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Effects of adding microcrystalline cellulose (MCC) and cellulose
nanocrystals (CNC) were evaluated relative to the mechanical, thermal,
morphological, and structural properties of rigid polyurethanes (rPUs). The
composites were prepared with the blending of polyols/isocyanates and
the cellulosic fillers at 0.25%, 0.5%, and 1% loadings. Scanning electron
microscopic images showed that the samples had micro-scaled porosity,
with cell sizes ranging from 250 to 800 nm. The fillers improved the
mechanical strengths and modulus of neat rPUs due to the presence of
the nano-sized cells in rPUs matrix. The addition of both fillers generally
did not provide a positive effect on the thermal properties, and the weight
loss generally increased while the loading rate of the fillers was increased
from 0.25% to 1%. The samples had two small crystalline peaks at 18°
and 19° according to the X-ray diffraction analysis. From the results, it can
be said that the presence of both fillers generally improved all properties
of the neat rPUs, and the effects of CNC on the properties were higher
than MCC due to both lower particle size and the higher crystallinity of
CNC.

DOI: 10.15376/biores.19.2.2842-2862

Keywords: Cellulose nanocrystals; Rigid polyurethanes; Porous materials; Material characterization

Contact information: a: Department of Forest Products Engineering, Isparta University of Applied
Sciences, 32200, Isparta, Tirkiye; b: Department of Forest Products Engineering, Faculty of Forestry,
Bartin University, 74100, Bartin, Tiirkiye; *Corresponding author: omeryalcin@isparta.edu.tr

INTRODUCTION

Polyurethane consumption was approximately 18 million tons of production in
2016, and the global (PU) market has been predicted to reach 22.5 million tons in 2024
(Tran and Lee 2023). Polyurethanes (PUs) have many application areas, including
construction, coatings, adhesives, and isolation foam materials (Latere Dwan'isa et al.
2004; Singh et al. 2020). They have been commonly used for isolation purposes due to low
costs, and very low heat conductivity in the building industry. The PUs can be found in
various forms, such as solid products, foams, paints, varnishes, adhesives, and
impregnations (Niesiobedzka and Datta 2023). The rigid polyurethanes (rPUs), which are
a type of highly cross-linked polymer, have been especially used in engineering
applications including insulation materials in buildings, the automotive industry, and
structural materials (Narine et al. 2007; Beltran and Boyaca 2011). They are prepared by
the reaction of polyisocyanate and polyol in the presence of a foaming agent (Wu et al.
2022). In general, PUs are produced through polymerization between the isocyanate
functional groups of the isocyanate and the hydroxyl groups of the polyol (Gama et al.
2018), as depicted in Fig. 1. The properties of PUs are highly dependent on the type and
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properties of the polyol (Singh et al. 2020). Polyols are mostly used in the molecular weight
(Mw) range from 200 to 8000 g/mol™ in the production of PUs (Hu et al. 2014). The rPUs
exhibit good performance with good properties of low-temperature insulations, and they
have in the usage area including refrigerated vehicles, rail tankers, vessels in transportation
cabinets, pipelines, liquid gas tanks, etc. (Demharter 1998). It was tried to improve the
properties with compatibilizers such as an alkyl maleic anhydride, etc. (Savani et al. 2023)
and by reinforcing with organic or inorganic fillers (Alves et al. 2022, Kaya 2022).
However, polyols generally are synthetic-based materials. Therefore, to provide the
sustainability of the rPUs, renewable resources including cellulose, lignin, or chitin to
partially or completely replace the synthetic polyols have been investigated in various
scientific studies (Aydemir et al. 2011; Antunes et al. 2014; Gtowinska and Datta 2016;
Zhou et al. 2016; Septevani et al. 2017; Kustiyah et al. 2019).

O
I H
HO-R'-OH + OCN-R2-NCO —» amuwR'—0—C-N-RZmnnr
Polyol Isocyanate Polyurethane

Fig. 1. Formation of polyurethanes from polyol and isocyanate (Hu et al. 2014)

Cellulose, one of the most abundant biopolymers in the world, is a renewable
resource (Bondeson et al. 2006) that has been commonly used in various industries
including papermaking, food, optics, and pharmaceuticals due to its abundant availability
and low prices, besides its physical and chemical features (de Souza Lima and Borsali
2004; Qi et al. 2009). The cellulose can be produced as micro or nano-sized particles.
Recent advances in material science and the usage areas of cellulose have expanded due to
its superior properties and production costs (Rueda et al. 2013). Cellulose nanocrystals
(CNC), produced from cellulose fibers, are nano-sized, renewable, and biologically
degradable materials. Therefore, they can be used as reinforcing agents in the plastic
industry as a green and eco-friendly material (George and Sabapathi 2015). Hence, the
demands for CNC have increased in the materials and polymers societies (Habibi et al.
2010). It was indicated that CNC as nanofillers improved tensile strength, thermal stability,
water resistance, and anti-yellowing properties of waterborne polyurethanes (Liu et al.
2013; She et al. 2013; Zhang et al. 2014). In contrast, using a sustainable nanomaterial
should be evaluated to increase thermal and mechanical performance (Septevani et al.
2018). Meanwhile, polyurethanes are a type of polymer that is used for a variety of
applications, which are biomedicine, coatings, foams, composites (Seydibeyoglu and
Oksman 2008), adhesives, applications (Liu et al. 2013) on automobiles for external polish,
advanced color retention, and in structures where steel supports and concrete reinforces
(Chattopadhyay and Raju 2007). Zhou et al. (2016) reported that water-blown bio-
polyurethane (BPU) foams based on palm oil were developed. The physical properties were
impacted by the reactive functional groups present on the nano-silica surface. Due to the
thermal barrier properties of nano-silica, the thermal stability of nano-filled foams was
enhanced. Furthermore, in modified nano silica-contained samples, the boundary layer's
covalent bond creation enhanced the samples’ static mechanical capabilities (Nikje and
Tehrani 2010).

The addition of CNC generally increased the compressive strength values,
dimensional stability, and rigidity, and it decreased deformation resilience. It has been
reported that a reduction of 5% thermal conductivity of rPUs foam was achieved by adding
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a very low CNC fraction with an optimized solvent-free ultra-sonication method and
adding 0.4 wt% of CNC without any modification (Septevani et al. 2017). It was studied
that various CNC contents were incorporated in high crystalline bio-based PUs with
various proportions by solvent casting procedure, and mechanical properties, such as
thermomechanical and tensile strength, increased (Saralegi et al. 2013). The addition of
CNC had an impact on the solid Pus’ characteristics as well; in the 0.5 wt% CNC
composite, the tensile modulus was significantly higher than in the unfilled solid
polyurethane (Wik et al. 2011). The tensile strength and modulus of the bio-based PU blend
with acetylated cellulose nanocrystals (ACNC) generally increased at low percentages with
the addition of the filler. When ACNC loading increased from 0 wt% to 10 wt%, the
elongation at the break of the PU blends reached more than twice that of polyurethane (Lin
et al. 2013). The aim of this study was to investigate the effects of cellulosic
micro/nanomaterials at low percentages (0.25%, 0.5%, and 1%) on the mechanical,
thermal, morphological, and structural properties of rPUs. The effects of particle size of
the fillers were also assessed.

EXPERIMENTAL

Materials

Polyols and isocyanates used in the preparation of rPUs were supplied from Osa
Chemical Company Co., Ltd., (Istanbul, Turkiye). Microcrystalline cellulose (MCC) was
bought from Sigma-Aldrich (Schnelldorf, Germany) in powder form at 20 um particle size,
as shown in Fig. 2 (a). Cellulose nanocrystals (CNC) were obtained with acid hydrolysis,
as explained by Aydemir et al. (2023). The dimensions of CNC were 15 to 30 nm (width)
and 150 to 200 nm (length), as shown in Fig. 2 (b). Both materials were dried in an oven
at 50 °C for a few days prior to processing.

MAIA3 TESCAN

SEM MAG: 200 kx
x500 200 um BI: 6.00 | BARTIN UNIVERSITY

Fig. 2. SEM images of the fillers used including MCC (a) and CNC (b).

Preparation of cellulosic-rPUs composites

Polyurethane was produced by mixing polyol and isocyanates (1:1 wt%) according
to the manufacturer's advice and following Hassan and Rus (2014) with the one-shot
method. The materials used for producing rPU were polyester polyol (PES240®) having a
hydroxyl value (260 mgKOH-1), viscosity (cone plate) (25 °C) 3500 mPa.s, density 1.10
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g/cm3, and MDI (ISONAT 2000®) (methylene dipheny! diisocyanate) with — NCO content
33.4 %, viscosity 2500 mPa.s (25°C), and density 1.25 g/cm. Both materials were taken
in a piston cylinder apparatus, and they were blended at 1500 rpm for 2 min. to provide a
homogenous mixture. After the blending process, the mixture was casted into silicon molds
to obtain the standard test specimens according to ASTM D638-03 (2001) Type | for the
tensile test and ASTM D790-03 (2003) for the flexure test. This sample was labelled as
neat PU (NPU). The PU blends were prepared with MCC and CNC at 0.25%, 0.5%, and
1% wit. Firstly, the fillers including MCC and CNC were added to polyols and blended at
1500 rpm for 5 min. After the blending, isocyanates were added to polyols-filler blends.
The blends were casted to a silicon mold with a dimension of 10 mm x 100 mm x 200 mm
(T x W x L). In the literature review, scientific studies showed that the addition of CNC at
high percentages (>1%) to polymer matrices can cause aggregation, and such a status can
be responsible for low mechanical properties. Therefore, the low loading ratio of CNC was
selected.

The processing temperature and time for the polymerization reaction were at 20 £
5°Cand 2 h, respectively. All reaction processes were conducted in a cabinet with vacuum
(20 to 30 mmHg) to avoid air bubbles. The panels were moved from the mold, and they
were kept a climatic cabinet for curing at 60 °C for 24 h. Table 1 shows the formulations
of the samples.

Table 1. Formulations of the Samples

Samples Polymer Fillers (% wt.)
(% wt.) MCC CNC

NPU 100 - -

0.25% MCC 99.75 0.25

0.5% MCC 99.50 0.50

1% MCC 99 1

0.25% CNC 99.75 0.25

0.5% CNC 99.50 0.50

1% CNC 99 1
Methods

Mechanical properties

An Utest mechanical tester was used to characterize the neat PU and the PU
composites. Tensile tests were conducted on samples with a dimension of 3.2 mm x 13
mm x 165 mm (T x W x L) according to ASTM D638-03 (2001) Type I, and the test speed
was selected as 5 mm/min. Elongation during the test was measured with an extensometer
and it was also used to find tensile modulus. Tensile strength and modulus were calculated
as given below;

F
: F . 7 _ FxL N
Tensile Strength = ~, Tensile modulus = & = = Q)
axb mm = AXAL mm?

where F is the fracture force (N), a and b are the width and highness of the sample, A is the
area of the sample (mm?), L is the length of the samples (mm), and AL is the change in the
length.

Flexural tests were conducted on a sample with a dimension of 3.2 mm x 12.7 mm
x 125 mm (T x W x L) with a mechanical tester at a test speed of 1.27 mm/min and support
range of 50.8 mm according to ASTM D790-03 (2003). Seven specimens for all the
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formulations were tested and the arithmetic averages were used. Flexural strength and
modulus were calculated according to Eq. 2,

3FL N F.L3 N
—— , Flexural modulus = —— ——
2wh?2 mm?2 4wh3d mm?2

)

Flexural Strength =

where w is the width of the sample (mm), h is the height of the samples (mm), d is the
deflection (mm), and L is the length of the samples (mm).

Scanning electron microscopy

Morphological characterization was conducted with Tescan MAIA3 XMU (Brno,
Czech Republic) with a voltage of 5 to 10 kV. The fractured section of tensile samples
(Tescan, SEM/STEM, Prague, Czech) were coated with a mixture of palladium/gold to
improve the electron flowing before SEM characterization. The aspect ratio (r) of the cells
in the samples was determined with width (w) divided by height (h) according to SEM
images.

Thermogravimetric analysis

Thermal stability of neat rPUs and the rPU composites was conducted using about
1.0 to 2 mg of samples at a heat scale from 25 to 800 °C, at the rate of 20 °C/min under
nitrogen, and a nitrogen flow ratio of 20 mL/min with a Hitachi STA 7300 thermal analyzer
(Chiyoda, Japan). The temperatures in weight loss at 10% (Tio%) and 50% (Tso%),
maximum derivative thermal gravimetry (DTGmax), and total weight loss (WL) values were
determined with the TGA curves.

X-ray diffraction (XRD) analysis

The XRD patterns of the samples were determined with an X-ray diffractometer
(Model XPert PRO, Philips PANalytical, Netherlands) with Ni-filtered Cu Ka (1.540562
A) radiation resource at a scale from 5° to 80° 26 range. A silicon zero frame plate was
used to ensure there were no peaks related to the sample holder. The crystallinity index
(CI) of neat rPU and the PU composites were determined with the OriginLab Pro 2024
software trial version using the equation as given below,

TAc
Z(ActAa)

3)

Crystallinity index ) =

where Ac is the combined area under the respective crystal peaks, and Aa is the combined
area of the amorphous halo.

Statistical analysis

One-way variance analysis (ANOVA) and the Duncan test were conducted at the
level of significance 95% (p < 0.05) with the SPSS ver. 22.0 software (Armonk, NY, USA).
The groups that were statistically significant were indicated by different letters A, B, C,
etc.
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RESULTS AND DISCUSSION

Mechanical properties and stress-strain graph during tensile test of neat rPU and
the PU composites are shown in Figs. 3, 4, and 5, respectively.
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Fig. 3. Flexural results of neat PU and the PU composites

The mechanical properties of neat rPU improved with the presence of the fillers.
While the filler loading increased from 0.25% to 1%, as given in Fig. 3, both the flexural
strength and flexural modulus for all the rPU composites significantly increased. However,
the flexure strength slightly decreased for 0.25% MCC due to the possible aggregation of
the MCC particles, as determined by Gorbunova et al. (2023). The maximum and minimum
increasing percentages in the flexural strength were determined as 47.1% for the rPU
composites with 1% and 15.5% CNC for the PU composites with 0.25% MCC,
respectively. The presence of the fillers had a positive effect on the flexural modulus of the
samples, and the maximum flexural modulus was found to be 1.3 GPa (an improvement
rate of 62.5%) for the rPU composites with 1% MCC and 1% CNC. These results can be
explained by the presence of CNCs that were tightly incorporated into the polymer-based
matrix and an increase of the interpenetration level of the polymer network. This status
may be responsible for the increase in the strength and ductility of the rPU composites.
Similar results were found to be due to the good distribution of nanoparticles in the matrix
increases the interfacial area with the effect of hydrogen bonding and strengthens the
bonds, resulting in a synergistic effect by Dos Santos (2017), Li et al. (2019), and Bi et al.
(2020).
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Figure 4 shows the tensile strength (TS) and tensile modulus (TM) of neat PU and
the PU composites. The addition of the fillers ranging from 0.25% to 1% generally
increased both TS and TM. The TS was determined to improve at a range from 2.8% (18.3
MPa in rPU composites with 0.25% CNC) to 81.5% (32.3 MPa in rPU composites with
1% CNC) with the presence of the fillers due to better compatibility between CNC and the
PU matrix as presented by Gorbunova et al. (2023). The TM of the rPU composites was
higher than neat rPU, and the maximum tensile modulus was found as 1.1 GPa (an
improvement of 37.5%) for the PU composites with 0.25% MCC, 0.5% CNC, and 1%
CNC. However, the high percentage of MCC generally decreased both tensile strength and
tensile modulus. This effect was attributed to MCC particle aggregation during solvent
casting as determined by Choi et al. (2023). As a result, both flexural and tensile results
enhanced with the addition of both the fillers, and the effects of CNC on the mechanical
properties were higher than that of MCC due to both lower particle size and the higher
crystallinity of CNC as presented in dos Santos et al. (2017).
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Fig. 4. Tensile results of neat PU and the PU composites
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Fig. 5. Stress-strain graph during tensile test of neat rPU and the rPU composites

The effects of adding MCC and CNC to the PU matrix on tensile strength and
tensile modulus leads to strong interactions between the fillers and between the filler and
the matrix, restricting the movement of the matrix (Cao et al. 2007).

One-way variance analysis was conducted to determine whether the changes in the
mechanical properties were statistically different at 95% significant level. Duncan tests
were performed to detect the changes among which groups were significant, and then the
results are shown with letters A, B, C, etc. According to the statistical analysis, the changes
in the rPU composites with the fillers were statistically significant, and here it can be said
that the presence of both MCC and CNC generally increased the mechanical properties.
Stress-strain graph during tensile test of neat rPU and the rPU composites can be seen in
Fig. 5, and it can be said that the addition of the fillers generally increased the elongation
at break of neat PU. The maximum elongation at break was about 5% for the PU
composites with 0.25% MCC. However, the addition of 1% MCC to neat rPU decreased
the elongation at break of the rPU composites. From here, it can be said that CNC have
higher effect on the elongation at break of neat PU due to the difference in the size of CNC
and MCC particles affecting the change in the level of interactions between neat rPU
macromolecules and high crystallinity of CNC compared to MCC.

The addition of MCC and CNC provided a porous structure with micro-scaled cell
size according to the morphological characterization, and the status generally increased the
mechanical properties of the samples. SEM images and the cell sizes of neat rPU and the
rPU composites with MCC and CNC are shown in Figs. 6, 7, and 8.
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Fig. 6. Cell Size of neat rPU and the rPU composites

It is apparent that the rPU composites had a homogenous porous structure. The neat
rPU had average cell diameters of about 565 nm (at a range from 110 nm to 992 nm). The
average cell diameters were about 495, 486, and 409 nm (a range from 142 nm to 810 nm)
for the rPU composites with 0.25%, 0.5%, and 1% MCC, respectively, whereas the average
cell diameter generally was about 730, 740, and 798 nm for the rPU composites with
0.25%, 0.5%, and 1% CNC, respectively. As a result, SEM images exhibited that the
adding MCC provided smaller cell diameter than the adding CNC. All the samples had
almost similar cellular structures, but the cell diameter of the PU composites was larger.
Amran et al. (2019) found that reinforcement of rigid polyurethane with lignocellulosic
biomass resulted in a porous structure, and the cells ranged from 785 to 650 nm. In another
study, it was found that the addition of cellulosic filler to rPU generally decreased the cell
size from 464 + 126 um to 228 + 81 um (Silva et al. 2010). It is generally said that foams
with higher cell density produced higher strength and modulus (Amran et al. 2019;
Lubczak et al. 2022), whereas in this study, the cell size was generally homogenous with
uniform cell diameters. Other studies have found that the small-sized cells in the porous
structures provided good features, and the size effect supported the increases in the
mechanical properties. Thus, it can be said that such a status has a positive effect on the
mechanical properties of the rPU and the PU composites (Aydemir et al. 2011; Wang et
al. 2022).
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Fig. 7. SEM images of neat PU and the PU composites with different ratios of MCC, NPU (a),
0.25% MCC (b), 0.5 MCC (c), and 1% MCC (d)
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Fig. 8. SEM images of neat PU and the PU composites with different ratios of CNC NPU (a),
0.25% CNC (b), 0.5 CNC (c), and 1% CNC (d)

The shape and diameters of the cells and the cell density in the porous materials
generally have an effect on thermal properties, and therefore, thermal studies were
conducted on the neat rPU and the rPU composites. Both TGA and derivative
thermogravimetric (DTG) curves showing the thermal degradation behavior of the neat
rPU and the rPU composites are provided in Figs. 9 and 10, and also in Table. 2. The TGA
(Fig. 9) and DTG curves (Fig. 10) reveal the decomposition stages of neat rPU and the rPU
prepared with CNC and MCC. Thermal decomposition started from the weakest link
forming the polyurethane structure (Yang et al. 1986).
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The thermal decomposition curve of the rPU disappeared at 80 to 120 °C, due to
the removal of moisture and inorganic compounds, and the initial weight loss occurred
below 160 °C (Wu et al. 2023). Then there was a complicated mechanism consisting of a
few decomposition steps at 200 to 320 °C, which was attributed to the separation in
urethane groups (Somani et al. 2003; Mosiewicki et al. 2009; Raghu et al. 2009). There
was initial decomposition into polyol and isocyanate components, followed by thermal
decomposition leading to the formation of amines, minor transition components, and
carbon dioxide (Somani et al. 2003; Tanaka et al. 2008; Raghu et al. 2009; Kirbas 2022).
The third separation step proceeded more slowly and separation of the hard segments takes
place at 250 to 350 °C and 370 to 420 °C (Marcovich et al. 2001; Gibson 2003). The stage
above 250 to 300 °C might be attributed to thermal degradation and decomposition of
cellulose (D’Acierno et al. 2020). The DTG curves showed two DTGmax peaks due to
degradation and decomposition of both cellulose and rPUs, as can be seen in Fig. 10. The
neat rPU showed a different behavior in DTG curves, and this status can be explained that
this is probably the result of the degradation of the residual unreacted polyol component.
In addition, the degradation rate of the NPU at 343 °C is only slightly lower than the
degradation rate at 389 °C, which is related to the degradation of the flexible segments
(Kebir et al. 2006, Hirzin et al. 2018).
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Fig. 9. TG curves of neat rPU and the rPU composites
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Fig. 10. DTG curves of neat rPU and the rPU composites

The extent of decomposition and summary of the decomposition process of the neat
rPU, whose thermal stability was changed by the addition of MCC and CNC, are given in
Table 2. When the thermal decomposition were examined, it was observed that as the
amount of both MCC and CNC increased, the T1o% and Tsox values corresponding to weight
loss generally decreased from 98% to 92%. Therefore, the increment in additive amounts,
degradation temperatures increased and weight loss decreased. Similarly, while the
addition of CNC increased, weight loss continuously decreased. The lowest weight loss
was 92% (decrease rate of 6%) for the PU composites with 1% CNC and 94% (decrease
rate of 4%) for the PU composites with 1% MCC. On this basis, it can be said that there
was a decrease in weight loss with the presence of MCC and CNC. The decrease in the
weight loss caused due to the degradation at high temperatures of polymer matrix and the
fillers. Similar results were also seen with the addition of different additives to PU (Saha
et al. 2008; Semenzato et al. 2009). According to the results, it is suggested that the thermal
degradation of the rPU composites with MCC and CNC is slower than the rPUs. Similar
results have been seen in the literature (Guo and Petrovic 2000; Latere Dwan'isa et al.
2004; Pashaei et al. 2010; Luo et al. 2012; Kaya 2022). It was found that the rPU
composites with MCC and CNC needs more energy for decomposition than the rPUs.
These results suggest that MCC and CNC have an effect that inhibits heat dissipation and
limits further degradation (Marcovich et al. 2006; Luo et al. 2012; Aydemir et al. 2023).
According to this result, it can be stated that MCC and CNC seem to be a heat barrier to
prevent weight loss (Teipel et al. 2016; Aydemir and Gardner 2020).
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Table 2. Results of the Thermogravimetric Analysis of Neat PU and the PU
Composites

Samples T1o0% Tso% DTGmax (°C) WL

(°C) (°C) Peak-1 | Peak-2 | Peak-3 (%)
NPU 220 322 - 351 388 98
0.25% MCC 230 335 270 330 387 97
0.5% MCC 238 333 286 332 386 97
1% MCC 241 336 285 332 386 94
0.25% CNC 223 324 315 334 389 98
0.5% CNC 226 325 320 338 390 97
1% CNC 239 335 325 345 390 92

The XRD pattern of neat rPU and the rPU composites is shown in Fig. 11. The rPU
composites are represented by a peak at around 19.5° in the XRD graph. The XRD patterns
are similar to each other, but there are differences among the curves of the samples due to
the addition of micro and nano crystalline cellulose.
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Fig. 11. XRD pattern of neat PU and the PU composites

The crystallinity of the polymers affects the mechanical properties, and several
studies showed that the crystallinity positively affects the mechanical properties of
polymers (Aydemir et al. 2015; Simmons et al. 2019). Previous studies showed that the
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intense crystalline peaks at 5 to 40° for rPU were determined, and the crystallinity was
measured at range from 30% to 50% (Trovati et al. 2010, Popescu et al. 2013, Alves et al.
2022). Both MCC and CNC, as used in this study, can be regarded as highly crystalline
fillers. The crystallinity was calculated to determine how the crystallinity of rigid PU will
be affected with the presence of such fillers, as shown in Table 3. Neat PU and the PU
composites exhibited one crystalline peak at around 19.5° in the XRD graph. The
crystallinity of neat PU and the PU composites were calculated using the area between 15°
and 25° with mathematical software to determine the effects of the cellulosic fillers on the
crystallinity of neat rPU. As shown in Tables 3, 26 changed at a range from 19.1° to 19.5°.
The crystallinity increased with the presence of the fillers. With increasing filler loading,
the crystallinity generally increased. The highest crystallinity was calculated as 56.3% for
the PU composites with 1% MCC and the PU composites with 0.5% MCC followed with
the crystallinity index of 49.8%.

Table 3. Crystallinity and 26°of Neat rPU and the rPU Composites

2-Theta (20) Crystallinity
Samples © (%)
NPU 19.5 32.9
0.25% MCC 19.1 45.4
0.5% MCC 19.5 49.8
1% MCC 19.5 56.3
0.25% CNC 19.2 40.1
0.5% CNC 19.4 41.2
1% CNC 19.5 49.2

CONCLUSIONS

1. The recycled polyurethane (rPU) was successfully blended with microcrystalline
cellulose (MCC) and cellulose nanocrystals (CNC). Both fillers provided good
interaction in the rPU matrix, and in this way, the usage application areas of rPU can
be raised with the presence of cellulosic materials.

2. The mechanical properties increased with addition of the fillers due to better
morphological structure and micro-sized cells between the fillers and neat PU as
revealed by the morphological characterization.

3. Scanning electron microscopic (SEM) analysis showed that the samples had small-
sized cells under generally one pum, and the MCC was found to provide the smaller
cells in the rPU matrix than CNC.

4. Thermal behavior of the rPU composites generally was similar with the neat rPU, and
thermal stability of the neat rPU was improved with the addition of fillers, whereas the
weight loss decreased with the presence of the fillers.

5. The X-ray diffraction (XRD) patterns were similar to each other, and the crystallinity
generally increased with addition of the fillers. From the results, it can be said that both
the fillers generally improved the properties and the morphological structure of the neat
rPUs.
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