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Abstract. The augmented demand for sustainable nanocomposites has paved the way to explore naturally derived materials.
Nanocellulose, with its bountiful sources and inherent properties, ranks top in the list of biofillers with a perspective of re-
ducing the carbon footprint. A systematic study is required to understand the reinforcing effect of various types of nanocel-
lulose. In the present work, we selected three types of nanocellulose, i.e., cellulose nanocrystal (CNC), cellulose nanofiber
(CNF) and microfibrillated cellulose (MFC), to investigate the effect of geometrical structure on the properties of unvulcan-
ized natural rubber (NR). Incorporating these fillers improved the tensile strength and modulus of natural rubber films sig-
nificantly through reinforcement via filler network structure. The reinforcing effect of CNF was found to be higher compared
to CNC and MFC, where an increase of 3.85 MPa in tensile strength from the neat sample was obtained. More uniform dis-
persion was evident through transmission electron microscopy, atomic force microscopy and Raman imaging for CNF in
the rubber matrix. The structural properties were determined using Raman spectra and X-ray diffraction. The rheological
studies revealed a good interaction between filler and NR. The work presented comprehensively compares different types
of nanocellulose as reinforcing filler in NR matrix, which will help the researchers select an ideal type for their specific ap-
plication and, thus, the proper usage of renewable resources, leading to sustainability and a circular economy.
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1. Introduction properties of rubber compounds, intense research is
Reinforcing fillers are indispensable in developing going on to replace the commonly used filler mate-
rubber composites for high-performance applica- rials, considering their negative impact on the envi-
tions. Precipitated silica and carbon black are the pri-  ronment and human health [2]. It was estimated that
mary reinforcing fillers in rubber industries [1]. Al-  alarge amount of energy is consumed (44 GJ/t) dur-
though these fillers are efficient in improving the ing the production of carbon black (CB) with a CO,
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emission of 3.3 tons per ton of CB [3]. Although sil-
ica claims to be a greener filler than carbon black,
the environmental impact in terms of non-renewable
energy use (NREU) was estimated as 66.0-77.3 MJ/kg
and global warming potential (GWP100) of 3.48—
4.12 kg CO; eq/kg [4]. Identifying a sustainable al-
ternative to carbon black and other conventional
filler materials like silica is of great interest in miti-
gating these negative impacts. Thus, raw material se-
lection is an important parameter for developing sus-
tainable materials [5]. The bio-based fillers from the
class of polysaccharides and proteins can be exploit-
ed positively to meet the composite material require-
ments and attain sustainability [6]. Materials such as
plant fibers (extracted from jute, sisal, flax, efc.), bio-
masses, and agricultural wastes such as rice husk,
corn stalk, efc., are being studied for their utilization
as additives in rubber composites [7]. The ecological
and material concerns have led to the research inter-
est in cellulosic fillers due to their excellent and in-
triguing properties [8].

Fillers of nanoscale dimensions incorporated in rub-
bers are more efficient than macrosized fillers in in-
creasing strength, abrasion resistance, UV stability,
and other performances [9]. Nanocellulose — cellu-
lose in nanoscale dimensions - has recently evolved
as a promising reinforcing filler in the elastomer in-
dustry due to its outstanding characteristics such as
renewability, biodegradability, availability, lower
cost, low density (1.5-1.6 g/cm?) [10], high mechan-
ical strength, high-temperature stability [11], high
dielectric constant [12], and low coefficient thermal
expansion [13]. The high aspect ratio and large sur-
face area of nanocellulose are ideal for transferring
stress from the rubber matrix to the nanocellulose
filler [14]. The surface chemistry of nanocellulose
can be tailored to establish strong matrix filler inter-
action [15].

Cellulose nanomaterial can be classified into two
categories based on size and morphology [16, 17].
The first one is the cellulose nano-objects, which
comprises rod or needle-shaped cellulose nanocrys-
tals (CNC) (with diameter ranging from 5-20 nm
and length of 100-500 nm) and cellulose nanofibers
(CNF) with dimensions of 4-20 nm x 0.5-2 um [18,
19]. CNCs are usually extracted by strong acid hy-
drolysis, which removes the amorphous part of the
cellulose, leaving behind highly crystalline struc-
tures [20, 21]. CNFs are usually obtained by chemical
or enzymatic pretreatments followed by physical
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treatments (mechanical nanofibrillation) [22, 23].
CNFs contain amorphous parts and are not as crys-
talline as CNC. Their dimensions depend on the de-
gree of fibrillation and other pretreatment involved
in their extraction [24]. The second category com-
prises cellulose nanostructured materials, which in-
clude microfibrillated cellulose (MFC). The diame-
ter of MFC falls in the range of 10—-100 nm and sev-
eral micrometers in length (0.5-50 pm) [25, 26].
The structure of fillers, specifically geometry, plays
a significant role in many aspects, including com-
posite preparation, curing kinetics, crosslinking den-
sity and ultimately, the properties of prepared nano-
composites [27]. The properties of nanocellulose,
like reinforcing efficiency, vary depending on mor-
phology, geometry and structural differences [28,
29]. Nanofiller geometry can influence interconnec-
tivity within the rubber matrix. The interconnectivity
makes the dispersed filler phase a continuous phase
within the matrix which was found to increase prop-
erties like thermal conductivity [30]. Selection of the
ideal type of nanocellulose and tailoring the interface
chemistry between nanocellulose and elastomer are
obligatory to attain optimum performance as they
can influence different properties through filler-poly-
mer and filler-filler interactions [31].

Several studies discuss the efficiency of nanocellu-
lose as a reinforcing filler in natural rubber to im-
prove properties like mechanical, barrier, and ther-
mal stability [26, 32, 33]. Kazemi et al. [34] reported
that adding nanocellulose to natural rubber resulted
in better dynamic mechanical properties than carbon
black-reinforced natural rubber composites. Cheng
et al. [35] observed that the geometry of nanocellu-
lose can affect the properties of composites. How-
ever, a detailed investigation of the effect of the geo-
metrical difference of CNC, CNF and MFC on the
properties of uncured natural rubber has yet to be re-
ported. The main objective of the work is to look
into the influence of geometry and concentration of
different types of nanocellulose CNC, CNF and
MFC on morphology, rheology and mechanical
properties of uncured natural rubber films. A green
natural rubber composite system will give a precise
account of filler interaction with the rubber matrix.
Characterizations of nanocomposite films were car-
ried out by transmission electron microscopy (TEM),
atomic force microscopy (AFM) and Raman spec-
troscopy. Deformation analysis was carried out via
amplitude sweep and frequency sweep as a function
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of the concentration of nanocellulose. Mechanical
properties like tensile strength, modulus and elonga-
tion at break [%] were also analyzed and discussed
in detail. The results from this study show clear dis-
tinctions between short, rigid CNCs, long, relatively
tough CNFs and longer MFCs in terms of their rein-
forcing effects and mechanisms. We illustrate the
filler geometry dependence of the properties of
nanocomposite films, which is mainly controlled by
the dispersion of nanofiller. The work will surely be
an excellent tool to guide the selection of an ideal
type of nanocellulose with tailored properties to de-
sign a material to suit a particular application.

2. Materials and methods

2.1. Materials

Centrifuged natural rubber latex, stabilized with am-
monia, with a dry rubber content of 60 wt%, pur-
chased from M/S Kurians Industries, Kottayam,
Kerala, India, was used to prepare nanocomposites.
Cellulose nanocrystals (CNC) (2 wt%, 1.45 g/cm?)
was purchased from [CAR-CIRCOT, Mumbai, India;
cellulose nanofibers (CNF) (3 wt%, 1.005 g/cm?)
was supplied by Sappi, Maastricht, The Netherlands;
microfibrillated cellulose (MFC) (10 wt%, 1.5 g/cm?)
was supplied by Borregaard, Sarpsborg, Norway.

2.2. Preparation of nanocomposites

Homogenous and stable dispersion of nanocellulose
in an elastomer matrix is the linchpin to efficacious
nanocomposite. Nanocellulose was incorporated into
the rubber phase utilizing the latex stage processing
technique, which is both environment-friendly and
cost-effective. The different types of nanocellulose
were diluted to 2 wt%. Filler suspensions were ho-
mogenized using IKA Ultra-Turrax T25 homogenizer

at 10000 rpm for ten min. as two cycles. They were
slowly added at different concentrations (2.5, 5 and
10 phr) to natural rubber latex under magnetic stir-
ring for two hours. These concentrations of nano-
cellulose were chosen to gain a basic understanding
of how the properties of natural rubber film change
with the nanocellulose loading. Mechanical stirring
(10 min.) was employed at the final mixing stages to
ensure complete dispersion.

The casting procedure was adopted to prepare nano-
composite films of uniform thickness, as shown in
Figure 1. In this method, nanocellulose/natural rub-
ber solutions were cast on glass plates and dried in a
hot air oven at 40 °C to get dry films of an average
thickness of around 2 mm. These films were used to
evaluate the influence of nanocellulose geometry on
the green strength of natural rubber. (The composite
films are noted as NR followed by the type of nano-
cellulose used, which is then followed by phr used,
e.g., NRCNC10).

2.3. Experimental

2.3.1. Characterization techniques

Nanocellulose suspension stability studies —

zeta potential and dynamic light scattering (DLS)
The stability of colloids and suspensions can be de-
termined by zeta potential analysis based on the elec-
trostatic repulsive forces on surface charges [36].
Zeta potential of nanocellulose dispersions and their
particle sizes were measured using the phase analy-
sis light scattering (PALS) mode on a dynamic light
scattering system (Nanoparticle Analyzer, HORIBA
SZ-100, Kyoto, Japan) with DPSS 532 nm laser at a
temperature of 25 °C. All samples were diluted to at-
tain similar viscosity values (0.89 mPa-s) and the
concentration of the solution was 10 mg/ml.

wwCH, H
c=c CH, H
OH ne” WP /
OH 3 CH, /C:C\
A=/~ D\ H Chgwn
OH & '\ \
OH n \ \ NR + CNC
N s —
Homogenization Stirring Casting Dried film
of nanocellulose with NR latex (2 h) on glass plate (oven dry

10000 rpm,
10 min x 2 cycles

at 40°C for 72 h)

NR + MFC

Figure 1. Schematic representation of the preparation of nanocomposite film.
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2.3.2. Fourier transform infrared (FTIR)
spectroscopy

The FTIR spectra of CNC, CNF and MFC were

recorded on FTIR instrument (Perkin-Elmer Spec-

trum Two FTIR Spectrometer, Massachusetts, United

States) in the range of 4000—400 cm™! with a resolu-

tion of 4 cm™! to analyze their chemical composition.

2.3.3. Morphological and structural analysis
The dispersion of nanocellulose in the rubber phase
was analyzed using the following techniques.

Transmission electron microscopy (TEM)

The analysis was carried out using JEOL JEM 2100
(Tokyo, Japan) (LaB6) high-resolution TEM with an
operating voltage of 200 kV. The morphology of
nanocellulose was analyzed after proper dilution, fol-
lowed by sonication to ensure ideal dispersion. A
drop of diluted sample was placed on a copper grid
and allowed to dry before imaging. The dispersion
characteristics of nanocellulose in rubber matrices
were analyzed using cryo-microtome sections of
nanocomposites. Samples were maintained below
their glass transition temperature during cryomicro-
tomy. The cryo-sections of thickness 100 nm were
cut using LEICA EM FC7 (Wetzlar, Germany)
equipped with glass knives and were placed directly
on copper grid of 300 mesh size for imaging.

Atomic force microscopy (AFM)

The morphology, as well as surface properties of dif-
ferent types of nanocellulose and nanocomposites,
were analyzed using the WITec ALPHA 300RA AFM
(Ulm, Germany) instrument. Height images were
captured to analyze the morphology of CNC, CNF
and MFC. To analyze the nanocomposites, measure-
ments were carried out in tapping mode using a sili-
con nitride tip with a resonance frequency of 75 kHz,
force constant of 2.8 N/m and a radius of curvature
less than 8 nm. The scanning was done over an area
of 5x5 pum, and phase images were captured.

Raman spectroscopy and imaging

Structural analysis was carried out using confocal
Raman microscopy system (WITec ALPHA 300RA,
Ulm, Germany) equipped with a 532 nm DPSS laser
with a maximum power of 42 mW coupled to a mi-
croscope equipped with a 100%/0.9 DIC Zeiss (ECE-
piplan-Neofluar) objective, a spectrometer (UHTS
300, focal length 300 mm, with 1800 g-mm™' grating),
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and a CCD camera. System calibration was per-
formed using a silicon wafer to ensure standard band
position and intensity. The Raman spectra were
recorded in the spectral range of 20-3500 cm™'.

2.3.4. X-ray diffraction (XRD)

The X-ray diffraction (XRD) patterns were recorded
using a Rigaku Miniflex II (Tokyo, Japan) diffrac-
tometer with Cu K, radiation. The scanning range
was from 2° to 90° with a step time of 1 s. All meas-
urements were taken using a 30 kV voltage and a
15 mA current. The crystallinity index (CI) of nano-
cellulose was calculated using the Segal empirical
equation (Equation (1)) [37]:

loop = Im
Cl%]=—"—"""-100 1
%] Iooz M
where /5o represents the peak diffraction intensity
corresponding to crystalline cellulose, and 7, is the
peak diffraction intensity corresponding to the amor-
phous sections in nanocellulose [38, 39].

2.3.5. Rheological properties

The rheological properties were analyzed using a
stress-controlled rotational rheometer Anton Paar
MCR 301 (Graz, Austria) rheometer at 120 °C. The
nonlinear viscoelastic behavior of nanocomposites
has been analyzed via strain sweep and frequency
sweep. The strain sweep was carried out by varying
shear strain from 0.01 to 100% at a constant frequen-
cy of 1 Hz. The angular frequency was varied from
0.001 to 100 rad/s with a shear strain of 0.01% for
frequency sweep analysis.

2.3.6. Mechanical properties

The stress-strain properties of different unvulcanized
nanocomposite films were studied by uniaxial stretch-
ing using a universal testing machine (Tinius Olsen
H25KL, Horsham, United States). The testing was
performed on dumbbell-shaped specimens with an
overall length of 115 mm, gauge length of 25 mm,
width of 6 mm and thickness of 2 mm by ASTM D
412 — 06 at a crosshead speed of 500 mm/min.

3. Results and discussion

3.1. Nanocellulose suspension stability studies

The stability of nanocellulose is imperative to pre-
vent aggregation. The repulsive force within nano-
cellulose should be as high as possible to minimize
the interactions leading to aggregation. It has been
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Table 1. Zeta potential values of different types of nanocel-
lulose.

Sample name Zeta potential | Dispersion medium viscosity
[mV] [mPa-s]
CNC —52.2 0.895
CNF —46.7 0.892
MFC -50.7 0.894

Table 2. Mean particle size of different types of nanocellu-

lose.

Mean particle size
Sample name
[nm]
CNC 5.4
CNF 2.8
MFC 13.3

shown in Figure 2. The broad peak in the range of
33363298 cm™! is attributed to —OH stretching and
intermolecular hydrogen bonding [46]. The OH
stretching of CNC was found to be more pronounced
than CNF which may be due to the higher stretching
vibration bands of the O—H bonds of primary and
secondary hydroxyl groups of CNC [47]. The absorp-
tion peak between 2900 and 2800 cm™! is assigned to
the stretching of C—H groups of nanocellulose [48].
The peak observed at 1644 cm™ is due to the ~OH
bending of the adsorbed water [23, 49]. The peak lo-
cated at 1438 cm ! is due to —CH; vibration and C—H
stretching [50, 51]. The stretching of C—O is observed
at 1032 cm™! [52]. The peak at 896 cm™! is attributed
to the C—O—C vibration of glycosidic ether linkage

reported that a zeta potential value higher than 30 mV
or lower than —30 mV makes the suspension stable
[40—42]. The zeta potential values of CNC, CNF and
MFC are given in Table 1. The dispersion medium
viscosity of the different nanocellulose samples was
measured and found to be similar among them. All
three types of nanocellulose showed lower zeta po-
tential values than some of the reported works,
where CNC, CNF, and MFC had zeta potentials of
-37.8 mV [43], —14.7 mV [44] and —22.3 mV [45],
respectively. The results revealed the excellent sta-
bility of nanocellulose suspensions used in this re-
search. Table 2 represents the mean particle size of
three types of nanocellulose obtained from DLS
analysis. It was found that MFC showed the highest
particle size followed by CNC and CNF.

3.2. FTIR

All three types of nanocellulose present almost sim-
ilar FTIR spectra, suggesting the composition of
nanocellulose is the same despite its geometry, as

1304
1254
1204
115
110
105

Transmittance [%)]

1004
95 1
90 1

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

a) Wavenumber [cm~']

[53, 54]. The FTIR spectra of all the nanocomposites
are also shown in Figure 2. The characteristic peak
at 836 cm™! is considered as the finger print region
of NR. The peak at 2960 cm™ represents the ~CHj
asymmetric stretching, and the peak at 1665 cm™!
represents the —-C=C- stretching [55]. It was found
that the characteristic peaks of nanocellulose are
masked by NR in the case of CNC nanocomposites,
whereas these peaks are more prominent in the case
of nanocomposites of CNF and MFC.

3.3. Morphology and structural analysis:
3.3.1.Transmission electron microscopy (TEM)
It is essential to understand the arrangement of
nanofillers within the matrix as it has a strong influ-
ence on the properties of nanocomposites [56]. The
morphological analysis of nanocellulose revealed
that the CNC exhibited needle-like structures, with
an average diameter of 20 nm and length of 300 nm.
CNF and MFC exhibited highly entangled network-
like structures due to their high aspect ratio and semi-
crystalline nature [22, 57], with an average diameter

450 4 NRMFC10

NRMFC5
NRMFCZ.5

400
350 4
NRCNF10
300 -W
NRCNF5
T.NRCNF2.5
200 4 NRCNC10
NRCNC5
1 NRCNC2.5
T S— AN
T T T
3000 2000 1000
Wavenumber [cm~"]

250

Transmittance [%]

150

100

4000
b)

Figure 2. FTIR spectra of a) CNC, CNF and MFC b) NR nanocellulose composites.
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Figure 3. TEM images of different types of nanocellulose, a) CNC, b) CNF, and ¢) MFC.

of 16 and 32 nm, respectively. The dimensions of
nanocellulose were measured using Image J soft-
ware. Figure 3 represents the TEM images of differ-
ent types of nanocellulose. The measurement of the
length of individual CNF and MFC with accuracy
was difficult due to the entangled fiber structure.
The level of dispersion and presence of agglomera-
tion of nanocellulose in rubber matrices were ana-
lyzed using the TEM images of nanocellulose/nat-
ural rubber composite film samples. Figure 4 shows
the TEM images of NR (Figure 4a) and nanocom-
posite films. The TEM images of CNC-loaded nano-
composite films are shown in Figure 4b. The 10 phr
loading of CNC has resulted in agglomeration of
fillers, which can be seen as a rough and uneven ap-
pearance in NRCNC10.

CNF was found to be more homogenously distrib-
uted within the rubber matrix. Also, the aligned
arrangement of CNF in the NR matrix was evident
in Figure 4c. The alignment of fillers in nanocompos-
ites has a significant effect on mechanical properties
[58]. The bridging of CNF within the rubber matrix
due to inter-fiber entanglements and hydrogen bond-
ing was also apparent. The continuous path or bridg-
ing is assumed due to percolation network formation.
This filler bridging or network formation will result
in efficient stress transfer from the matrix to the re-
inforcing filler [59]. Figure 4d represents the less uni-
form distribution of MFC in a rubber matrix with
some agglomeration due to their more extended and
highly entangled morphology, and this is in agree-
ment with the observations of Bendahou et al. [60].
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3.3.2. Atomic force microscopy (AFM)

AFM is an important technique for getting an insight
into nanofiller dispersion in polymer matrices along
with surface topography [61]. The surface features
of natural rubber film and its nanocomposites were
evaluated using this technique to envisage the effect
of different types of nanocellulose. Figure 5a repre-
sents topographical images of CNC, CNF and MFC.
Morphology of all three types of nanocellulose
showed a similar trend as in TEM images. AFM im-
ages of neat NR and nanocomposites are shown in

Figure 4. TEM images of a) NR (continued on next page).



M. Tom et al. — Express Polymer Letters Vol. 18, No.6 (2024) 638—655

NRENCH R o NRENCIO

NRCNC2.8
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d)

Figure 4. TEM images of b), c¢), and d) NR nanocomposites.

Figure 5b, respectively). The agglomeration of CNC ~ from the NRCNC10 image. CNF filled nanocom-
on the surface of the rubber matrix is quite evident  posites represented better filler dispersion within the
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Figure 5. AFM topographical images of a) different types of nanocellulose and b) neat NR and nanocomposites..

matrix, whereas MFC, with its higher aspect ratio,
showed a slight tendency to agglomerate as com-
pared to CNF.

The surface features of nanocomposites can be
quantified in terms of surface roughness [62]. The
surface roughness can be expressed as root mean
square roughness (R,) and the arithmetic roughness
average (R,). Ry represents the square root of the sur-
face height deviation from the mean data, and R,
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represents the mean height calculated over the entire
measured area. A higher value of the difference be-
tween R and R, confirms the presence of filler par-
ticles on the surface of the matrix [63]. The surface
roughness values of neat natural rubber film, as well
as nanocomposites, are represented in Table 3.

Higher filler agglomeration results in higher values
of surface roughness [60]. The CNC-filled nanocom-
posites showed the highest roughness values, which
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Table 3. Surface roughness values of NR and NR nanocom-

posites.

Sample name [lﬁ;] [IIRI:I] R[qn:nI]e“
NR 27.7 20.7 7.0
NRCNCI10 70.4 47.1 233
NRCNF10 11.0 8.2 2.9
NRMEFC10 12.7 9.7 3.0

may be due to the higher agglomeration tendency of
CNC [64], whereas CNF and MFC-filled samples
showed lower roughness values, and these observa-
tions are in agreement with the TEM and AFM stud-
ies. Sharma et al. [65] observed a similar decrease
in roughness values of NR latex films containing
CNF. The better dispersion of CNF in the NR matrix,
as well as the partial attachment of CNF molecules
with NR chains [66], might have caused this reduc-
tion in surface roughness. Roughness values show a
close dependence on the particle size as well. The
higher the particle size due to agglomeration, the
higher will be the surface roughness [67]. CNC par-
ticles were agglomerated on the matrix surface, lead-
ing to an increase in their average size, thus resulting
in higher roughness values compared to other types
of nanocellulose. Nanocomposites containing MFC
showed roughness values comparable to CNF-filled
nanocomposites, which can be attributed to their
similar geometrical structure.

3.3.3. Raman spectroscopy and imaging

Raman spectra of natural rubber and natural rubber
nanocellulose composites are presented in Figure 6.
The Raman spectrum of NR shows two well-defined
peaks at 1665 and 2908 cm™! representing C=C
stretching and CH3 symmetric stretching, respective-
ly [68], and no shift in peaks was observed for nano-
composites. The characteristic peak of nanocellulose
is usually at 1095-1096 cm™! corresponding to the
C-O (carbonyl) stretching mode and glycosidic
stretching mode (C—O-C) [69, 70]. The CNC-filled
nanocomposite shows this characteristic peak but
with a slight shift to 1092 cm™!, which may be due
to the interaction with the rubber matrix. Both CNF
and MFC-filled composites show lower intensity
peaks in the region, which can be attributed to the
effective interaction with the matrix [71]. The inten-
sity of this peak is low in all the composites due to
the masking effect of the rubber matrix. The peak
corresponding to C—-O—C and C-O-H at 895 cm™!

1665 |

Intensity [a.u.]

NRCNC10
NRCNC5
NRCNC2.5

NRCNF5
NRCNF2.5

895 1092

NR

T T
2000 3000

Raman shift [cm™]

T
1000

Figure 6. Raman spectra of NR and NR nanocomposites.

[72, 73] is more prominent in CNC-loaded samples,
which has been assumed due to the higher crys-
tallinity of CNC [69] than in CNF and MFC-loaded
samples. The differences in the peak intensities may
be due to the geometrical structural differences
among the three types of nano cellulose [74].

3.4. X-ray diffraction (XRD)

The XRD patterns of CNC, CNF and MFC are
shown in Figure 7a. The XRD pattern of all three
types of nanocellulose showed characteristic peaks
around 20 at 16.5° and 23°, which corresponds to
cellulose type I [41, 75]. These peaks correlate with
the lattice planes 101 and 002 [54, 76]. The CNC
showed the highest intensity at 23° as compared to
CNF and MFC. The removal of amorphous regions
during the CNC extraction is probably the reason for
the higher crystallinity of CNC than the fibrous
nanocellulose [77]. The crystallinity index of CNC,
CNF, and MFC are shown in Table 4.

X-ray diffraction analysis of nanocomposites was
also performed to investigate the crystallographic
nature of the nanocellulose-incorporated NR com-
posites. A shift in the characteristic peaks of nanocel-
lulose is evident from the XRD patterns of nanocom-
posites given in Figure 7b. This shift can be
attributed to the trapped arrangement of nanocellu-
lose molecules within the NR molecular chains [78].
The peak shift towards the lower angle is due to the
expansion of the nanocellulose lattice, which may be
due to the presence of rubber molecules [79].
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Figure 7. XRD patterns of a) CNC, CNF and MFC, b) NR nanocomposites.

Table 4. The crystallinity index of CNC, CNF, and MFC.

Sample name Crystallinity index
CNC 57.5
CNF 49.2
MFC 50.7

3.5. Rheological properties

The effects of strain amplitude and frequency on the
viscoelastic properties of nanocomposites reinforced
with different types of nanocellulose were analyzed.
Nanocellulose-reinforced NR composites usually
exhibit an increase in storage modulus due to an in-
crease in crosslink density and stiffness [80]. Differ-
ent nanocellulose-filled rubber composites repre-
sented different viscoelastic behaviors owing to the
difference in geometry and the level of dispersion.
It is evident from Figure 8 that the storage modulus
values of nanocellulose-incorporated rubber samples
were higher at lower amplitude and decreased with
increasing strain amplitude. This is in agreement
with the previous experimental results on both un-
vulcanized and vulcanized rubbers filled with rein-
forcing fillers [81, 82].

As evident from the morphological analysis, ag-
glomeration of CNC in NR matrix resulted in low
storage modulus values of NRCNC nanocomposites
(Figure 8a) where the mobility of the rubber chain
is not significantly altered resulting in lower modu-
lus values. Fibrous nanocellulose filled NR compos-
ites demonstrated higher storage modulus than the
neat NR and CNC. Enhancement in storage modulus
indicates good dispersion of this nanocellulose in the
NR matrix [83]. The storage modulus was highest
for NRCNF10 (Figure 8b). CNF functions as distinct
reinforcing agents at lower loading, but at higher

loading, they form entangled mesh-like network ar-
chitectures that offer better reinforcement [84]. The
physical adsorption between CNF and NR matrix
may be another reason for the increase in the storage
modulus [85]. The storage modulus of MFC-loaded
samples exhibited an increasing trend only at lower
concentrations (2.5 and 5 phr). Agglomeration at
higher loading might have resulted in lower storage
modulus value at 10 phr MFC loaded nanocompos-
ite films as shown in Figure 8c.

The geometrical structural features and level of dis-
persion of nanocellulose within the rubber matrix are
the key parameters influencing the Payne effect — the
breakage and reconstitution of the filler network
structure under the influence of strain amplitude [86].
The Payne effect is identified as the drop of storage
modulus at high strain amplitude due to the break-
down of the filler-filler network [87]. A nonlinear de-
crease in storage modulus with increasing strain was
observed for unfilled NR sample. This can be attrib-
uted to the existence of a secondary network con-
tributed by phospholipid terminal groups and fatty
acids [88] in the unfilled rubber [89]. Despite the
nanocellulose geometry, it was found that the magni-
tude of Payne effect (G'go,—G"100%) increased as the
nanocellulose loading increased. G'go, represents the
storage modulus at the plateau of the curve at the low-
est strain, and G'goy is the minimum storage modulus
at the highest strain [29]. Thus, the difference be-
tween G'o, and G'ygge, can be an indicator about the
nanofiller networks that are developed in rubber ma-
trix [90]. The primary cause of the amplified Payne
effect is the breakdown of the hydrogen-bonded filler
networks at greater loadings of nanocellulose [91].
The loss modulus of the neat NR sample increased
at around 10% shear strain due to the increase in
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dissipation energy at higher strain [92, 93]. This
trend is not exhibited by any of the nanocomposites.
As represented in Figure 8, the loss modulus de-
creases with a further increase in strain amplitude.
The higher loadings of nanocellulose restrict poly-
mer segmental motions requiring higher energy for
phase transitions and increasing the frictional forces
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between filler and matrix, which results in higher en-
ergy dissipation in nanocomposites on increasing
filler loading as evident from the loss modulus
curves [94]. At higher strain amplitudes, all the filler
network structures are broken down, and the mech-
anism of losing energy terminates, lowering the loss
modulus values [95].
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Figure 8. Nonlinear viscoelastic curves of NR and NR nanocellulose composites under amplitude sweep; storage modulus
versus shear strain; loss modulus versus shear strain. a) NRCNC nanocomposites, b) NRCNF nanocomposites,

¢) NRMFC nanocomposites.
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3.6. Mechanical properties

Although nanocellulose is an effective reinforcing
filler, the reinforcement is ruled by the interfacial in-
teraction and stress transfer between nanocellulose
and rubber matrix [96]. The mechanical properties
of nanocellulose-reinforced natural rubber films are
given in Table 5. It was found that apart from nano-
filler loading, the structural geometry of nanocellu-
lose significantly affects mechanical properties. The
tensile strength of CNF-based nanocomposites was
higher compared to CNC and MFC-based nanocom-
posites. This enhanced tensile strength can be as-
cribed to higher entanglement and alignment of CNF
molecules, which can lead to the formation of per-
colation networks [7]. According to Fneich et al., [22]
at sufficiently high CNF content, individual nanofib-
rils contact with each other to form entanglements
between flexible amorphous regions or amorphous
and crystalline regions of neighboring nanofibril.
The combination of higher aspect ratio and hydrogen
bonding of fibrillated nanocellulose can enhance the
interaction between the filler and matrix through in-
creased hydrogen bonding than CNC [97].

Higher nanocellulose content in the composites re-
stricted the chain mobility, resulting in lower values
of elongation at break [98]. The elongation proper-
ties of all types of nanocellulose-loaded films were
found to be almost similar with a decreasing trend on
increasing the loading. The composite films loaded
with 10 phr nanocellulose of all geometries have been
broken before reaching even 100% elongation.

The fibrous fillers exhibited better mechanical prop-
erties than crystal geometry, as evidenced by the ten-
sile strength and modulus values. Among the fibrous
samples, microfibrillated cellulose-filled samples
were found to have higher modulus values than CNF-
filled samples, which may be due to their higher

Table 5. Mechanical properties of NR nanocomposite films.

entanglement. Conversely, nanocomposites contain-
ing CNC exhibited lower modulus values, which
might have resulted from their higher tendency to
agglomerate despite their crystallinity. The highly
flexible semi-crystalline CNF chains can link or en-
tangle with rubber chains at multiple points, which
is impossible for short CNC [99]. Furthermore, long
fibers could reach percolation even at low filler con-
tents, and the fiber—fiber interactions due to the per-
colation network have contributed to further im-
provement in the mechanical properties of nano-
composites [24].

The magnitude of low strain modulus was observed
to be higher in fibrous nanocellulose-loaded rubber
composites [100-102], as shown in Figure 9. The
observations are in line with previous reports, as fi-
brous nanocellulose provided greater modulus en-
hancement at lower strain levels than CNC [61]. The
modulus enhancement at lower strain is attributed to
effective stress transfer contributed by the aspect
ratio of the nanocellulose [9] and filler networking
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Figure 9. Stress-strain curve of the NR nanocellulose com-
posites.

Sample name Tensile strength Modulus at 100% elongation Elongation at break
[MPa] [MPa] [%]
NR 0.60+0.06 0.31%0.00 352+13
NRCNC2.5 0.68+0.07 0.39+0.03 229+11
NRCNCS 0.91+0.08 0.61+0.01 192+15
NRCNCI10 1.78+0.08 The sample got broken before 100% elongation 96+7
NRCNF2.5 1.26+0.10 0.99+0.04 190+8
NRCNF5 2.56+0.25 2.06+0.05 16745
NRCNF10 4.45+0.17 The sample got broken before 100% elongation 74+3
NRMFC2.5 1.29+0.07 1.48+0.03 214+12
NRMFC5 2.29+0.33 2.38+0.08 126+18
NRMFC10 3.85+0.01 The sample got broken before 100% elongation 56+8
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Figure 10. Schematic representation of filler network forma-
tion.
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[103]. A schematic representation of nanocellulose
network formation is given in Figure 10.

It is also reported that other nanofillers with high as-
pect ratios, like carbon nanotubes, also show similar
low-strain modulus enhancement [104]. The ag-
glomeration of CNC in rubber matrix, leading to
non-homogenous distribution, has decreased its me-
chanical properties when compared to fibrous nano-
cellulose [105].

4. Conclusions

Elastomeric nanocellulose composites have become
a new facet in elastomer nanocomposites with ex-
traordinary properties. In this work, sustainable green
composite films were successfully prepared and sys-
tematically studied to comprehend the effect of dif-
ferent geometry and loading of nanocellulose as re-
inforcing filler. The geometric contribution of nano-
cellulose to the properties of natural rubber compos-
ites is apparent from morphological, structural, and
mechanical behaviors. Although the surface func-
tionalities are the same for CNC, CNF, and MFC,
the differences observed in nanocomposites are like-
ly due to the distinct specific surface area, degree of
entanglement, aspect ratio, and crystallinity. CNF
and MFC showed better dispersion in the rubber ma-
trix from the morphological analysis of TEM and
AFM, whereas CNC showed higher crystallinity than
both CNF and MFC. This may be due to the removal
of amorphous parts during the extraction of CNC.
Higher agglomeration of CNC in rubber matrix has
resulted in higher surface roughness values than the
fibrous nanocellulose. With the increase in the load-
ing of nanocellulose, all the selected geometries rep-
resented an increasing trend in mechanical proper-
ties. Cellulose nanofibers outperformed all other types
of nanocellulose studied in terms of tensile strength
—where an increase of 3.85 MPa from the neat sam-
ple was obtained and in rheological behavior due to
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the formation of an effective filler network. The im-
provement in properties for fibrous nanocellulose is
mainly due to their higher aspect ratio, which helps
form interlocking and entanglements of the filler
system with rubber chains, higher interfacial area,
and increased interaction between matrix and filler.
Thus, the principal reinforcement mechanism of
nanocellulose in green or unvulcanized rubber ma-
trix is the physical entanglement augmented by the
network structure to anchor to rubber chains. The
strong dependence of the properties of nanocellulose
on the geometry, crystallinity and filler dispersion
has to be considered for its use as reinforcing filler
in polymeric matrices. The studies based on this vir-
tually inexhaustible reinforcing filler will reshape
the elastomer processing strategies towards a more
environmentally friendly aspect and a radical influ-
ence on the scientific community and industry.
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