like form, a high aspect ratio (length-to-diameter
ratio), a large surface area, and outstanding mechanical
properties. Another chemical approach involves
oxidation with 2, 2, 6, 6-tetramethyl piperidine-1-oxyl
(TEMPO), generating fibrillar nanoparticles or CNFs
[10]. Similar to CNCs, CNFs possess a higher aspect
ratio and a large surface area, contributing to their
remarkable mechanical properties [11]. Due to the
repulsion of carboxylate groups, cellulose nanofibers

can be easily separated in this manner. Nanocelluloses
obtained through chemical methods have found
extensive applications in the field of polymers. For
instance, Singh et al., [7] successfully extracted
CNCs from red seaweed using a chemical process and
combined them with PLA (polylactic acid) to enhance
the properties of the polymer. Boruah et al., [8] used
acid hydrolysis to produce CNCs from waste paper,
which improved the antifouling ability and water flux
of the polyvinylidene fluoride (PVDF) membrane. By
acid hydrolysis, Khatun et al., [9] extracted CNCs from
date palm mat fiber. The CNC rods had a diameter
of 53 nm and an average length of 234 nm and were
used as reinforcing agents in various industrial areas.
Wang et al., [12] extracted CNF from soybean using
a chemical-mechanical process. CNFs had a diameter
of 50 nm and a length of a micrometer.

Furthermore, nanocellulose is also fully
biodegradable which can enhance the biodegradability
of NR [13], [14]. Previous studies have shown that the
addition of nanocellulose can expedite the breakdown
of NR into simpler compounds, promoting its
biodegradation in environmental settings [15].
Nanocellulose can be degraded through hydrolysis
by bacteria and fungi in the soil, producing smaller
oligosaccharides and monomers that can be used as
carbon and energy sources by soil microorganisms
[16]. For example, Supanakorn et al., [16] reported that
nanocomposites of NR/nanocellulose buried in soil
degraded substantially over time, with a reduction in
mass of up to 70% at 50% by weight of nanocellulose.
In a similar work by Potivara et al., [17], NR latex was
subjected to microbial cultures with the incorporation
of nanocellulose, leading to the complete degradation
of the samples in just 6 weeks. While many researchers
have explored the use of nanocellulose extracted
from various biowastes as a modifier to improve the
mechanical properties and biodegradability of NR,
little attention has been given to the influence of
nanocellulose type on the properties of NR.

This study aimed to investigate the effect of
two types of nanocellulose (CNC and CNF) on the
mechanical properties and biodegradability of NR.
Acid hydrolysis and TEMPO oxidation were used
to extract CNCs and CNFs, respectively. Electron
beam vulcanization was used to harden the NR
nanocomposite films. To determine the effects of
nanocellulose type on the performance of NR films,
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the mechanical properties, including tensile strength,
elongation at break, and Young's modulus, were
evaluated. Additionally, the biodegradability of NR
films was investigated through a soil burial experiment
over a period of 6 months, with visual observation,
microscopic analysis, and weight loss measurements
recorded every 3 months.

2 Materials and Methods
2.1 Materials

Natural rubber with high ammonia-concentrated latex
(60% DSC) was supplied by the National Metal and
Materials Technology Center (MTEC), Thailand. The
mechanical stability time (MST) of latex was 138 s
(ISO 35:2004). Rubber leaves were collected in
southern Thailand. Other Chemicals included ethanol
(AR grade, RCI Labscan, Thailand), TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl, AR grade,
Sigma-Aldrich, USA), sodium hypochlorite (NaClO,
AR grade, Sigma-Aldrich, USA), sodium hydroxide
(NaOH, AR grade, Ajax finechem, Australia), 98%
sulfuric acid (H,SO,, AR grade, Merck, Germany),
sodium bromide (NaBr, LR, Ajax finechem, Australia).

2.2 Methods
2.2.1 Extraction of cellulose from rubber leaves

Before use, the rubber leaves were washed and dried
overnight at 70 °C. Dried rubber leaves (DRL) were
blended and passed through a 250-mesh sieve to obtain
the powders. For waxing and bleaching, the procedures
described in previous work were used [18]. the DRL
powders were soaked in 10 mL of 50% v/v ethanol at
70 °C for 1 h, followed by 4% w/v NaOH at 100 °C for
2 h. After that, 1 g of the obtained sample was bleached
in 20 mL of 1.7% w/v NaClO for 4 h at 90 °C. After
filtration, the samples were washed and dried overnight
at 70 °C. This procedure was repeated twice to produce
white powders of bleached cellulose powder (BLP).

2.2.2 Extraction of CNCs by acid hydrolysis
BLP was hydrolyzed using sulfuric acid at 45 °C for

45 min at a concentration of 60% w/w, as reported
previously [18]. The reaction was halted by a 10-

fold excess of DI water. The resulting solution was
centrifuged and dialyzed in DI water until neutral
pH to remove non-cellulose and excess acid. Then,
the suspension was sonicated for 30 min. Finally,
the cellulose nanocrystal samples were kept in the
refrigerator at 4 °C and labeled CNC.

2.2.3 Extraction of CNFs by TEMPO-mediated oxidation

1 g of BLP was mixed into 100 mL of a solution
containing 1 mmol/L of TEMPO and 10 mmol/L of
NaBr, as reported previously [10]. Then, 10 mmol
of NaCl was added dropwise into a mixture. The pH
of the mixture was maintained at 10.5 using 0.5 M
of NaOH. 800 mL of ethanol was added to stop the
reaction. The mixture was then centrifuged with DI
water until the pH was neutralized, followed by 30 min
of sonication. The suspension was kept in a refrigerator
at 4 °C before use and labeled CNF.

2.2.4 Synthesis of NR/CNC and NR/CNF nanocomposite
films

The CNCs were mixed with NR latex using a
magnetic stirrer to achieve concentrations of 1, 2, 3,
or 5% by weight relative to the rubber content. The
mixture was stirred for 3 h and placed in an ultrasonic
sonicator every hour to improve the nanocellulose
dispersion. The solution was sealed in a plastic
container with a cover to avoid solvent evaporation and
then exposed directly to electron beam irradiation. All
the samples were vulcanized using an 8 MeV, 200 kGy
electron beam vulcanizer [ 19]. After that the solutions
were poured into a glass mold (16.5 x 16.5 cm) and
dried at 55 °C for 24 h. The resultant NR nanocomposite
films were designated NR/CNC-x%, where x represented
the wt% of fillers. The same procedures were prepared
for NR/CNF nanocomposite films. The resultant NR
nanocomposite films were designated NR/CNF-x%,
where x represented the wt% of fillers.

2.3 Characterizations

Fourier transform infrared spectrometer (FTIR;
Spectrum 100; PerkinElmer; USA) in the range of
600-3500 cm™ was performed at a resolution of
4 cm™ and 64 scans. Each sample was dried at 80 °C
prior to measurement,
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The crystallinity of the samples was investigated
by XRD technique (Bruker; ADVANCE D8 X-ray
powder diffractometer; Germany) with CuKa detector,
20 angle range from 5-50°, a scan speed of 0.04 6/s
at 30 kV, and 30 mA. Before measurement, the CNC
suspension was powdered by freeze-dried at —40 °C
and 0.02 mbar. The crystallinity index (%Crl) can be
determined by deconvolution Equation (1) [3].

%CFID = (Acr/Acr + Aam) x 100 (1)

where A, is the sum of the integrated area of the
crystalline peaks and 4, is the sum of the integral area
of the amorphous region.

The morphology of the CNCs and CNFs was
studied by TEM (Hitachi; HT7700; Japan) and
operated at an accelerating voltage of 200 kV equipped
with an Eagle 4k CCD camera. The nanocellulose
suspension was diluted, dropped on a copper grid surface,
dyed with 2 %wt of uranyl acetate for 10 s, and washed
using 50 %w/w of alcohol. Before the evaluation, the
test samples were dried at room temperature.

The surface morphologies of NR nanocomposite
films were analyzed by field scanning electron
microscope (FE-SEM; JSM7600F; JEOL; Japan). The
test was performed under secondary electron mode at
an accelerating voltage of 15 kV. Before measurement,
the NR nanocomposite films were sliced with liquid
nitrogen and coated with a thin film of gold (Au).

The mechanical properties of NR nanocomposite
films, including tensile strength, Young's modulus,
and elongation at break, were investigated using a
Universal Testing Machine (UTM). The samples
were shaped into dumbbells per the ISO 37 (Type 2)
standard method [20].

The viscoelastic properties of NR nanocomposite
films were examined by a dynamic mechanical
analyzer (DMA), which tested conditions at —80 to
40 °C, 5 Hz of frequency, fixed strain at 1.00%, and
dynamic strain at 0.08%.

The swelling test of the NR nanocomposite films
was investigated following the ASTM D471 standard
method [21]. The samples were cut into 1.25 x 2.50 cm
pieces with a thickness of 1 mm (weighing about
1 mg). Then, the samples were soaked in 100 mL
of toluene for 24 h, after which the samples were
removed, dried, and weighed. This sampling technique
was repeated continuously 7 times. The swelling ratio

was calculated using Equation (2):
Swelling ratio (Q) = M,/M, (2)

where Q is the swelling ratio of rubber nanocomposite,
M, is the constant weight of the soaked rubber
nanocomposite in toluene for x days, and M, is the
initial weight of rubber nanocomposite. The cross-link
density was calculated by Equation (3), which is the
minor form of Flory-Rehner [22].

Cross-link density (V) = kO™ (3)

where V'is the cross-link density of NR nanocomposite,
k is the constant of Flory-Rehner (7.93 x 10™®) and Q
is the swelling ratio of rubber nanocomposite.

The biodegradability of NR nanocomposite films
was investigated using a soil burial test to simulate
the natural biodegradation. The soil was collected
locally and mixed with an equal amount of organic
planting soil. The soil mixture was poured to a depth
of 3 cm into a plastic box. A polycarbonate net was
laid down on the soil to prevent sample loss due
to degradation. The samples were cut into squares
2 x 2 c¢m in size and buried in the soil. After that, the
soil was poured to cover the samples to a depth of
12 cm from the bottom. The plastic box was placed
outside in the sun, and the biodegradation test was
conducted at environmental temperature during the
summer season in Thailand (March-August). The
humidity of the soil was maintained by spraying
water on it every 23 days. The average temperature
and relative humidity during the testing period were
30 °C and 80 %RH, recorded using a data logger
(Hygrochron iBotton temperature and humidity logger).
The samples were buried in the soil for 6 months.
During every period of soil burial, the samples were
thoroughly cleaned with water to eliminate any soil
particles on the surface. The samples were air-dried
at room temperature until they achieved a constant
weight before being evaluated for biodegradability.
The weight loss was calculated using Equation (4):

W, -Ww,
Weight loss (%) = ——Lx 100 4)
WO
where W is the initial weight, and ¥, is the weight
after being in a landfill for 3 and 6 months. The surface
appearance of the samples after landfill for 3 and 6

W. Somphol et al., “Extraction of Cellulose Nanocrystals and Nanofibers from Rubber Leaves and Their Impacts on Natural Rubber

Properties.”



Applied Science and Engineering Progress, Vol. 17, No. 2, 2024, 7281 5

acid hydrolysis and (b) CNFs extracted by TEMPO
oxidation.

months was investigated by SEM.

3 Results and Discussion

3.1 Characterization of CNCs and CNFs
3.1.1 Morphological analysis

Figure 1(a) and (b) shows the TEM images of CNCs
and CNFs produced from acid hydrolysis and TEMPO
oxidation, respectively. As expected, CNCs had a
rod-like structure, whereas the CNFs had a fiber-like
structure. CNCs had the average diameter (+ standard
deviation) of 12.53 = 2.51 nm and the average length
of 24591 + 31.44 nm, measured using the ImageJ
software. The aspect ratio (L/D) was approximately
20.17 +3.68. CNFs had an average diameter (+ standard
deviation) of 10.84 + 1.28 nm and a length that could not
be precisely measured due to the entangled fibers but
was estimated to be 1-2 microns. The aspect ratio (L/D)
was above 100, which was much higher than CNCs.
Both chemical treatments successfully fragmented
the cellulose fiber bundle into nanoparticles. Thus, the
diameters of individual fibers and the fibrous network
are significantly reduced.

The distinct structures of CNCs and CNFs are
a direct result of the specific reaction conditions
employed during their production, as depicted in
Figures 2 and 3. In the case of acid hydrolysis, the
process involves the utilization of sulfuric acid (H,SO,)
to break down the amorphous regions of cellulose
fibers [23]. This acid treatment disrupts the hydrogen
bonds that hold the cellulose chains together, with
the crystalline regions being more resistant to acid
hydrolysis. Consequently, the acid treatment selectively

Acid hydrolysis

e

Crystalline Amorphous Crystalline Amorphous

Cellulose —
e
TEMPO oxidation ==
CNF

Figure 2: Schematic mechanisms of producing CNCs
via acid hydrolysis and CNFs via TEMPO oxidation
[23].
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Figure 3: Chemical structures of CNCs and CNFs
synthesized through acid hydrolysis and TEMPO
oxidation, respectively [28].

removes the amorphous regions, leaving behind the
cellulose nanocrystals with a distinctive crystal-like
appearance.

On the other hand, TEMPO-oxidation involves
the oxidation of cellulose using a combination of
TEMPO as a radical initiator, and NaClO and NaBr
as co-oxidants [24]. The primary hydroxyl groups
(-CH,OH) of cellulose are selectively converted
into carboxylate groups during this process [25].
The incorporation of carboxyl groups introduces
negative charges, which in turn increase the electrostatic
repulsion between the cellulose chains, preventing
them from closely packing together. Consequently,
during TEMPO oxidation, cellulose is separated into
individual nanofibrils or nanofiber bundles. These
nanofibers exhibit a fibrous morphology, characterized
by high aspect ratios and flexibility [26]. Unlike acid
hydrolysis, the TEMPO oxidation method does not
involve the selective removal of amorphous regions
or alter the overall structure of cellulose. Instead,
it chemically modifies the cellulose chains while
preserving the fibrous structure, resulting in the
formation of CNFs with a fiber-like morphology [27].
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Figure 4: FTIR spectra of rubber leaf powders,
bleached samples, hydrolyzed CNCs, and oxidized
CNFs.

3.1.2 FTIR analysis

The FTIR spectra of rubber leaf powders, bleached
samples, hydrolyzed CNCs, and oxidized CNFs
are shown in Figure 4. All spectra exhibited broad
absorption peaks at 3300-3400 and 1635 cm™',
corresponding to O-H stretching and O-H bending,
respectively [29]. In rubber leaf powders, -OH groups
were bound by lignin, waxes, and hemicelluloses;
therefore, the intensities of these peaks were broader
compared to those of the beached samples, CNCs,
and CNFs. After the bleaching, the intensity of these
peaks was clearly visible, indicating the -OH of
the cellulose. The rubber leaf powders exhibited an
absorption band at 1725 cm™ due to the C=0 stretching
of ester bonds in a ferulic acid and p-coumaric acid
structure in the lignin and hemicellulose structure [18].
However, after removing lignin and hemicellulose
via the bleaching process, these bands were no longer
visible. CNCs and CNFs exhibited absorption bands
at 1030, 893, and 1256 cm ™' indicating C-O stretching,
C-H stretching, and CH, bending, respectively. These
bands are characteristic of the cellulose structure
[29]. This result demonstrated that the chemical
treatment was successful in removing non-cellulose
materials and synthesizing CNCs and CNFs. The
prominent peak at 1610 cm™' for TEMPO oxidized
CNF correlated with carbonyl groups, distinguishing
it from the acid hydrolyzed and bleached rubber leaf
powders [30].

~22°

~15°
CNF

A

After bleaching

10 15 20 25 30 35 40
2 Theta (°)

Intensity

Figure 5: XRD patterns of samples following the
bleaching process, hydrolyzed CNCs, and oxidized
CNFs.

3.1.3 XRD analysis

To examine the crystalline structure of CNCs
and CNFs, XRD analysis was performed, and the
corresponding XRD pattern is shown in Figure 5. The
XRD results revealed the presence of cellulose I peaks
at approximately 20 = 15° (1 1 0), 22° (0 0 2), and
34.5° (0 4 0) for all samples. The peaks at 2 = 15° and
22° corresponded to the amorphous and crystalline
phases of cellulose I, respectively [31]. The XRD
peaks of CNCs and CNFs were more distinct and
pronounced compared to the samples after the bleaching
process, indicating a higher degree of crystallinity.
The crystallinity index (Crl,) values of samples after
bleaching, CNCs, and CNFs were determined to be
51.21%, 56.53%, and 72.71%, respectively. The highest
Crl, values were observed in CNCs, indicating a
breakdown of'the glycosidic bonds in cellulose, resulting
in the formation of smaller cellulose fragments.
Consequently, an overall increase in the crystallinity
of CNCs was observed. This result further confirmed
the dissolution of amorphous regions in cellulose fibers
during the acid hydrolysis process [32]. In contrast, the
crystallinity of CNFs did not experience a substantial
increase. This is because the TEMPO oxidation method
only introduced carboxyl groups and electrostatic
repulsion on the cellulose chains, preventing them from
closely packing together. This phenomenon resulted in
the formation of nanofibrils instead of selectively
destroying the amorphous regions. Therefore, the
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Figure 6: TGA curves of CNC and CNF samples
synthesized by acid hydrolysis and by TEMPO
oxidation, respectively.

fibrous structure of cellulose was preserved, resulting
in the formation of CNFs with a fibrous morphology,
high aspect ratios, and flexibility.

3.1.4 Thermal analysis

The thermal stability and decomposition behavior of the
CNC and CNF samples were investigated using TGA
analysis, as presented in Figure 6. The TGA curves
displayed the weight (%) and derivative weight (%/°C)
of the samples upon heating. For CNCs, the main
weight loss associated with cellulose decomposition
was observed at 340 °C and continued up to 450 °C.
This higher decomposition temperature is due to the
higher crystallinity of CNCs and the sulfonate groups
formed during the acid hydrolysis process [33]. In
contrast, CNFs exhibited a two-step decomposition
pattern. The first decomposition step at 240 °C can be
attributed to the decomposition of sodium carboxylate
groups (-COONa) on the nanocellulose surface [34].
The second decomposition step appeared at 318 °C,
corresponding to the degradation of cellulose structure
[35]. The lower crystallinity of CNFs resulted in a
slight shift towards lower decomposition temperatures
compared to CNCs.

3.2 Properties of NR nanocomposite films
3.2.1 Swelling test

The swelling ratio of natural rubber is a crucial

(@)

[INR
Il NR/CNC
I NR/ICNE

Swelling ratio
IS
1

0
Neat NR 1 %wt 2%wt 3%wt 5%wt

Filler content

®

-

[N
Hl NR/ONC
] NR/CNF

[N} w IS
1 1 1

Crosslink density (x 10" (cI/mol))
n

0
Neat NR 1 wt% 2 wt% 3 wt% 5 wt%

Filler content

Figure 7: (a) Swelling ratio and (b) crosslink density
of NR, NR/CNC, and NR/CNF nanocomposite films.
At least five measurements were collected to calculate
the mean and standard deviation.

parameter that indicates its ability to absorb a solvent.
It quantifies the change in NR volume after immersion
in a solvent for a specific duration. In this study, the
swelling test was conducted by immersing NR films
in a toluene solution for 7 days, and the corresponding
swelling ratios for all samples were calculated. The
cross-link density characterized by the density of
chemical linkages between polymer chains in cured
NR was then calculated using the Flory-Rehner
equation [21]. Higher degrees of cross-linking lead to
lower swelling ratios. Figure 7 displays the swelling
ratio and crosslink density of all samples. Pure NR
vulcanized by electron beam irradiation at 200 kGy
exhibited lightly crosslinked characteristics, which
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was consistent with the literature [19]. All NR/CNC
and NR/CNF nanocomposite films exhibited lower
swelling ratios and higher cross-linking densities
compared to pure NR films. In addition, an increase in
filler content had shown an impact on these properties.
This finding was consistent with other researchers that
the nanocellulose can enhance the crosslinking of NR
[36]. During the curing process, the hydroxyl groups
in nanocellulose can react with rubber molecules,
resulting in the formation of additional cross-links
[37]. This increased cross-linking makes it more
challenging for toluene to penetrate the NR films,
thereby reducing the swelling ratio and promoting
higher cross-linking density. When comparing the
effects of CNC and CNF addition, CNC showed
slightly better performance in terms of swelling and
cross-linking. However, the results of the CNC and
CNF were within the standard deviation.

3.2.2 Tensile properties

Figure 8 shows the tensile properties of all nanocomposites.
For the tensile strength, as shown in Figure 8(a), both
NR/CNC and NR/CNF nanocomposites exhibited
higher tensile strength compared to neat NR. The
neat NR had a tensile strength of 12.3 MPa, which
gradually increased with the addition of CNCs. The
maximum tensile strength improvement of up to 40%
was achieved in NR nanocomposite with the addition
of 2 wt% CNCs, while for CNFs, the maximum
tensile strength increase was up to 25% at 2 wt%
CNFs. Similarly, the addition of CNCs and CNFs
enhanced the Young's modulus of NR films, as shown
in Figure 8(b). The Young's modulus of the neat
NR was 0.65 MPa. The maximum Young's modulus
of NR nanocomposite containing CNCs and CNFs
increased by up to 38% and 30%, respectively,
compared to neat NR. Comparing CNCs and CNFs,
NR with CNC addition had greater tensile strength
and Young’s modulus than those with CNFs. This
difference can be attributed to the higher crystallinity
of CNCs.

It has also been reported that the addition of CNC
or CNFs to NR nanocomposites improves their tensile
strength and Young's modulus. Depending on the used
materials and processes, the degree of improvement
can vary [38], [39]. For instance, Jiang et al., observed
an increase in both tensile strength and Young's
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Figure 8: NR nanocomposite film mechanical properties:
(a) tensile strength, (b) Young's modulus, and (c)
elongation at break. At least five measurements were
collected to calculate the mean and standard deviation.
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modulus of NR when 5wt% of CNCs extracted from
cotton via acid hydrolysis were introduced, resulting
in improvements of 40% and 10%, respectively [38].
Similarly, Kumagai et al., achieved enhancements in
tensile strength and Young's modulus, with a 4 phr
addition of CNFs obtained through alkali treatment
and steam explosion, leading to improvements of 14%
and 37%, respectively [39]. This improvement resulted
from the large surface area for adhesion between the
nanocellulose and the NR matrix, which enhanced
interfacial bonding, increased crosslink density,
and provided the material with greater stiffness and
strength [40].

The addition of CNCs and CNFs also affected
the elongation at the break of NR films, as depicted
in Figure 8(c). The elongation at the break of the
neat NR was 670%. The addition of up to 2 wt% of
CNCs did not affect the elongation at the break of NR.
However, further increasing the CNC content reduced
the elongation at the break of NR nanocomposite
substantially. In contrast, CNF addition led to
improvement in the elongation at the break of NR
nanocomposite, providing a 20% increase (at 2 wt%)
compared to neat NR. Increasing CNF content did not
have a substantial effect on the elongation at break and
remained unchanged. This difference between CNC
and CNF can be attributed to the higher aspect ratio
and greater flexibility of CNFs, which provide greater
clongation at break.

3.2.3 Viscoelastic properties

Figure 9 illustrates the viscoelastic properties of
NR nanocomposite films analyzed using a dynamic
mechanical analyzer (DMA). The DMA test was
performed at temperatures ranging from —80 to 40 °C
to investigate the elastic and viscous behaviors of NR
during deformation. The storage modulus (E') and
tan § of the NR nanocomposite were plotted against
temperature, with the peak of the tan J representing the
glass transition temperature (7,) of the materials [41],
[42]. As depicted in Figure 9(a) and (b), the viscoelastic
behaviors of NR with the addition of CNCs or CNFs
exhibit similarities. The addition of nanofillers leads to
an increase in the E' of the NR nanocomposite. With an
increase in filler content, the E' of NR nanocomposite
rises consistently, consistent with the results
observed in the tensile test. Both CNCs and CNFs
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Figure 9: Storage modulus and tan 6 from DMA
analysis of (a) NR/CNC and (b) NR/CNF nanocomposite
films.

effectively reinforce the rubber matrix, resulting in an
elevated elastic modulus (stiffness) of the composite.
Consequently, the material becomes more resistant
to deformation and demonstrates a higher degree of
elasticity.

Furthermore, CNCs and CNFs have the ability
to modify the viscoelastic behavior of NR, leading to
improved damping properties. An observed decrease in
tan 8 with increasing filler content indicates a reduction
in the damping property of the NR nanocomposites
[43]. This phenomenon is due to the enhanced
interfacial interaction between nanofillers and the
rubber matrix, which results in increased stiffness
and reduced mobility of the rubber chains [44], [45].
Consequently, the ability of the materials to deform
and dissipate energy is diminished, resulting in a
lower tan delta peak. Additionally, the 7, of all NR
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Figure 10: Cole-Cole plots of NR nanocomposites.

nanocomposites experienced a slight shift towards
higher temperatures compared to unfilled NR. This
shift is also attributed to alterations in the local
mobility of the polymer chains induced by the
interaction with the nanofillers.

The Cole-Cole plots of all NR nanocomposites
are depicted in Figure 10, where the loss modulus
is plotted as a function of the storage modulus. The
curvature of the Cole-Cole plots has been successfully
used to examine the homogeneity of polymer
composites [46]-[48]. A homogeneous polymeric
system displays a semicircle diagram in the Cole-
Cole plot, whereas a heterogeneous polymeric system
displays an imperfect semicircle diagram [48]. As
shown in Figure 10, the Cole-Cole plot of pure NR was
smooth and nearly semicircular. With the addition of
CNCs or CNFs, however, the Cole-Cole plot of all NR
nanocomposites deviated from the semicircle shape,
indicating the presence of two-phase systems [47].

To determine the adhesion effectiveness of
nanocellulose and NR matrix, the coefficient of
effectiveness (C) was calculated using the following
Equation (5) [46] :

(E', [(E",

3 ) NR nanocomposite

(E' /(E") puye na )

where £, and E', represent the storage modulus in
the glassy and rubbery regions, respectively. The
temperature for the glassy region for pure NR and
NR nanocomposite was studied at —80 °C. The C
factor represents the extent to which nanocellulose

contributes effectively to the transition from a glassy
to a rubbery state of the material. A lower C value
suggests a more efficient dispersion of nanocellulose
within the polymer matrix. Table 1 shows the
calculated C values for all NR nanocomposites. In both
NR/CNC and NR/CNF nanocomposites, the C value
decreased as the filler content increased. This decrease
indicated strong adhesion between nanocellulose and
the NR matrix, which explains the enhanced tensile
strength and Young’s modulus of the NR/CNC and
NR/CNF nanocomposites in this study [46].

Table 1: Coefficient of effectiveness (C) of NR

nanocomposites
Samples Coefficient of Effectiveness (C)
NR 1
NR/CNC-1% 0.81
NR/CNC-2% 0.74
NR/CNC-5% 0.72
NR/CNF-1% 0.79
NR/CNF-2% 0.71
NR/CNF-5% 0.70

3.2.4 Biodegradation study

The biodegradability of the NR nanocomposite films
was evaluated by measuring the percentage weight
loss of the samples after 3 and 6 months of soil burial.
Prior to testing, the samples were cleaned with water
and air-dried until a constant weight was achieved.
Table 2 presents the percentage weight loss of pure NR
compared to NR/CNC and NR/CNF nanocomposite
films with a filler content of 2 wt%. It was observed
that all NR/CNC and NR/CNF nanocomposite films
exhibited higher weight loss compared to unfilled NR
films. After 3 months, the unfilled NR film showed
a weight loss of 8.51%, which increased to 13.49%
after 6 months. The addition of CNCs accelerated the
weight loss to 12.26% after 3 months and 35.37% after
6 months. Notably, the NR/CNF nanocomposite films
exhibited the highest weight loss, reaching 13.49%
after 3 months and 40.62% after 6 months.

The weight loss observed in all samples was
accompanied by visible changes in their physical
appearance. Table 3 displays visual images of the
samples before and after 3 and 6 months of soil burial.
A substantial color shift, from brown-yellow to dark
brown, was found across all formulations of NR
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nanocomposite films, which was attributed to staining
from the planting soil used in the study. Prior to soil
burial, the surface of each sample appeared smooth.
After 3 months, the surface roughened and small cracks
appeared. These cracks had expanded in size after 6
months of soil burial, and the samples showed signs of
shrinkage, increased brittleness, and more prominent
surface roughness.

Table 2: Weight loss (%) of NR nanocomposite films
after soil burial

Samples Weight Loss (%)
3 months 6 months
NR 851+1.14 25.10 £ 6.06
NR/CNC-2% 12.26 +2.40 3537 +5.16
NR/CNF-2% 13.49 £2.80 40.62+£0.12

Note: Three measurements were collected to calculate mean and
standard deviation.

Table 3: Visual images of NR nanocomposite films
before and after soil burial

S ) After Soil Burial

amples

P 0 month | 3 months | 6 months
NR

NR/CNC-2%

NR/CNF-2%

Figure 11 presents SEM images of the sample
surfaces before and after 3 and 6 months of soil burial.
Prior to biodegradation testing, all NR nanocomposite
films had uniform and smooth surfaces. After 3
months, cracks and small pores (microvoids) began
to form on the rubber surfaces, and these defects
became more pronounced after 6 months of soil
burial. NR films with the addition of CNCs or CNFs
exhibited more severe surface damage compared to
unfilled NR films. Figures 11(d), (h), (i) show traces of
microorganisms, particularly near the cracks, with their
presence increasing over time. These microorganisms,
likely spores of Actinomycetes bacteria (Actinomycetes
spp.), arecommonly found insoil [49]-[51]. Inconclusion,
the presence of CNCs and CNFs in the NR films
facilitated biodegradation by soil bacteria and fungi.

“[(e)  NR/ICNC2%

|-G NReNF2%

Before soil burial

After 3 months

After 6 months

After 6 months

;1 pm . b 50 pm /‘ B \0 “,

Figure 11: SEM analysis of NR nanocomposite films
taken before and after soil burial for 3 and 6 months:
(a)—~(d) neat NR, (¢)—(h) NR/CNC-2%, and (i)—(1) NR/

CNF-2%.

CNF incorporation was more biodegradable than
CNC incorporation. This is because CNCs, with their
crystalline cellulose structures, are more resistant
to decomposition than amorphous regions. On the
other hand, the fibrous structure of CNFs, with more
amorphous regions, allows for easier access by
microbial organisms, thereby potentially enhancing
their biodegradability.

4 Conclusions

CNCs and CNFs synthesized from rubber leaves
were successfully used as nanofillers to improve the
mechanical properties and biodegradability of NR.
The different mechanisms employed in acid hydrolysis
and TEMPO oxidation contributed to the distinct
morphologies and properties of CNCs and CNFs.
CNCs exhibited a crystal-like appearance due to the
selective removal of amorphous regions, exposing
the highly ordered cellulose chains. In contrast, CNFs
retained their fibrous structure and high aspect ratios,
facilitated by the repulsion forces generated during
TEMPO oxidation. The higher crystallinity and the
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presence of sulfonate groups in CNCs contribute to
their higher decomposition temperature compared to
CNFs, which exhibit slightly lower crystallinity. Both
CNCs and CNFs enhanced the mechanical properties
of NR composites. However, the differences in
their morphological characteristics and interfacial
interactions led to variations in the elongation at break.
CNCs, with their higher crystallinity and ability to
form efficient networks, exhibited greater stiffness
and improved viscoelastic performance compared to
CNFs. On the other hand, CNFs, with their presence of
amorphous regions and lower crystallinity, enhanced
the elongation at the break of NR better than CNCs.
Additionally, the incorporation of CNCs and CNFs
significantly influenced the biodegradability of NR
under soil burial conditions. The addition of CNFs
resulted in a maximum weight loss of up to 40% in NR
films after 6 months of soil burial, while CNCs led to
a maximum weight loss of up to 35%. In comparison,
the unfilled NR films experienced a weight loss of
25%. These results highlighted the potential of utilizing
rubber tree leaves as an abundant and accessible source
for nanocellulose extraction. These nanocellulose
materials, when incorporated into natural rubber, can
serve as modifiers to enhance its properties, aligning
with sustainable practices.
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