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Abstract: Polyurethane foam manufacturing depends on its materials and processes. A polyol that
contains primary alcohol is very reactive with isocyanate. Sometimes, this may cause unexpected
problems. In this study, a semi-rigid polyurethane foam was fabricated; however, its collapse occurred.
The cellulose nanofiber was fabricated to solve this problem, and a weight ratio of 0.25, 0.5, 1, and 3%
(based on total parts per weight of polyols) of the nanofiber was added to the polyurethane foams.
The effect of the cellulose nanofiber on the polyurethane foams’ rheological, chemical, morphological,
thermal, and anti-collapse performances was analyzed. The rheological analysis showed that 3 wt%
of the cellulose nanofiber was unsuitable because of the aggregation of the filler. It was observed
that the addition of the cellulose nanofiber showed the improved hydrogen bonding of the urethane
linkage, even if it was not chemically reacted with the isocyanate groups. Moreover, due to the
nucleating effect of the cellulose nanofiber, the average cell area of the produced foams decreased
according to the amount of the cellulose nanofiber present, and the average cell area especially was
reduced about five times when it contained 1 wt% more of the cellulose nanofiber than the neat foam.
Although the thermal stability declined slightly, the glass transition temperature shifted from 25.8 °C
to 37.6, 38.2, and 40.1 °C by when the cellulose nanofiber increased. Furthermore, the shrinkage ratio
after 14 days from the foaming (%ghrinkage) Of the polyurethane foams decreased 15.4 times for the
1 wt% cellulose nanofiber polyurethane composite.

Keywords: anti-collapse; polyurethane foam; cellulose nanofiber; hydrogen bonding; nucleation agent

1. Introduction

Since polyurethane (PU) foam was commercialized in the 1950s, it has emerged as a
versatile material with diverse applications, such as cushioning, packaging, automotive
interiors, furniture, bedding, and construction insulation [1]. PU foam is generally synthe-
sized through the urethane formation reaction of poly-isocyanate and the hydroxyl group
of a polyol. Additionally, various additives, such as surfactants, blowing agents, catalysts,
and chain extenders are introduced to control the properties and cell morphology of PU
foam [2,3]. The properties of PU foam vary depending on the raw materials that are used
in its production. The mechanical properties, thermal properties, and density of PU foam
are all influenced by factors such as the type and amount of polyol, isocyanate, and the
other additives used [3-6].

Moreover, the free-rise method, which is commonly utilized in the industrial field for
producing PU foams and was studied extensively in the literature [7,8], was implemented
on a lab scale to produce PU foam insulation. For green chemistry, we tried to utilize
the glycerol ethoxylate which consisted of highly reactive primary alcohols, in order to
reduce the use of organic catalysts. However, the collapse of the synthesized PU foam
was observed even post-curing. The PU foam was inflated when foaming but sank after a
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few days. For this reason, the gas that was generated by a chemical reaction grew into the
pore; however, gas leakage occurred inside the cells [9]. This phenomenon is a critical issue
in industrial product manufacturing. Previous studies have identified several causes of
this issue, such as an insufficient temperature during the foaming, rapid gelation, and the
absence of surfactant [3,10-13].

Cellulose is the most abundant natural polymer on our planet and has a variety of
applications, such as composites, netting, coatings, and food packaging [14-16]. Cellulose
can be derived from numerous sources, including woods, annual plants, algae, and bacte-
ria [17-19]. It is composed of numerous glucose units that are linked by 3-1,4-glycosidic
bonds [16,20,21], and there are plenty of hydroxyl groups on the glucose units which can
readily form hydrogen bonds with each other to hold the chain together [22]. Cellulose
nanofiber (CNF) is an aggregation of 10-50 cellulose elements with a web-like network
structure. It is obtained from cellulose through various methods, including high-pressure
homogenization, grinding, electrospinning, and TEMPO-mediated oxidation pre-treatment.
CNF has a range in diameter of 5 to 50 nm and a length of a few um. [15,23].

Due to its reinforcement effect on the properties of composites, CNF has been studied
widely as a filler. Iwatake et al., reported that the use of CNF improved the Young’s
modulus and tensile strength of polylactic acid by 40% and 25%, respectively, without
reducing the yield strain at a fiber content of 10 wt% [24]. Zhou et al. discovered that
adding CNF of up to 0.5 wt% to PU foam increased the compressive strength and modulus
of the foams without a significant effect on their density, porosity, or closed cell content [25].
Kamboj et al. found that adding nano cellulose to polyvinyl acetate adhesive significantly
improved the joints’ elastic stiffness and shear strength [26]. Choo et al. identified that the
tensile strength and thermal stability of polyvinyl alcohol-chitosan film were enhanced by
increasing the loading levels of TEMPO-oxidized CNF to 1.5 wt% [27].

Not only was enhancing the effect of the mechanical properties of composites studied,
but improving the dimensional stability of PU foams via the addition of cellulose derivative
was also explored. Xiaojian et al. reported that the dimensional stability in freezing and
heating conditions was increased by adding cellulose nanocrystals (CNC). Significantly,
the volume shrinkage in the freezing conditions decreased from 5% to 1% when the CNC
content was increased to 8 phr [28]. Additionally, Xiaojian et al. studied the addition of
a pineapple leaf nanofiber to the compressive properties and dimensional stability of a
biobased PU foam. Their research showed that the compressive strength and modulus
increased by 35% and 23% with 2% nanofiber, and the dimensional stability significantly
improved in the biobased PU foam [29].

In this study, the aim was to investigate the effect of incorporating CNF as a filler
material to prevent the synthesized PU foam'’s collapse behavior. The foams were prepared
using the free-rise method and were post-cured before being cut into a specific size. It was
identified that there is an actual effect in preventing the collapse behavior of the foams. This
can be attributed to the change in the chemical linkage and eco-friendly nucleating agents’
effects caused by the incorporation of CNE. The effectiveness of adding CNF as a filler
was evaluated through several experiments, including rheology, FTIR, thermal analysis,
morphology, and a collapse behavior assessment.

2. Materials and Methods
2.1. Materials

Glycerol ethoxylate (average M,~1000) with a hydroxyl value of 160-177 mg KOH mg !
was used as a polyol. The fibrous cellulose from cotton linter was used as the raw material for
the fabrication of the CNEF. Both the polyol and cellulose raw material were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Methylene diphenyl diisocyanate (Lupranat M 20 S),
with an NCO content of 31.5%, a viscosity of 210 mPa-s at 25 °C, and a functionality of 2.7 for
polymeric MDI (pMDI), was obtained from BASF SE (Ludwigshafen, Germany). Silicone sur-
factant (OFX-193S) was kindly supported by Dow Chemical (Midland, MI, USA). Dibutyltin
dilaurate (DBTDL, 95%) catalyst was purchased from TCI (Tokyo, Japan). Triethanolamine
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Polyol

Polyol + CNF

(99%) for the chain extender was obtained from SAMCHUN Chemicals (Seoul, Republic of
Korea). Distilled water was used as a blowing agent.

2.2. Preparation of CNF

The cellulose fibrous was dispersed in water at room temperature with a spatula, with
a weight ratio of 1:100 (cellulose:water). When it became homogeneous, the suspension was
treated with a high-pressure homogenizer (NH500, ILSHIN Autoclave, Daejeon, Republic
of Korea) in 1000 bars for 10 passes to get the CNF. Finally, the CNF suspension was dried
via freeze drying (FDCF-12012, Operon, Seoul, Republic of Korea) for 7 days at —130 °C in
a vacuum.

2.3. Preparation of Foams

There is an overview of the foam preparation in Figure 1. The CNF was pulverized
with a rotor mill (PULVERISETTE 14, Fritsch, Idar-Oberstein, Germany) at 12,000 rpm,
with a sieve of a 120 um mesh aperture. After that, the CNF powder was dried for4 hin a
60 °C oven to evaporate the water. The CNF was added into the polyol, and then mixed
at 1400 rpm for 5 min with a planetary mixer (HGT 400-DIV, HANIL Global Technology,
Seoul, Republic of Korea). The rheological properties were measured in this step. When
the mixture became homogeneous, the water, chain extender, surfactant, and catalyst were
added to the mixture, mixed at 1400 rpm for 3 min, and then defoamed at 1400 rpm for
3 min in a vacuum. The neat foam was also prepared in this step. After that, MDI was
added and vigorously stirred for 10 s with a disperser (IKA T50 Digital ULTRA-TURRAX®,
IKA works, Staufen im Breisgau, Germany). Then, the mixture was poured into an open
paper mold (11 x 11 x 2.5 cm) to produce free-rise foam. The foaming began after 10
to 15 s, and the entire process was finished in 90 s. The PU foams were cured at room
temperature for 24 h [30] and elaborated into specific sizes before the characterization. The
formulations are shown in Table 1. The hydroxyl group of the CNF was also counted in the
-NCO/-OH index value. The PU foams with 0, 0.25, 0.5, 1, and 3% of the CNF (based on
the total Pbw of the polyols) were named N, C0.25, C0.5, C1, and C3, respectively.

{

+ additives +MDI After24 h PU

) ) )

{

- CNF/PU

composite

Figure 1. Simple schematic image of foam preparation.
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Table 1. The formulation of the PU foams.

Components Parts by Weight (Pbw) Role
Glycerol ethoxylate 100 Polyol
Lupranat M 20 S 126 (for N) Poly-isocyanate
OFX-193S 4 Surfactant
DBTDL 0.5 Catalyst
Triethanolamine 3 Chain extender
Water 3 Blowing agent
CNF 0,0.25,05,1,3 Filler
Index (-NCO/-OH) 1.1

2.4. Rheological Properties

The rheological properties of the polyol and CNF in the polyol mixture were charac-
terized using a modular compact rheometer (Anton Paar, MCR 302, Graz, Austria) at 20 °C
in a shear rate from 0.1 s~! to 100 s~ !, with a diameter of a 25 mm parallel plate and a gap
of 0.5 mm.

2.5. Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectroscopy

The ATR-FTIR spectra were obtained using an FTIR spectrometer (Thermo Nicolet,
Nicolet i510 FT-IR Spectrometer, Madison, WI, USA) in ATR mode. The spectra were
collected from 4000 to 600 cm !, with 32 scans at a resolution set to 4 cm~—!. The foams
were pulverized with a rotor mill and measured to be about 0.1 g of the samples in powder
form. The spectra were normalized with the phenyl group of 1595 cm~! [31].

2.6. Morphology Characterization

The field-emission scanning electron microscope (FE-SEM) image of the CNF was
obtained using FE-SEM (Jeol, JSM-7900F, Seoul, Republic of Korea). The FE-SEM examina-
tion at 20,000 magnifications was operated for the platinum sputter-coated CNF powder
at a 3.0 kV accelerating voltage. The scanning electron microscope (SEM) image of the
PU foams was obtained using a tabletop SEM (SEC, SNE-4500M Plus, Seoul, Republic of
Korea). This observation was conducted on the foam one day after the foaming and before
the collapse behavior occurred. The cross-section, parallel to the foaming direction of the
foam, was sputter-coated with platinum. The SEM examination at 74 magnifications was
operated at a 5.0 kV accelerating voltage. The cell size was calculated with Image J freeware
(Figure S1).

2.7. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)

Differential scanning calorimetry was conducted using the DSC (TA Instruments,
(2000, Newcastle, DE, USA). The samples were heated from —40 to 150 °C at a heating rate
of 5 °C/min under air conditions. Approximately 4-5 mg of the samples were prepared for
each measurement. The thermogravimetric analyses (TGA) of the foams were conducted
using a thermogravimetric analyzer (TA Instruments, TGA 55, Newcastle, DE, USA).
The temperature ranged from 30 to 700 °C with a heating rate of 10 °C/min under the
air atmosphere.

2.8. Collapse Behavior Characterization

The foams were cut into specific sizes and their weights were measured on the 1st
day and 14th day. The density of the samples was also obtained by using an analytical
balance (Mettler Toledo, PG603-S, Columbus, OH, USA) for each day. The volumes of the
PU foams on the 1st day (V) and 14th day (V) were calculated using the measured weight
and density of the PU foams. The ratio of the shrinkage (7oshrinkage) Was calculated using
Equation (1):

0 Vo — Vi 0
/°shrinkage = Tn % 100% (1)
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3. Results and Discussions
3.1. FE-SEM Examination of CNF

Due to the pulverizing and drying process, it is necessary to confirm the structure
of the treated CNF. The lyophilized CNF powder and its FE-SEM image are shown in
Figure 2a,b. Through the rotor milling process, the freeze-dried CNF was pulverized and
could be obtained as a white and delicate CNF powder. In addition, the FE-SEM image
shows that the fibrous structures and networks of the CNFs are well maintained after
being powdered.

Figure 2. (a) CNF powder, and (b) FE-SEM image of CNF powder.

3.2. Influence of the Amount of CNF Added on Rheological Properties

The rheological properties were used to analyze the appropriate CNF concentration in
the polyol. This measurement was conducted on a polyol and a mixture of the CNF and
polyol in the foaming process. Figure 3 shows the viscosity of the polyol and the polyols
containing CNF. The viscosity of the polyol was increased with the CNF loading at the
same shear rates, especially in C3. For example, the dispersion of 3 wt% of the CNF in
the polyol produced a 16 times higher shear viscosity than that of the neat polyol at a low
shear rate (0.1 s~1), while the 0.25 wt% of the CNF added into the polyol showed almost
no difference to the neat polyol. In the case of C0.5 and C1, their viscosity was increased
1.3 and 1.6 times, respectively. This noteworthy increase in viscosity at the low shear rate
in C3 was because the fibers were well dispersed in the matrix and had formed networks.
Only C3 generated these networks because the increase of the CNF concentration led to
binding and the creation of a structural percolation network [32,33].

Additionally, the difference in the shear thinning behavior according to the CNF
concentration indicated this. In the case of the polyols with up to 1 wt% of the CNF, there
was no significant decrease in the viscosity with an increase in the shear rate, whereas C3
showed significant shear thinning behavior (about 7 Pa-s to 1 Pa-s). This is because the
shear force caused the breakdown of the entangled CNF network into scattered nanofibers
domains, leading to a decrease in viscosity [34]. However, this network partially recovered
and caused spatial defects, consequently generating the collapse of the foam during curing,
as shown in Figure S2. Therefore, further experiments were carried out with the samples
C0.25, C0.5, and C1, in which the collapse (caused by excess CNF) did not occur.
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Figure 3. Rheometer curves of polyol and polyols after mixing with CNF.

3.3. ATR-FTIR Analysis

The attenuated total reflection-Fourier transform infrared spectroscopy was conducted
to analyze the changes in the chemical bonds of the PU foams that were caused by adding
the CNF. Figure 4a shows the ATR-FTIR spectra of the PU foams with varied amounts of 0,
0.25, 0.5, and 1 wt% of the CNF. The large absorption peak of the NH stretching and bending
vibration at 3320 cm ™! and 1530 cm ™! confirms the urethane linkage [35]. Furthermore,
this was confirmed also by the C-H stretching peak at 3000-2800 cm ™!, the isocyanate
absorbance at 2275 cm ! [36], the carbon dioxide vibration band at 2360 cm ! [37], and the
phenyl group of pMDI centered at 1595 cm~! [31]. Because the foaming gas was carbon
dioxide, there is a slight difference at 2360 cm~! among the samples, regardless of the
chemical bond.

In Figure 4b,c, the free carbonyl stretching band at 1724 cm ™! [38] and the C-O-C peak
at 1069 cm ™! [39] of the urethane group are decreased with the increasing CNF content.
This is because, as mentioned above, the hydroxyl group of the CNF was counted in the
-NCO/-OH index. Therefore, as the amount of the CNF increased, the amount of the polyol
decreased. However, since the CNF did not participate in the urethane synthesis, the peak
of the urethane group was reduced. This tendency can verify that the isocyanate peak
remains as the CNF is added [40], as shown in Figure 4d.

In contrast with the results of several studies [41,42], the CNF did not react with the
isocyanate in this research. This is because the polyol used in this paper is a primary
alcohol that is highly reactive, rather than a secondary alcohol. Polyols containing primary
alcohol are usually three times more reactive with isocyanate than secondary alcohol [43].
Therefore, a decreased preference for the hydroxyl group of the CNF meant that it could
not react with the isocyanate to form a urethane structure. Additionally, the reactivity of
the solid was reduced when in the liquid phase [44]; thus, the hydroxyl group of the CNF
did not react with the -NCO of pMDI. Despite all this, the H-bonded urethane carbonyl
stretching band at 1707 cm ™! [45] is increased along the CNF content in Figure 4b. This
means that the cellulose surface hydroxyl groups provided the site to make an H-bond
with the carbonyl groups of the urethane bond [46,47].

Consequently, these increased H-bond sites prevented the collapse behavior of the PU
foams. Leng et al. also reported similar results [3]. Although they were not notified about
the reactivity of the polyol, the FTIR spectra showed that the CNF did not introduce any new
functional groups into the polyurethane using a polyol that consisted of primary alcohol.
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Figure 4. FTIR spectra of PU foams, (a) expanded view of the spectra, (b) carbonyl peaks of urethane
group at 1724 cm ! and 1707 cm 1, () C-O-C peak of urethane group at 1069 cm !, and (d) isocyanate
peak of pMDI at 2270 cm 1.

3.4. Morphology of Foams

In addition to chemical bonding, cell morphology also played an essential factor
in the collapse behavior of foam. The foam cell characteristics of the N, C0.25, C0.5,
and C1 on day one were studied using SEM. Figure 5 shows the cell morphology of the
different CNF loading. It was found that the PU foam had a smaller cell size depending
on the increases to the amount of CNF. Due to the anisotropic structure of the cell, the
diameter is not a suitable measurement for determining its size. Instead, the average
cell area was calculated with Image ] freeware, as shown in Figure 6. Samples N, C0.25,
C0.5, and C1, treated with increasing concentrations of the CNF, exhibited decreasing
cell areas in the order of N (>100,000 um?), C0.25 (~37,000 um?), C0.5 (~30,000 um?), and
C1 (~21,000 pm?), respectively. Additionally, the addition of the CNF resulted in a more
uniform foam structure.

This observed tendency with increases to the concentrations of the CNF suggests that
the CNF had a significant effect on the foam as a nucleating agent. The added CNF particle
acted as a nucleating agent and provided a site for gas bubble formation instead of the
coalescence of gas [48-50], thereby reducing the size of the cell and promoting a more
uniform foam structure. Accordingly, the average cell area was about 5 times smaller for C1
than N. Hence, like the increased H-bonded sites, the incorporation of CNF as a nucleating
agent was found to significantly reduce the coalescence of gas and facilitate the formation
of smaller and homogeneous cells, thus preventing the collapse behavior of the PU foam.
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Figure 6. The average cell size of foam with different CNF contents compared with neat foam.

3.5. Thermal Properties of PU Foams

The effect of applying CNF to PU foams on their thermal properties was investigated
using DSC and TGA. Figure 7 shows the glass transition temperature (Tg) of the hard
segment in the PU foams, and it was found that the Tg of sample N was around 25.8 °C,
while the Ty of samples C0.25, C0.5, and C1 were around 37.6 °C, 38.2 °C, and 40.1 °C,
respectively. These results suggest that the addition of the CNF led to an increase in the Tg,
with a tendency to increase as the amount of CNF increased. The Ty was affected by the
morphological structure of the foams and the H-bonding that formed among the urethane
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groups [46]. Thus, the incorporated CNF induced a finer cell structure and additional
H-bonding sites; consequently, the Tg of the PU foams was increased. This result is in good
agreement with the FTIR and morphology analyses.

—N

0.8 - 025
—_ l —C0.5
Q 101°C C
% 0.6 | . \
=
O 04-
o—
©
% 0.2- 376°C

0.04 2558 °C

0 50 100 150

Temperature (°C)
Figure 7. DSC curves of N, C0.25, C0.5, and C1.

The TGA and DTG curves of the sample are in Figure 8. As shown in Figure 8a,
the TGA data presented the typical curves of the PU foam with two distinct steps. At
first, there was a little weight loss between 85-100 °C that was related to humidity loss.
After that, the urethane linkages and CNF were degraded around 300 °C (first stage),
and the isocyanate component of the PU foams was broken down around 530 °C (second
stage) [51,52]. Although the CNF was included, the TGA curves were not very different
from those of the neat foam, since the amount of CNF was inadequate to change the overall
shapes of the curves; however, slight alterations in the DTG curves are shown in Figure 8b.
There was a tendency to increase the peak intensity and shift to a low temperature with the
increasing CNF around 320 °C. These results are due to the decomposition of cellulose [53].
Additionally, the residue of the CNF acted as a defect and decreased the thermal stability,
so that the peaks around 530 °C were shifted slightly to a lower temperature [51].

(a) (b

NS
o
o

e
o

'

-

o
1

Deriv. Weight (%/°C)
(3, ]

310 320 330
100 200 300 400 500 600 700
Temperature (*C) Temperature (°C)

'
-
(3}

100 200 300 400 500 600 700

Figure 8. (a) TGA, and (b) DTG curves of PU foams in air atmosphere.
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3.6. Dimensional Stability

Each sample was prepared twice for non-destructive (photographs in Figure 9 and
weighing) and destructive experiments (density measurements in Table 2), and all the PU
foams were kept in the same condition. The density of the foams was measured with a
density meter. Since the foam was prepared closed-cell, the water absorption could be
negligible [12]. The foam volumes were calculated using the density and weight of the
samples on days 1 and 14, and a photo shoot was also carried out each day. This method
offers further accuracy for measuring the volume of un-regular shapes.

Figure 9. The picture of PU foams with samples (a) N, (b) C0.25, (c) C0.5, (d) C1 atday 1, and (e) N,
(f) C0.25, (g) C0.5, and (h) C1 at day 14.

Table 2. The collapse behavior assessment of PU foams.

o Density (kg/cm®)
Foams A’shrinkage
Day 1 Day 14
N 32.48 56.5 = 2.1 82754
C0.25 2.80 50.7 £0.5 51.5£0.5
C0.5 2.74 50.5 £ 2.1 51.3 £0.9
C1 211 48.5 + 0.5 49.0 £1.0

In Figure 9, the results show a noteworthy change in the collapse behavior of the
PU foams with the application of CNF. Compared with the neat foam and the CNF/PU
composite foams, the N completely collapsed in two weeks, whereas the C0.25, C0.5, and
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C1 almost maintained their original shapes, even after two weeks. In order to identify the
detailed dimensional stability of each sample, the collapse behavior features on day 1 and
day 14 are summarized in Table 2. The initial density of the PU foam was 56.5 kg/cm? and
those of the CNF/PU composite foams were 50.7, 50.5, and 48.5 kg/ cm?, according to the
increasing amount of the CNF. This is in line with the general phenomenon of urethane, in
which the density decreases as the pore size decreases.

Additionally, the %ghrinkage of N was recorded at 32.48%, while at 2.80, 2.74, and 2.11%
for C0.25, C0.5, and C1, respectively. As mentioned above, the decrease in the Yogprinkage
of the CNF-incorporated PU foams was due to the CNF providing hydrogen bonding
with the carbamate groups in urethane linkage and acting as a nucleating agent to make
a uniform and smaller cell structure. In the case of the PU foam, the higher the density,
the higher its shape retention stability. However, it was confirmed that adding nanofillers
could bring about the shape stability effect independently of the density. As a result, the
PU foams reinforced with the CNF had significantly improved anti-collapse performances.
Conversely, sample N, which was not enhanced with the CNF, collapsed from the cell
structure, as shown in Figure S3.

4. Conclusions

In this study, a CNF suspension was fabricated by a high-pressure homogenizer in
order to maintain the hydroxyl groups on the CNF main chains, and it was lyophilized to
obtain CNF powder. Then, it was applied to semi-rigid PU foam to prevent the collapse
behavior of the foam. The hydroxyl groups on the surface of the CNF could make H-
bonding with the carbamate groups in urethane linkage, even if the direct reaction with the
isocyanate group did not occur. The reactivity of the polyol and CNF with the isocyanates
played a key role in the urethane reaction. In addition, the CNF acted as a nucleating agent,
making the cell size small and homogenous. The rheology properties were measured to
verify the dispersity and optimized concentration of the CNF. For these reasons, the Ty of
the CNF-added PU foams shifted to a high temperature, and the %gprinkage Of the foam was
reduced by 15.4 times. This study suggests a novel method of preventing the collapse of
synthesized PU foam by adding a small amount of CNF (only 0.4 wt% of the total weight
of a CNF/PU composite).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15061499/s1, Figure S1: (a) The SEM of N, (b) Capture of
measuring average cell area of N using Image J; Figure S2: The picture of C3 at (a) day 1 and (b) day
14; Figure S3: The SEM image of collapsed sample N.

Author Contributions: Conceptualization, T.P. and N.-].].; methodology and validation, S.J., A.L., Y.S.
and T.P,; theology characterization, S.J., H.J. and T.P; investigation, ].-W.Y. and Y.O.; writing—original
draft preparation, S.J. and T.P; editing, N.-J.]. and T.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by a National Research Foundation of Korea (NRF) grant (no.
2020R1C1C1012581) and the Principal Research Program PNK9330 in the Korea Institute of Materials
Science (KIMS).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.


https://www.mdpi.com/article/10.3390/polym15061499/s1
https://www.mdpi.com/article/10.3390/polym15061499/s1

Polymers 2023, 15, 1499 12 of 13

References

1. Szycher, M. Polyurethanes; CRC Press: Boca Raton, FL, USA, 2013.

2. Oppon, C.; Hackney, P.; Shyha, I.; Birkett, M. Effect of Varying Mixing Ratios and Pre-Heat Temperature on the Mechanical
Properties of Polyurethane (PU) Foam. Procedia Eng. 2015, 132, 701-708. [CrossRef]

3. Leng, W.; Li, J.; Cai, Z. Synthesis and characterization of cellulose nanofibril-reinforced polyurethane foam. Polymers 2017, 9, 597.
[CrossRef] [PubMed]

4. Singh, H.; Sharma, T.; Jain, A. Reactivity of the raw materials and their effects on the structure and properties of rigid polyurethane
foams. J. Appl. Polym. Sci. 2007, 106, 1014-1023. [CrossRef]

5. Thirumal, M.; Khastgir, D.; Singha, N.K.; Manjunath, B.; Naik, Y. Effect of foam density on the properties of water blown rigid
polyurethane foam. J. Appl. Polym. Sci. 2008, 108, 1810-1817. [CrossRef]

6. Sung, G.;Kim, SK; Kim, J.W.; Kim, J.H. Effect of isocyanate molecular structures in fabricating flexible polyurethane foams on
sound absorption behavior. Polym. Test. 2016, 53, 156-164. [CrossRef]

7. Yap, C.; Stapleton, R.; Smolinski, R. Natural Oil Polyol (NOP) Based Polyurethane Slabstock Foam for Automotive Interior
Foam-Fabric/Vinyl Laminate Construction. SAE Int. |. Mater. Manuf. 2011, 4, 553-559. [CrossRef]

8.  Gu, R, Konar, S.; Sain, M. Preparation and characterization of sustainable polyurethane foams from soybean oils. J. Am. Oil Chem.
Soc. 2012, 89, 2103-2111. [CrossRef]

9. Oh,]J.-H,; Bae, ]J.-H,; Kim, ].-H.; Lee, C.-S.; Lee, ].-M. Effects of Kevlar pulp on the enhancement of cryogenic mechanical properties
of polyurethane foam. Polym. Test. 2019, 80, 106093. [CrossRef]

10. Zhang, X.; Macosko, C.; Davis, H.; Nikolov, A.; Wasan, D. Role of silicone surfactant in flexible polyurethane foam. . Colloid
Interface Sci. 1999, 215, 270-279. [CrossRef]

11. Han, M.S,; Choi, S.J.; Kim, ] M.; Kim, YH.; Kim, W.N.; Lee, H.S.; Sung, ].Y. Effects of silicone surfactant on the cell size and
thermal conductivity of rigid polyurethane foams by environmentally friendly blowing agents. Macromol. Res. 2009, 17, 44-50.
[CrossRef]

12. Al-Moameri, H.; Ghoreishi, R.; Zhao, Y.; Suppes, G.J. Impact of the maximum foam reaction temperature on reducing foam
shrinkage. RSC Adv. 2015, 5, 17171-17178. [CrossRef]

13.  Merillas, B.; Villafafie, F.; Rodriguez-Pérez, M.A. Improving the Insulating Capacity of Polyurethane Foams through Polyurethane
Aerogel Inclusion: From Insulation to Superinsulation. Nanomaterials 2022, 12, 2232. [CrossRef] [PubMed]

14. Lavanya, D.; Kulkarni, P.; Dixit, M.; Raavi, PK.; Krishna, L.N.V. Sources of cellulose and their applications—A review. Int. |. Drug
Formul. Res. 2011, 2, 19-38.

15. Lavoine, N.; Desloges, I.; Dufresne, A.; Bras, J. Microfibrillated cellulose-Its barrier properties and applications in cellulosic
materials: A review. Carbohydr. Polym. 2012, 90, 735-764. [CrossRef] [PubMed]

16. Sharma, A.; Thakur, M.; Bhattacharya, M.; Mandal, T.; Goswami, S. Commercial application of cellulose nano-composites—A
review. Biotechnol. Rep. 2019, 21, e00316. [CrossRef]

17.  Shen, Q. Surface properties of cellulose and cellulose derivatives: A review. Model Cellul. Surf. 2009, 1019, 259-289.

18.  Varshney, V.; Naithani, S. Chemical functionalization of cellulose derived from nonconventional sources. In Cellulose Fibers:
Bio-and Nano-Polymer Composites: Green Chemistry and Technology; Springer: Berlin/Heidelberg, Germany, 2011; pp. 43-60.

19. Gupta, PK,; Raghunath, S.S.; Prasanna, D.V.; Venkat, P; Shree, V.; Chithananthan, C.; Choudhary, S.; Surender, K.; Geetha, K. An
update on overview of cellulose, its structure and applications. Cellulose 2019, 201, 84727.

20. Huang, Y.-B,; Fu, Y. Hydrolysis of cellulose to glucose by solid acid catalysts. Green Chem. 2013, 15, 1095-1111. [CrossRef]

21. Maliekkal, V.; Maduskar, S.; Saxon, D.].; Nasiri, M.; Reineke, T.M.; Neurock, M.; Dauenhauer, P. Activation of cellulose via
cooperative hydroxyl-catalyzed transglycosylation of glycosidic bonds. ACS Catal. 2018, 9, 1943-1955. [CrossRef]

22. Zheng, Q.; Zhang, H.; Mi, H.; Cai, Z.; Ma, Z.; Gong, S. High-performance flexible piezoelectric nanogenerators consisting of
porous cellulose nanofibril (CNF)/poly (dimethylsiloxane)(PDMS) aerogel films. Nano Energy 2016, 26, 504-512. [CrossRef]

23.  Kim, C.H.; Youn, H.J.; Lee, H.L. Preparation of cross-linked cellulose nanofibril aerogel with water absorbency and shape recovery.
Cellulose 2015, 22, 3715-3724. [CrossRef]

24. Iwatake, A.; Nogi, M.; Yano, H. Cellulose nanofiber-reinforced polylactic acid. Compos. Sci. Technol. 2008, 68, 2103-2106.
[CrossRef]

25.  Zhou, X,; Sethi, J.; Geng, S.; Berglund, L.; Frisk, N.; Aitomiki, Y.; Sain, M.M.; Oksman, K. Dispersion and reinforcing effect of
carrot nanofibers on biopolyurethane foams. Mater. Des. 2016, 110, 526-531. [CrossRef]

26. Kamboj, G.; Gaff, M.; Smardzewski, J.; Haviarova, E.; Hui, D.; Rezaei, E; Sethy, A.K. Effect of cellulose nanofiber and cellulose
nanocrystals reinforcement on the strength and stiffness of PVAc bonded joints. Compos. Struct. 2022, 295, 115821. [CrossRef]

27.  Choo, K,; Ching, Y.C.; Chuah, C.H.; Julai, S.; Liou, N.-S. Preparation and characterization of polyvinyl alcohol-chitosan composite
films reinforced with cellulose nanofiber. Materials 2016, 9, 644. [CrossRef] [PubMed]

28. Zhou, X.; Sain, M.M.; Oksman, K. Semi-rigid biopolyurethane foams based on palm-oil polyol and reinforced with cellulose
nanocrystals. Compos. Part A: Appl. Sci. Manuf. 2016, 83, 56-62. [CrossRef]

29. Zhou, X.; Wang, H.; Zhang, J.; Zheng, Z.; Du, G. Lightweight biobased polyurethane nanocomposite foams reinforced with
pineapple leaf nanofibers (PLNFs). J. Renew. Mater. 2018, 6, 68. [CrossRef]

30. Wang, S.; Liu, W,; Yang, D.; Qiu, X. Highly resilient lignin-containing polyurethane foam. Ind. Eng. Chem. Res. 2018, 58, 496-504.

[CrossRef]


http://doi.org/10.1016/j.proeng.2015.12.550
http://doi.org/10.3390/polym9110597
http://www.ncbi.nlm.nih.gov/pubmed/30965899
http://doi.org/10.1002/app.26525
http://doi.org/10.1002/app.27712
http://doi.org/10.1016/j.polymertesting.2016.05.028
http://doi.org/10.4271/2011-01-0459
http://doi.org/10.1007/s11746-012-2109-8
http://doi.org/10.1016/j.polymertesting.2019.106093
http://doi.org/10.1006/jcis.1999.6233
http://doi.org/10.1007/BF03218600
http://doi.org/10.1039/C4RA12540A
http://doi.org/10.3390/nano12132232
http://www.ncbi.nlm.nih.gov/pubmed/35808067
http://doi.org/10.1016/j.carbpol.2012.05.026
http://www.ncbi.nlm.nih.gov/pubmed/22839998
http://doi.org/10.1016/j.btre.2019.e00316
http://doi.org/10.1039/c3gc40136g
http://doi.org/10.1021/acscatal.8b04289
http://doi.org/10.1016/j.nanoen.2016.06.009
http://doi.org/10.1007/s10570-015-0745-5
http://doi.org/10.1016/j.compscitech.2008.03.006
http://doi.org/10.1016/j.matdes.2016.08.033
http://doi.org/10.1016/j.compstruct.2022.115821
http://doi.org/10.3390/ma9080644
http://www.ncbi.nlm.nih.gov/pubmed/28773763
http://doi.org/10.1016/j.compositesa.2015.06.008
http://doi.org/10.7569/JRM.2017.634150
http://doi.org/10.1021/acs.iecr.8b05072

Polymers 2023, 15, 1499 13 of 13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

Gimenez, R.B.; Leonardi, L.; Cerrutti, P.; Amalvy, J.; Chiacchiarelli, L.M. Improved specific thermomechanical properties of
polyurethane nanocomposite foams based on castor oil and bacterial nanocellulose. J. Appl. Polym. Sci. 2017, 134, 44982.
[CrossRef]

Gorbacheva, S.N.; Ilyin, S.O. Morphology and rheology of heavy crude oil/water emulsions stabilized by microfibrillated
cellulose. Energy Fuels 2021, 35, 6527-6540. [CrossRef]

Ilyin, S.0.; Gorbacheva, S.N.; Yadykova, A.Y. Rheology and tribology of nanocellulose-based biodegradable greases: Wear and
friction protection mechanisms of cellulose microfibrils. Tribol. Int. 2023, 178, 108080. [CrossRef]

Li, M.-C.; Wu, Q.; Song, K; Lee, S.; Qing, Y.; Wu, Y. Cellulose nanoparticles: Structure-morphology-rheology relationships. ACS
Sustain. Chem. Eng. 2015, 3, 821-832. [CrossRef]

Li, Y,; Ren, H.; Ragauskas, A ]. Rigid polyurethane foam/cellulose whisker nanocomposites: Preparation, characterization, and
properties. J. Nanosci. Nanotechnol. 2011, 11, 6904—-6911. [CrossRef] [PubMed]

Priester, R.; McClusky, J.; O'neill, R.; Turner, R.; Harthcock, M.; Davis, B. FT-IR-A probe into the reaction kinetics and morphology
development of urethane foams. J. Cell. Plast. 1990, 26, 346-367. [CrossRef]

Taraschewski, M.; Cammenga, H.; Tuckermann, R.; Bauerecker, S. FTIR study of CO, and H,O/CO, nanoparticles and their
temporal evolution at 80 K. J. Phys. Chem. A 2005, 109, 3337-3343. [CrossRef]

Shi, Y.; Zhan, X,; Luo, Z.; Zhang, Q.; Chen, F. Quantitative IR characterization of urea groups in waterborne polyurethanes. J.
Polym. Sci. Part A Polym. Chem. 2008, 46, 2433-2444. [CrossRef]

AqilahHamuzan, H.; Badri, K.H. The Role of Isocyanates in Determining the Viscoelastic Properties of Polyurethane. In AIP
Conference Proceedings; AIP Publishing LLC: Long Island, N, USA, 2016; p. 030019.

Chauhan, M.; Gupta, M; Singh, B.; Singh, A.; Gupta, V. Effect of functionalized lignin on the properties of lignin—isocyanate
prepolymer blends and composites. Eur. Polym. |. 2014, 52, 32-43. [CrossRef]

Girouard, N.M.,; Xu, S.; Schueneman, G.T.; Shofner, M.L.; Meredith, ].C. Site-selective modification of cellulose nanocrystals
with isophorone diisocyanate and formation of polyurethane-CNC composites. ACS Appl. Mater. Interfaces 2016, 8, 1458-1467.
[CrossRef]

Porto, D.S.; Cassales, A.; Ciol, H.; Inada, N.M.; Frollini, E. Cellulose as a polyol in the synthesis of bio-based polyurethanes with
simultaneous film formation. Cellulose 2022, 29, 6301-6322. [CrossRef]

Meng, Z.; Yong-Hong, Z.; Xiao-Hui, Y.; Li-Hong, H. Review of Study on Polyurethane Foams from Biomass. In Advanced Materials
Research; Trans Tech Publications Ltd: Bach, Switzerland, 2011; Volume 250, pp. 974-979.

Singh, N.B.; Singh, R.]J.; Singh, N.P. Organic solid state reactivity. Tetrahedron 1994, 50, 6441-6493. [CrossRef]

Yilgor, E.; Burgaz, E.; Yurtsever, E.; Yilgor, I. Comparison of hydrogen bonding in polydimethylsiloxane and polyether based
urethane and urea copolymers. Polymer 2000, 41, 849-857. [CrossRef]

Qi, X.; Zhang, Y.; Chang, C.; Luo, X.; Li, Y. Thermal, mechanical, and morphological properties of rigid crude glycerol-based
polyurethane foams reinforced with nanoclay and microcrystalline cellulose. Eur. . Lipid Sci. Technol. 2018, 120, 1700413.
[CrossRef]

Kim, M.S,; Ryu, KM.; 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]
Faruk, O.; Sain, M.; Farnood, R.; Pan, Y.; Xiao, H. Development of lignin and nanocellulose enhanced bio PU foams for automotive
parts. J. Polym. Environ. 2014, 22, 279-288. [CrossRef]

Cordero, A.L; Amalvy, ].I; Fortunati, E.; Kenny, ].M.; Chiacchiarelli, L.M. The role of nanocrystalline cellulose on the microstruc-
ture of foamed castor-oil polyurethane nanocomposites. Carbohydr. Polym. 2015, 134, 110-118. [CrossRef]

Stanzione, M.; Oliviero, M.; Cocca, M.; Errico, M.; Gentile, G.; Avella, M.; Lavorgna, M.; Buonocore, G.; Verdolotti, L. Tuning of
polyurethane foam mechanical and thermal properties using ball-milled cellulose. Carbohydr. Polym. 2020, 231, 115772. [CrossRef]
Gu, R;; Sain, M.M. Effects of wood fiber and microclay on the performance of soy based polyurethane foams. J. Polym. Environ.
2013, 21, 30-38. [CrossRef]

Gu, R.; Sain, M.M.; Konar, S.K. A feasibility study of polyurethane composite foam with added hardwood pulp. Ind. Crops Prod.
2013, 42, 273-279. [CrossRef]

Cérdenas-R, J.P.; Cea, M.; Santin, K.; Valdés, G.; Hunter, R.; Navia, R. Characterization and application of a natural polymer
obtained from Hydrangea macrophylla as a thermal insulation biomaterial. Compos. Part B Eng. 2018, 132, 10-16. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1002/app.44982
http://doi.org/10.1021/acs.energyfuels.0c02797
http://doi.org/10.1016/j.triboint.2022.108080
http://doi.org/10.1021/acssuschemeng.5b00144
http://doi.org/10.1166/jnn.2011.3834
http://www.ncbi.nlm.nih.gov/pubmed/22103097
http://doi.org/10.1177/0021955X9002600405
http://doi.org/10.1021/jp044075r
http://doi.org/10.1002/pola.22577
http://doi.org/10.1016/j.eurpolymj.2013.12.016
http://doi.org/10.1021/acsami.5b10723
http://doi.org/10.1007/s10570-022-04662-y
http://doi.org/10.1016/S0040-4020(01)89680-0
http://doi.org/10.1016/S0032-3861(99)00245-1
http://doi.org/10.1002/ejlt.201700413
http://doi.org/10.1016/j.carbpol.2019.115233
http://www.ncbi.nlm.nih.gov/pubmed/31521282
http://doi.org/10.1007/s10924-013-0631-x
http://doi.org/10.1016/j.carbpol.2015.07.077
http://doi.org/10.1016/j.carbpol.2019.115772
http://doi.org/10.1007/s10924-012-0538-y
http://doi.org/10.1016/j.indcrop.2012.06.006
http://doi.org/10.1016/j.compositesb.2017.07.086

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of CNF 
	Preparation of Foams 
	Rheological Properties 
	Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectroscopy 
	Morphology Characterization 
	Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) 
	Collapse Behavior Characterization 

	Results and Discussions 
	FE-SEM Examination of CNF 
	Influence of the Amount of CNF Added on Rheological Properties 
	ATR-FTIR Analysis 
	Morphology of Foams 
	Thermal Properties of PU Foams 
	Dimensional Stability 

	Conclusions 
	References

