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Abstract: The objective of this work was to study the influence of cellulose nanofibrils (CNF) on
the physical, mechanical, and thermal properties of Jatropha oil-based waterborne polyurethane
(WBPU) nanocomposite films. The polyol to produce polyurethane was synthesized from crude
Jatropha oil through epoxidation and ring-opening method. The chain extender, 1,6-hexanediol,
was used to improve film elasticity by 0.1, 0.25, and 0.5 wt.% of CNF loading was incorporated to
enhance film performance. Mechanical performance was studied using a universal test machine as
specified in ASTM D638-03 Type V and was achieved by 0.18 MPa at 0.5 wt.% of CNF. Thermal gravi-
metric analysis (TGA) was performed to measure the temperature of degradation and the chemical
crosslinking and film morphology were studied using Fourier-transform infrared spectroscopy (FTIR)
and field emission scanning electron microscopy (FESEM). The results showed that when the CNF
was incorporated, it was found to enhance the nanocomposite film, in particular its mechanical and
thermal properties supported by morphology. Nanocomposite film with 0.5 wt.% of CNF showed
the highest improvement in terms of tensile strength, Young’s modulus, and thermal degradation.
Although the contact angle decreases as the CNF content increases, the effect on the water absorption
of the film was found to be relatively small (<3.5%). The difference between the neat WPBU and the
highest CNF loading film was not more than 1%, even after 5 days of being immersed in water.

Keywords: nanocellulose; bio-based polyol; biopolymer; bio-based film; biocomposite

1. Introduction

In recent years, bio-based polyurethane has become a consumer preference and of interest
to researchers. Two types of polyurethane (PU) are available, i.e., solvent and water-based
polyurethane. Waterborne polyurethane is one of the environmentally friendly materials in
the field of surface coatings, and water-based or waterborne polyurethane is not aqueous,
but rather a well-dispersed mixture stabilized by electrostatic repulsive force [1]. The focus
of PU in industry and academic research has shifted towards waterborne PU dispersion
(WBPU) due to its replacement of volatile chemicals by water as a solvent in the production
of PU. In addition, WBPU also offers several advantages, such as high flexibility at low
temperatures, pollution-free, non-inflammable, good applicability, and non-toxic [2,3]. WBPU
can be considered as a ‘green’ coating material compared to conventional PUs since it does
not release any volatile organic compounds during the curing process. Jatropha oil consists
of oleic acid (18:1), linoleic acid (18:2), palmitoleic acid (16:1), and linoleic acid (18:3) [4]. The
presence of unsaturated fatty acids makes Jatropha oil a potential material for the production
of polyols and the production of polyurethane. The extraction of polyols from Jatropha oil
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involves two consecutive steps: epoxidation and oxirane ring-opening. During epoxidation,
the unsaturated chain of Jatropha oil is used to form a ring-shaped epoxy group. Oxygen in the
epoxy group results from the decomposition reaction of hydrogen peroxide with the fatty acid
of Jatropha oil. Interestingly, in the oxirane ring-opening phase, which is the second step in the
extraction of polyol, hydroxylation occurs, where the ring shape of the epoxy group is broken
and forms a hydroxyl group due to the reaction with methanol. Epoxidation and oxirane
ring-opening are extremely sensitive to any changes in temperature, therefore precautions
are needed to avoid overheating of the reaction mixture [5]. Polyurethane is produced by the
reaction between polyol and isocyanate, which refers to soft and hard segments, respectively.
Jatropha oil-based polyol is then reacted with isophorone diisocyanate (IPDI). The addition
of dimethylol propionic acid (DMPA) was followed by dispersion at 1200 rpm with essential
deionized water. DMPA acts as an internal emulsifier to build a hydrophilic group into the PU
backbone. The resulting mixture is a waterborne polyurethane [6].

There are a number of nanofillers that can be used to produce nanocomposites.
These nanofillers are carbon nanotube [7–9], nano-silica [10,11], graphite and its deriva-
tives [12–14], nanosilver [15–17], and nanoclay [18]. However, these nanofillers are not
preferred due to their tendency to sediment easily during the mixing and curing process
of the nanocomposite. Nanocellulose, i.e., cellulose nanofibrils (CNF), is hydrophilic in
nature, unlike the nanofillers mentioned above, and can be homogeneously mixed with any
water solvent-based polymer. Nanocellulose reinforcement makes WBPU nanocomposites
ideal for ‘green’ coating materials. Most of the previous research has been done using
CNF as a filler and it has been reported that it increases the strength of the composite
film and shifts the temperature of degradation to a higher temperature [19–23]. However,
the hydrophilicity characteristics of the cellulosic material may have an impact on the
composite material as it may attract moisture/water to be absorbed [24]. Film performance
may affect or deteriorate if the composite contains a large amount of moisture/water.
Since the application of polyurethane is significant in the application of the coating, the
water/moisture behavior must be minimal or non-existent.

As far as the author is concerned, there is no information or study involving CNF in wa-
terborne Jatropha oil-based polyurethane. A Jatropha oil-based waterborne polyurethane
nanocomposite film containing CNF as a filler was therefore prepared and characterized in
the present study. The effect of CNF on the physical, mechanical, and thermal properties of
this nanocomposite film will be investigated.

2. Materials and Methods
2.1. Materials

Crude Jatropha oil was supplied by Biofuel Bionas Sdn Bhd, Kuala Lumpur, Malaysia.
Formic acid (98%), pyridine (95%), and N-methyl pyrillidone (NMP) (98%) were purchased
from Fisher Scientific, Pittsburgh, PA, USA. Triethylamine (TEA) (30%), hydrogen peroxide,
dibutyltin dilaurate (DBTL) (98%), methanol (99.8%), phthalic anhydride, dimethylol
propionic acid (DMPA), acetone (reagent grade), sodium hydroxide 0.5 N, and magnesium
sulfate was purchased from R&M chemicals, Tamil Nadu, India. Isophrene diisocyanate
(IPDI) (98%) was purchased from Merck, Germany, and 1–6 Hexanediol (HDO) was
purchased from BDH Chemical LTD, Poole, England. Cellulose nanofiber was obtained
from the Institute of Tropical Forestry and Forest Product (INTROP) (Serdang, Malaysia).
All chemicals were reagent grade and were used as received.

2.2. Preparation of Jatropha Oil-Based Polyol (JOL)

Epoxidized Jatropha oil (EJO) was synthesized according to the method reported by
Saalah et al., 2014 [6]. Jatropha oil-based polyol (JOL) was poured into a four-neck flask
equipped with a mechanical stirrer containing a torque meter, a heater with a temperature
sensor, and a dropping funnel. Methanol and water were added to the flask followed by the
addition of sulphuric acid. The mixture was then heated to 64 ◦C before the addition of EJO
and the reaction lasted for 30 min. To quench the reaction, sodium bicarbonate was added.
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The solution was transferred to the separating funnel, cooled to room temperature, and
the deposited layer was discarded. Methanol and water were then removed by vacuum
distillation at 60 ◦C for a period of 30 min at 100 rpm. This resulted in a clear golden yellow
polyol, which was analyzed for the hydroxyl (OH) number.

2.3. Preparation of Jatropha Oil-Based Polyurethane Dispersion

The calculated amount of DMPA (dissolved in NMP) was added into a four-neck flask
together with JOL. The four-neck flask was equipped with a mechanical stirrer containing
a torque meter, a temperature sensor heater, a nitrogen inlet, and a dropping funnel.
The mixture was stirred at 400 rpm for 30 min and heated to 70 ◦C for a homogeneous
mixture. 1 mL of DBTL was added as a catalyst and the reaction was set for 30 min.
The IPDI was then added dropwise for 30 min and the agitation increased to 700 rpm.
As the IPDI was completed after the addition, the reaction temperature was increased
to 80 ◦C. At the same time, acetone was added batch by batch to control the system’s
viscosity. After 2 h of additional reaction time, HDO was added. The reactant was cooled
down to 35 ◦C and TEA was added to neutralize the DMPA followed by dispersion at
1200 rpm with deionized water to produce WBPU with a solid content of 38 wt.%. Acetone
was immediately removed using a rotary evaporator and under vacuum conditions. The
detailed formulation and reaction scheme of the WBPU is shown in Table 1 and Figure 1.

Table 1. Formulation of WBPU synthesis.

CNF 1 JOL 1 DMPA 1 IPDI 1 HDO 1 TEA 1 Water 1

WBPU 0 52.54 11.2 24.52 5.17 6.57 16
WBPU-0.1 0.1 52.54 11.2 24.52 5.17 6.57 16
WBPU-0.25 0.25 52.54 11.2 24.52 5.17 6.57 16
WBPU-0.5 0.5 52.54 11.2 24.52 5.17 6.57 16

1 Unit is in weight percentage.
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2.4. Preparation of WBPU-CNF Nanocomposite Film

WBPU-CNF nanocomposites films were prepared by the film casting method. The
different ratios of the CNF suspension were sonicated for 30 min before the WBPU solution
was added. The CNF to WBPU ratio was 0.1, 0.25, and 0.5 wt.%, respectively. The
mixture was then poured into the Teflon mold and stored in the desiccator for 7 days
and in the vacuum oven for 12 h at 60 ◦C. The cured film had a thickness of 0.4 mm.
The nanocomposite films were labeled as WBPU, WBPU-0.1, WBPU-0.25, and WBPU-0.5
according to their CNF loadings.

2.5. Characterisation
2.5.1. Fourier Transform Infrared Spectroscopy (FTIR) Characterisation

The chemical structure of the WBPU and WBPU-CNF was analyzed using FTIR spectra
by Perkin-Elmer, Spectrum 2000 series, manufactured in the Beaconsfield, United Kingdom
equipped with horizontal germanium attenuated total reflectance (ATR). The spectra were
recorded in a range of 4000 to 500 cm−1 with a nominal resolution of 4 cm−1.

2.5.2. Mechanical Properties Characterisation

The mechanical properties of WBPU and WBPU-CNF film were determined by the
INSTRON, 3300 series universal tensile machine, made in the Norwood, MA, USA, as
specified by ASTM D638-03 Type V. The crosshead speed was 10 mm/min, with a load cell
of 1 KN. Data from stress and strain measurements were analyzed for Young’s modulus,
tensile strength, and elongation at break. The value reported for each sample was from an
average of three measurements. The measurement was carried out at room temperature
and 50% relative humidity.

2.5.3. Analysis of Thermal Degradation (TGA)

The thermal property analysis of the WBPU and WBPU-CNF films was performed
using a TA instrument, Q500 series, manufactured in the New Castle, DE, USA. The films
were heated from 25 to 600 ◦C, at a rate of 10 ◦C/min, under a nitrogen atmosphere.

2.5.4. Morphology Evaluation

The morphology of the WBPU and WBPU-CNF was analyzed using a field emission
scanning electron microscope (FESEM) by Thermo Fisher Scientific, Nova Nanosem 230 se-
ries, manufactured in the MA, USA. The samples were sputtered with a layer of gold. The
images were then taken up to 50 K magnification with a 5 kV accelerating voltage.

2.5.5. Water Uptake Characterisation

Water uptake measurement is one of the important factors that characterize hy-
drophilic composite films, especially since CNF is a hydrophilic water-like material. The
determination of the water uptake was carried out using the method adopted by Fang
et al., 2014 [25]. WBPU and WBPU-CNF composite films were prepared by cutting the film
into a 5 × 5 mm sample size with triplicate samples. The cut samples were immersed in
deionized water for 5 days. The weight of the specimens were taken after a duration of 2, 6,
and 12 h, and followed by every 24 h subsequently. The percentage of water uptake of each
specimen was determined by the difference in the sample weight, according to Equation (1)
as follows:

Water uptake (%) = [(Wb − Wa)/Wa] × 100 (1)

where Wa is the initial weight of the specimen before immersion and Wb is the weight after
immersion, respectively.

2.5.6. Water Contact Angle Characterisation

The film behaviour towards water absorption was observed using the water contact
angle test as the CNF that is used in the films is hydrophilic in nature. The static contact
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angle was observed at 25 ◦C on the surface of the neat WBPU and WBPU-CNF films using
the Attension Theta Optical Contact Angle Tester (Biolin Scientific, Manchester, UK). The
amount of 3 µL of deionized water was lowered to the surface of the coating using the
sessile dropping method. The contact angle readings were taken on the basis of surface
interaction within one minute after the water had dropped.

3. Results
3.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was monitored for waterborne polyurethane synthesis, as shown in
Figure 2. The absorption bands at 3007 cm−1, corresponding to the alkene double bond
of JO, disappeared upon epoxidation. In the meantime, a doublet band associated with
the epoxy group (C-O-C) in the EJO was observed at 842 and 819 cm−1, indicating that
the Jatropha oil was successfully converted to epoxidized Jatropha oil. During the oxirane
ring-opening, the doublet bands of the epoxy group disappeared and new absorption
bands at 3425 cm−1, corresponding to the stretching vibration of the OH group, were
formed, indicating that JOL was produced [5,26]. No absorption band of the OH group
vibration was found in the WBPU spectra, indicating that all isocyanate was completely
reacted to WBPU production by the OH group of JOL, 1,6 HDO, and DMPA [22]. This was
supported by the failure to detect the vibrational band of isocyanate groups (NCOs) of
IPDI at 2270 cm−1. This also meant that all the residues of the -NCO group were consumed
and disappeared after the chain extension reaction. Meanwhile, the FTIR spectrum was
detected as shown in Figure 2b. CNF spectrum shows typical bands associated with
stretching vibration of hydroxyl, methyl, carboxyl, and pyranose ring ether group were
detected, as summarized in Table 2 [22,27]. The influence of CNF on the FTIR spectrum of
nanocomposite films is further discussed later in this section.
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Table 2. Characterization of vibrational bands of WBPU.

Wavenumber (cm−1) Band Assignment of
Neat WBPU Wavenumber (cm−1) Band Assignment of

CNF

3600–3000 vN-H ~3372 νO-H
~1700 vC=O, H-bond urethane, ~2894 νC-H
~1550 vN-H/δN-H ~1592 νC-O
~1376 δC-H, sym ~1059 νC-O-C
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In the case of neat WBPU film, the characteristic vibrational bands such as N-H stretch-
ing (νN-H, 3600–3000 cm−1), H bonded urethane C=O stretching (νC=O, H-bond urethane,
1700 cm−1), C-N stretching/N-H bending (νN-H/δN-H, 1550 cm−1) and symmetric C-H
bending (δC-H,sym, 1376 cm−1) were identified as listed in Table 2 [22,28]. There was a
minimal side reaction to the formation of urea as no observable peak of the carbonyl group
(C=O) between 1645 and 1635 cm−1.

In the case of WBPU-CNF nanocomposite film with different CNF contents of 0.1
to 0.5 wt.%, all WBPU characteristic bands as polymer matrix have been detected. Char-
acteristic bands associated with N-H stretching (3324 cm−1) have been found to shift to
a higher wavenumber by adding CNF to WBPU films, as tabulated in Table 3 [19,29,30].
The change in position with increasing CNF content shows the presence of interaction
between CNF and the hard segments of WBPU. However, this shift in wavenumber was
not significant, and it can therefore be concluded that CNF and the hard segments of WBPU
were physically bonded. This is supported by the lack of observation of the H-bonded
urethane peak [19,29,30]. A similar finding was made by Cao et al., 2013, who reported
that the N-H band of WBPU had moved from 3363 to 3335 cm−1, with an addition of
30 wt.% of CNF [29]. In the meantime, during film formation, CNF was embedded in the
WBPU matrix, thus preventing the CNF OH group from being visualized by FTIR-ATR as
a surface physicochemical analysis leading to a less observable N-H stretching peak [31].

Table 3. Characteristic vibrational band influence by addition of CNF.

Samples νN-H (cm −1) νC=O, H-bond urethane, (cm −1)

WBPU 3333 1700
WBPU-0.1 3326 1700

WBPU-0.25 3326 1700
WBPU-0.5 3321 1700

3.2. Morphology of WBPU and WBPU-CNF Nanocomposite Films

Figure 3 shows the images of the FESEM morphology of the WBPU and WBPU-CNF
nanocomposite films. The surface of the WBPU-CNF nanocomposite film became rougher
compared to the neat WBPU film which is smooth, neat, and clean (Figure 3a) as the
loading of CNF increased from 0.1 to 0.5 wt.% (Figure 3b–d). The white dots shown on the
FESEM images of the WBPU-CNF nanocomposite are CNF nanoparticles. Lower loadings
of CNF (0.1 wt.% and 0.25 wt.%) content have made the WBPU matrix display poor in
terms of CNF distribution (Figure 3b,c). The WBPU-0.5 image (Figure 3d) shows a good
distribution of CNF in the WBPU matrix. This is supported by white dots with a small size
evenly dispersed across the WBPU matrix. This demonstrated the presence of interactions
between CNF and the hard segment of the WBPU. Such an event and the homogenous
distribution of the CNF in the matrix play an important role in improving the mechanical
properties of the resulting nanocomposite films as discussed further in Section 3.3. Similar
FESEM images have been reported in the literature [29,32–34]. Based on our previous
studies, cellulose loadings of more than 1 wt.% show agglomeration, so that its mechanical
properties have not been improved [24,34,35]. It is expected that 0.5 wt.% is the optimum
ratio for a good homogeneous distribution of CNF in the Jatropha oil-based waterborne
polyurethane matrix.

3.3. Mechanical Properties of WBPU and WBPU-CNF Nanocomposite Films

WBPU and WBPU-CNF were tested using a universal room temperature testing
machine and the results for their mechanical properties are shown in Figure 4. As expected,
Young’s modulus and strength value increased and elongation at break decreased as
the CNF increased in the nanocomposite series. Young’s modulus increased by up to
~122%. This was due to the CNF loading being below the percolation threshold which
showed no excess loading of the filler. The tensile strength values of the composite film
increased by up to ~28%. This was due to the more interconnected cellulosic network
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formed by increasing the content of nanoparticles. The network formed was facilitated
by the flexibility of the CNF due to its high aspect ratio and the presence of amorphous
domains along nanofibers [32]. These results are consistent with PU composites reinforced
by conventional fillers [24,27,36–38].
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Figure 4. (a) Young’s Modulus, (b) tensile strength, and (c) elongation at break of WBPU and WBPU-CNF nanocompos-
ite films.

In the case of nanocomposite films, the elongation at break decreased as the CNF
loading increased. As CNF loading increased, the nanocomposite film approached the
percolation threshold (agglomeration), lowered the area of physical interaction, and re-
sulted in a stress deficiency transfer. This area of heterogeneous and agglomeration has
become a stress concentrator and a failure point for nanomaterials [39]. Gao et al. [37]
also reported a similar observation. In the case of neat WBPU, the maximum elongation
at break value was 1367%. This was due to the presence of a chain extender as well as
an amorphous cellulose domain. The literature reported by Saalah et al. [6] shows that
Jatropha oil-based waterborne polyurethane obtained 326.2% elongation at break value by
using 2-hydroxyethyl methacrylate (HEMA) as an end-capping agent instead of a chain
extender. When extended with a chain extender, an increase in elongation at a break of
as much as 321% was observed. The present study shows that a higher elongation at
break value was achieved with 0.5 wt.% CNF (1367%) compared to soybean oil-based
polyurethane reinforced with 0.5 wt.% nanofiller (40%) and poly(ε-caprolactone) based
polyurethane reinforced with 1 wt.% nanofiller (12%) [32,39]. There was an increase of as
much as 521% and 1973.17% compared to the present study. As a result, the present study
shows that the highest elongation at break value can be achieved with only 0.5 wt.% as the
optimum filler loading.

On the other hand, and even more important in this study, the contribution of the chain
extender to the improvement of the stretchability properties should be highlighted. The
elastomeric properties increased when the chain extender used did not show urea functional
groups. Therefore, a chain extender containing a hydroxyl group is preferable. Based on the
work carried out by Delpech & Coutinho [40], PU extended with ethylenediamine (EDA)
and hydrazine (HYD) as a chain extender has the lowest elastomer character and therefore
the highest rigidity compared to ethylene glycol (EG). EDA and HYD containing-NH2
groups formed poly(urethane-urea)s, resulting in more rigid films due to urea bonding,
which increases the hydrogen bonding density compared to EG. Following the same
behavior discussed above, the presence of a chain extender helped to increase the length of
the hard segment, resulting in an elongation of 1370% when the WBPU film breaks. The
extension step of the chain is illustrated in Figure 5.

3.4. Thermal Properties of WBPU and WBPU-CNF Nanocomposite Films

The thermal degradation of composites was studied by thermogravimetric analysis.
TG and DTG thermograms of net WBPU and WBPU-CNF are shown in Figure 6a,b,
respectively, and the thermal parameters are summarised in Table 4.
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Table 4. Thermal Properties of WBPU and WBPU-CNF nanocomposite films.

Tdec (◦C) Weight Loss (%) Residue at
600 ◦C (%)

Td1 Td2 Wd1 Wd2

WBPU 299.76 378.79 53.82 40.72 0.9962
WBPU-0.1 305.61 378.30 57.74 37.66 0.4544
WBPU-0.25 306.10 380.25 58.30 38.56 0.0113
WBPU-0.5 313.42 380.25 60.70 35.25 0.0001

In the case of a neat WBPU film, a two-step weight loss at ~299 ◦C and ~378 ◦C
was detected. The first weight losses at Td1 ~299 ◦C and Td2 ~378 ◦C corresponded to
the thermal decomposition of the hard segment (urethane group) and soft segment (JOL
component) in the WBPU chains with a weight loss of 53.82% and 40.72%, respectively.
This is a common polyurethane thermogram because the soft segment had higher thermal
stability than the hard segment [35,41]. The results obtained are consistent with the previous
work carried out by others [24,27,42,43]. No thermogram peak was observed at 333 ◦C,
corresponding to the thermal decomposition of the urea group. WBPU was successfully
synthesized with minimal side reactions, as supported by FT-IR analysis.

In the case of nanocomposite film with 0.1 to 0.5 wt.% CNF loading, the first and
second temperatures of thermal decomposition, Td1 and Td2, nanocomposite film shifted
to higher temperatures as CNF loading increased, as can be seen in Figure 6a,b, and
Table 4. The residual composite film at 600 ◦C decreased from ~0.99 to ~0.0001 wt.% as
the CNF content increased from 0.1 to 0.5 wt.%. This improvement in the thermal stability



Polymers 2021, 13, 1460 10 of 14

of the nanocomposite film was believed to be due to the mechanical bonding between
WBPU and CNF, as discussed in the FTIR analyses referred to above. Similar findings
were also reported in other studies [43–45]. It was noted that the increase in the thermal
decomposition of the soft segment (JOL component) was due to the fact that the hard
segment of the WBPU and CNF, which shows the presence of mechanical bonding, was
decomposed at a lower temperature (Td1) to form a char layer on the nanocomposite
film, acting as a retardant or barrier to the decomposition of the soft segment at a high
temperature [22].

3.5. Contact Angle of WBPU and WBPU-CNF Nanocomposite Films

The hydrophobicity/hydrophilicity of the film surfaces was observed by measuring
the static contact angle as shown in Figure 7.
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Figure 7. Contact Angle for WBPU and WBPU-CNF nanocomposite films.

The water droplets of the neat WBPU have hardly changed on the surface of the neat
film during the test process, indicating a small absorption of the film water. In the case
of the WBPU-CNF composite, the contact angle decreased gradually as the CNF content
increased from 0.1 to 0.5 wt.%. The reason could be attributed to the hydrophilic nature
of the CNF [45], while the higher surface roughness and lower surface free energy have
affected the hydrophobic surface of the film [46]. It could be seen in the FESEM images
that WBPU-0.5 showed a bit of surface roughness that supported this finding because the
WBPU-0.5 nanocomposite film indicated the lowest angle of contact with water. In the
present study, the contact angle of the neat WBPU and WBPU-CNF nanocomposite films
was between 79◦ and 87◦, which was almost hydrophobic (90◦). This was attributed to the
molecular level movement restriction further explained in Section 3.6.

3.6. Water Uptake of WBPU and WBPU-CNF Nanocomposite Films

The water uptake as a function of time for WBPU and WBPU-CNF nanocomposite
films is shown in Figure 8.
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The water uptake for all WBPU and WBPU-CNF nanocomposite films increased with
time and plateaued at three days and above. The water uptake of WBPU-0.5 was the
highest and neat WBPU was the lowest. Due to the natural hydrophobic properties of
the PU, the lowest water uptake of neat WBPU was obtained. This high hydrophobic
value could be attributed to the high hard segment content that was responsible for the
high crosslinking density of hydrogen bonding between the segmental PU [47]. In the
case of WBPU-CNF nanocomposite films, the increasing trend of water uptake from
WBPU-0.1 to WBPU-0.5 was due to the hydrophilic nature of CNF. However, this increase
did not show any significant difference as the CNF was covered with the PU matrix as
discussed in Section 3.2. Meanwhile, the lack of presence of a side reaction (urea) in neat
WBPU and WBPU-CNF nanocomposites films also contributed to this lower water uptake.
Furthermore, the complex structure of the soft and hard segments formed as a result of
the decrease of the absorbed water and restricted the movement of the molecular chain.
In addition, the complex structure of the soft and hard segments formed as a result of the
decrease in absorbed water and restricted the movement of the molecular chain during the
swelling process, leading to a reduction in mechanical properties [48]. It can be concluded
that the water uptake of neat WBPU and its composites films was very low and did not
exceed 3.5%. This indicates that hydrophobic behavior is still dominant in WBPU-CNF
films. This was supported by the result obtained from the contact angle of 79◦ to 87◦, which
was almost hydrophobic. Water uptake properties are important for coatings, especially for
corrosion applications [49–51]. The high water absorption behavior will affect the efficiency
of the coating materials, which are mostly polyurethane-based.

4. Conclusions

In this work, Jatropha oil-based, water-borne polyurethane (WBPU) nanocomposite
film with cellulose nanofibres (CNF) was prepared and characterized. We determined the
effect of CNF filler on the mechanical and thermal properties of the nanocomposite film. A
significant effect on mechanical properties was observed over a range of 0.1 to 0.5 wt% CNF
loading. This could be attributed to the well dispersed CNF within the polymer matrix, as
confirmed with FESEM images. Young’s modulus and tensile strength of the composite
films were increased by 55% and 22%, respectively, compared to the neat WBPU. Young’s
modulus and tensile strength were increased by 55% and 22%, respectively, after being
incorporated into CNF. With the presence of a chain extender, the neat WBPU achieved
1370% elongation at break and reduced stretchability as the content of CNF increases.
CNF loading strongly interacts with the hard segment of the WBPU matrix shifting the
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hard segment thermal degradation to higher temperature with increasing CNF loads. The
contact angle of WBPU-CNF nanocomposite films is reduced compared to the neat WBPU.
However, the water absorption activities of neat WBPU and WBPU-CNF nanocomposite
films show low water absorption values that do not exceed 3.5%.

Author Contributions: Conceptualization, M.R.A., C.T.G., S.S.O.A.-E. and F.M.Y.; methodology, M.R.A.,
C.T.G., S.S.O.A.-E.; validation, M.R.A., C.T.G., S.S.O.A.-E., F.M.Y. and S.F.M.; formal analysis, M.R.A.,
C.T.G., S.S.O.A.-E., F.M.Y. and S.F.M.; investigation, M.R.A., and S.S.O.A.-E.; writing—original draft
preparation, M.R.A.; writing—review and editing, M.R.A., C.T.G., S.S.O.A.-E.; supervision, C.T.G.,
S.S.O.A.-E. and F.M.Y.; funding acquisition, C.T.G. and S.S.O.A.-E. All authors have read and agreed to
the published version of the manuscript.

Funding: The support of this research by the Ministry of Higher Education and Universiti Putra
Malaysia under the grant FRGS (03-01-19-2193FR), GP-IPM (9667100), and INTROP HICOE (6369110)
is gratefully acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The support of this research by the Ministry of Higher Education and Universiti
Putra Malaysia under the grant FRGS (03-01-19-2193FR), GP-IPM (9667100), and INTROP HICOE
(6369110) is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chen, R.-D.; Huang, C.-F.; Hsu, S.-H. Composites of waterborne polyurethane and cellulose nanofibers for 3D printing and

bioapplications. Carbohydr. Polym. 2019, 212, 75–88. [CrossRef] [PubMed]
2. Jeon, H.T.; Jang, M.K.; Kim, B.K.; Kim, K.H. Synthesis and characterizations of waterborne polyurethane–silica hybrids using

sol–gel process. Colloids Surf. A Physicochem. Eng. Asp. 2007, 302, 559–567. [CrossRef]
3. Amri, M.R.; Al-Edrus, S.S.O.; Guan, C.T.; Yasin, F.M.; Hua, L.S. Jatropha Oil as a Substituent for Palm Oil in Biobased Polyurethane.

Int. J. Polym. Sci. 2021, 2021, 1–12. [CrossRef]
4. Gübitz, G. Exploitation of the tropical oil seed plant Jatropha curcas L. Bioresour. Technol. 1999, 67, 73–82. [CrossRef]
5. Hazmi, A.S.A.; Aung, M.M.; Abdullah, L.C.; Salleh, M.Z.; Mahmood, M.H. Producing Jatropha oil-based polyol via epoxidation

and ring opening. Ind. Crop. Prod. 2013, 50, 563–567. [CrossRef]
6. Saalah, S.; Abdullah, L.C.; Aung, M.M.; Salleh, M.Z.; Biak, D.R.A.; Basri, M.; Jusoh, E.R. Waterborne polyurethane dispersions

synthesized from jatropha oil. Ind. Crop. Prod. 2015, 64, 194–200. [CrossRef]
7. Behera, R.P.; Rawat, P.; Tiwari, S.K.; Singh, K.K. A brief review on the mechanical properties of Carbon nanotube reinforced

polymer composites. Mater. Today Proc. 2020, 22, 2109–2117. [CrossRef]
8. Jing, L.-C.; Wang, T.; Cao, W.-W.; Wen, J.-G.; Zhao, H.; Ning, Y.-J.; Yuan, X.-T.; Tian, Y.; Teng, L.-H.; Geng, H.-Z. Water-based

polyurethane composite anticorrosive barrier coating via enhanced dispersion of functionalized graphene oxide in the presence
of acidified multi-walled carbon nanotubes. Prog. Org. Coat. 2020, 146, 105734. [CrossRef]

9. Abrisham, M.; Panahi-Sarmad, M.; Sadeghi, G.M.M.; Arjmand, M.; Dehghan, P.; Amirkiai, A. Microstructural design for enhanced
mechanical property and shape memory behavior of polyurethane nanocomposites: Role of carbon nanotube, montmorillonite,
and their hybrid fillers. Polym. Test. 2020, 89, 106642. [CrossRef]

10. Wu, G.; Liu, D.; Chen, J.; Liu, G.; Kong, Z. Preparation and properties of super hydrophobic films from siloxane-modified
two-component waterborne polyurethane and hydrophobic nano SiO2. Prog. Org. Coat. 2019, 127, 80–87. [CrossRef]

11. Ding, X.; Wang, X.; Zhang, H.; Liu, T.; Hong, C.; Ren, Q.; Zhou, C. Preparation of waterborne polyurethane-silica nanocomposites
by a click chemistry method. Mater. Today Commun. 2020, 23, 100911. [CrossRef]

12. Kale, M.B.; Luo, Z.; Zhang, X.; Dhamodharan, D.; Divakaran, N.; Mubarak, S.; Wu, L.; Xu, Y. Waterborne polyurethane/graphene
oxide-silica nanocomposites with improved mechanical and thermal properties for leather coatings using screen printing. Polym.
2019, 170, 43–53. [CrossRef]

13. Li, J.; Cui, J.; Yang, J.; Li, Y.; Qiu, H.; Yang, J. Reinforcement of graphene and its derivatives on the anticorrosive properties of
waterborne polyurethane coatings. Compos. Sci. Technol. 2016, 129, 30–37. [CrossRef]

14. Zhang, S.; Zhang, D.; Li, Z.; Yang, Y.; Sun, M.; Kong, Z.; Wang, Y.; Bai, H.; Dong, W. Polydopamine functional reduced graphene
oxide for enhanced mechanical and electrical properties of waterborne polyurethane nanocomposites. J. Coat. Technol. Res. 2018,
15, 1333–1341. [CrossRef]

http://doi.org/10.1016/j.carbpol.2019.02.025
http://www.ncbi.nlm.nih.gov/pubmed/30832883
http://doi.org/10.1016/j.colsurfa.2007.03.043
http://doi.org/10.1155/2021/6655936
http://doi.org/10.1016/S0960-8524(99)00069-3
http://doi.org/10.1016/j.indcrop.2013.08.003
http://doi.org/10.1016/j.indcrop.2014.10.046
http://doi.org/10.1016/j.matpr.2020.03.277
http://doi.org/10.1016/j.porgcoat.2020.105734
http://doi.org/10.1016/j.polymertesting.2020.106642
http://doi.org/10.1016/j.porgcoat.2018.06.016
http://doi.org/10.1016/j.mtcomm.2020.100911
http://doi.org/10.1016/j.polymer.2019.02.055
http://doi.org/10.1016/j.compscitech.2016.04.017
http://doi.org/10.1007/s11998-018-0082-3


Polymers 2021, 13, 1460 13 of 14

15. Zeng, Z.; Chen, M.; Pei, Y.; Shahabadi, S.I.S.; Che, B.; Wang, P.; Lu, X. Ultralight and Flexible Polyurethane/Silver Nanowire
Nanocomposites with Unidirectional Pores for Highly Effective Electromagnetic Shielding. ACS Appl. Mater. Interfaces 2017, 9,
32211–32219. [CrossRef]

16. Esmaeili, E.; Eslami-Arshaghi, T.; Hosseinzadeh, S.; Elahirad, E.; Jamalpoor, Z.; Hatamie, S.; Soleimani, M. The biomedical
potential of cellulose acetate/polyurethane nanofibrous mats containing reduced graphene oxide/silver nanocomposites and
curcumin: Antimicrobial performance and cutaneous wound healing. Int. J. Biol. Macromol. 2020, 152, 418–427. [CrossRef]

17. Mohammadi, A.; Doctorsafaei, A.H.; Burujeny, S.B.; Rudbari, H.A.; Kordestani, N.; Najafabadi, S.A.A. Silver(I) complex with a
Schiff base ligand extended waterborne polyurethane: A developed strategy to obtain a highly stable antibacterial dispersion
impregnated with in situ formed silver nanoparticles. Chem. Eng. J. 2020, 381, 122776. [CrossRef]

18. Rahman, M.M. Stability and properties of waterborne polyurethane/clay nanocomposite dispersions. J. Coatings Technol. Res.
2017, 14, 1357–1368. [CrossRef]

19. Cheng, D.; Wen, Y.; An, X.; Zhu, X.; Ni, Y. TEMPO-oxidized cellulose nanofibers (TOCNs) as a green reinforcement for waterborne
polyurethane coating (WPU) on wood. Carbohydr. Polym. 2016, 151, 326–334. [CrossRef]

20. Santamaria-Echart, A.; Ugarte, L.; García-Astrain, C.; Arbelaiz, A.; Corcuera, M.A.; Eceiza, A. Cellulose nanocrystals reinforced
environmentally-friendly waterborne polyurethane nanocomposites. Carbohydr. Polym. 2016, 151, 1203–1209. [CrossRef]
[PubMed]

21. Hormaiztegui, M.E.V.; Daga, B.; Aranguren, M.I.; Mucci, V. Bio-based waterborne polyurethanes reinforced with cellulose
nanocrystals as coating films. Prog. Org. Coat. 2020, 144, 105649. [CrossRef]

22. Kim, M.S.; Ryu, K.M.; Lee, S.H.; Choi, Y.C.; Jeong, Y.G. Influences of cellulose nanofibril on microstructures and physical
properties of waterborne polyurethane-based nanocomposite films. Carbohydr. Polym. 2019, 225, 115233. [CrossRef] [PubMed]

23. Santamaria-Echart, A.; Ugarte, L.; Arbelaiz, A.; Gabilondo, N.; Corcuera, M.A.; Eceiza, A. Two different incorporation routes of
cellulose nanocrystals in waterborne polyurethane nanocomposites. Eur. Polym. J. 2016, 76, 99–109. [CrossRef]

24. SaifulAzry, S.O.; Chuah, T.G.; Paridah, M.T.; Aung, M.M.; Zainudin, E.S. 17. Green Nanocomposites from Cellulose Nanowhiskers and
Jatropha Oil–Based Polyurethane; Elsevier Ltd.: Amsterdam, The Netherlands, 2017.

25. Fang, C.; Zhou, X.; Yu, Q.; Liu, S.; Guo, D.; Yu, R.; Hu, J. Synthesis and characterization of low crystalline waterborne polyurethane
for potential application in water-based ink binder. Prog. Org. Coat. 2014, 77, 61–71. [CrossRef]

26. Nurdin, N.S.; Saalah, S.; Lim, A.T.; Francis, A.Y.; Abdullah, L.; SaifulAzry, S. Effect of DMPA Content on Colloidal Stability of
Jatropha Oil-based waterborne Polyurethane Dispersion. IOP Conf. Series Mater. Sci. Eng. 2020, 778. [CrossRef]

27. Park, S.H.; Oh, K.W.; Kim, S.H. Reinforcement effect of cellulose nanowhisker on bio-based polyurethane. Compos. Sci. Technol.
2013, 86, 82–88. [CrossRef]

28. Saalah, S.; Abdullah, L.; Aung, M.; Salleh, M.; Biak, D.A.; Basri, M.; Jusoh, E.; Mamat, S.; Al Edrus, S.O. Chemical and
Thermo-Mechanical Properties of Waterborne Polyurethane Dispersion Derived from Jatropha Oil. Polymers 2021, 13, 795.
[CrossRef]

29. Cao, X.; Xu, C.; Wang, Y.; Liu, Y.; Liu, Y.; Chen, Y. New nanocomposite materials reinforced with cellulose nanocrystals in nitrile
rubber. Polym. Test. 2013, 32, 819–826. [CrossRef]

30. Lin, Y.Z.; Zeng, J.M.; Ma, J.H.; Gong, J.H. Preparation and Property of Waterborne Polyurethane/Cellulose Nanofiber Nanocom-
posite Films. Mater. Sci. Forum 2020, 993, 631–637. [CrossRef]

31. Lei, W.; Zhou, X.; Fang, C.; Song, Y.; Li, Y. Eco-friendly waterborne polyurethane reinforced with cellulose nanocrystal from office
waste paper by two different methods. Carbohydr. Polym. 2019, 209, 299–309. [CrossRef]

32. Benhamou, K.; Kaddami, H.; Magnin, A.; Dufresne, A.; Ahmad, A. Bio-based polyurethane reinforced with cellulose nanofibers:
A comprehensive investigation on the effect of interface. Carbohydr. Polym. 2015, 122, 202–211. [CrossRef] [PubMed]

33. Jiménez-Pardo, I.; Sun, P.; Van Benthem, R.; Esteves, A. Design of self-dispersible charged-polymer building blocks for waterborne
polyurethane dispersions. Eur. Polym. J. 2018, 101, 324–331. [CrossRef]

34. SaifulAzry, S.O.A.; Chuah, T.G.; Paridah, M.T.; Aung, M.M.; Edi, S.Z. Effects of polymorph transformation via mercerisation on
microcrystalline cellulose fibres and isolation of nanocrystalline cellulose fibres. Pertanika J. Sci. Technol. 2017, 25, 1275–1290.

35. SaifulAzry, S.O.; Chuah, T.G.; Paridah, M.T.; Aung, M.M.; Ridzuan, M.A.; Lee, C.H.; Sariah, S.; Lee, S.H.; Juliana, A.H. Influence
of cellulose II polymorph nanowhiskers on bio-based nanocomposite film from Jatropha oil polyurethane. Mater. Res. Express
2021, 8, 015003. [CrossRef]

36. Larraza, I.; Vadillo, J.; Santamaria-Echart, A.; Tejado, A.; Azpeitia, M.; Vesga, E.; Orue, A.; Saralegi, A.; Arbelaiz, A.; Eceiza, A.
The effect of the carboxylation degree on cellulose nanofibers and waterborne polyurethane/cellulose nanofiber nanocomposites
properties. Polym. Degrad. Stab. 2020, 173, 109084. [CrossRef]

37. Gao, Z.; Peng, J.; Zhong, T.; Sun, J.; Wang, X.; Yue, C. Biocompatible elastomer of waterborne polyurethane based on castor oil
and polyethylene glycol with cellulose nanocrystals. Carbohydr. Polym. 2012, 87, 2068–2075. [CrossRef]

38. Pei, A.; Malho, J.-M.; Ruokolainen, J.; Zhou, Q.; Berglund, L.A. Strong Nanocomposite Reinforcement Effects in Polyurethane
Elastomer with Low Volume Fraction of Cellulose Nanocrystals. Macromolecules 2011, 44, 4422–4427. [CrossRef]

39. Mucci, V.L.; Ivdre, A.; Buffa, J.M.; Cabulis, U.; Stefani, P.M.; Aranguren, M.I. Composites made from a soybean oil biopolyurethane
and cellulose nanocrystals. Polym. Eng. Sci. 2017, 58, 125–132. [CrossRef]

40. Delpech, M.C.; Coutinho, F.M. Waterborne anionic polyurethanes and poly(urethane-urea)s: Influence of the chain extender on
mechanical and adhesive properties. Polym. Test. 2000, 19, 939–952. [CrossRef]

http://doi.org/10.1021/acsami.7b07643
http://doi.org/10.1016/j.ijbiomac.2020.02.295
http://doi.org/10.1016/j.cej.2019.122776
http://doi.org/10.1007/s11998-017-9944-3
http://doi.org/10.1016/j.carbpol.2016.05.083
http://doi.org/10.1016/j.carbpol.2016.06.069
http://www.ncbi.nlm.nih.gov/pubmed/27474671
http://doi.org/10.1016/j.porgcoat.2020.105649
http://doi.org/10.1016/j.carbpol.2019.115233
http://www.ncbi.nlm.nih.gov/pubmed/31521282
http://doi.org/10.1016/j.eurpolymj.2016.01.035
http://doi.org/10.1016/j.porgcoat.2013.08.004
http://doi.org/10.1088/1757-899X/778/1/012107
http://doi.org/10.1016/j.compscitech.2013.07.006
http://doi.org/10.3390/polym13050795
http://doi.org/10.1016/j.polymertesting.2013.04.005
http://doi.org/10.4028/www.scientific.net/MSF.993.631
http://doi.org/10.1016/j.carbpol.2019.01.013
http://doi.org/10.1016/j.carbpol.2014.12.081
http://www.ncbi.nlm.nih.gov/pubmed/25817660
http://doi.org/10.1016/j.eurpolymj.2018.02.026
http://doi.org/10.1088/2053-1591/abc6ce
http://doi.org/10.1016/j.polymdegradstab.2020.109084
http://doi.org/10.1016/j.carbpol.2011.10.027
http://doi.org/10.1021/ma200318k
http://doi.org/10.1002/pen.24539
http://doi.org/10.1016/S0142-9418(99)00066-5


Polymers 2021, 13, 1460 14 of 14

41. Xu, C.-A.; Nan, B.; Lu, M.; Qu, Z.; Tan, Z.; Wu, K.; Shi, J. Effects of polysiloxanes with different molecular weights on in vitro
cytotoxicity and properties of polyurethane/cotton–cellulose nanofiber nanocomposite films. Polym. Chem. 2020, 11, 5225–5237.
[CrossRef]

42. Lu, P.; Hsieh, Y.-L. Preparation and properties of cellulose nanocrystals: Rods, spheres, and network. Carbohydr. Polym. 2010, 82,
329–336. [CrossRef]

43. Wu, G.-M.; Chen, J.; Huo, S.-P.; Liu, G.-F.; Kong, Z.-W. Thermoset nanocomposites from two-component waterborne polyurethanes
and cellulose whiskers. Carbohydr. Polym. 2014, 105, 207–213. [CrossRef] [PubMed]

44. Cao, X.; Habibi, Y.; Lucia, L.A. One-pot polymerization, surface grafting, and processing of waterborne polyurethane-cellulose
nanocrystal nanocomposites. J. Mater. Chem. 2009, 19, 7137–7145. [CrossRef]

45. Moon, R.J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J. Cellulose nanomaterials review: Structure, properties and
nanocomposites. Chem. Soc. Rev. 2011, 40, 3941–3994. [CrossRef] [PubMed]

46. Aung, M.M.; Li, W.J.; Lim, H.N. Improvement of Anticorrosion Coating Properties in Bio-Based Polymer Epoxy Acrylate
Incorporated with Nano Zinc Oxide Particles. Ind. Eng. Chem. Res. 2020, 59, 1753–1763. [CrossRef]

47. Howard, G.T. Biodegradation of polyurethane: A review. Int. Biodeterior. Biodegrad. 2002, 49, 245–252. [CrossRef]
48. Li, W.; Wu, Y.; Liang, W.; Li, B.; Liu, S. Reduction of the Water Wettability of Cellulose Film through Controlled Heterogeneous

Modification. ACS Appl. Mater. Interfaces 2014, 6, 5726–5734. [CrossRef] [PubMed]
49. Gurunathan, T.; Rao, C.R.; Narayan, R.; Raju, K. Synthesis, characterization and corrosion evaluation on new cationomeric

polyurethane water dispersions and their polyaniline composites. Prog. Org. Coat. 2013, 76, 639–647. [CrossRef]
50. Rezaei, F.; Sharif, F.; Sarabi, A.A.; Kasiriha, S.M.; Rahmanian, M.; Akbarinezhad, E. Evaluating water transport through high solid

polyurethane coating using the EIS method. J. Coat. Technol. Res. 2009, 7, 209–217. [CrossRef]
51. Samimi, A.; Zarinabadi, S. Application solid polyurethane as coating in oil and gas pipelines. In Proceedings of the CHISA

2012—20th International Congress of Chemical and Process Engineering and PRES 2012—15th Conference PRES, Prague, Czech
Republic, 25–29 August 2012; Volume 1, pp. 43–45.

http://doi.org/10.1039/D0PY00809E
http://doi.org/10.1016/j.carbpol.2010.04.073
http://doi.org/10.1016/j.carbpol.2014.01.095
http://www.ncbi.nlm.nih.gov/pubmed/24708971
http://doi.org/10.1039/b910517d
http://doi.org/10.1039/c0cs00108b
http://www.ncbi.nlm.nih.gov/pubmed/21566801
http://doi.org/10.1021/acs.iecr.9b05639
http://doi.org/10.1016/S0964-8305(02)00051-3
http://doi.org/10.1021/am500341s
http://www.ncbi.nlm.nih.gov/pubmed/24666422
http://doi.org/10.1016/j.porgcoat.2012.12.009
http://doi.org/10.1007/s11998-009-9173-5

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Jatropha Oil-Based Polyol (JOL) 
	Preparation of Jatropha Oil-Based Polyurethane Dispersion 
	Preparation of WBPU-CNF Nanocomposite Film 
	Characterisation 
	Fourier Transform Infrared Spectroscopy (FTIR) Characterisation 
	Mechanical Properties Characterisation 
	Analysis of Thermal Degradation (TGA) 
	Morphology Evaluation 
	Water Uptake Characterisation 
	Water Contact Angle Characterisation 


	Results 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Morphology of WBPU and WBPU-CNF Nanocomposite Films 
	Mechanical Properties of WBPU and WBPU-CNF Nanocomposite Films 
	Thermal Properties of WBPU and WBPU-CNF Nanocomposite Films 
	Contact Angle of WBPU and WBPU-CNF Nanocomposite Films 
	Water Uptake of WBPU and WBPU-CNF Nanocomposite Films 

	Conclusions 
	References

