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Reinforcement of natural rubber (NR) using nanofillers often results in an enhancement of the tensile

strength, but at the expense of elongation at break and toughness. In this study, with the objective of

strengthening NR without compromising its compliance, we investigate the reinforcement efficiency of a

series of cellulose nanofibers (CNF) with variations in residual hemicellulose, lignin and therefore surface

chemistry. Different types of high aspect ratio CNF isolated from Triodia pungens (T. pungens), an

Australian arid grass commonly known as spinifex, were added at 0.1–2 wt% loadings into a pre-vulca-

nized NR latex. CNF/NR nanocomposites then were benchmarked against NR nanocomposites incorpor-

ating a well-known wood-derived CNF. It was found that the presence of residual lignin and hemicellu-

lose, and the pretreatment with a deep eutectic solvent, a mixture of choline chloride and urea (CCU),

could increase the compatibility of CNF with the NR matrix, while still enabling stability and handling of

the colloidal latex mixture. Incorporation of 0.5 and 0.1 wt% of the sodium hydroxide treated CNF and

choline chloride/urea treated CNF into the NR latex showed respectively 11 and 17% enhancement in

tensile stress, and importantly without compromising viscoelastic properties; while addition of 0.1 wt%

wood-derived CNF resulted in 18% decrease in both tensile stress and strain coupled with more pro-

nounced latex stiffening.

Introduction

Tough elastomers are a technologically critical class of
materials used in many important industrial applications
where they are required to deform reversibly to large strains.1–3

Several approaches have been employed to enhance the tough-
ness of elastomers, including the introduction of heterogene-
ities in the elastomeric host matrix, increasing viscoelasticity
by macromolecular friction, partial or complete cross-linking
of the elastomer, optimally tuning the average number of
monomers in cross-linked chains and controlling energy dissi-
pation to prevent crack propagation using both chemical syn-
thetic and physical modification methods. However, it is fair
to say that most of these approaches are limited by a cost,
shelf life, process implementation, and scalability perspec-

tive.4,5 Nanofillers represent an outstanding strategy to simul-
taneously enhance elastomer strength while retaining compli-
ance, due to exponentially increasing the molecular friction
and physical crosslinking, and also in some cases reducing the
energy dissipation.6,7 On the other hand, there is a growing
demand from customers, government regulatory bodies and
manufacturers that the new generation elastomers filled with
nanofillers should be ideally based on sustainable raw
materials using low-cost processing and without any occu-
pational and health safety issues (for example, no organic or
toxic solvent usage).8–10

Natural rubber (NR) is a bio-based polymer available in the
form of latex, which has been utilized in the production of
over 40 000 different products including tires, foams, sealants,
gloves and condoms. Vulcanized (cured and cross-linked) NR
has outstanding properties such as high elasticity, resilience,
film forming capacity and hydrophobicity.11–13 In order to
develop the next generation of high-performance NR-based
products, a variety of nanomaterials such as nanoclay, carbon
nanotubes, graphene, and graphene oxide have been incorpor-
ated into latex, but their application is still somewhat limited
by the sustainability, poor scalability and environmental and/
or occupational health and safety concerns.14–17 Therefore,
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bio-based fillers such as starch, lignin, and cellulosic fillers
have been explored in both micro and nano-scales dimension-
ality, due to their sustainability and excellent specific mechan-
ical properties.18–21 Current trends in the scientific literature
highlight progressive improvements in the ultimate tensile
stress of these NR nanocomposites reinforced with bio-based
fillers. However, these strength increases are invariably associ-
ated with losses in compliance, elongation at break, and
toughness.19,22–25

Recently, our team has isolated very high aspect ratio
cellulose nanofibers (CNF) from spinifex grass, an abundant
Australian arid grass, which covers about 27% of the conti-
nent. The special characteristics of this nanocellulose offer sig-
nificant competitive advantages over CNF prepared from the
other sources such as (1) a very high aspect ratio, (2) a uniquely
high remnant hemicellulose content, even after bleaching
(about 42 wt%), which engenders CNF hydrophobicity, flexi-
bility, and toughness. This high hemicellulose content also
greatly simplifies the conventional multi-step, often chemically
aggressive production process, thus reducing energy demand
and cost. In other words, the procedure to isolate CNF from
spinifex has largely eliminated the typical chemical and
mechanical pretreatment steps required in contemporary
protocols.26–28

To achieve high-performance NR nanocomposite, dis-
persion quality and interfacial adhesion between nanofillers
and host polymer are critically important.29 In principle, the
combination of a relatively hydrophobic NR matrix with typi-
cally hydrophilic cellulose fillers would be expected to suffer
from a lack of interfacial compatibility. It has been demon-
strated that presence of remnant lignin and hemicellulose can
enhance the amphiphilic characteristics of CNF, resulting in
superior dispersion, compatibility and reinforcement in poly-
styrene nanocomposites.30

In this study, we investigate the reinforcement performance
of a series of unique spinifex CNF to enhance toughness and
viscoelastic performance of industrial pre-vulcanized NR latex
(it is very important to note here that commercially-acceptable,
high quality grades will display a minimum tensile strength of
over 20 MPa). Three different types of CNF with differing
surface chemistries were prepared from T. pungens and their
latex reinforcement performance benchmarked against a com-
mercially available wood-derived CNF. In doing so, we success-
fully demonstrate that when the CNF-latex interface is engin-
eered properly, a very desirable nanocomposite property
profile showing increased strength and toughness, without
detriment to stiffness, can be achieved.

Experimental
Materials

Pre-vulcanized NR latex with a total solids content of 60 wt%
was supplied from Mardec Industrial Latex (Malaysia). Spinifex
grass, T. pungens, was collected from Camooweal, north-west
Queensland, Australia. Spinifex was washed with hot water

(80 °C) then dried at room temperature for 2–3 days. Sodium
hydroxide (NaOH, Chem-supply), sodium chlorite (NaClO2,
Sigma-Aldrich), ammonia (NH3, Chem-supply), urea (CH4N2O,
Chem-supply), choline chloride (C5H14ClNO, Sigma-Aldrich),
glacial acetic acid (CH3COOH, Ajax Finechem) and calcium
carbonate (CaCo3, Omyacarb™, Omya Australia pty.) were used
as received. Wood-derived CNF was purchased from Process
Development Centre of the University of Maine. This CNF was
produced from softwood bleached pulp through the ultrafine
grinder (mechanical refining, Masuko MKZB15-50J super mass
collider) with no specific surface charge.31,32

Preparation of cellulose nanofibers (CNF)

Three types of CNF with different surface properties were pre-
pared from T. pungens (Fig. 1a). Ground and washed grass was
soaked in DI water overnight and then delignified using a 2%
(w/v) NaOH solution with a grass to solvent ratio of 1 : 10 at
80 °C for 2 h, followed by filtering and rinsing with 60 °C
water.27 This sample was named “NaOH-treated grass”. The
first type of spinifex CNF “NaOH-CNF” was prepared by homo-
genizing a dilute dispersion (3–4 mg ml−1) of NaOH-treated
grass for two passes at a pressure of 700 bar using a high-
pressure homogenizer (HPH, GEA homogenizer, Panda 2 K
NS1001L, GEA Niro Soavi S.P.A, Italy). The second type of spi-
nifex CNF, “B-CNF”, was prepared by bleaching the NaOH-
treated grass with a 1% (w/v) acidic solution of sodium chlorite
at 70 °C (pH adjusted to 4 using glacial acetic acid) with a
1 : 30 w/v grass to solvent ratio for 1 h, followed by filtration
and rinsing with 60 °C water. This bleaching process was
repeated twice in order to completely remove the residual and
dissolved lignin. Bleached fibers were further diluted with DI
water to a 3–4 mg ml−1 concentration and homogenized with
two passes at a pressure of 700 bar.26,27 A common deep eutec-
tic solvent (DES) comprising a mixture of hydroxyl ethyl tri-
methyl ammonium (choline) chloride and urea at a molar
ratio of 1 : 2 was employed to prepare the last type of spinifex
CNF, which was called “CCU-CNF”. Briefly, the choline chlor-
ide and urea mixture was heated to 100 °C, then dried NaOH-
treated grass was added to this clear DES to form a 1 wt% sus-
pension, followed by gentle stirring for 2 h at 100 °C and sub-

Fig. 1 The schematic of (a) CNF preparation from T. pungens and
wood, (b) nanocomposite processing.
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sequent dilution and rinsing with deionized water.33 Similar
to the other two spinifex CNF samples, DES-treated fibers were
passed through the high-pressure homogenizer twice at a
pressure of 700 bar. Wood-derived commercial CNF was pur-
chased from the University of Maine and annotated as
“M-CNF” to benchmark against the series of CNF prepared
from T. pungens.

Nanocomposite processing

The “control sample” NR host polymer and CNF/NR nano-
composites were conveniently prepared in a latex state as
shown in Fig. 1b. To prepare the control sample, pre-vulca-
nized NR latex was stirred using an overhead stirrer for
30 minutes at a speed of 35 rpm. Then, it diluted to 45 wt%
solids content using alkali aqueous ammonia solution at pH
10.5, followed by stirring for another 1 h at 35 rpm, and a
further 24 h at 12 rpm to de-aerate the mixture. Complete
series of CNF/NR nanocomposites with different CNF concen-
trations (0.1, 0.5, 1 and 2 wt%) were prepared by adding an
aqueous dispersion of nanocellulose, again adjusted to pH
10.5 with ammonia and stirred for 30 minutes before adding
to the latex so as to result in a mixture solids content of
45 wt%. The following mixing procedures were similar for all
samples. It worth to mention that the viscosity of gel-like
2 wt% M-CNF and latex nanocomposite was clearly higher
than the other nanocomposite dispersions. This observation
will be seen in rheology properties of samples in the results
and discussion section.

The control sample and stable latex CNF/NR mixtures were
cast into a flat glass mold and dried overnight at room temp-
erature. Dried films (thickness of 200 to 300 µm) were firstly
dusted with calcium carbonate powder then leached for ten
minutes in distilled water at 65 °C, followed by curing at 80 °C
in a convection oven under a gentle purge of dry nitrogen for
6 h. Latex films were rested for at least 48 h at room tempera-
ture and 50% humidity before any further characterization.

Characterization

CNF characterization. Transmission electron microscopy
(TEM) at 80 kV (Hitachi HT7700) and high-resolution TEM at
200 kV (HR-TEM JEOL F20) were used to study the diameter
and morphology of the spinifex CNF series and M-CNF. For
the TEM observation, a small droplet of dilute CNF suspension
was placed on a carbon-coated copper grid (which was glow
discharged using a Cressington Carbon Coater (208 Carbon) at
15 mA for 15 s before use). After drying, the CNF samples were
negatively stained with a drop of 2% (w/v) uranyl acetate (UA)
for 10 min and images were captured on a SIS Morada 4 K
CCD camera. Nanofiber diameters were reported as an average
diameter measured from 50 different fibers using ImageJ soft-
ware. For HR-TEM, hollow carbon coated Cu grids were used
without glow discharge and staining.

Water contact angles of the nanopapers made of different
CNF dispersions were measured to investigate the relative
surface energy of the CNF. CNF films were formed on a com-
mercial cellulose acetate membrane (45 µm pore size) by

vacuum filtration and dried between two Teflon sheets at
50 °C and ∼20 kg weight overnight. The contact angle of the
flat surface of nanopaper specimens was measured by sessile
drop measurement (Dataphysics, OCA 15EC) and images were
captured using a CCD camera (UEye®). Contact angle value
were reported as an average of at least five droplets (5 µl)
measured with Image J software on different positions.
Infrared spectroscopy was carried out using a Nicolet 6700
spectrophotometer, equipped with an attenuated total reflec-
tance (ATR) attachment in the wavenumber range of
400–4000 cm−1 at 1 cm−1 nominal resolution. Samples were
dried in vacuum oven at 65 °C for 24 h to remove the majority
of absorbed moisture before testing. Surface chemical bonding
of all CNF was evaluated by X-ray Photoelectron Spectroscopy
(XPS, ESCALAB220i-XL instrument (VG Scientific, UK)) using a
monochromated Al Kα excitation source. The survey scan and
high-resolution survey on C 1s and O 1s were performed.

Control sample and nanocomposite characterization.
Rheological measurements of control and nanocomposite mix-
tures were performed in latex form at 25 °C with a shear rate
of 0.1 s−1 to 100 s−1 using a TA Instruments (AR1500) rheo-
meter fitted with 25 mm parallel plates.

To evaluate the mechanical properties of the nano-
composites, seven dumbbell-shaped specimens (18 × 2.5 mm)
were cut and tested using an Instron 5543 fitted with a 500 N
load cell at a crosshead speed of 500 mm min−1. Scanning
electron microscopy (SEM, JEOL 7100) was used to observe the
fracture surface of samples snapped with liquid nitrogen, as
well as a cross section of the specimens after ambient uniaxial
tensile testing. All of the specimens were coated with a thin
layer (about 20 nm) of palladium prior to microscopic
observation.

To investigate the swelling behavior of the CNF-NR nano-
composite series, the samples were first dried at 60 °C under
vacuum for 24 h, then repeatedly weighed by digital balance
(MX5, Mettler Toledo, d = 1 µm) until a constant weight was
obtained. Then the samples were immersed in DI water at
room temperature, and the water uptake was measured34 at
several time intervals (6 and 12 h, 1, 3, 7 and 14 days) of
immersion. The specimens were removed from DI water and
any adhering water droplets were blotted with filter paper
without any excessive pressure on the surface of samples
before re-weighing. The relative weight gain was measured and
water uptake was calculated using the following equation:

Water uptakeð%Þ ¼ W �W0

W0
� 100

where W and W0 are the ultimate and initial weight of speci-
mens, respectively.

Results and discussion
CNF variant

Chemical properties. Fig. 2 presents the ATR-FTIR spectra of
the four different CNF. The peak in the range of 3000 to
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3600 cm−1 represents the hydroxyl stretching bond and the
band at 1632 cm−1 corresponds to the bending mode of the
absorbed water. The peaks around 2920 cm−1 (C–H stretching
bond of alkane group), 1429 cm−1 (symmetric bending of CH2),
1370 cm−1 (C–H or O–H bending), 1317 cm−1 (CH2 wagging),
1280 cm−1 (CH deformation in cellulose I), 1208 cm−1 (C–O–C
symmetric stretching, OH plane deformation), 1021 cm−1

(stretching of C–O) and 895 cm−1 (C–O–C stretching at the
β(1 → 4)-glycosidic linkage) observed in all CNF.26,35–37

Peaks at 1457 cm−1 (CH2 bending) and 1725 cm−1 (CvO
stretching vibration) show a higher intensity for NaOH-CNF
and CCU-CNF in comparison with B-CNF and M-CNF. These
two peaks are representative of aromatic groups associated
with the lignin components. For NaOH-CNF, the peak around
of 2927 cm−1 (asymmetric methoxyl C–H stretching bonding)
shows the highest intensity among all other samples, indicat-
ing the higher lignin content.38–40 The hydroxyl stretching
bond at 3336 cm−1 and 3331 cm−1, is observed for the
NaOH-CNF and CCU-CNF variants, respectively. After bleach-
ing (B-CNF) this peak shifts to 3315 cm−1 and for the M-CNF
the OH stretching peak appears at 3295 cm−1. Shifting in the
position of –OH stretching bond to a lower wavelength,
indicates a higher degree of hydrogen bonding between the
cellulose chains in bleached nanofibers in comparison to the
NaOH-CNF.41 The peak at 813 cm−1 only appears in M-CNF
which is associated with the glucomannan, β-D-glucose as a
monomer available in the wood-derived cellulose struc-
ture.42,43 Furthermore, FT-IR peaks at 665 cm−1 (C–OH out-of-
plane bending), 1001 cm−1 (C–C, C–OH, C–H ring and side
group vibration), 1053 cm−1 (C–O–C asymmetrical stretching
bond) and 1107 cm−1 (C–O asymmetric valence vibration) are
obviously more pronounced in M-CNF.40,43,44 This indicates
that M-CNF comprises cellulose chains with stronger hydrogen
bonding, which arises from the formation of higher purity
cellulose fibers.

The peaks at 1595 and 1513 cm−1 in NaOH-CNF are associ-
ated with the aromatic in-plane ring bond stretching (aromatic

CvC stretching) vibration of lignin.45 In CCU-CNF, the absorp-
tion peaks at 1623 cm−1 and 3268 cm−1 showing N–H stretch-
ing and bending bonds of amide groups, respectively. The
peaks at 785 cm−1 and 1665 cm−1 present CvO wagging and
stretching, respectively, from the amide group.46,47

Surface chemical properties. XPS spectroscopy was employed
to quantify the elemental surface composition of the CNF
series. The relative mean elemental atomic percentage for the
surface (five different spots) of different CNF types is pre-
sented in Table 1. Carbon and oxygen dominate the atomic
percentage in all samples; however, the ratios of certain
elements can shed light on the effect of CNF processing on
surface chemistry.

The presence of silicon is generally well-known in crops as
it is taken up by the roots of plants in the form of silicic acid
and can be deposited in cell wall structures as an amorphous
silica, hydrated silica and silicate (complex with mineral
metals (such as Ca and Mg)).48–50 It can be seen that the
atomic percentage of silicon is 1.6% in NaOH-CNF and after
bleaching, this value is reduced to 1.3%. The amount of
silicon in CCU-CNF after treating with the choline chloride–
urea mixture was also reduced to 0.3%. On the surface of
NaOH-CNF a minor amount of calcium was also detected,
which supports the retention of silicate complexes in this
sample. The higher amount of nitrogen in CCU-CNF is clearly
related to the second stage treatment of NaOH treated
T. pungens by choline chloride–urea. It is known that the
theoretical O/C ratio for pure cellulose, hemicellulose and
lignin are 0.83, 0.81 and 0.33, respectively,51 so increasing the
value of O/C can be directly related to the extent of lignin
removed from the surface of CNF. It can be seen that B-CNF
and M-CNF were showing a higher O/C ratio compared to the
alkali and DES-treated CNF (See Fig S1†).

Fig. 3 illustrates the high-resolution C 1s (Fig. 3a to d) and
O 1s (Fig. 3e to h) spectra for NaOH-CNF, B-CNF, CCU-CNF,
and M-CNF, respectively. Generally, the C 1s spectra can be
fitted by four main peaks, C1 to C4. C1 appears at around 285
eV binding energy and corresponds to aromatic and aliphatic
carbon backbone (carbon atoms with no oxygen neighbors),
which in these samples represent the non-cellulosic com-
ponents that are known to exist in adventitious carbon, lignin
and extractives (fatty acids and resins).52–54 The binding
energy of C–O, CvO/O–C–O, and O–CvO/CuO are associated
with C2, C3, and C4 peaks, respectively.53,55 All of the charge
shifts for XPS data were corrected by using the binding energy
of C–O (C2) bond based on the pure cellulose at 286.73 eV as a
reference peak.56,57 In this plot and Fig. S1,† the observed

Fig. 2 FT-IR spectra of the different types of CNF (B-CNF, M-CNF,
NaOH-CNF, and CCU-CNF).

Table 1 Elemental analysis of the different types of cellulose nanofi-
bers from the XPS typical survey spectra

CNF types O (at%) C (at%) N (at%) Si (at%) Ca (at%) O/C

NaOH-CNF 25.3 ± 0.8 72.3 ± 3.2 0.3 ± 0.4 1.6 ± 2.1 0.4 ± 0.3 0.3 ± 0.0
B-CNF 33.3 ± 1.7 65.1 ± 1.4 0.3 ± 0.5 1.3 ± 1.2 0 0.5 ± 0.1
CCU-CNF 27.8 ± 3.5 70.9 ± 3.2 1.0 ± 0.5 0.3 ± 0.3 0 0.4 ± 0.1
M-CNF 35.6 ± 1.4 63.0 ± 1.2 0.6 ± 0.1 0.7 ± 0.2 0 0.6 ± 0.0
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decrease in the C1 bonding in high-resolution C 1s spectra
with increasing O/C ratio directly relates to the degree of
removal of extractives and/or lignin from the surface of the
CNF series. Accordingly, the surface chemistry of NaOH-CNF
shows more similarity to lignin. The bleaching process
increases the O/C ratio while decreasing the C–C bonding, so
the blechaed CNF surface bears more similarity to a pure cellu-
losic surface. The lower intensity of C–C bonding in M-CNF
compared to B-CNF indicates the inclusion of less lignin and

hemicellulose on the surface of M-CNF, as might be expected
for a pure wood-derived CNF prepared using more intense
common pulping methods.

The fitted high-resolution O 1s XPS spectra are presented in
Fig. 3e to h. These spectra are calibrated based on the bonding
of C–OH at 532.93 eV and its ratio to C–O–C bonding has been
fixed at 60 : 40.57 Silicate and silicone can be detected in
NaOH-CNF and B-CNF at around 532 eV (ref. 58) binding
energy, but these signatures are not seen in CCU-CNF and

Fig. 3 High- resolution XPS carbon and oxygen spectra for different CNF types (a). C 1s for the NaOH-CNF, (b) C 1s for the B-CNF, (c) C 1s for the
CCU-CNF and (d) C 1s for the M-CNF, (e). O 1s for the NaOH-CNF, (f ) O 1s for the B-CNF, (g) O 1s for the CCU-CNF and (h) O 1s for the M-CNF.
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M-CNF, which were given in the XPS survey spectra. The minor
peaks present at around 531.3–531.6 eV are related to CvO
boding and can be related to the presence of lignin, hemicellu-
lose and/or amide groups (especially in CCU-CNF, which was
also present in the FT-IR spectra and relates to the absorption
or adsorption of urea). The existence of amide groups in
CCU-CNF is also confirmed by high-resolution N 1s (see
Fig. S2†) showing a single peak at 400 eV.55

Surface physical properties. The contact angle measurement
can provide further insights regarding the surface tension and
wettability of CNF and NR control sample (Table 2).

M-CNF gave rise to the lowest contact angle (θ = 8.6°) indi-
cating the most polar surface among all of the samples. The
contact angle of B-CNF is significantly higher at 30.4°. This is
undoubtedly related to the presence of a higher content of
hemicellulose and a small amount of residual lignin (3 wt%)
in this CNF variant.26 As discussed in FT-IR and XPS studies,
the lignin content of NaOH-CNF is higher than the other CNF.
Lignin comprises both hydrophobic and hydrophilic func-
tional groups, which overall contribute to a higher contact
angle compared to the pure cellulosic materials.

The DES system as a cationic functionalization pretreat-
ment on NaOH-treated grass further increased the hydrophobi-
city of the CCU-CNF nanopaper, where θ was measured at
62.7°. This could be related to the presence of amide groups
on the surface, but may also be related to the softening and
plasticizing effect of the DES on the components of NaOH-
treated grass. We postulate that this plasticizing effect could
accommodate the formation of a denser and smoother nano-
paper surface, which in turn can affect contact angle. For com-
pleteness, the contact angle of the cured host NR polymer was
measured at 82.7°, which is in agreement with literature
values.59,60 Thus, it can be seen that the contact angle value of
CCU-CNF is closer to NR with respect to M-CNF and B-CNF.

Dimensions. Fig. 4a–d show the low and high-resolution
TEM images of the CNF series. The average diameter of
NaOH-CNF, B-CNF, CCU-CNF and M-CNF are 12.6 ± 2.5 nm,
12.5 ± 3.8 nm, 10.7 ± 2.7 nm and 15.8 ± 6.7 nm, respectively.
In comparison, the choline chloride–urea treated spinifex
nanofiber exhibits the smallest diameter, presumably due to
positive charge repulsion, whereas the wood based M-CNF
sample is comprised of relatively thicker nanofibers. The
thicker dimensions of M-CNF could be attributed to the differ-
ence in the source, native structure, and fibrillation method.
In the case of M-CNF, pure cellulose has a higher density of
hydroxyl groups which may facilitate CNF agglomeration.61

Rheology of NR/CNF suspensions

In order to understand the degree of compatibilization and
dispersion of CNF in the latex colloidal suspension and the
flow-behavior, the rheological properties of CNF/NR latex mix-
tures (at 0.1–2 wt% loading) were measured. In general, at
room temperature, with increasing concentration of CNF, the
zero-shear viscosity (or an initial shear viscosity at 0.1 s−1) of
suspensions was increased (Table S1†) and a non-linear, shear-
thinning non-Newtonian behavior was observed with increas-
ing shear rate (Fig. 5).

The shear viscosity for the NR latex control sample at the
initial shear rate at 0.1 s−1 was 0.21 Pa s and this was seen to
decrease steadily with increasing shear rate, presumably due
to the increased ease-of-flow of latex particles past one another
with increasing the shear rate. Generally this shear thinning
behavior is retained for suspensions with a 0.1 wt% loading of
NaOH-CNF, B-CNF, and CCU-CNF indicating that the CNF
are dispersed well among the NR latex particles without any
significant interactions. However at higher loadings there are
some changes in the rheological behavior, including an

Table 2 Contact angle values and photographs of water droplets on the surface of NaOH-CNF, B-CNF, CCU-CNF and M-CNF

Sample name NaOH-CNF B-CNF CCU-CNF M-CNF Control sample NR

Contact angle (θ) 45° ± 4.6° 30° ± 3.5° 62.7° ± 5.1° 8.6° ± 1.4° 82.7° ± 3.1°
Photograph of water droplet

Fig. 4 Transmission electron micrographs (scale bar 5 µm) of (a)
NaOH-CNF, (b) B-CNF, (c) CCU-CNF and (d) M-CNF. Insets show the
high-resolution TEM (HR-TEM) images (scale bar 10 nm).
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increase in suspension viscosity due to the increased inter-
action of latex particles and cellulose nanofibers which
restricts the mobility or ‘flow-ability’ of the latex particles.39,62

Some of the CNF/NR latex suspensions, such as NaOH-CNF/
NR at 0.5 and 1 wt% loadings, B-CNF/NR at 0.1, 0.5 and 1 wt%
loadings, CCU-CNF/NR at 0.5 wt% and M-CNF at 0.1 and
0.5 wt% loadings in particular, display yield stress behavior,
seen as a hump in the viscosity-shear rate curves and ascribed
to more substantive inter-particle interactions, which need to
be overcome in order for the suspension to flow. This yield be-
havior could, for example, be attributed to the formation of a
layer of CNF around the NR latex particles. In a certain concen-
tration range of CNF (which is specify for each type of fibers
and could be related to its surface hydrophilicity, functional
group and dimension), the latex particles interact well with
nanofibers through cohesive forces to form a network in the
suspensions, however at higher CNF concentrations, rather
than forming this network larger discrete, agglomerates form
preferentially and the yield stress behavior is concomitantly
lost. For all CNF in the series, the yield stress signature dis-
appeared at 2 wt% CNF concentration due to this phenom-
enon. The initial viscosity at 0.1 s−1 for the 2 wt% M-CNF/NR
is significantly higher than that measured for other samples
(27.7 Pa s), perhaps an indirect indicator of a higher degree of
CNF agglomeration, higher latex composite stiffness and poor
ultimate tensile properties in the cured films.

Tensile properties of NR/CNF nanocomposites

Reinforcing pre-vulcanized latex systems with fillers is exceed-
ingly challenging because successful reinforcement, in other
words, the effective transfer of shear stress from matrix to
filler, can only happen at the boundary between pre-cross-
linked microscale latex particles after film formation and final
curing, and all of this must not change the colloidal stability
of suspension so that products can be manufactured (for
example dipped condoms or gloves). In addition, if filler load-

ings are too high, latex-latex interparticle coalescence and
adhesion can be masked, leading to a pronounced loss in
ductility. The reinforcement efficiency of CNF at different con-
centrations was studied by measuring the uniaxial tensile pro-
perties of the series of nanocomposites. Fig. 6 summarizes the
ultimate tensile strength, strain at break, toughness (calculated
from the area under the stress–strain curves) and stress at
500% strain (an industry norm for comparing the stiffness of
elastomers) values (also, see Fig. S3, Fig. S4, Fig. S5 and
Table S2 in ESI† for the statistical distribution of these values).

The tensile strength, elongation at break and toughness
values for the NR control sample are 24.3 MPa, 1925% and 125
MJ m−3, respectively, showing very good mechanical properties
of the host polymer compared to the majority of academic
reports.20,63–65 Nanocomposites reinforced with 0.1 and
0.5 wt% NaOH-CNF and 0.1 wt% CCU-CNF showed a 5.5%,
11.3% and 17% improvement in tensile strength, respectively,
and importantly this was achieved without a significant
decrease in tensile strain at break due to superior dispersion
and interfacial compatibility between these more hydrophobic
CNF variants and the NR host. The composite reinforced with
0.1 wt% CCU-CNF actually showed the highest reinforcement
efficiency coupled with negligible stiffening and loss of elonga-
tion at break, but at higher loadings of this CNF variant, we
suspect that DES treatment led to the plasticization of the CNF
components,66 perhaps resulting in the formation of softer
CNF agglomerates with less mechanical integrity. The negli-
gible stiffening displayed supports this supposition. The next
most hydrophilic CNF in the series, bleached spinifex nano-
fibers, B-CNF, resulted in poor overall mechanical perform-
ance, with the most crystalline and hydrophilic wood-derived
M-CNF showing the highest stiffening coupled with the most
detrimental drops in strength, ductility and toughness.
Bleached fibers have more tendency to agglomerate upon latex
film drying due to their strong hydrogen-bonding propensity,
which we believe most likely results in a heterogeneous distri-
bution of nanofibers in the latex matrix, and ultimately the for-

Fig. 5 Viscosity versus shear rate of various weight concentration of
different CNF (a. NaOH-CNF, b. B-CNF, c. CCU-CNF, and d. M-CNF) in
NR latex.

Fig. 6 (a) Tensile strength, (b) elongation at break, (c) stress at 500%
elongation and (d) toughness of NR nanocomposites with various CNF
types and concentrations.
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mation of larger stiff, but poorly compatibilized agglomerates,
which can act as stress raisers. The increase of tensile stress
above 3 MPa in the range of 100–500% elongation is one of the
major drawbacks for NR latex nanocomposites. Retaining
membrane compliance is a critical factor for high performance
elastomer applications such as condoms and gloves. Overall,
the latex membranes reinforced with less than 0.5 wt%
T. pungens-based CNF retained this desirable softness, whereas
the wood-derived CNF (M-CNF) were associated with a signifi-
cant and undesirable stiffening effect. This stiffening effect is
further exemplified in the DMA analysis (see Fig. S6†). Clearly,
the mechanical data shows that CNF comprising carefully con-
trolled remnant hemicellulose and lignin cell wall polymers
can be advantageously employed to preserve ductility and com-
pliance, while efficiently achieving considerable gains in
strength and toughness. It is also particularly attractive that
these results have been achieved without the use of additional
organic dispersing agents, crosslinking agents or surfactants.

Fracture surfaces and water uptake studies

Fig. 7a–e compare the SEM cross-sectional images of the cryo-
fractured 0.1 wt% CNF/latex nanocomposites and Fig. 7f–j
show SEM images of the fracture surface of the same nano-
composites after uniaxial tensile testing. With respect to the
NR control sample which shows well-defined microscale latex
globules or pits, the addition of nanocellulose variants is
accompanied by some very interesting changes in fracture
surface texture. The two best performing nanocomposites at
this low loading (0.1 wt% NaOH-CNF and CCU-CNF) displayed
a combination of both smoother cryo-fracture surfaces and
tensile fracture surfaces more devoid of microscale pitting.
This, plus the inclusion “wavy groove” features indicating well-
compatibilized microscale CNF bundles all point towards
better reinforcement and cohesion. The more hydrophilic var-
iants (0.1 wt% B-CNF and M-CNF) showed a lot of pitting and
de-bonding in the tensile fracture surfaces, together with evi-
dence of larger, poorly-integrated agglomerates in the M-CNF
composite, as might be expected.

The degree of water uptake of nanocomposites in DI water
as a function of CNF type and loading is shown in Fig. 8.
Although all samples including the control sample absorbed
water, it can be seen that adding CNF into the NR matrix can
significantly affect the kinetics of water uptake. Indirectly, this
can tell us about the quality of dispersion and degree of con-
nectivity of CNF bundles in each composite system. For
example, some nanocomposites with 0.1–0.5 wt% loadings
reached the plateau (corresponding to the water uptake at
equilibrium) within 1–4 days compared to 7 days for the
control sample due to the hydrophilic nature of cellulose
which can form channels through the latex polymer matrix.67

In general, the addition of 0.1 wt% CNF into the NR matrix
resulted in the maximum level of water uptake after 14 days,
regardless of the CNF type. For example 0.1 wt% NaOH-CNF/
NR and 0.1 CCU-CNF/NR absorbed 44 and 31%, respectively
more water than the control sample. Conversely, further
increases in the concentration of CNF decreased the ultimate

swelling degree, and this was attributed to the formation of a
coarser cellulose network (percolation network) that then
behaves more as a barrier phase rather than a conduit, and
therefore limits water diffusion.68

Behavior at the lower nanofiller loadings is particularly
informative. The plateau for 0.1 and 0.5 wt% of B-CNF/NR and
M-CNF/NR nanocomposites was achieved in less than a week,
in contrast to 0.1 and 0.5 wt% of NaOH-CNF/NR and CCU-CN/
NR nanocomposites, which were still absorbing water after
2 weeks. This phenomenon could be related to the presence
of more residual hydrophobic lignin in NaOH-CNF and
CCU-CNF, which absorbs water slower than cellulose. In
addition, it can be concluded that at low loadings of CNF (0.1
and 0.5 wt%) the strength of fiber–fiber interactions and
degree of agglomeration in NaOH-CNF and CCU-CNF were
lower than B-CNF and M-CNF nanocomposites. Therefore, it

Fig. 7 SEM fracture surface of control sample and nanocomposites
with 0.1 wt% of CNF/NR variants before (left) and after (right) tensile
test.
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can be assumed that the NaOH-CNF and CCU-CNF were dis-
persed better in these nanocomposites, which is in agreement
with our rheology and tensile results, as well as SEM images.
NR nanocomposites with 2 wt% CNF show the lowest water
uptake capacity, which could be related to more extensive CNF
agglomeration (see Fig. S7†).

Conclusions

Here we reported the performance and characterization of a
series of nanocomposites of natural rubber latex incorporating
four different CNF variants, including three spinifex-derived
CNF. We demonstrated the influence of CNF surface chem-
istry, dimensions and remnant lignocellulosic components.
The incorporation of 0.5 wt% NaOH-CNF into a high-quality
industrial pre-vulcanized NR latex grade has enhanced the
tensile strength by 11% and the excellent dispersion and com-
patibility of this CNF grade are facilitated by the presence of
residual lignin. The incorporation of CCU-CNF that originated
from a deep-eutectic solvent (choline chloride and urea) pre-
treatment protocol, and which exhibited a relatively higher
surface hydrophobicity, resulted in the toughest nano-
composite. Due to its enhanced interfacial wettability/
adhesion, the nanocomposite incorporating 0.1 wt% CCU-CNF
enhanced the tensile strength by 17%, coupled with negligible
stiffening and loss of elongation at break. Bleaching treatment
(or removal of remnant lignin) of the spinifex pulp and resul-
tant CNF resulted in inferior nanocomposite tensile pro-
perties. However, in comparison with a wood-derived bleached
CNF (M-CNF), the nanocomposites with bleached spinifex
CNF (B-CNF) demonstrated less stiffening and a less severe
reduction in tensile properties, which is attributed to the
higher hemicellulose content in B-CNF. It can be concluded
that through careful, systematic control of the residual hemi-
cellulose and lignin components in the CNF structure, NR

latex nanocomposites with attractive property profiles can be
prepared with enhanced CNF dispersion and interfacial
adhesion, as well as no expected occupational and health
safety issues.
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