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Abstract: Cellulose plays a key role in abundant organic natural materials meet-
ing the increasing demand for green and biocompatible products. The highly crys-
talline nanoscale component of cellulose nanocrystals has recently attracted great
attention due to the versatile performance as filler or matrix in producing func-
tional materials. In this work, we prepared the waterborne polyurethane via a pre-
polymer process, and obtained cellulose and cellulose nanocrystals from waste
paper via a facile acid hydrolysis process. After that, the cellulose nanocrystals
were assembled into film and mixed with polyurethane to prepare flexible poly-
urethane/cellulose nanocrystals composite membrane with different soaking time.
The correlation between the bulk structure and applied properties including ther-
mal resistance and mechanical property was investigated by using Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC) and folding test. The
structure analysis indicates that cellulose nanocrystals prepared from used paper
have a quality similar to that of commercial cellulose. Meanwhile, the cellulose
nanocrystals have been mixed with polyurethane uniformly. Polyurethane can sig-
nificantly benefit to the thermal resistance and mechanical property of the cellu-
lose nanocrystals film. The polyurethane/cellulose nanocrystals composite
membrane present good flexibility and may hold a significantly potential applica-
tion as visual and flexible material.
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1 Introduction

In recent years, natural resources have attracted an increasing attention due to the high performance,
renewability, degradation and biocompatibility [1–3]. Celluloses are one of the most important natural
resources which mainly come from various animal and plant fibers including defatted rice bran, tunicate,
algae, wood, pulp, cotton, asparagus and so on [4–11]. Recently, celluloses are commonly broken down
to nanoscale via various physical and chemical methods with promising and wide applications [12,13].
Cellulose nanocrystals (CNC) are such significant nanocellulose with unique properties, such as high
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specific strength and modulus, large surface area, high crystallinity and unique optical properties [14,15].
Actually, most of the recent researches focus on the preparation of CNC in different processes and
resources [16] to enhance the nanostructure and performance and then to develop innovative high value
polymers or composites with significant functionalities [17]. One of the most promising ways to produce
CNC is to employ the cellulose generated from waste papers [18]. In this way, not only cellulose and
cellulose nanocrystals can be obtained from waste paper, but also the wasting of paper resources may be
significantly reduced.

However, some main shortcomings concerning the using of CNC as filler or matrix are their efficient
fabrication with promising quantity and quality, as well as the brittleness. Meanwhile, the CNC filler or
matrix is liable to be affected with damp [19]. It is reported that the acid hydrolysis is effective to obtain
CNC in good quantity and quality with low cost [16]. Meanwhile, the employment of synthesized
polymers is regarded as a promising way to improve the mechanical property and resistance to
environment [20], even endowing the material to functionalities, such as shape memory, filterability and
biocompatibility [6,21]. Thus, we assume that the combination of CNC with water-based polymer may
present interesting properties.

Waterborne polyurethane (WPU) is a key water-based polymer whether in research or in industry.
Polyurethane may be the only class of polymers that presents elastomeric, thermoplastic, and thermoset
behavior. With the alternative hard- and soft-segment chains, the properties of polyurethane can be
adjusted by using various components or different content of hard or soft segments [22]. Thus, it can be
widely used in adhesives, coatings, printing and medicine areas [23]. In regarding to the chain structure
of cellulose and WPU, both of them possess a large number of functional groups, holding promising and
efficient way to interact with each other by connection of these functional groups. In our previous works,
we have prepared various kinds of WPU and investigated the potential applications in printing ink and
adhesion. We found that little attention has been paid to use polyurethane as modifying agent to increase
the properties of CNC matrix. In this work, we implied that the employment of WPU to prepare WPU/
CNC composite might present meaningful performance. Firstly, CNC was prepared by the sulfuric acid
hydrolysis of the amorphous regions of waste paper and WPU was synthesized by the prepolymer
process respectively according to our previous works [18]. Then, the WPU was dissolved in organic
solvent to form solution as modified agent. Synchronously, the CNC dispersion was handled and dried in
a facile way to form integrated CNC film. After that, the WPU was combined with CNC film in a
spontaneous process with the variation of time. The correlation between the bulk structure of the WPU/
CNC composite and the properties including thermal resistance and mechanical property are also
investigated.

2 Experiments

2.1 Materials
Microcrystalline cellulose (MCC) was bought from Junkai Chemical, Zhengzhou, China. Office waste

paper (OWP) was collected from our laboratory. Polypropylene glycol (PPG) (molecular weight Mw = 2000)
was supplied by Sinopharm Chemical Reagent Co., Ltd. Isophorone diisocyanate (IPDI) (AR: Analytical
regent) was supplied by Aiaddin Industrial Corporation, Shanghai, China. Dibutyltin dilaurate (DBTDL)
(CP) was obtained from Qingxi Chemical, Shanghai, China. Dimethylolpropionic acid (DMPA) was
supplied by Xiangyang Chemical. 1-methyl-2-pyrrolidone (NMP) (AR) was obtained from Beilian fine
Chemical, Tianjing, China. 1,4-Butanediol (BDO) (AR) was supplied by Fucheng Chemical Regent,
Tianjing, China. Triethylamine (TEA) (AR) was bought from Fuyu fine chemical Regent, Tianjing,
China. KOH (AR) was supplied by Tianjing Kermel Chemical Regent Co., Ltd. Hydrogen peroxide
sulfuric acid (H2SO4) (GR: Guaranteed Regent, the purity of 59% (w/w)) was supplied by Tianli
Chemical, Tianjing, China. Acetone (AR) was obtained from Haohua Chemical Regent Co., Ltd. In order
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to reduce the viscosity, acetone was added during the whole process. All agents were used directly without
any treatment except for PPG, which need to be dried in the oven.

2.2 Synthesis of Waterborne Polyurethane
WPU was prepared by prepolymer process. Firstly, 20 g PPG were added three necked glass reactor and

then the three necked glass reactor was placed in the oven and reacted at 110°C for 2 h. The point of this step
was to dry the PPG thoroughly. The PPG was mixed with 8.916 g IPDI in a three-necked glass reactor
installed with mechanical stirrer, spiral condenser. And then the three-necked glass reactor was charged to
an electric-heated thermostatic water bath and reacted for 2 h at 80°C, 250 r/min. After that catalyst
DBTDL was put to the mixture and reacted for 30 min. Afterwards, 1.568 g DMPA and 2.563 g NMP
was added to the mixture and reacted for 15 min, following by adjusting the revolving speed to 300 r/min
when the temperature decreased to 60°C. Then, the reaction temperature was increased and kept at 80°C
for 2 h. After the reaction between the isocyanate and polyols, the temperature was decreased to 40°C,
and 0.86 mL 1,4-BDO was added to the glass reactor and reacted for 1 h. Finally, 30 g deionized water
dispersed with a certain amount of TEA was added to the reactor and stirred under a strong agitation for
10 min to get a homogenous polyurethane dispersion. During this step, pH of the dispersion was adjusted
to be 9–10 by adding a certain amount of KOH. The obtained WPU of 10 mL was poured into the
polyfluortetraethylene plate, and dried in an oven at 50°C for 2–3 days.

2.3 Deinking and Defibering of OWP
According to our previous work [18], the cellulose fibers can be prepared from waste paper as the

following processes. OWP (30 g) was collected from our laboratory and shredded into pieces of
15 mm � 4 mm by paper shredder. Then deinking agents including 1.5 wt% NaOH, 3 wt% H2O2, 5 wt%
NaSiO3, 1.5 wt% SDBS and 1.5 wt% OP-10 were dissolved in the tap water of 1000 ml and stirred by
the glass rod. The prepared deinking agents and paper pieces were added into the laboratory repulper, and
soaked for about half an hour. Afterwards, the repulper started to defibrize at the speed of 10000 r/min
for approximately 10–15 min. In the cooperation of chemical agents and mechanical forces, the ink fell
off the waste paper and the defibered paper was obtained. Subsequently, the defibered paper was washed
for several times through a fine-mesh for the purpose of removing the ink and impurities from the OWP
pulp. Finally, deinked office waste paper (OWP) pulp was dried in the oven at 80°C for 24 h and
smashed with the high-speed universal pulverizer for 10–30 s to obtain fine deinked OWP pulp fibers
(DP). Thus, the mechanical treatment resulted in disintegration of the cellulose structure into
microcrystalline cellulose particles.

2.4 Preparation of Cellulose Nanocrystals Films
To recycle waste papers and save resources, the cellulose nanocrystal was extracted effectively and piled

up via the filtration method. As a comparison, the commercial cellulose was also used as the nanocrystal
resource. The cellulose nanocrystals were obtained from the collected waste paper reported in our
previous work [18]. Firstly, the treated cellulose of 2 g was mixed with 48.43 mL H2SO4 (59% w/w) and
deionized water of 58.89 g, which were stirred under a constant agitation of 270 r/min at 45°C for 1 h.
Deionized water of 1 L was poured into a beaker and frozen for 1 h. Afterwards, the mixture was added
to the cold water and stood 1 h to form a suspension liquid. Then, the mixture was washed for several
times with water via a filtered washing process until the pH of the filtrate was neutral. In this way, the
CNC was obtained after the water was removed. The CNC was collected and dispersed in deionized
water under ultrasound condition of 200 W, 30 min with ice-bath. To tailor the weight fractions of the
CNC films from different celluloses to exactly the same values, the CNC from different resources in the
same weight was dispersed [24]. Once again, the air pump filtration process was carried out to remove
water and array the CNC to obtain the films. Finally, the films were dried in an oven at 50°C for 8 h.
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2.5 Preparation of the WPU/Cellulose Membranes
To obtain effective and flexible membranes, WPU was employed as modifier to mix with cellulose films.

The WPU/cellulose membranes were prepared through soaking process according to the previous works
[25,26]. Firstly, the prepared WPU film was dissolved in acetone to form diluted solution under stirring at
room temperature. Secondly, the cellulose films were directly put into WPU solution, and then were taken
out in 5 min. Colorless viscous membranes were obtained and then placed in an oven at 50°C, -0.01 kPa
vacuum for slow evaporation of solvent for 3 h.

2.6 Characterization of the Prepared Celluloses and Their Composites
2.6.1 The Bulk Structure of the Prepared Samples

Fourier transform infrared (FTIR) spectroscopy measurement was used to identify the structure of WPU/
CNC films. The infrared spectra of the WPU/CNC films were obtained with a Fourier Transform IR
spectrophotometer (SHIMADZU FTIR-8400S [CE]) and recorded in the transmission mode at room
temperature by averaging 40 scans at a resolution of 4.0 cm−1. The spectra were analyzed in the
frequency range of 4000–400 cm−1. An X-ray diffraction instrument (XRD-7000, Shimadzu Limited,
Japan) was used to analyze the crystallinity of the WUP/CNC films. A scanning of 2θ angle was in the
range of 10 to 70° with the scan speed of 10.000 deg·min−1. X-ray Photoelectron Spectroscopy (XPS)
was performed on an X-ray photoelectron spectrometer with a monochromatic focused Al Kα X-ray
source to determine C, N, O elements.

2.6.2 The Morphology of the Prepared Samples
The morphology of the prepared celluloses and their composites were investigated through scanning

electron microscopy (SEM). SEM was performed using a SU-8010 microscope working at accelerating
voltage of 1 kV. Before scanning, all the WPU/CNCs films were prepared with gold plating.

2.6.3 The Thermal and Mechanical Properties
Thermogravimetric analysis (TG) experiment was carried out under nitrogen atmosphere with

NETZSCH TG209F3. WPU/CNCs film samples weighing from 4 to 10 mg were placed in an alumina
ceramic crucible, and heated from 30 to 800°C under a heating rate of 10 °C/min. Differential scanning
calorimetry (DSC) experiment was carried out in NETZSCH DSC200F3 equipment under nitrogen
atmosphere with a temperature range from –80°C to 120°C, and two recycle was performed. The heating
rate and cooling rate were 3 °C/min and the sample weight was 5–10 mg. The mechanical property and
flexibility of the prepared membranes were investigated via a folding test on the instrument of controlling
folding tester of Sichuan Changjiang Paper Instrument co., LTD. The folding speed is (175 ± 10) times/
min, and the angle is 135° ± 2°. The detection was replicated for three times for each sample.

3 Results and Discussion

A series of celluloses and their composites with WPU were prepared via a facile process in this work.
The samples information and abbreviations are listed in Tab. 1. According to the previous works about the
polyurethane and cellulose composites [24–26], the main weight and preparing parameters are also listed in
Tab. 1. The whole preparing process was illustrated in Scheme 1.

FTIR was employed to identify the inner molecular structure and functional groups of the prepared CNC
and the composites. As shown in Fig. 1, the cellulose nanocrystals obtained from commercial cellulose
(BCNC) and waste paper (OCNC) show the similar characteristic peaks at 3330 cm-1, 2897 cm-1,
1429 cm-1 and 1029 cm-1, which can be attributed to the O–H, C–H, –CH2 stretching vibration in
polysaccharides and C-O-C pyranose ring stretching vibration, respectively. Notably, a band at 1645 cm-1

is obvious for OCNC, while the band disappear for BCNC. This may be the most important difference
for the two kinds of CNC. The band may be attributed to the carbonyl (C=O) group, indicating that the
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cellulose has been grafted with carboxyl group (-COOH) during the deinking and defibering of waste paper.
This band appeared for the WPU/CNC composite, which arises from the –COO- in polyurethane [27,28].
This result suggests that the WPU has uniformly mixed with cellulose films. After the combination with
the prepared WPU, the FTIR spectra of the composites are quite similar. For both the WPU and the
composites, the main contribution in the range of 3000–3500 cm-1 can be ascribed to O-H stretching. The
multiple peaks in the range of 1500–1750 cm-1 region are mainly attributed to the -NH and C=O from
carbamate in WPU [29]. In addition, the main peaks located at 1500–1750 cm-1 and 3000–3700 cm-1

region for O1 and O2 samples are relatively broader than the other composites with BCNC, as well as the

Table 1: Recipe, abbreviations and parameters for the preparation of celluloses and their composites

Composite Fiber source Weight of CNC/WPU (g) Soaking time Abbreviation

CNC Commercial cellulose 1/0 None BCNC

CNC + WPU Commercial cellulose 1/2 20 s B1

CNC + WPU Commercial cellulose 1/2 5 min B2

CNC Office waste paper 1/0 None OCNC

CNC + WPU Office waste paper 1/2 20 s O1

CNC + WPU Office waste paper 1/2 5 min O2

Scheme 1: The preparation process of the cellulose nanocrystals from waste paper and their combination
with waterborne polyurethane

Figure 1: FTIR spectra of the prepared CNC, WPU and their composites. (a) the main peaks in the range of
2600–4000 cm-1; (b) the main peaks in the range of 1000–1750 cm-1
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WPU. Owing to the extra grafted carboxyl group for the OCNC, there may be much more hydrogen bond
between OCNC and polyurethane than the WPU. Thus, we assume that the reason for the difference may be
the high content of hydrogen bond. This interaction may cause wavenumbers to shift wider for the WPU/
OCNC composites [26].

To further investigate the distribution and alignment of the polyurethane chains and CNC fibers, the X-
ray diffraction (XRD) pattern of the CNC, WPU and their composites were detected. As shown in Fig. 2,
WPU only had one broad peak at 19°, indicating that the prepared WPU was amorphous, corresponding
to the previous work [30]. We found that the main diffraction peaks are almost the same to the CNC and
WPU/CNC composites. The peaks of 2θ at 15° and 22° may be ascribed to the characteristics of the
(110) and (002) lattice planes respectively for both the BCNC and OCNC. In addition, a weak and broad
peak at about 34° can be observed on the curve of B1, which represented contribution of (040) plane
attributed to typical cellulose nanocrystal structure. The appearance of these peaks suggests that WPU has
been mixed with CNC significantly. Meanwhile, the main crystal structures of the prepared CNC did not
change combining with WPU. To further analyze the difference of the crystal structures, the crystallinity
index (CI) was calculated and used to compare the impact of the parameters and preparing process on the
CNC and WPU/CNC composites. According to the previous report [31], the typical diffraction peak ca.
2ϴ = 22° can be used for the calculation of the CI by the following formula:

CIð%Þ ¼ I002 � Iam=I002 � 100 (1)

where the I002 is the intensity of the (002) crystalline peak at around 22°, and Iam is the intensity for
diffraction of non-crystalline material which is taken at 2ϴ of about 18° [18]. The values of CI for all the
samples are shown in Tab. 2. It is clear that the BCNC and their composites possess higher CI comparing
with that of OCNC and their composites. This may indicate that the processing of CNC from waste paper
may destroy the crystal structure and decrease the crystallinity. This result corresponds to the FTIR
analysis about the increase of the carboxyl group content in OCNC since the increase of the organic
degree commonly accompanying with the decrease of the regularity [32]. When mixed with WPU, the CI
decreases slightly (except for sample B2). It suggests that the chains in amorphous WPU may interact
with the CNC in some extent, such as hydrogen bond. In this way, some nanocrystals may swell in the
polyurethane dispersion in soaking process because the (002) plane consists of layered sheets of cellulose
chains [26,33], corresponding to the previous work [34].

Figure 2: XRD spectra of the prepared CNC, WPU and their composites
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As depicted in Fig. 3, X-ray photoelectron spectra (XPS) were employed to detect the main elements and
the carbon-based bonds of the CNC and WPU/CNC composites. The low-resolution spectra of both the
BCNC and OCNC show the two main components including C and O elements in cellulose nanocrystals,
and the three main elements of C, O and N in WPU. The all WPU/CNC composites (B1, B2, O1 and
O2) present three main components, while the appearance of the nitrogen suggests the presence of
polyurethane. The results indicate that the cellulose crystals have been mixed with polyurethane
uniformly, corresponding to the results of FTIR and XRD.

The morphology details of the CNC and WPU/CNC composites were investigated by SEM, as shown in
Fig. 4. It can be seen that both the BCNC and OCNC present a densely and evenly distributed of cellulose
nanocrystals from the top surface view. It suggests that the cellulose nanocrystals have piled together to form
dense membranes. Meanwhile, it seems that the piled cellulose crystals may form orientational structure as
illustrated in the inset diagrams in Figs. 4a and 4d. On the basis of these dense films, we soaked them with
polyurethane to form flexible membranes. It is clear that the cellulose nanocrystals have been uniformly
coated with polyurethane and showed in Figs. 4b–4c and 4e–4f. Comparing with the polyurethane
surface, the typical sea-island structure of polyurethane surface [27,28,38] can also be observed in the
WPU/CNC composites, indicating that the cellulose nanocrystals have been shrouded by polyurethane
chains. The inset high-resolution images also show that the cellulose nanocrystals have been covered
completely. Notably, a distinct morphology of the B2 illustrates a corrugated and fiber-like surface. This
unique surface is significantly similar with that of BCNC, while the B1, O1 and O2 only present the

Table 2: The values of CI for all the samples [35–37]

Samples 2ϴ (amorphous) (°) 2ϴ (crystalline) (°) CI (%)

BCNC 14.6 22.3 56.14

B1 15.2 22.7 52.20

B2 15.1 22.5 62.53

OCNC 14.7 22.2 47.56

O1 15.0 22.4 41.34

O2 15.3 22.6 27.30

Figure 3: General XPS spectra for CNC, WPU and their composites (a) WPU, BCNC and their composites;
(b) OCNC and their composites
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polyurethane surface. This difference may indicate that there is no correlation between the soaking time and
absorbance of polyurethane on CNC films. In SEM images, it is vividly obvious that the dense CNC surface
has been totally covered with polyurethane coatings in an irregular manner. The colorless and flexible
membrane has been obtained by mixing with WPU, as shown in Fig. 4. It is obvious that the appearance of
the membrane changes little after mixing with WPU. Meanwhile, the addition of WPU in CNC may increase
the flexibility of the membrane. The cross-sectional surface was observed under a microscopy to compare the
thickness of the prepared films, as shown in Fig. 4h–4n. The thickness of the BCNC and OCNC are about
189 μm and 200 μm, respectively, indicating that the prepared CNC from waste paper can form the similarly
thin and dense film with commercial CNC. The thickness of the B1, B2, O1 and O2 are about 300 μm, 200
μm, 228 μm and 294 μm, respectively, as depicted in Fig. 4. It is obvious that the thickness of the composite
films are improved, indicating further the absorbance of the polyurethane [39–41].

To further confirm the contribution of the WPU to the mechanical property of the CNC film. The folding
test was performed, and the data was illustrated in Fig. 5. The folding endurance and flexibility of the WPU/
CNC membranes have largely increased. In this study, the BCNC can only be folded once, while the OCNC
can be folded ca. 20 times. The higher folding endurance of the OCNC may be due to the degradation of the
waste paper. In preparing OCNC, the waste paper has been handled with various agents, especially acid and

Figure 4: SEM images of CNC, WPU and their composites (a) BCNC, (b) B1, (c) B2, (d) OCNC, (e) O1,
(f) O2 (the inset images in a–f are the high-resolution SEM morphologies of each sample), (g) WPU, (h-n)
the microscopy images with the thickness of the prepared films
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alkaline. During the processes, the cellulose fibers may be damaged, as well as the cellulose nanocrystals.
This has also been attested from the relative high carboxyl groups in OCNC by the FTIR analysis.
Meanwhile, it is observed that the integrality of the nanocrystals in OCNC is not lower than that of
BCNC, as shown in Figs. 4a and 4d. Therefore, the brittleness of the BCNC film may be higher than that
of OCNC. When the WPU was mixed with CNC film, the B1, B2, O1 and O2 can be folded ca. 800,
770, 110 and 800 times respectively under a tension of 4.9 N. The results indicate that the BCNC may
adsorb polyurethane in short time to form homogenous membrane with significant folding endurance,
while the OCNC may adsorb polyurethane slowly and present a significant folding endurance until
soaking enough time in polyurethane solution. This may also arise from the relative high content of
carboxyl groups in OCNC and their composites [21]. Therefore, the mechanical properties of WPU/CNC
composite membranes are significantly better than that of CNC based films, indicating great potential
application as flexible materials [23].

After the folding test, the fractured surfaces of the composites were investigated by SEM detection, as
shown in Fig. 6. Some fibers of the CNC can be observed in sample B1, O1 and O2, demonstrating the
mixing of cellulose with WPU. Meanwhile, the fibers mainly aggregate together to present layer structure
with the WPU film on the opposite sides, liking a sandwich structure. It suggests that WPU dispersions
are mainly absorbed onto the surface of the CNC films. After the soaking in WPU dispersion, the CNC
films keep a whole macrostructure and good appearance. As illustrated in Figs. 6a–6f, the CNC and
composite films present significant transparence and extended appearance. In addition, the OCNC can
also form an integrated film with scale and high transparence, as illustrated in Fig. 6b. After the
absorbance of WPU, the film (sample B2) can even be folded in double back for several times manually,
as depicted in Fig. 6g. As known, the pure CNC film is commonly brittle and hard to fold [42,43]. Thus,
the addition of WPU may help to conquer the defects of the CNC film on mechanical property with little
change of appearance and transparence [42].

Thermal properties of the CNC and WPU/CNC composites were evaluated by thermogravimetric
analysis (TGA) in an inert N2 atmosphere from 30 to 800°C. The thermal curves of the CNC film and
their composites are depicted in Fig. 7, and the degradation information varying with temperature are
listed in Tab. 3. It is clear that the WPU/CNC composites displayed higher thermal stability than CNC,
indicating that polyurethane contributes to the thermal resistance for cellulose [44]. The specific
decomposition peaks for all samples are illustrated in the derivative weight loss curve of DTG in Fig. 7b.
According to our previous work about the WPU degradation in TGA analysis [27], the three stages can
be ascribed to the residual water (mainly the hydration water), soft segment and hard segment of
polyurethane, respectively, as shown in Tab. 3. It is obvious that there are also three major stages for
BCNC and OCNC. The first temperature point is 141.6°C and 165.6°C respectively, which may be

Figure 5: The folding test data of the CNC, WPU and their composites
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Figure 6: The digital and fractured surface images of the CNC/WPU composites (a–f) the digital photos of
the BCNC, OCNC, B2, B1, O1 and O2; (g) manual folding test of sample B2; (h–k) the fractured surface
morphology of the B1, O1, B2 and O2

Figure 7: The TGA curves of the CNC, WPU and their composites (a) TG; (b) DTG

Table 3: The weight loss information varying with temperature

Sample First decomposition Second decomposition Third decomposition

T1 (°C) Weight loss (wt %) T2 (°C) Weight loss (wt %) T3(°C) Weight loss (wt %)

WPU 107.3 3.4 212.3 30.5 324.8 57.9

BCNC 141.6 12.2 199.3 27.4 307.9 39.6

OCNC 165.6 28.4 242.3 11.9 302.9 43.6

B1 152.5 21.1 246.2 24.3 338.8 24.9

B2 158.5 16.9 264.1 25.2 337.6 41.6

O1 189.5 12.8 258.1 31.1 336.7 43.3

O2 192.3 13.5 270.1 35.5 350.4 45.6
T1, T2 and T3 are the initial decomposition temperature
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related to the loosely bound evaporation of water in combination with cellulose. The second degradation
temperature is 199.3°C and 242.3°C respectively, which can be attributed to the degradation of CNC
amorphous region. Notably, the second degradation temperature of the OCNC was high than that of
BCNC, indicating that the thermal resistance of the amorphous region in cellulose nanocrystals from the
waste paper is better that that of the commercial cellulose. This may also attest that the bulk structure of
cellulose nanocrystals from waste paper was not so integrated comparing with that from commercial
cellulose. It suggests that more amorphous structure may be generated because of the higher acid and
other degradation agents. The third degradation stage is 307.9°C and 302.9°C, respectively, which may
be connected with the breakdown of crystal interior. The decomposition temperature of BCNC is higher
than that of OCNC, which indicates that the stability of commercial cellulose in this stage is better than
that of prepared cellulose nanocrystals. When mixed with polyurethane, the thermal resistance of the
WPU/CNC composites increased significantly. The initial degradation temperature of the first stage may
be the most effective index to reflect the thermal resistance of the material. As listed in Tab. 3, the initial
degradation temperatures of sample B1 and B2, O1 and O2 are higher than that of BCNC and OCNC,
respectively. It implies that the addition of polyurethane benefits to the thermal resistance of the CNC
film. This may be because urethane and urea of polyurethane can resist the damage of polymer chain,
thus improving the thermal stability of CNC [45]. Additionally, the initial degradation temperature of the
B2 (158.5°C) and O2 (192.3°C) are slightly higher than that of B1 (152.5°C) and O1 (189.5°C)
respectively, indicating that the degradation temperature enhanced with the increase of the soaking time.

To further investigate the thermal behavior of the CNC and their composites, the DSC thermograms was
performed. As shown in Fig. 8, it is obvious that a distinct endotherm peak attributing to an indication of the
thermally decomposes of the crystalline packed cellulose for both BCNC and OCNC. As the temperature
increases, the distinct endotherm peak which can be ascribed to the degradation of CNC can be observed
at ca. 150°C, corresponding to the result in TGA analysis. A glass transition temperature belonging to
soft segment in WPU can be seen in the range from –70°C to –40°C, and another endotherm peak at
about 218°C may be ascribed to the decomposition point according to the TGA results [27]. It is obvious
that the decomposed temperatures of celluloses (both BCNC and OCNC) are lower than WPU in DSC
curves, and that of CNC/WPU composites are between CNC and WPU. This suggests that the addition of
WPU may increase the thermal decomposed temperature, corresponding to the TGA results [46]. As a
result, the mixing of WPU can effectively increase the thermal resistance of the CNC films, and cellulose
crystals may interact moderately with polyurethane chains with little impact on the thermal behavior on
the WPU/CNC composites.

Figure 8: DSC diagrams of CNC, WPU and CNC/WPU films
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4 Conclusion

Flexible polyurethane/cellulose nanocrystals composite membranes were prepared using the synthesized
polyurethane and cellulose nanocrystals from waste paper through a facile process. It is found that the CNC
obtained from waste paper may absorb polyurethane to form sandwich structure with significant appearance
and transparency. We compared the obtained cellulose and CNC with the commercial cellulose with the
origin film and their composite with polyurethane. It is found that the prepared cellulose nanocrystals from
waste paper presents the similar quality to that from the commercial cellulose. The thermal resistance of the
CNC from waste paper is higher than that form commercial cellulose of ca. 20°C. The cellulose nanocrystals
from both the two resources can be mixed with polyurethane uniformly. The mixed membranes present a
large increase in flexibility in folding test comparing with the CNC film, as well as the thermal resistance.
The soaking time has little influence on the thermal resistance for both the BCNC and OCNC based
composites. In addition, the composite from OCNC presents a better thermal resistance >30°C.
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