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Abstract: Reinforcement of polymer nanocomposites can be achieved by the selection of the
appropriate fabrication method, surface modification, and orientation of the filler. Herein, we
present a nonsolvent-induced phase separation method with ternary solvents to prepare
thermoplastic polyurethane (TPU) composite films with excellent mechanical properties using
3-Glycidyloxypropyltrimethoxysilane-modified cellulose nanocrystals (GLCNCs). ATR-IR and SEM
analyses of the GLCNCs confirmed that GL was successfully coated on the surface of the nanocrystals.
The incorporation of GLCNCs in TPU resulted in the enhancement of the tensile strain and tough-
ness of pure TPU owing to the enhanced interfacial interactions between them. The GLCNC–TPU
composite film had tensile strain and toughness values of 1740.42% and 90.01 MJ/m3, respectively.
Additionally, GLCNC–TPU exhibited a good elastic recovery rate. CNCs were readily aligned along
the fiber axis after the spinning and drawing of the composites into fibers, which further improved
the mechanical properties of the composites. The stress, strain, and toughness of the GLCNC–TPU
composite fiber increased by 72.60%, 10.25%, and 103.61%, respectively, compared to those of the
pure TPU film. This study demonstrates a facile and effective strategy for fabricating mechanically
enhanced TPU composites.

Keywords: cellulose nanocrystal; thermoplastic polyurethane; surface modification; drawing;
mechanical property

1. Introduction

Cellulose nanocrystals (CNCs) have high strength, a high modulus, and a large specific
surface area [1]. Furthermore, owing to their excellent mechanical properties, biocompati-
bility, physical properties, and chemical properties, CNCs are incorporated into polymers
to nano-reinforce them [2–5]. However, CNCs contain a large number of hydroxyl groups
with strong polarity; they thus tend to aggregate in hydrophobic polymers, consequently
degrading the mechanical properties of CNC nanocomposites [6]. Therefore, improving
the interfacial interactions between CNCs and the polymer matrix is key to fabricating
reinforced polymer composites, which can be achieved by the surface modification of
CNCs. Commonly used surface modification methods for CNCs include silanization,
urethanization, amidation, and polymer grafting [7–11]. Many studies have indicated the
importance of modifying CNCs for the enhancement of the interface interactions between
the filler and matrix to improve the mechanical properties of the composites.

CNCs are a typical nanomaterial with a high aspect ratio; therefore, the mechanical
properties of CNC–polymer composites can be further improved by orienting the CNCs in
one direction using an external force. Commonly used methods include the application of
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a strong magnetic field, shear-solvent casting, and drawing [12–16]. The drawing method
is considered an effective method for preparing high-mechanical fibers. For instance,
CNCs were successfully aligned in polyurethane (PU) through melt-spinning to yield
nanocomposite fibers with enhanced mechanical performance compared to films with
randomly distributed CNCs [12]. CNC alignment was achieved by dry-jet wet spinning,
and the as-prepared polyetherimide/CNC nanocomposite fibers exhibited significantly
improved mechanical properties, with the tensile strength at a draft ratio of 7 being three
to four times higher than that at a draft ratio of 2.8 [13]. Cellulose–chitosan composite
fibers were fabricated by wet spinning. The drafting process occurred simultaneously as
the primary fibers were formed. The strength of the composite fibers increased by 44.44%
when the drafting ratio was 50:70 [14]. CNC/poly(vinyl alcohol) composite fibers were
produced by dry-jet wet spinning, followed by wet-drawing. In this method, drawing is
carried out after the formation of the primary fiber, but before drying. The wet-drawn
process increases the stress of the composite fiber, but simultaneously decreases the strain
of the fiber [15].

Additionally, the processing method and parameters of composite materials are also
very important to the mechanical properties of composite materials. Wet spinning is a
commonly used method for fabricating polyurethane composite fibers. However, the
traditional wet spinning method using N,N-dimethylformamide as a single solvent in the
short drawing process easily produces defects owing to its fast solidification speed [17].
Therefore, according to previous studies [17–19], to obtain composite materials with good
mechanical properties, comprehensively considering the appropriate processing methods
and corresponding parameters is necessary.

Herein, we present a nonsolvent-induced phase separation (NIPS) method with ternary
solvents to prepare thermoplastic polyurethane (TPU) composites with excellent mechani-
cal properties using 3-Glycidyloxypropyltrimethoxysilane-modified CNCs (GLCNCs). The
mechanism of improving the mechanical properties of GLCNC–TPU composite films using
ternary solvents and surface grafting of GL on CNCs was analyzed. Furthermore, we
fabricated TPU composite fibers by wet spinning and drawing, and tested their mechanical
properties. Our results showed that significant improvements in the mechanical proper-
ties, including stress, strain, and toughness, were achieved at very low GLCNC contents.
This study focuses on understanding and gaining insight into the improvement of the
mechanical properties of CNC composites.

2. Results and Discussion
2.1. GL Modification of CNCs

The surface modification of CNC with GL is depicted in Figure 1b. To demonstrate
that the CNCs were successfully modified by GL, a SEM study was performed on the CNC
and GLCNC. As shown in Figure 1c, the surface of the GLCNCs was rougher than that
of the CNCs. Furthermore, the appearance of Si in the GLCNCs indicates that GL was
successfully grafted onto the surface of the CNC (Figure 1d,e).

Furthermore, the effect of GL on the microstructure of CNC was analyzed using
ATR-IR and XRD. The ATR-IR spectra of CNCs and GLCNCs are shown in Figure 2. The
ATR-IR spectrum of unmodified CNCs displayed characteristics corresponding to cellu-
lose, with peaks at 3341, 2900, 1054, 1030, 999, and 1373 cm−1, which are assigned to the
O–H, C–H, C–C, C–OH, and C–H stretching vibrations and the C–OH bending vibration,
respectively [20,21]. The ATR-IR spectra in the 1500–700 cm−1 range were deconvoluted
off-line using OMNIC 9.2, which tested the significance of individual hypothetical com-
pounds in the presence of other unknown analytes (Figure 2b). After GL modification,
the peak position is shifted from 1110 cm−1 to 1114 cm−1, which may be related to the
stretching vibration of Si-O-C. Furthermore, the peak at 1054 cm−1 in the CNC spectrum
underwent a shift in the GLCNC spectrum (1059 cm−1), which is ascribed to the large
number of C–C bonds in GL [21]. Moreover, a new peak appeared in GLCNC at 817 cm−1,
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which corresponded with the stretching vibration Si-O-Si. These results demonstrated that
chemical bonds have been formed after the CNC was modified by the GL.

Figure 1. (a) Preparation process for CNC/TPU composite films; (b) surface modification of CNCs
with GL; (c) SEM images of CNCs and GLCNCs; (d) SEM-EDS mapping images of GLCNCs; (e) and
EDS spectroscopy of GLCNCs.

Figure 2. (a) ATR-IR spectra of CNCs and GLCNCs in the 4000–700 cm−1 range; and (b) deconvolu-
tion of ATR-IR spectra in the region between 1500 cm−1 and 700 cm−1.
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The crystal structures of the CNCs and GLCNCs were compared using XRD. The
characteristic peaks at 14.9◦, 16.4◦, 22.8◦, and 34.9◦ for unmodified CNCs correspond to
their (110), (110), (200), and (004) planes [22], respectively, indicating that they have a
cellulose I-type crystal structure (Figure 3). In addition, the characteristic peaks of CNC
were not shift upon treatment of GL, indicating that the cellulose I-type crystal structure of
the GLCNCs was retained.

Figure 3. XRD patterns of CNCs and GLCNCs.

The crystallinity index (CRI) was calculated according to Segal et al. and is given by
equation as follow [23]:

CRI =
I200 − IAM

I200

where I200 is the height of the peak (200). IAM is the minimum intensity at the valley
between peak (200) and (110).

However, the crystallinity was reduced from 81.26% for the CNCs to 79.29% for the
GLCNCs. These results confirmed that GL was successfully grafted onto the surface of
CNCs without significantly damaging the crystal structure of the CNCs.

2.2. Structure of CNC/TPU Composite Films

The XRD patterns of the CNC/TPU and GLCNC–TPU composite films are shown
in Figure 4a. The pattern of the CNC–TPU0 film displays a diffraction peak at 2θ = 20.6◦,
indicating the amorphous nature of the polymer. The XRD patterns of CNC/TPU and
GLCNC-TPU composite films clearly display the peak assigned to TPU, indicating that
the unmodified and GL-modified CNCs did not obviously affect the structure of the TPU.
Additionally, the CNC characteristic peaks were absent for CNC/TPU and GLCNC-TPU
composites because only a very small amount of CNC and GLCNC was added, and the
surface of most CNCs may have been covered by TPU.

Figure 4b shows the ATR-IR spectra of CNC/TPU and GLCNC–TPU composite films,
respectively. The CNC/TPU and GLCNC–TPU composite films retained all the main peaks
of TPU at 3330, 2951, 1725, 1700, 1597, 1528, 1219, 1161, and 1069 cm−1, indicating that the
addition of unmodified or modified CNCs did not significantly change the structure of the
TPU. However, compared to the spectrum for CNC-TPU 0, no new peaks appeared for
the CNC/TPU and GLCNC–TPU composite films. This may be because the characteristic
bands were overshadowed by other bands.
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Figure 4. (a) XRD patterns of CNC/TPU and GLCNC-TPU composite films; (b) ATR-IR spec-
tra of CNC/TPU and GLCNC-TPU composite films in the spectral regions 4000–800 cm−1 and
1760–1660 cm−1; (c) H-bond index of CNC/TPU and GLCNC-TPU composite films; and (d) schematic
illustration of H-boding interactions between CNC and TPU.

Curve fitting of the carbonyl stretching region was performed to observe the changes in
the structure of the composite films. The absorbance bands located at 1726 and
1703 cm−1 were ascribed to the splitting of carbonyl absorption, corresponding to the
stretching vibration of free C=O and hydrogen-bonded C=O groups [24], respectively. The
C=O groups could be curve-fitted by two Gaussian bands: free and hydrogen-bonded C=O.
The carbonyl hydrogen-bond index (H-bond index) was calculated as the ratio of the peak
area of H-bonded C=O to that of free C=O. As depicted in Figure 4c, with the increase in
CNC, the H-bond index of the CNC–TPU composites first decreased and then increased.
This reflects the existence of new H-bonds between the CNCs and TPU, which may have
been between the free C=O in TPU chains and –OH on the surface of the CNCs (Figure 4d).
In addition, the H-bond index of GLCNC–TPU was higher than that of CNC–TPU 1.0. This
could be attributed to the modification of the CNCs, which limits the CNC aggregation
and improves the interactions between the CNCs and TPU.

2.3. Mechanical Properties of CNC/TPU Composite Films

The stress, strain, initial modulus, and toughness are compared in Figure 5. Stress and
initial modulus increased with the addition of CNCs. This is because of the increased H-
bond index and addition of rigid CNCs. Compare to CNC–TPU 0, the stress of CNC–TPU
1.0 increased from 10.51 MPa to 13.56 MPa, initial modulus increased from 4.31 MPa to
6.20 MPa, and strain decreased slightly from 1502.74% to 1416.93%. The stress of the
CNC-TPU 2.0 composite film decreased with the further increasing CNC content; this is
because more CNC aggregated, resulting in the formation of stress concentration points,
which is not conducive to stress transfer between the TPU matrix and CNCs.
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Figure 5. Stress, strain, initial modulus, and toughness of CNC/TPU and GLCNC-TPU composite films.

The incorporation of GLCNCs had the greatest influence on the enhancement of tensile
strain and toughness compared with those of CNC–TPU 1.0, with GLCNC–TPU exhibiting
strain and toughness values of 1740.42% and 90.01 MJ/m3, respectively. The enhancement
may be due to the following three factors. First, the dispersed GLCNCs acted as plasticizers
between the TPU chains, increasing the free volume. Second, the increased H-bond value
in GLCNC–TPU increased the interfacial interaction between TPU and the filler. Lastly, the
slipping of GLCNCs, unwinding of TPU chains, and unwinding of the molecular chains of
the CNC surface further improved the strain and toughness at break of the GLCNC-TPU
composite film.

The mechanical properties of TPU composites directly affect their practical application,
particularly their resistance to repeated deflections. To assess the elasticity and damping
behavior of the CNC/TPU composite films, the material response to cyclic loads was
investigated. The typical loading–unloading curves of CNC/TPU and GLCNC–TPU
composite films at strains of 50% and 500% are shown in Figures 6 and A2. The loading–
unloading behavior of all composites was nearly linear at 50% strain and highly nonlinear
at 500% strain.

Figure 6. Stress–strain curves of CNC-TPU 0, CNC-TPU 1.0, and GLCNC-TPU composite films under
cyclic loading at 50% and 500% strain.
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For all composite films, the strain during unloading did not return to zero, indicating
they underwent softening. The residual strain of CNC/TPU composite films at 50% and
500% strain increased with increasing CNC content and cycle number. However, the R of
CNC/TPU composite films was still high after 50% and 500% cyclic stretching (Figure 7),
demonstrating that the as-prepared composites exhibited good elasticity.

Figure 7. Hm of CNC/TPU and GLCNC-TPU composite films at (a) 50% strain and (b) 500% strain.
R of CNC/TPU and GLCNC-TPU composite films at (c) 50% strain and (d) 500% strain.

The calculated Hm and R values are shown in Figure 7, respectively. Typically, the Hm
decreased during the first cycle and remained approximately constant in the subsequent
cycles; the difference between cycle 2 and cycle 10 is minimal for all composites at 50% and
500% strains. The Hm of TPU–CNC 2.0 was 38.20% at 50% strain, which was greater than
that of CNC–TPU 0 (15.97%) by 139.19%. Below the yield point, the behavior of CNC–TPU
0 resembled pure elasticity, whereas the CNC/TPU composite films were viscoelastic.
However, the Hm of CNC–TPU 0 and CNC–TPU 2.0 were 67.83% and 68.42% at 500%,
respectively, indicating a typical viscoelastic plastic. It was observed that Hm was relatively
dependent on the CNC content at low strains. This was possibly caused by the more rigid
and interconnected CNCs hindering the motion of the TPU chains. Under a large strain,
the composites were weakened mainly by breaking hydrogen bonds, disentangling chains,
and breaking aggregates [22,25,26].

As shown in Figure 6, the cycling stress–strain behavior of the GLCNC–TPU composite
film was similar to that of the CNC–TPU 0. Meanwhile, the Hm exhibited by GLCNC–TPU
was larger than that of CNC–TPU 1.0 in the first cycle, but was similar in subsequent cycles
at 50% and 500% strains. By cycling the composite film under the same strain, GLCNC–TPU
was transformed from a material that exhibited efficient energy dissipation to one that
exhibited efficient energy recovery and storage. Additionally, the GLCNC–TPU exhibited
a smaller plastic strain after each loading–unloading cycle at 500%, and a good elastic
recovery of 88% and 83% at 50% and 500% strains, respectively.

This phenomenon has been observed in other studies and can be explained by the
following reasons. When the composites are stretched, the hydrogen bonds between the
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TPU and CNC interface can rupture, and some TPU and GL chains will deform. Upon
further straining, some entangled TPU and GL chains disentangle. Simultaneously, some
TPU and GL molecular chains orient in the tensile direction. The deformation of the
GLCNC–TPU composite film breaks down the rigid CNC aggregates, and the inter-particle
friction between GLCNCs dissipates more energy. When the TPU and GL chains are further
extended, some molecules detach from the surface of the GLCNCs, creating new bonds. At a
high strain, the chemical bonds break until the material fails. During the unloading process,
an ideally orientated elastic network was formed after the first cycle. In the subsequent
tensile cycles, some hydrogen bonds, disentangled chains, and broken aggregates that
accumulated during cyclic deformation underwent rearrangement, re-entanglement, and
reaggregation, respectively, leading to softening of the composites [22,25,26].

2.4. Thermal Degradation Behavior of CNC/TPU Composite Films

The thermal stabilities of the CNC/TPU and GLCNC–TPU composite films were
investigated using TGA. The thermal behavior of the composite films is shown in Figure 8a.
The initial thermal decomposition temperature and main decomposition temperature were
determined as the temperature at which 5% and 50% of the mass was lost, respectively [27].

Figure 8. (a) TG curves and (b) water contact angle of CNC/TPU and GLCNC-TPU composite films.

As shown in Figure A3, CNCs underwent a loss in mass at approximately 100 ◦C,
which can be attributed to the evaporation of absorbed water. The main decomposition
of the CNCs occurred at approximately 303 ◦C, which is attributed to the breaking of
cellulose chains. The initial thermal decomposition temperatures were almost the same
after the introduction of different CNC contents into the TPU matrix. However, the main
decomposition temperature was improved after the introduction of CNCs into the TPU
matrix, suggesting that the thermal stability of the TPU film was improved by CNC incor-
poration. Compared to CNC–TPU 0, the main decomposition temperature of CNC–TPU
1.0. increased by 16 ◦C, which is attributed to the enhancement of interfacial interactions.
In addition, the main decomposition temperature of GLCNC–TPU shifted slightly toward
lower temperatures compared with that of CNC–TPU 0 owing to the low thermal stability
of GL [28]. After incorporating GLCNCs into TPU, the composite presented almost sim-
ilar thermal behavior to that of pure TPU, indicating that GLCNC–TPU composite film
maintained good thermal stability.

2.5. Wettability of CNC/TPU Composite Films

The effects of CNCs and GLCNCs on the wettability of the CNC/TPU composite films
are shown in Figure 8b. The water contact angle for the CNC–TPU 0 composite was found
to be approximately 108◦, indicating that it was hydrophobic. The hydrophilicity increased
gradually with increasing CNC content, which was ascribed to the hydrophilicity of the
CNCs and changes in the surface microstructure. A slightly higher water contact angle
was obtained for the GLCNC–TPU composite than for CNC–TPU 1.0, indicating that the
GLCNCs had little effect on the wettability of the composite film.
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2.6. Morphologies of CNC/TPU Composite Films

To investigate the mechanism leading to the simultaneous enhancement in stress and
toughness of TPU films upon the addition of GLCNCs, the freeze-fractured and tensile-
fractured cross section surfaces of CNC–TPU 0, CNC–TPU 0.5, CNC–TPU 1.0, CNC–TPU
2.0, and GLCNC–TPU were examined, as shown in Figure 9. Similar to the TPU film
prepared by the NIPS method with only DMF, the CNC–TPU 0 film also exhibited a
porous cross-section and a surface featuring liquid–liquid phase separation. However, the
macrovoids in the cross-section were significantly reduced, which is beneficial for improv-
ing the mechanical properties of the film. During the film-forming process, macrovoids
are easily formed by the rapid convective flow of the non-solvent through the polymer
solution. For CNC–TPU 0, TL is immiscible with water, and the velocity of convective flows
decreases with the addition of other solvents, thus inhibiting the formation of macrovoids.

Figure 9. (a) SEM images of the surfaces of CNC/TPU and GLCNC-TPU composite films;
(b) maximum Feret diameter, minimum Feret diameter, and roundness of pores on the surface
of CNC/TPU and GLCNC-TPU composite films; (c) freeze-fractured and (d) tensile-fractured cross-
section surfaces of CNC/TPU and GLCNC-TPU composite films.

The surfaces of TPU and its composites displayed randomly arranged pores (Figure 9a).
With increasing CNC content, the average Feret diameter and roundness of the pores first
increased and then decreased (Figure 9b). When the CNC content was 2%, there were more
lines around the pores, which may be related to the rigidity of the CNCs. Compared with
CNC–TPU 1.0, the average Feret diameter of GLCNC–TPU decreased significantly, and the
roundness value was close to 1.0, implying that GLCNCs have better compatibility than
CNCs with TPU.

With an increase in CNC content, the roughness of the cross-section near the upper
surface of the composite film increased (Figure 9c). Different ridges were observed in these
regions. The temperature of liquid nitrogen is lower than the Tg of the soft segments, which
makes the soft segments unable to immediately rearrange and presents the brittle fracture
morphology of the cross-section. CNC–TPU1.0 and GLCNC–TPU exhibited mainly oblique
and large ridges, while CNC–TPU2.0 exhibited small dense radial ridges. Additionally,
GLCNC–TPU had the longest ridge, which may be due to the bridging effect of GL con-
necting the CNCs at different positions. Furthermore, the number of smaller pores in the
region marked by the green box decreased, implying that the TPU was more compatible
with GLCNCs than with unmodified CNCs. This better compatibility enabled stress to
be efficiently transferred from the TPU to the GLCNCs, resulting in better mechanical
properties of the composites.
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Figure 9d shows the tensile fracture surfaces of different composites fractured at
lab temperature. The SEM images of the tensile fracture surface of CNC–TPU 0 shows a
porous and smooth surface, whereas those of the CNC/TPU composite films show irregular
and relatively rough surfaces. This is attributed to the presence of CNCs and GLCNCs
(white dots). When the CNC content was increased to 2%, the size of the white dots
increased, indicating that they aggregated and formed defects, which led to a reduction in
the mechanical properties. In addition, most of the CNCs in GLCNC–TPU were covered by
the TPU with no obvious voids, as evidenced by Figure 9d (GLCNC-TPU). This may be
due to two factors: first, after fracture, a layer of SS rearranged to cover the surface of TPU
owing to the lower surface energy of SS; second, the rough surface of GLCNCs can enhance
the interfacial adhesion between GLCNCs and TPU by providing “lock and key”-type
mechanical bonding. Therefore, the load could be effectively transferred from the GLCNCs
to TPU, which resulted in the improvement of mechanical properties of composites even
with very low content of CNCs. Moreover, the entanglement between GLCNCs and
TPU can slow down the propagation speed of cracks during tensile fracture. The high
H-bond value requires consuming more energy during stretching, which contributes to the
better toughness.

2.7. Mechanical Properties of GLCNC-TPU Composite Fiber

The mechanical properties of CNC/TPU composites are strongly affected by the ori-
entation of the CNCs; therefore, increasing the level of CNC alignment is an important
parameter for improving the mechanical properties. We prepared a GLCNC–TPU com-
posite fiber by wet-drawing after spinning for 10 min and drying under tension. The
stress–strain curve of the GLCNC–TPU composite fiber is shown in Figure 10. The max-
imum stress, strain, and toughness achieved for the GLCNC–TPU composite fiber were
18.14 MPa, 1656.77%, and 143.20 MJ/m3, respectively. Compared to CNC–TPU 0, the
GLCNC–TPU composite fiber showed a maximum increase of 72.60%, 10.25%, and 103.61%
in stress, strain, and toughness, respectively. This implies that orientation leads to a better
reinforcing potential for the GLCNC.

Figure 10. Stress–strain curve of GLCNC-TPU composite fiber.

3. Materials and Methods
3.1. Materials

9370AU, a thermoplastic polyurethane (TPU) with a shore hardness of about 70,
was obtained from Bayer Company. Cellulose nanocrystals (CNC) were provided by
ScienceK. Co., Ltd. 3-Glycidyloxypropyltrimethoxysilane (GL) was purchased from Al-
addin Biochemical Technology Co. Ltd. N,N-Dimethylformamide (DMF), toluene (TL),
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dimethylsulfoxide (DMSO), and ethanol were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China) All chemicals were used as received without further purification.

3.2. Synthesis of GL Modified CNC (GLCNC)

First, 250 mg CNC was dispersed in 30 mL DMSO by ultrasonication for 60 min. Then,
2 g GL was dissolved in 100 mL of distilled water and ethanol at 25 ◦C for 30 min and
added to the CNC dispersion. Subsequently, the reaction was continued at 25 ◦C for 3 h by
mechanical stirring. Finally, the mixture was washed 3–5 times, and the precipitate was
collected by centrifugation and dried for 3 h to obtain GLCNC.

3.3. Fabrication of CNC/TPU Composite Films

The CNC dispersions (0, 0.5, 1.0, and 2.0 wt%) were prepared by dispersing CNCs in
ternary solvents (DMSO:DMF:TL = 4:3:3 wt%) through an ultrasonicator at 100% power for
120 min. The CNC/TPU composite films were prepared though nonsolvent induced phase
separation (NIPS) using ternary solvent as shown in Figure 1a. Firstly, TPU was dissolved
in a certain amount of CNC dispersion at 30 ◦C for 120 min to obtain a CNC-TPU solution.
Then, the as-prepared solution was poured into the glass mold and immediately transferred
into a water coagulation at 30 ◦C for 120 min. Finally, the composite was dried to remove
the water and solvents. The mass fraction of CNC in the dried composites was 0, 0.5, 1.0,
and 2.0 wt%, and the composites were named as CNC-TPU 0, CNC-TPU 0.5, CNC-TPU
1.0, and CNC-TPU 2.0, respectively. Additionally, GL modified CNC in a composite with a
content of 1.0 wt% was coded as GLCNC-TPU.

3.4. Fabrication of GLCNC-TPU Composite Fiber

The prepared spinning solution was GLCNC-TPU. The GLCNC-TPU composite fiber
used a custom-designed fiber spinning unit through wet spinning. After the fibers were
immersed in the water coagulation bath for 10 min, the fibers were stretched two times in
the water coagulation bath and continued to be immersed in the water coagulation bath
for 110 min to remove the residual solvents. Finally, the composite fiber was dried under
conditions of tension to remove the water and solvents.

3.5. Characterization

Attenuated total reflection infrared spectroscopy (ATR-IR) was conducted on a NICO-
LET IS-50 spectrometer equipped with an attenuated total reflectance attachment at the
resolution 4 cm−1 and 128 scans. X-ray diffraction (XRD) was carried out on an Empryrean
diffractometer, using Cu Kα at 40 kV and 40 mA in the range of 10–60◦. The morphology
and structure of CNC and CNC-TPU composites were observed with a scanning elec-
tron microscope (SEM, Phenom pure) and a field emission scanning electron microscope
(FESEM, Zeiss sigma300) equipped with Energy Dispersive Spectroscopy (EDS). The me-
chanical properties of composites were tested by INSTRON 5943 at a crosshead speed
of 100 mm/min. The results were averaged with at least five measured data. The cyclic
tensile test was performed at 50 and 500% strain, 100 mm/min speed, and up to 10 cycles.
The hysteresis (Hm) for a given cycle is calculated by the ratio of the area bounded by the
loading–unloading curves to the total area under the loading curve as shown in Figure A1.
The elastic recovery (R) during cyclic loading–unloading is calculated as follows [29].

R =
εmax − εi

εmax
× 100%

where εmax and εi are the maximum strain in the loading cycle and the strain at zero stress
in the unloading cycle, respectively.

Thermogravimetric analysis (TGA) was carried out on a TG (TGA55) thermal gravi-
metric analyzer at a heating rate of 10 ◦C/min from room temperature to 600 ◦C under
the nitrogen atmosphere. The wettability of the CNC-TPU composites was studied using
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contact angle measurement equipment (OCA15EC). Around 1 µL of deionized water was
placed on the composites surface and the photograph of the water droplet was obtained.

4. Conclusions

In summary, TPU composites with excellent mechanical properties were prepared via
NIPS with ternary solvents using GL-modified CNCs.

SEM-EDS, ATR-IR, and XRD analyses confirmed that GL was successfully grafted
onto the surface of the CNCs without significantly damaging the crystal structure of the
CNCs.

GLCNCs improve the interface interaction between TPU and GLCNCs. The addition
of GLCNCs imparted the greatest increase in the tensile strain and toughness of the films
compared with those of pure TPU, with strain and toughness values of 1740.42% and
90.01 MJ/m3, respectively. The GLCNC-TPU composite film exhibited a good elastic
recovery rate and good thermal stability.

Furthermore, GLCNC-TPU composite fibers were prepared by wet spinning and
subsequent drawing processes showing a maximum increase of 72.60%, 10.25%, and
103.61% in stress, strain, and toughness as compared with pure TPU. This study focuses on
understanding and gaining insight into the improvement of mechanical properties.
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Appendix A

Figure A1. Schematic of the Hm quantification using the areas in the stress–strain curve.
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Figure A2. Stress–strain curves of CNC-TPU 0.5 and CNC-TPU 2.0 composite films under cyclic
loading at 50% and 500% strain.

Figure A3. TG curve of CNC.



Int. J. Mol. Sci. 2023, 24, 5036 14 of 15

References
1. Yang, X.; Biswas, S.K.; Han, J.; Tanpichai, S.; Li, M.C.; Chen, C.; Zhu, S.; Das, A.K.; Yano, H. Surface and Interface Engineering for

Nanocellulosic Advanced Materials. Adv. Mater. 2020, 33, 2002264. [CrossRef] [PubMed]
2. Mohd Amin, K.N.; Chaleat, C.; Edwards, G.; Martin, D.J.; Annamalai, P.K. A cleaner processing approach for cellulose reinforced

thermoplastic polyurethane nanocomposites. Polym. Eng. Sci. 2022, 62, 949–961. [CrossRef]
3. Meng, L.; Li, J.; Fan, X.; Wang, Y.; Xiao, Z.; Wang, H.; Liang, D.; Xie, Y. Improved mechanical and antibacterial properties of

polyvinyl alcohol composite films using quaternized cellulose nanocrystals as nanofillers. Compos. Sci. Technol. 2023, 23, 109885.
[CrossRef]

4. Mohammadi, M.; Heuzey, M.-C.; Carreau, P.J.; Taguet, A. Interfacial localization of CNCs in PLA/PBAT blends and its effect on
rheological, thermal, and mechanical properties. Polymer 2021, 233, 124229. [CrossRef]

5. Vadillo, J.; Larraza, I.; Calvo-Correas, T.; Martin, L.; Derail, C.; Eceiza, A. Enhancing the Mechanical Properties of 3D-Printed
Waterborne Polyurethane-Urea and Cellulose Nanocrystal Scaffolds through Crosslinking. Polymers 2022, 14, 4999. [CrossRef]
[PubMed]

6. Prataviera, R.; Pollet, E.; Bretas, R.E.S.; Avérous, L.; Lucas, A.A. Nanocomposites based on renewable thermoplastic polyu-rethane
and chemically modified cellulose nanocrystals with improved mechanical properties. J. Appl. Polym. Sci. 2018, 135, 46736.
[CrossRef]

7. Zhou, L.; Ke, K.; Yang, M.-B.; Yang, W. Recent progress on chemical modification of cellulose for high mechanical-performance
Poly(lactic acid)/Cellulose composite: A review. Compos. Commun. 2021, 23, 100548. [CrossRef]

8. Yang, F.; Liang, S.; Wu, H.; Yue, C.; Yan, H.; Wu, H.; Chen, X.; Zhang, J.; Yan, S.; Duan, Y. Upgrading the Pyrolysis Carbon Black
from Waste Tire by Hybridization with Cellulose. Ind. Eng. Chem. Res. 2022, 61, 6512–6520. [CrossRef]

9. Raza, M.; Abu-Jdayil, B. Cellulose nanocrystals from lignocellulosic feedstock: A review of production technology and surface
chemistry modification. Cellulose 2022, 29, 685–722. [CrossRef]

10. Muller, L.A.E.; Zingg, A.; Arcifa, A.; Zimmermann, T.; Nystrom, G.; Burgert, I.; Siqueira, G. Functionalized Cellulose Nano-crystals
as Active Reinforcements for Light-Actuated 3D-Printed Structures. ACS Nano 2022, 16, 18210–18222. [CrossRef]

11. Tom, C.; Sangitra, S.N.; Pujala, R.K. Rheological fingerprinting and applications of cellulose nanocrystal based composites: A
review. J. Mol. Liq. 2023, 370, 121011. [CrossRef]

12. Redondo, A.; Mortensen, N.; Djeghdi, K.; Jang, D.; Ortuso, R.D.; Weder, C.; Korley, L.T.J.; Steiner, U.; Gunkel, I. Comparing
Percolation and Alignment of Cellulose Nanocrystals for the Reinforcement of Polyurethane Nanocomposites. ACS Appl. Mater.
Interfaces 2022, 14, 7270–7282. [CrossRef]

13. Lee, J.-E.; Kim, Y.E.; Lee, G.-H.; Kim, M.J.; Eom, Y.; Chae, H.G. The effect of cellulose nanocrystals (CNCs) on the microstructure
of amorphous polyetherimide (PEI)-based nanocomposite fibers and its correlation with the mechanical properties. Compos. Sci.
Technol. 2020, 200, 108452. [CrossRef]

14. Gao, Q.; Wang, J.; Liu, J.; Wang, Y.; Guo, J.; Zhong, Z.; Liu, X. High mechanical performance based on the alignment of cellulose
nanocrystal/chitosan composite filaments through continuous coaxial wet spinning. Cellulose 2021, 28, 7995–8008. [CrossRef]

15. Shrestha, S.; Montes, F.; Schueneman, G.T.; Snyder, J.F.; Youngblood, J.P. Effects of aspect ratio and crystal orientation of cellulose
nanocrystals on properties of poly(vinyl alcohol) composite fibers. Compos. Sci. Technol. 2018, 167, 482–488. [CrossRef]

16. Tatsumi, M.; Kimura, F.; Kimura, T.; Teramoto, Y.; Nishio, Y. Anisotropic Polymer Composites Synthesized by Immobilizing
Cellulose Nanocrystal Suspensions Specifically Oriented under Magnetic Fields. Biomacromolecules 2014, 15, 4579–4589. [CrossRef]

17. Zhang, C.; Lyu, P.; Xia, L.; Wang, Y.; Li, C.; Xiang, X.; Dai, F.; Xu, W.; Liu, X.; Deng, B. Regulation of pore morphologies of PU
films and thereof water vapor permeability by varying tetrahydrofuran concentration in binary solvent. Polym. Test. 2018, 69,
32–38. [CrossRef]

18. Zhang, C.; Xia, L.; Lyu, P.; Wang, Y.; Li, C.; Xiao, X.; Dai, F.; Xu, W.; Liu, X.; Deng, B. Is it possible to fabricate a nanocomposite
with excellent mechanical property using unmodified inorganic nanoparticles directly? ACS Appl. Mater. Interfaces 2018, 10,
15357–15363. [CrossRef]

19. Zhang, C.; Xia, L.; Deng, B.; Li, C.; Wang, Y.; Li, R.; Dai, F.; Liu, X.; Xu, W. Fabrication of a High-Toughness Polyurethane/Fibroin
Composite without Interfacial Treatment and Its Toughening Mechanism. ACS Appl. Mater. Interfaces 2020, 12, 25409–25418.
[CrossRef]

20. Zhou, A.; Zhang, Y.; Qu, Q.; Li, F.; Lu, T.; Liu, K.; Huang, C. Well-defined multifunctional superhydrophobic green nanofiber mem-
brane based-polyurethane with inherent antifouling, antiadhesive and photothermal bactericidal properties and its application in
bacteria, living cells and zebra fish. Compos. Commun. 2021, 26, 100758. [CrossRef]

21. Lin, W.; Hu, X.; You, X.; Sun, Y.; Wen, Y.; Yang, W.; Zhang, X.; Li, Y.; Chen, H. Hydrophobic Modification of Nanocellulose via a
Two-Step Silanation Method. Polymers 2018, 10, 1035. [CrossRef] [PubMed]

22. Tian, D.; Wang, F.; Yang, Z.; Niu, X.; Wu, Q.; Sun, P. High-performance polyurethane nanocomposites based on UPy-modified
cellulose nanocrystals. Carbohydr. Polym. 2019, 219, 191–200. [CrossRef] [PubMed]

23. Segal, L.; Greely, J.J.; Martin, A.E.; Conrad, C.M. An Empirical Method for Estimating the Degree of Crystallinity of Native
Cellulose Using the X-ray Diffractometer. Text. Res. J. 1959, 29, 786–794. [CrossRef]

24. 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]

http://doi.org/10.1002/adma.202002264
http://www.ncbi.nlm.nih.gov/pubmed/32902018
http://doi.org/10.1002/pen.25899
http://doi.org/10.1016/j.compscitech.2022.109885
http://doi.org/10.1016/j.polymer.2021.124229
http://doi.org/10.3390/polym14224999
http://www.ncbi.nlm.nih.gov/pubmed/36433126
http://doi.org/10.1002/app.46736
http://doi.org/10.1016/j.coco.2020.100548
http://doi.org/10.1021/acs.iecr.2c00601
http://doi.org/10.1007/s10570-021-04371-y
http://doi.org/10.1021/acsnano.2c05628
http://doi.org/10.1016/j.molliq.2022.121011
http://doi.org/10.1021/acsami.1c21656
http://doi.org/10.1016/j.compscitech.2020.108452
http://doi.org/10.1007/s10570-021-04009-z
http://doi.org/10.1016/j.compscitech.2018.08.032
http://doi.org/10.1021/bm501629g
http://doi.org/10.1016/j.polymertesting.2018.05.006
http://doi.org/10.1021/acsami.8b04288
http://doi.org/10.1021/acsami.0c03936
http://doi.org/10.1016/j.coco.2021.100758
http://doi.org/10.3390/polym10091035
http://www.ncbi.nlm.nih.gov/pubmed/30960960
http://doi.org/10.1016/j.carbpol.2019.05.029
http://www.ncbi.nlm.nih.gov/pubmed/31151516
http://doi.org/10.1177/004051755902901003
http://doi.org/10.1021/ma200318k


Int. J. Mol. Sci. 2023, 24, 5036 15 of 15

25. Fang, H.; Chen, X.; Wang, S.; Cheng, S.; Ding, Y. Enhanced mechanical and oxygen barrier performance in biodegrad-
able polyurethanes by incorporating cellulose nanocrystals with interfacial polylactide stereocomplexation. Cellulose 2019,
26, 9751–9764. [CrossRef]

26. Li, Z.; Xu, H.; Xia, X.; Song, Y.; Zheng, Q. Energy dissipation accompanying Mullins effect of nitrile butadiene rubber/carbon
black nanocomposites. Polymer 2019, 171, 106–114. [CrossRef]

27. Li, H.; Sun, J.; Wang, C.; Liu, S.; Yuan, D.; Zhou, X.; Tan, J.; Stubbs, L.; He, C. High modulus, strength, and toughness poly-urethane
elastomer based on unmodified lignin. ACS Sustain. Chem. Eng. 2017, 5, 7942–7949. [CrossRef]

28. Zeng, L.; Jia, L.; Liu, X.; Zhang, C. A Novel Silicon/Phosphorus Co-Flame Retardant Polymer Electrolyte for High-Safety
All-Solid-State Lithium Ion Batteries. Polymers 2020, 12, 2937. [CrossRef]

29. Yan, Q.; Li, C.; Yan, T.; Shen, Y.; Li, Z. Chemically Recyclable Thermoplastic Polyurethane Elastomers via a Cascade Ring-Opening
and Step-Growth Polymerization Strategy from Bio-renewable δ-Caprolactone. Macromolecules 2022, 55, 3860–3868. [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/10.1007/s10570-019-02742-0
http://doi.org/10.1016/j.polymer.2019.03.043
http://doi.org/10.1021/acssuschemeng.7b01481
http://doi.org/10.3390/polym12122937
http://doi.org/10.1021/acs.macromol.2c00439

	Introduction 
	Results and Discussion 
	GL Modification of CNCs 
	Structure of CNC/TPU Composite Films 
	Mechanical Properties of CNC/TPU Composite Films 
	Thermal Degradation Behavior of CNC/TPU Composite Films 
	Wettability of CNC/TPU Composite Films 
	Morphologies of CNC/TPU Composite Films 
	Mechanical Properties of GLCNC-TPU Composite Fiber 

	Materials and Methods 
	Materials 
	Synthesis of GL Modified CNC (GLCNC) 
	Fabrication of CNC/TPU Composite Films 
	Fabrication of GLCNC-TPU Composite Fiber 
	Characterization 

	Conclusions 
	Appendix A
	References

