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Abstract: Natural rubber latex foam (NRLF) was reinforced with micro- and nanofibrillated cellulose at
a loading content of 5–20 parts per hundred of rubber (phr) via the Dunlop process. Cellulose powder
from eucalyptus pulp and bacterial cellulose (BC) was used as a microcellulose (MC) and nanocellulose
(NC) reinforcing agent, respectively. NRLF, NRLF-MC, and NRLF-NC exhibited interconnected
macroporous structures with a high porosity and a low-density. The composite foams contained
pores with sizes in a range of 10–500 µm. As compared to MC, NC had a better dispersion inside the
NRLF matrix and showed a higher adhesion to the NRLF matrix, resulting in a greater reinforcement.
The most increased tensile strengths for MC and NC incorporated NRLF were found to be 0.43 MPa
(1.4-fold increase) and 0.73 MPa (2.4-fold increase), respectively, by reinforcing NRLF with 5 phr MC
and 15 phr NC, whereas the elongation at break was slightly reduced. Compression testing showed
that the recovery percentage was improved to 34.9% (1.3-fold increase) by reinforcement with 15 phr
NC, whereas no significant improvement in the recovery percentage was observed with MC. Both
NRLF-MC and NRLF-NC presented hydrophobic surfaces and good thermal stability up to 300 ◦C.
Due to their highly porous structure, after a prolong immersion in water, NRLF composites had high
water uptake abilities. According to their properties, the composite foams could be further modified
for use as green absorption or supporting materials.
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1. Introduction

Cellular rubber, or natural rubber latex foam (NRLF), has long been considered as an economical
material with advantageous properties, such as light weight, buoyancy, cushioning performance,
thermal and acoustic insulation, inertness, high porosity, robust micro/nanostructures and good aging
properties [1,2]. The Dunlop process is a main NRLF manufacturing method invented by E.A. Murphy
in the late 1920s for manufacturing latex from the sap of rubber trees. In this process, natural rubber
latex (NRL) is compounded with vulcanizing agents and whipped into froth by an assistance of a
foaming agent. A delayed-action gelling agent such as sodium silicofluoride (SSF) is added into the
fluid foam and subsequently injected into a mold. The fluid foam is allowed to be gelled into solid foam
at ambient temperature and baked in a vulcanization oven. After the foam is baked, it is removed from
the mold, washed, and then heated a second time to remove moisture from the final product. The result
is dense, durable latex foam that retains its elasticity. The Dunlop process is widely used because
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the production process is simple, reliable, economical and energy-efficient [3]. However, to improve
NRLF properties with environmentally friendly construction, natural materials, such as cellulose from
plants or byproducts from animals, have been used as reinforcing agents. Bashir et al. [1] attempted
to use eggshell to reinforce the NRLF and concluded that the modulus at 100% elongation (M100),
compression stress, compression set, hardness, rubber filler interaction and density were increased
with an eggshell filler loading up to 10 parts per hundred of rubber (phr). To apply natural fibers,
Karim et al. [4] prepared kenaf-filled NRLF and concluded that the increasing content of kenaf reduced
the tensile strength, elongation at break and compressive strength of modified NRLF, whereas the M100
and density were enhanced with an increase in filler loading. An agricultural by-product, rice husk
powder, was also used as a reinforcing agent for NRLF via the Dunlop process, and it was reported
that an increase in rice husk powder loading reduced the elasticity of modified NRLF, resulting in
stiffer and more rigid foam, which led to lower resistance to failure (Ramasamy et al. [5]).

In our previous research work, we improved the mechanical and physical properties of natural
rubber composite films by reinforcing them with bacterial nanocellulose (BC) via a latex aqueous
microdispersion process and found that the tensile strength of NR and BC (NRBC) composite films
with BC loaded at 80 wt % was 94% higher than that of pure NR films [6]. BC is a product from primary
metabolism processes of microbes, such as Acetobacter xylinum. BC has been extensively reported as
having unique properties, including high mechanical strength, high water absorption capacity and
high crystallinity [6–8]. BC is also widely used as biomaterials for medicinal purposes [7–11].

In this study, composites of NRLF reinforced with microcellulose (MC) and nanocellulose (NC)
were fabricated via the Dunlop process, in which the pulp of the eucalyptus tree was used as a
source of MC and BC was used as a source of NC. The effects of MC and NC loading as reinforcing
agents of NRLF on its physical structure, mechanical properties, solvent uptake and thermal stability
were investigated. The goal of this work is to develop NRLF composites with improved mechanical
properties and absorption capacity, which would be further applied in the biomedical field as wound
dressing and as absorption materials for oil–water mixtures.

2. Materials and Methods

2.1. Materials

High ammonia NRL (HA-NRL) with 60% dry rubber content (DRC) was purchased from the
Rubber Research Institute of Thailand (Bangkok, Thailand). BC (98–99% water content in wet weight)
was kindly provided by Pramote Thamarat (Institute of Research and Development of Food Product,
Kasetsart University, Bangkok, Thailand). Eucalyptus pulp sheets were kindly supported by the
Teppatana Paper Mill Co., Ltd. (Bangkok, Thailand). All other chemical reagents were purchased from
Sigma-Aldrich (Bangkok, Thailand).

2.2. Preparation of Cellulose Powder

For the preparation of MC, eucalyptus pulp (white cellulose compressed sheets made from 100%
cellulose fibers, kindly provided by Teppattana Paper Mill Co., Ltd., Bangkok, Thailand) was soaked
in deionized (DI) water for 5 min and was cut into small piece (size 5 × 5 cm2). Then it was dried in
a general drying oven at 105 ◦C for 24 h to remove moisture. Next it was grinded into powder by
using ball mill (PM 100, Haan, Germany) and sieved in order to obtain the powder with a size of less
than 200 µm.

For the preparation of NC, the small cubes of BC hydrogel (size 1 × 1 × 1 cm3) were purified
by washing with DI water, then soaked with 1 wt % sodium hydroxide (NaOH) for 48 h to remove
bacterial cells, and finally rinsed with DI water until the pH was 7.0. After that, BC was thoroughly
crushed and homogenized by using a blender at room temperature. Then the BC slurry was dried in a
general drying oven at 105 ◦C for 24 h to remove moisture. Next it was grinded into powder by using
ball mill (PM 100, Haan, Germany) and sieved in order to obtain the powder with a size of ≤ 200 µm.
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2.3. Characterization of Cellulose

Scanning electron microscopy (SEM) micrographs were taken on a JSM-5410LV (JEOL, Tokyo,
Japan). The eucalyptus pulp and BC slurry were dried and sputtered with a 200-Å layer of gold in
a Balzers-SCD 040 sputter coater (Liechtenstein). The images of cellulose fibers were immediately
viewed at an accelerating voltage of 2 kV.

The definitive structural information and crystallinity were characterized by X-ray diffraction
(XRD). XRD patterns of the cellulose powder were determined with a diffractometer (Bruker AXS
Model D8 Discover) under 40 kV and 30 mA. X-ray diffraction measurements were performed in the
2θ range of 5–40◦ using Cu-Ka radiation. The percentage of crystallinity were obtained from the X-ray
empirical method proposed by Segal et al. [12].

Thermogravimetric analysis (TGA) of MC and NC powders were performed using a TGA
Q50 V6.7 Build 203, Universal V4.5A (TA Instruments, New Castle, DE, USA) equipped with a
platinum cell in a nitrogen atmosphere. The scanning range was 35–600 ◦C using a heating rate
of 10 ◦C min−1. The temperature for different percentages of weight loss, the initial degradation
temperature (Td), and temperature at maximum decomposition were determined from the TGA and
differential thermogravimetry (DTG) curves.

2.4. Preparation of NRLF and Reinforced NRLF

First, NRL was thoroughly mixed with MC or NC powders dispersed in DI water (at concentration
varied from 0, 5, 10, 15 and 20 phr) for 5 min in a beater homogenizer (Kenwood, KVL6320S). Then the
mixture was added with potassium oleate soap to make foam until the volume increased up to three
times the initial volume (beating time 3 min). After foaming, sulfur, zinc diethyldithiocarbamate
(ZDEC), zinc 2-mercaptobenzhiozolate (ZMBT) and phenolic-type antioxidant (Wingstay L) were
added to the foam and mixed at low speed for 2 min. Then ZnO slurry and 1,3-diphenylguanidine
(DPG) were added as the secondary gelling agent and mixed at low speed for 2 min. Next, the primary
gelling agent, sodium silicofluoride (SSF), was quickly added, and the mixture was homogenized for
another 90 s. The details on the main compounds and their amounts in the composites are summarized
in Table 1. Finally, the foam was immediately poured into the aluminum mold and allowed to be gelled
for 3 min at ambient temperature. The gelled NRLF was then vulcanized in a steam oven at 100 ◦C
for 1 h. The vulcanized foam was stripped out from the mold and aged at ambient temperature for
24 h. The aged NRLF was washed with DI water to remove the potassium oleate soap and excessive
non-reacted elements. After washing, NRLF was dried in a hot-air oven at 70 ◦C for 24 h.

Table 1. Formulation of the natural rubber latex (NRL) compounds for the synthesis of reinforcing
NRL foam (NRLF).

Ingredient Amount (phr)

60% DRC HA-NRL 100
MC or NC 5, 10, 15, 20

10 wt % Potassium oleate soap 1.5
50 wt % Sulfur 2.0

50 wt % Phenolic Adhesive Antioxidant 1.0
50 wt % ZMBT 1.0
50 wt % ZDEC 1.0
50 wt % ZnO 5.0
33 wt % DPG 1.0
12.5 wt % SSF 1.0

NRLF reinforced with MC in concentrations of 5, 10, 15 and 20 phr are named as NRLF-MC5,
NRLF-MC10, NRLF-MC15 and NRLF-MC20, respectively, and NRLF reinforced with NC in
concentrations of 5, 10, 15 and 20 phr are named as NRLF-NC5, NRLF-NC10, NRLF-NC15 and
NRLF-NC20, respectively.
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2.5. Characterization of NRLF, NRLF-MC and NRLF-NC

SEM images were taken with a SEM (model JSM-5410LV, JOEL, Tokyo, Japan). The samples of
NRLF, NRLF-MCs and NRLF-NCs were frozen in liquid nitrogen, immediately snapped and then
vacuum-dried. The free surfaces were sputtered with gold and imaged. SEM was obtained at 15 kV.

Foam density of NRLF, NRLF-MCs and NRLF-NCs was determined using an analytical balance
with a density kit. The report values were the average values determined from five specimens.

Crosslink density of NRLF, NRLF-MCs and NRLF-NCs was determined using swelling method
at room temperature according to ASTM D471. Each test specimens were cut into 2 × 2 × 0.6 cm3.
The weight of each sample was measured before and after immersed into toluene for 48 h. The cross-link
density was determined by equilibrium swelling in toluene, based on the Flory–Rehner equation [13–15]
as shown in Equation (1).

−

{
ln(1−Vr) + Vr + χV2

r

}
= ρV0M−1

c V
1
3
r (1)

where χ is the interaction parameter between rubber and toluene, which is 0.42, ρ is the density of
rubber composite (g/cm3), V0 is the molar volume of toluene (cm3/mol), Mc is the physical crosslink
concentration (mol/cm3) and Vr is the volume fraction of the rubber in the swollen sample, which is
obtained by Equation (2).
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where ρs is the density of toluene (g/cm3), ρr is the density of rubber (g/cm3), Xr is the mass fraction
of rubber, which can be obtained using Equation (3), and Xs is the mass fraction of toluene, which is
obtained by Equation (4).

Xr = 1−Xs (3)

Xs =
ms −md

ms
(4)

where ms is mass of swollen sample and md is dry mass. After estimating Mc from Equation (1) using
the experimentally determined ms and md, the physical crosslink density, [X]phys, can be obtained by
Equation (5) [16].

[X]phys =
1

2Mc
(5)

For tensile property testing, samples of NRLF, NRLF-MCs and NRLF-NCs were cut into a dumbbell
shaped specimen, with an overall length of 115 mm and a narrow section of 33 mm wide (according
to die C). The maximum tensile strength and break strain of the samples were determined with a
universal testing machine (Hounsfield model H10 KM, USA). The test conditions followed ASTM D412.
The reported tensile strength and break strain were the average values determined from 5 specimens.

Compression test for NRLF, NRLF-MCs and NRLF-NCs were performed through a Hounsfield H
10 KM universal testing machine (Scientific and Technological Research Equipment Centre, Chulalongkorn
University, Bangkok, Thailand). The samples were cut into of 50× 50× 25 mm3 (length ×width × thickness).
The samples were placed between the plates of the compression device and compressed to 25% of its
original thickness. Within 15 min, compressed specimens and the device were placed in an air oven
for a period of 22 h at a test temperature of 70± 2 ◦C. After 22 h, the specimens were immediately
removed from the device and allowed to recover for 30 min. Thickness of the specimens was measured
after the recovery. Compression properties, such as constant deflection compression set and recovery
percentage, were calculated according to ASTM C165.

The water contact angle under ambient condition was measured by using a contact angle
goniometer (Ramé-hart. Instrument Co., USA, model 100-00) equipped with a Gilmont syringe and
22-gauge flat-tipped needle.
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The water uptake of NRLF, NRLF-MCs and NRLF-NCs was determined at room temperature
according to ASTM D471. Each test specimens were in the form of 2 × 2 × 0.6 cm3. The mass of
each sample was measured before and after immersed into water for 72 h. The degree of uptake was
calculated as;

Degree o f uptake (%) =
Ww −Wd

Wd
× 100 (6)

where, Ww and Wd denote the weight of wet and dry samples, respectively.
Thermal stability of the composite foams was performed using a TGA Q50 V6.7 Build 203,

Universal V4.5A (TA Instruments, New Castle, DE, USA) equipped with a platinum cell in a nitrogen
atmosphere. The scanning range was 35–600 ◦C using a heating rate of 10 ◦C min−1. The temperature
for different percentages of weight loss, Td, temperature at maximum decomposition, and residue
level at 600 ◦C of NRLF and NRLF-MCs and NRLF-NCs were determined from the thermogravimetric
analysis (TGA) and derivative thermogravimetric (DTG) curves.

3. Results and Discussion

3.1. Characterization of Cellulose Fibers/Powders

According to the SEM results, the average width and length of dry fibers were around 10 and
100 µm, respectively for the eucalyptus pulp (Figure 1a) and 10 and 3000 nm, respectively for BC
(Figure 1b). The MC and NC powders were fiber packed particles in the size around 0.5–200 µm.
Small portion of MC particles with a size smaller than 1 µm was detected, which indicated that
some of the pulp fibers were pulverized into smaller particles during mechanical grinding in a ball
mill [17,18]. The particle size of NC powder was considerably larger than the diameter of bacterial
nanocellulose (BC) fiber, which could be due to the agglomeration of BC fibers during the drying
process. The occurrence of this phenomenon was probably the result of the large specific area and
strong hydrogen bonding between the particles, which were not affected by a mechanical grinding
method [19].
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Figure 1. SEM images of microcellulose fibers from eucalyptus pulp (a) and nanocellulose fibers
from BC (b).

XRD patterns of MC and NC powders are shown in Figure 2. Three main peaks of MC were
detected at 2θ = 14.9◦, 16.5◦ and 22.6◦; however, it was difficult to observe a peak at 14.9◦ from the
MC diffractograms because of two overlapping peaks between the first peak (14.9◦) and the second
peak (16.5◦). NC showed peaks at 14.1◦, 16.1◦ and 22.4◦. Those peaks correspond to 110, 110 and
020 lattice planes of the cellulose I crystalline form [20,21]. The locations of peaks were similar to
those of plant celluloses [15,16] and BC [17–19]; however, their diffraction peaks were relatively less
sharp. Therefore, the mechanical grinding process by using a ball mill might partially reduce the
crystalline regions, leading to a higher proportion of the amorphous phase. MC showed less sharp
peaks compared to those of NC, indicating a less crystalline material. The crystallinity of MC and NC
powders were 36.96% and 46.35%, respectively. The XRD diffractogram of NC also showed peaks
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at 28–40◦, which could be connected with NaOH presence in NC [22], because NaOH solution was
used as the solvent to remove bacterial cells from NC. Cellulose treated with NaOH could react with
this substance, which caused the incorporation of sodium into the cellulose structure [23], the most
probably in ionic form [24,25]. Crystalline NaOH have diffraction patterns at another 2θ value [22] than
this observed result. The most intensive patterns for NaOH have to be at about 38 and then 32◦ [26].
In this case the observed patterns could be most probably connected with Na-cellulose formation [24].
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3.2. Morphology of NRLF, NRLF-MC, and NRLF-NC

Previous studies have reported reinforced NRLF with eggshell powder [1], kenaf powder [4] and
rice husk powder [5] with loading up to 10 wt %. From our preliminary study, it was found that adding
fibers from plant cellulose or BC in the form of dry or wet fibers was also limited at about 10 wt %
due to poor dispersion of cellulose in the NR matrix. In addition, at a high loading of cellulose fibers,
the occurrence of fiber bloom on the surface was observed. To enhance the cellulose loading content,
MC and NC were, therefore, prepared in the form of powder, and then were added with DI water
to form dense slurry. The optimal weight ratio for MC slurry was MC:DI water at 50:50; the optimal
weight ratio for NC slurry was NC:DI water at 75:25. Well-dispersion of cellulose particles in the
NR could be obtained by thoroughly mixing the dense slurry with the NR. By this modified method,
a higher content of cellulose loading, up to 20 phr, could be applied for the fabrication of NRLF-MC
and NRLF-NC. The structures of NRLF, NRLF-MCs and NRLF-NCs, imaged by SEM are shown in
Figure 3. The cross-sectional views of NRLF composites at MC and NC loading from 5 to 20 phr
showed that MC and NC were well dispersed within the NR matrix without segregation between
cellulose particles and NR.

Observation of the porous structure showed that no pores were on the bottom surface of the
NRLF; however, numerous pores in the range of 10–400 µm were observed on the top surface and in
the cross-sectional view. NRLF exhibited an interconnected macroporous structure of high porosity.
Commonly, the Dunlop method is a mechanical foaming process that regulates pore formation poorly,
leading to a non-homogeneous foam distribution. NRLF-MC exhibited rather similar structure in the
cross-sectional view and on the top surface compared with NRLF; however, the pore size was relatively
larger. Open macropores were also observed on the bottom surface of NRLF-MC and the number of
pores increased with the loading content of MC. NRLF-NC presented a foam structure with no pores
on the bottom surface and fewer and smaller pores were observed on the top surface as compared
to those of NRLF and NRLF-MCs. All cross-sectional views of NRLF-MC and NRLF-NC showed an
interconnected macroporous structure with pores sizes in the range of 10–500 µm. It demonstrated
that reinforcement with cellulose fillers changed the porous structure of NRLF composites. The size



Polymers 2020, 12, 1959 7 of 16

and loading content of cellulose fibers were important factors affecting the porous structure of NRLF
composite foams fabricated with the Dunlop method.
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3.3. Foam Density

Densities of NRLF, NRLF-MCs and NRLF-NCs are shown in Figure 4. In general, the density is
enhanced with the addition of filler, if the total volume of composites remains constant. There was a
slight change in the foam density of NRLF-MC by MC loading; the foam density was 0.15–0.18 g/cm3,
where the density of NRLF was 0.18 g/cm3, which should be due to the similar pore structure of NRLF
and NRLF-MC. The increase in MC loading, along with the increase in pore size and pore volume,
caused no dramatic change in NFLC-MC density as compared with that of NRLF. However, NRLF-NC
demonstrated fewer and smaller pores on the top surface as compared with NRLF, and the density of
NRLF-NC considerably increased with NC loading content, as shown in Figure 4. The highest density
of 0.31 g/cm3 (about 1.7 times of that of NRLF) was obtained by NC loading at 20 phr.
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3.4. Crosslinking Density

The crosslinking density of the vulcanized rubber determines their mechanical properties in
which the increase in the crosslink density lead to the improvement of mechanical properties [27,28].
It was determined by equilibrium swelling in toluene and based on the Flory–Rehner equation [13–15].
The results are shown in Figure 5. According to Figure 5a, the crosslinking density of NRLF-NC was
increased with an increase in loading content of NC particles, which should be due to an increase
in interaction between NC fibers and NR and hydrogen bonding between NC fibers in NR matrix,
making it harder for the composite to expand in toluene. In addition, the polarity and tortuosity
might be responsible for the restricted penetration of toluene into the NR matrix [29]. As compared to
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NRLF-NC 15, the crosslink density of NRLF-NC20 was lower, which could be due to less uniform
dispersion of NC particles in the NR matrix.

A higher foam density would normally lead to a higher crosslinking density [30]. In case
of NRLF-MCs, relatively lower crosslink densities were observed when compared to NRLF-NCs,
which might be owing to their lower foam densities. Generally, a higher crosslink density presents
a lower solvent swelling ability, because the increase in crosslink density hinders polymeric chain
mobility [31]. According to Figure 5b, NRLF-MCs and NRLF-NCs followed the expected trend,
in which the increase in degree of swelling is related to the decrease in crosslinking density. NRLF-NCs
showed lower degrees of swelling when compared to NRLF-MCs.

Polymers 2020, 12, x FOR PEER REVIEW 8 of 17 

 

3.4. Crosslinking Density 263 

The crosslinking density of the vulcanized rubber determines their mechanical properties in 264 
which the increase in the crosslink density lead to the improvement of mechanical properties [27,28]. 265 
It was determined by equilibrium swelling in toluene and based on the Flory–Rehner equation 266 
[13-15]. The results are shown in Figure 5. According to Figure 5a, the crosslinking density of 267 
NRLF-NC was increased with an increase in loading content of NC particles, which should be due to 268 
an increase in interaction between NC fibers and NR and hydrogen bonding between NC fibers in 269 
NR matrix, making it harder for the composite to expand in toluene. In addition, the polarity and 270 
tortuosity might be responsible for the restricted penetration of toluene into the NR matrix [29]. As 271 
compared to NRLF-NC 15, the crosslink density of NRLF-NC20 was lower, which could be due to 272 
less uniform dispersion of NC particles in the NR matrix.  273 

A higher foam density would normally lead to a higher crosslinking density [30]. In case of 274 
NRLF-MCs, relatively lower crosslink densities were observed when compared to NRLF-NCs, 275 
which might be owing to their lower foam densities. Generally, a higher crosslink density presents a 276 
lower solvent swelling ability, because the increase in crosslink density hinders polymeric chain 277 
mobility [31]. According to Figure 5b, NRLF-MCs and NRLF-NCs followed the expected trend, in 278 
which the increase in degree of swelling is related to the decrease in crosslinking density. NRLF-NCs 279 
showed lower degrees of swelling when compared to NRLF-MCs. 280 

Figure 5. Crosslink density as a function of (a) cellulose loading content and (b) degree of swelling in 281 
toluene. The filled triangles and open circles are for NRLF-NCs and NRLF-MCs, respectively. 282 

3.5. Mechanical Properties 283 

Generally, modulus and tensile strength would be improved with an increase in loading 284 
content of reinforcing fillers. The smaller fillers and better distribution/dispersion of fillers in 285 
composite matrix are also favored for mechanical enhancement [32]. It was reported that fillers with 286 
smaller size, specifically at the nanoscale, showed a better efficiency in improving modulus and 287 
tensile strength than those with a larger size, i.e., at the microscale [33,34]. Good adhesion between 288 
fillers and the matrix, which promotes the efficiency of reinforcement, is also important for 289 
improving mechanical properties. In contrast, low interaction, which could cause agglomeration of 290 
reinforcing particles, consequently low dispersion of reinforcing particle in the main polymer 291 
matrix, hindering the efficiency of reinforcement [35]. 292 

The tensile strength of NRLF-NC increased after reinforcement with 5, 10 and 15 phr of NC, and 293 
NRLF-NC15 showed the highest value of tensile strength at 0.73 MPa (Figure 6a). However, 294 
NRLF-NC20 showed reduced tensile strength of 0.26 MPa. The result indicated, as compared to 20 295 
phr, better dispersion occurs with NC loading at 5, 10 and 15 phr, likely due to better interactions 296 
between NC particles and the NR matrix. Good interaction and well dispersion of nanocellulose 297 
within the NR matrix lead to efficient stress transfer from the matrix to nanocellulose particles [36]. 298 
Nonetheless, a reduced effect was observed when reinforcing NRLF with NC at 20 phr, which was 299 

Figure 5. Crosslink density as a function of (a) cellulose loading content and (b) degree of swelling in
toluene. The filled triangles and open circles are for NRLF-NCs and NRLF-MCs, respectively.

3.5. Mechanical Properties

Generally, modulus and tensile strength would be improved with an increase in loading content
of reinforcing fillers. The smaller fillers and better distribution/dispersion of fillers in composite
matrix are also favored for mechanical enhancement [32]. It was reported that fillers with smaller size,
specifically at the nanoscale, showed a better efficiency in improving modulus and tensile strength
than those with a larger size, i.e., at the microscale [33,34]. Good adhesion between fillers and the
matrix, which promotes the efficiency of reinforcement, is also important for improving mechanical
properties. In contrast, low interaction, which could cause agglomeration of reinforcing particles,
consequently low dispersion of reinforcing particle in the main polymer matrix, hindering the efficiency
of reinforcement [35].

The tensile strength of NRLF-NC increased after reinforcement with 5, 10 and 15 phr of NC,
and NRLF-NC15 showed the highest value of tensile strength at 0.73 MPa (Figure 6a). However,
NRLF-NC20 showed reduced tensile strength of 0.26 MPa. The result indicated, as compared to
20 phr, better dispersion occurs with NC loading at 5, 10 and 15 phr, likely due to better interactions
between NC particles and the NR matrix. Good interaction and well dispersion of nanocellulose
within the NR matrix lead to efficient stress transfer from the matrix to nanocellulose particles [36].
Nonetheless, a reduced effect was observed when reinforcing NRLF with NC at 20 phr, which was
probably caused by non-uniform dispersion of NC particles in the NR matrix. Under this limitation,
the M100 (modulus at 100% elongation) of NRLF-NC20 could not be determined, whereas NRLF-NC5,
NRLF-NC10 and NRLF-NC15 showed an increased in M100 as compared with that of NRLF, and the
value of M100 increased with the increased NC loading from 5 to 15 phr (Figure 6b). The crosslink
density has an effect on modulus. M100 has been reported to increase with the increase in crosslink
density of vulcanized rubber [27]. The network structure formed under crosslinking conditions is a
key to increase the modulus and strength of cross-linked rubber composites [37]. The elongation at
break was also improved for NRLF-NC5, but it was reduced by reinforcing NRLF with NC at greater
than 5 phr (Figure 6c). Since NC particles dispersed in a NR matrix could immobilize NR chains,
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thus hindering the molecular mobility of NR, which could result in reduced elasticity and an increased
stiffening phase from NC loading [38].

In case of NRLF-MCs, the tensile strength was increased to 0.43 MPa after reinforcing with MC
at 5 phr, and the tensile strength gradually decreased with the addition of MC from 10 to 20 phr.
The result might be due to the increase of pore size and the decrease in foam density of NRLF-MC as
compared with NRLF. MC loading had an effect on the M100 value of NRLF-MC, similar to that on the
tensile strength. The elongation at break of the composites was also found to be decreased with an
increase in MC loading.

To compare reinforcing efficiency between MC and NC, the highest values of tensile strength and
M100 were obtained by reinforcing NRLF with NC at 15 phr, which were 1.7 and 2.0 times, respectively,
the maximum values obtained from reinforcing NRLF with MC. The results demonstrated that the
smaller size of the NC fillers could be dispersed more thoroughly into the NR matrix than the larger
MC fillers, promoting more interactions between the filler and NR. The higher crystallinity of NC
could also enhance NRLF-NC strength. When crystalline NC was added into the amorphous matrix of
NR, the crystallinity of the composite probably dominated the bulk properties, resulting in increased
modulus values [39–41]. Meanwhile, the increase in pore size in the NR matrix via MC loading could
lead to a reduction in tensile strength.
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3.6. Compression Properties

Compression tests were performed to evaluate the composite elasticity. In these tests, samples
were placed between the plates of the compression device and compressed to 25% of their original
thickness. In general, the elasticity in terms of recovery percentage was decreased with increased
reinforcing particle loading, which is the stiffening phase. As shown in Figure 7, there was no dramatic
decline in recovery percentage with increased MC loading in NRLF-MC. Therefore, not only an increase
in the hard phase but also the pore structure should have a significant contribution to their elasticity.
The increased pore diameters in the NR matrix to some extent decreases the foam stiffness, which could
promote the elastic property or recovery percentage [42]. No significant improvement in recovery
percentage was obtained by reinforcing NRLF with NC, except for NRLF-NC15. NRLF-NC15 showed
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the highest recovery percentage at 34.9% (increased by 26.1% with respect to NRLF). As described
in Section 3.5, the maximum mechanical properties were obtained by reinforcing NRLF with NC at
15 phr. Therefore, this result supported that the good dispersion of 15 phr NC in the NR matrix could
enhance adhesion between NC and the NR matrix, resulting in the improvement of many mechanical
properties of NRLF, including compression recovery.
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3.7. Surface Wettability

The water contact angle was used to examine the changes in surface wettability of NRLF,
NRLF-MCs and NRLF-NCs. Cellulose, which is rich in hydroxyl groups, is highly hydrophilic,
whereas NR is a hydrophobic polymer. As shown in Figure 8, the bottom and top surface of NRLF,
NRLF-MC and NRLF-NC showed hydrophobic characteristics. The SEM images in Figure 3 allowed
the observation of surface morphology of the samples and it was shown that the roughness of top
surface was higher as compared to the bottom surface. For a non-porous NR film, a water contact
angle between 90◦ and 100◦ has been reported [43] under ambient conditions. If the water contact
angle was higher than 90◦, the roughness would lead to an increase in water contact angle [44].
Another possibility of these contact angles being greater than the non-porous NR film could be due
to trapping of air inside the pores. The more air is being trapped (i.e., occupying more surface area),
the greater contact angle would be based on the Cassie–Baxter’s law [45]. Hence, the top surfaces,
having a higher roughness and/or containing more and larger pores to trap air, would be expected
to show higher contact angles. However, the static water contact angles of the bottom surface of
NRLF-MCs were higher than those of the top surface. This result could imply that there was relatively
higher density of MC on the top surface, likely due to fiber blooming, than that on the bottom surface.
On the other hand, there was no dramatic difference in surface wettability between the top and bottom
surfaces of NRLF and NRLF-NCs. The water contact angles were slightly decreased with increased
NC loading, which could be due to the increase of OH groups in BC on the surface of the NRLF-NCs.
In comparison with NRLF-MCs, NRLF-NCs showed less hydrophobic characteristic, which should be
due to the better integration of NC in the NR matrix, as compared with that of MC.Polymers 2020, 12, x FOR PEER REVIEW 11 of 17 
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3.8. Water Uptake

Water was used as a polar solvent for the determination of the degree of solvent uptake of
NRLF, NRLF-MCs and NRLF-NCs, as shown in Figure 9. For hydrophobic foams, water uptake was
not expected. However, we did notice water uptake after the composite foams were immersed in
water, potentially due to migration/segregation of hydrophilic constitutes in the foams to the surface.
The details on the mechanism were not investigated in this study. NRLF showed high-water uptake
rates initially (first 12 h) and then the degree of uptake rate gradually decreased with time. The water
uptake of NRLF-MC continuously increased during the 72-h immersion experiment, demonstrating
that the absorption might not be saturated at 72 h. At 72 h of absorption, the water uptake capacity of
NRLF-MC was higher than that of NRLF; the maximum water uptakes at 513–565% (1.50–1.66 folds of
NRLF) were obtained from NRLF-MC10, NRLF-MC15 and NRLF-MC20. The increased water uptake
capability of NRLF-MCs should be due to the more porous structure of the NR matrix loaded with
MC. NRLF-NC had a water uptake rate pattern similar to that of NRLF; however, a higher water
uptake rate was observed at the initial period (6 h), and after that the degree of uptake rate gradually
decreased (or the water uptake value remained almost constant) over time. The NRLF-NC composite
was saturated with water during 24–72 h immersion. The addition of NC filler increased the water
absorption rate initially, but because NRLF-NC composites had a denser structure (less porosity),
the maximum water uptakes of NRLF-NC10, NRLF-NC15 and NRLF-NC20 were less than that of
NRLF. Only NRLF-NC5 showed slightly higher water uptake capacity than NRLF. The higher porosity
of NRLF-MCs could promote the water uptake ability. General, porosity and pore size have effects on
the penetration of liquid into porous materials [46], in which higher porosity could promote the liquid
uptake capacity.
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3.9. Thermal Degradation

The result of thermal degradation is shown in Figure 10. For MC and NC, the peak around
59 ◦C was for the evaporation of water and the thermal degradation temperatures (Td) of NC and
MC were 230 and 276 ◦C, respectively. MC exhibited greater Td than NC, because the degree of
polymerization (DP) and the particles size could have influenced on the thermal stability of cellulose.
The thermal degradation of NC prepared from BC could be divided into 2 steps. The first step was
the main decomposition step, occurring from 200 to 400 ◦C, where depolymerization, dehydration
and decomposition of the cyclic structures were observed [6,47]. The second weight loss of NC from
BC corresponded to the pyrolysis of cellulose [47], which was observed from around 528 ◦C [6,47].
However, this pattern was not observed from MC. The weight loss of MC was observed around
300–400 ◦C [48–50]. It was demonstrated that particle size and crystallinity of cellulose affected the
pyrolysis of cellulose [49,50]. According to literature data, the NRLF degradation process included
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chain scission chain scission, cross-link formation and cross-link breakage [51]. The Td of NRLF was
338.7 ◦C. The TGA curves revealed a single-step degradation process for all NRLF, NRLF-MC and
NRLF-NC specimens, in which the thermal decomposition periods were around 300–500◦C. There was
no separate degradation step for NRLF-MCs and NRLF-NCs, between NR and MC/NC on DTG pattern
(Figure 10b). The result indicates that both NRLF-MC and NRLF-NC exhibited good dispersion and
distribution of cellulose particles in the NR matrix with good adhesion between cellulose particles
and the NR matrix at a MC/NC loading content from 5 to 20 phr. According to the result, NRLF and
the composite foams NRLF-MC and NRLF-NC can be used for applications at temperature up to
approximately 300 ◦C. Previously, it was demonstrated that NR presented a higher thermal resistance
than cellulose; Td of NR was higher than that of cellulose [6]. The Td values of NRLF-MC and
NRLF-NC were slightly lower when compared with NRLF and tended to decrease with increased
cellulose loading, following the rule of mixture, in which Td of composites varied between the values
of polymer matrix and fillers. The thermal resistance property was reported for MC and NC used as
reinforcing agents [52]. In this study, only NRBC-NC20 and NRBC-NC15 showed significantly lower
thermal degradation lines separated from those of the NRLF and the NRLF composites, which should
be due to a high concentration of NC dispersed in the NR matrix.
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4. Conclusions

NRLF was reinforced with MC and NC via the Dunlop process. According to the SEM results,
the average width and length of dry fibers were around 10 and 100 µm, respectively for the eucalyptus
pulp, and 10 and 3000 nm, respectively for BC. The crystallinity of MC and NC was 37.0% and
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46.4%, respectively. MC and NC fillers at loading contents from 5 to 20 phr (dry basis) could be well
dispersed within the NR matrix. The resulting NRLF, NRLF-MC and NRLF-NC were highly porous
with interconnected macropores and low-density foams. The pore sizes ranged from 10 to 500 µm.
It was demonstrated that the size, crystallinity and loading content of cellulose fibers were important
factors affecting the porous structure and properties of NRLF composite foams. On the surface,
NRLF-MC presented a more open pore structure, whereas NRLF-NC contained fewer and smaller
pores. The foam density and crosslinking density of NRLF-NCs were higher than those of NRLF-MCs
and the crosslinking density increased with NC filler loading from 5 to 15 phr. NC also showed
reinforcement efficiency higher than that of MC. NRLF-NC, particularly NRLF-NC15, demonstrated
significantly improved mechanical properties in terms of tensile strength, M100 and compression
recovery. Both NRLF-MC and NRLF-NC presented a hydrophobic surface; however, NRLF-NC
showed slightly less hydrophobic characteristics, which likely was the result of a better dispersion
of NC particles, as compared to MC particles, within the NR matrix. After a prolonged period of
immersion in water, all NRLF composite foams showed a high water uptake; and due to its greater
porosity, NRLF-MC had a higher water uptake capacity than those of NRLF and NRLF-NCs. All NRLF
composites had good thermal stability and could be used for applications at temperature up to 300 ◦C.
There was no separate degradation step for NRLF-MCs and NRLF-NCs, between NR and MC/NC on
DTG pattern. The Td values of NRLF-MC and NRLF-NC were slightly lower than NRLF and tended
to decrease with increased cellulose loading. According to their properties, the composite foams could
be further modified for use as green absorption or supporting materials. To the best of our knowledge,
this is the first report of significant improvement in mechanical properties of reinforcing NRLF foam
by nanobacterial cellulose.
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