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a  b  s  t  r  a  c  t

Biocompatible  waterborne  polyurethane  (WPU)  based  on  castor  oil (CO)/polyethylene  glycol  (PEG) filled
with  low  level  loadings  of  Eucalyptus  globulus  cellulose  nanocrystals  (ECNs)  was  prepared.  The ECNs
obtained  by  sulfuric  hydrolysis,  consisted  of  ‘rod-like’  crystals  with  an  average  length  and  diameter  of
518.0  ± 183.4  nm  and 21.7  ± 13.0  nm, respectively.  The  nanocomposites  with  low level  loadings  of  ECNs
showed  significant  enhancement  in  tensile  strength  and  Young’s  modulus  from  5.43  to  12.22  MPa  and
eywords:
aterborne

olyurethane
ellulose
anocrystal
einforcement

from  1.16  to  4.83  MPa,  respectively.  SEM  results  showed  well  dispersion  of  ECNs  in the  WPU  matrix.
Furthermore,  it was  verified  that  the  nanosized  ECNs  favored  the  hard-segments  (HSs)/soft-segments
(SSs)  microphase  separation  of the  WPU,  causing  shifts  of  the  SS  glass  transition  temperature  (Tg,s)  and
the  HS  melting  temperature  (Tm,h) toward  higher  temperatures.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

Biocompatible polymers, which derived from renewable
esources such as vegetable oil (Tan & Chow, 2010), starch (Mathew,
hielemans, & Dufresne, 2008; Teixeira et al., 2011), soy pro-
ein (Wang, Cao, & Zhang, 2006), cellulose, with their non-toxic,
iodegradable and eco-friendly advantages, are gaining extensive
esearch attention. Moreover, there has been a growing trend in
odifying bio-derived polymers with cellulose nanocrystals (CNs)

o meet specific application ends or to get balanced properties.
omposites with CNs as reinforcing fillers dispersing in polymer
atrix, have shown significant enhancement in mechanical prop-

rties and thermal stability (Bras et al., 2010).
Cellulose nanocrystal, retrieved from lignocellulose through

ondensed acid hydrolysis, with its many remarkable properties
uch as high Young’s modulus, high aspect ratio (Wu,  Henriksson,
iu, & Berglund, 2007), low density, biocompatibility, biodegrad-
bility and so on, makes an ideal reinforcing filler in various

olymer matrices, such as natural rubber (Azizi Samir, Alloin,

 Dufresne, 2005; Bras et al., 2010), polypropylene (Ljungberg,
availlé, & Heux, 2006), poly (vinyl chloride), poly (lactic acid),

∗ Corresponding author. Tel.: +86 20 85294421; fax: +86 20 85294421.
∗∗ Corresponding author. Tel.: +86 20 85280264; fax: +86 20 85280264.

E-mail addresses: p.jun@mail.scut.edu.cn (J. Peng), ychao100@yahoo.com
C. Yue).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.10.027
polycaprolactone, silk fibroin, polyurethane, starch and soy protein
plastics. In respect of CN, we  generally refer to a particle derived
from cellulose whose dimension is lower than 100 nm in at least one
direction (Klemm et al., 2011; Siro & Plackett, 2010). As nano-filler,
dimensions of these ‘rod-like’ crystals are related to the origins of
cellulose and extraction conditions (Li & Ragauskas, 2011).

In the context of biocompatible polymer, waterborne
polyurethane (WPU) is becoming one of the most popular
polymers for availability of various application, health and envi-
ronmental safety (Noble, 1997). Meanwhile, a large bulk of focus
is placed on utilizing castor oil (CO) and polyethylene glycol
(PEG) as raw materials in WPU  synthesis due to their inherent
biodegradability, low cost, socially favorable advantages and
availability (Oprea, 2010). CO containing about 90% ricinoleic acid,
is directly used as a tri-hydroxyl functioned monomer (Maafi,
Tighzert, & Malek, 2010). In the mean time, PEG, known for good
biocompatibility (Yoon, Kim, & Kim, 2005), has been extensively
employed as low molecular weight diol for biodegradable PU
synthesis. Therefore, WPU  based on CO and PEG is considered
as novel potential biomedical material for implants and tissue
engineering (Cherian et al., 2011; Jiang et al., 2007; Liu, Zhong,
Chang, Li, & Wu,  2010; Yeganeh & Hojatitalemi, 2007).

Aiming at the various applications, researchers endeavored to

modify WPU  with cellulose nanocrystal and other nanosized par-
ticles (Ayres, Orefice, & Sousa, 2006; Huang, Zou, Chang, Yu, &
Dufresne, 2011; Kwon & Kim, 2005; Seo & Kim, 2005; Zhang, Wang,
Zhao, Kang, & Wang, 2006; Zhang et al., 2008; Zou et al., 2011).

dx.doi.org/10.1016/j.carbpol.2011.10.027
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:p.jun@mail.scut.edu.cn
mailto:ychao100@yahoo.com
dx.doi.org/10.1016/j.carbpol.2011.10.027
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owever, enhancement in mechanical properties like tensile
trength and modulus is often accompanied by large reduction
n extensibility and aggregations of the nanosized particles due
o high loading levels (Auad, Mosiewicki, Richardson, Aranguren,

 Marcovich, 2010; Cao, Dong, & Li, 2007; Goetz, Mathew,
ksman, Gatenholm, & Ragauskas, 2009; Ozgurseydibeyoglu &
ksman, 2008). To our knowledge, however, there still exists two
ritical challenges in nanocomposite reinforcement (Pei, Malho,
uokolainen, Zhou, & Berglund, 2011). One is to obtain well dis-
ersed reinforcing nanocrystals in polymer matrix, while the other

s to increase the strength without notable decrease in their high
xtensibility.

In our present work, Eucalyptus globulus was introduced as the
riginal resource of cellulose nanocrystal. E. globulus is a typical
ndustrially farmed tree species, and it can sustainably provide
ellulose nanocrystal raw material and has a great reinforcing
otential (Besbes, Vilar, & Boufi, 2011; Syverud, Chinga-Carrasco,
oledo, & Toledo, 2011). Herein, with few relevant studies reported
n literature (Chen et al., 2008; Pei et al., 2011), we  introduced very
ow level loadings of E. globulus cellulose nanocrystals (ECNs) into
he CO/PEG waterborne polyurethane (WPU) elastomer. Well dis-
ersion of ECNs in the WPU  matrix and significant reinforcement
ffect were obtained together with little reduction of elongation
t break. The properties of the ultimate nanocomposite materials
ere systematically investigated by attenuated total reflection-

ourier transform infrared spectroscopy (ATR-FTIR), atomic force
icroscopy (AFM), differential scanning calorimetry (DSC), thermo

ravimetric analysis (TGA) and tensile test. Morphology of the
ixture films was characterized by scanning electron microscopy

SEM).

. Experimental

.1. Raw materials

E. globulus chips were kindly supported by Guangdong
ongJiang forest farm. Isophorone diisocyanate (IPDI) was  obtained

rom Bayer AG. Castor oil (CO) (hydroxyl value = 163 mg  KOH/g)
as obtained from Guangdong Guanghua Chemical Factory Co., Ltd.

olyethylene glycol (PEG) (Mn = 2000) was obtained from Shanghai
iangshun Chemical Factory Co., Ltd. CO and PEG were stored and
ried under vacuum for 72 h. Dimethylol propionic acid (DMPA)
as obtained from Perstorp Co., Sweden. Dibutyltin dilaurate

DBTDL) was obtained from Shanghai Lingfeng Chemical Reagent
o., Ltd. 1, 4-Butanediol (BD), N-methyl-2-pyrrolidone (NMP), tri-
thylamine (TEA) and ethylenediamine (EDA) were obtained from
ermel Chemical Co., Ltd.

.2. Preparation of ECNs

Eucalyptus chips with random sizes smaller than 5 cm were
umped into a grinder to obtain dry powders. The particles that
assed through a 40-mesh sieve (355 �m),  but retained by a 60-
esh sieve (250 �m),  were obtained as E. globulus samples and

acked in plastic bag at ambient temperature. Cellulose fiber was
xtracted from the E. globulus samples using the HNO3–KClO3
ethod (Liu et al., 2010b).  The powder was immersed in 30% nitric

cid aqueous solution. KClO3 was added into the solution at a
0 wt.% ratio based on the weight of nitric acid. The weight ratio
f E. globulus powder was about 10 wt.%. After extracting for 24 h
t 80 ◦C, the obtained fiber suspension was cooled and placed in

egenerated cellulose dialysis membranes (MWCO of 14,000) and
ialyzed against distilled water for 72 h to remove low molecu-

ar weight compounds. The slurry was then freeze-dried. The yield
f dry cellulose fiber in relation to the original E. globulus powder
ers 87 (2012) 2068– 2075 2069

is  approximately 35%. CNs were produced via further hydrolysis.
Sulfuric acid (65%) was  mixed with the cellulose fiber under contin-
uous stirring at a temperature of 40 ◦C for 2 h and then the sulfuric
acid and the hydrolysate were washed off by dialysis in distilled
water. After further dilution, a 0.5% suspension was prepared and
stored for film preparation and analysis.

2.3. Synthesis of WPU

The synthesis of CO/PEG waterborne polyurethane is through a
prepolymer mixing process (Dieterich, 1981). The NCO/OH value
of the prepolymer is 1.4. The weight percentage of DMPA is 6% in
relation to the entire solid weight. The process of the polyaddition
reaction is depicted as follows. CO (15.75 g) and PEG (11.44 g) were
put into a round bottom, four necked flask equipped with a nitrogen
inlet, a condenser with a drying tube, a mechanical Teflon stirrer
and a thermometer. The round bottom flask was put in an oil bath to
get even heat distribution. Under continuous stirring, the mixture
was  heated to 120 ◦C to dehydrate under vacuum for 3 h. Then the
temperature is lowered to 60 ◦C, IPDI (22.23 g) was added into the
flask. DBTDL (0.3 wt.% with respect to IPDI) was injected into the
reactant, and then the reaction lasted for 1 h. After that, the reac-
tion temperature was raised to 70 ◦C, when the DMPA (3.34 g) and
BD (1.19 g) dissolved in NMP  were charged into the flask to react
for 2 h. The NCO% value of the prepolymer was determined using a
standard of ASTM D2572-97, when the NCO content reached a the-
oretical value, the reaction temperature was  lowered to 50 ◦C, TEA
(2.26 g) was then added into the prepolymer to neutralize the car-
boxyl group for 0.5 h. Then the anionomer was emulsified by a high
speed emulsifying machine with distilled water slowly charged in.
EDA (1.71 g) diluted in distilled water was added to extend the
polymer chain during the emulsification. Finally, the CO/PEG WPU
emulsion with about 50 wt.% HS content (with respect of total WPU
solid weight) was  obtained.

2.4. Preparation of WPU/ECNs nanocomposite films

ECNs dilute dispersion was  ultrasonicated for 10 min  to avoid
agglomeration. Then, the suspension of nanocrystals and WPU  was
mixed with the absolute ECNs contents of 0.2, 0.5, 1, 2, 3, 4, 5 wt.%
in relation to WPU. The blend was magnetically stirred for 3 h.
After that, the obtained mixture was  degassed under vacuum at
ambient temperature. Subsequently, the mixture was  cast into a
polystyrene square Petri dish and vacuum-dried at 45 ◦C for 1 week.
The nanocomposite films with a mean thickness of 0.25 mm were
obtained and stored in a desiccator with 0% relative humidity.

2.5. Characterization

An atomic force microscopy (AFM) instrument (Veeco SPM IIIA,
US) with an AFFM scanner working in multi-mode was  used to col-
lect stereoscopic information of the ECNs. A droplet of diluted ECNs
suspension was coated on a flake of mica, and dried under vacuum
over night. The AFM image was exported in Height-Mode.

Morphology observation of the nanocomposite films was  car-
ried out on a field emission scanning electron microscope, FE-SEM
(Sirion 200, FEI, The Netherlands). The specimens were frozen in
liquid nitrogen, fractured, and coated with gold by an ion sputter
coater and were observed under FE-SEM operating at 12.5 kV.

ATR-FTIR spectroscopy was  performed on a PerkinElmer Spec-
trum 100 spectrometer at ambient temperature. An ATR sampling
accessory (THE PIKE MIRACLETM) with a ZnSe crystal was outfitted.

The samples from the film were cut off randomly and placed flat on
the crystal surface. The spectra were automatically recorded over
128 scans with a resolution of 2 cm−1. The background spectrum
was  previously recorded with contacting air on the crystal surface.
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Differential scanning calorimetry (DSC) measurement of the
anocomposite films was performed on a DSC 204C instrument
Netzsch Co., Germany) under nitrogen atmosphere. Scans were
arried out at a heating rate of 10 K min−1 within a range from −80
o 250 ◦C. The glass transition temperature was recorded as the

idpoint of the heat capacity change.
Thermal stability of the films was tested on a TGA 209F3 (Net-

sch Co., Germany) apparatus to get information about weight loss
uring heating. Samples of about 10 mg  were separately heated
rom 30 to 550 ◦C under nitrogen atmosphere, with a heating rate
f 10 K min−1.

The mechanical properties including tensile strength (�b),
longation at break (εb), and Young’s modulus (E) of the nanocom-
osite films with dimensions of 50 mm  × 10 mm × 0.25 mm
length × width × thickness) were carried out on a universal test-
ng machine (SUNS CMT5504, Shenzhen) with a loading rate of
00 mm min−1 according to the standard of ISO 527-3:1996 (E)
t room temperature. An average value of five replicates of each
ample group was taken.

. Results and discussion

.1. Morphology of ECNs nanocomposite films

The AFM image of the ECNs in dilute suspension is shown in
ig. 1, from which both individual and slightly aggregated cellulose
anocrystals were observed. Using the built-in measurement tool

f the imaging software, we have got the geometric data of the ECNs.
hese ‘rod-like’ crystals have a wide distribution in dimension, from
04.7 to 880.63 nm in length and from 6.6 to 45.0 nm in diame-
er. The average length and diameter were 518.0 ± 183.4 nm and

Fig. 2. SEM images of the ECNs/WPU nanocomposite films with different ECNs
Fig. 1. AFM image of dilute ECNs suspension.

21.7 ± 13.0 nm, respectively. Therefore, the aspect ratio (L/D) of the
ECNs was 23.87 approximately. Cellulose nanocrystals with a high
aspect ratio like this contribute to the low percolation threshold.
This predicts a low loading level of ECNs filler in the WPU  polymer
matrix.
Fig. 2A–D showed the SEM images of the frozen-fractured sur-
faces of the WPU/ECNs nanocomposite films. It can be informed
that with ECNs content increasing from 0 to 5 wt.%, the advanc-
ing cracks of the pure WPU  film (Fig. 2A), are increasingly deflected

 content: (A) 0 wt.%; (B) 1 wt.%; (C) 3 wt.%; (D) 5 wt.% (scale bar: 20 �m).
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Table  1
Curve-fitting results of ECNs/WPU nanocomposites FTIR spectra in N–H region.

Samples Peak Ia Peak II

Location Area W1/2
b Location Area W1/2

WPU  3334.6 4.62 166.0 3525.7 0.82 123.1
WPU-0.2 3334.3 5.12 169.8 3524.7 0.94 126.1
WPU-0.5 3336.4 5.10 169.0 3525.6 1.02 128.0
WPU-1.0 3336.1 4.91 166.5 3527.0 0.90 129.1
WPU-2.0 3338.1 5.62 170.5 3525.9 1.22 133.3
WPU-3.0 3337.0 5.53 169.5 3527.5 1.14 134.8
WPU-4.0 3336.0 6.39 173.9 3527.7 1.17 137.2
WPU-5.0 3335.4 6.23 174.2 3527.4 1.29 141.1
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Peak I, hydrogen bonded N–H stretching; Peak II, free N–H stretching (there
xists embedded peaks in Peak II, see also in Section 3.2.1).
b W1/2, band width at height of the peak.

nd tortured (Fig. 2C–D), indicating a more complicated energy dis-
ipating mechanism within the interfaces between ECNs and the

PU matrices. The cellulose nanocrystals were identified as small
hite dots in the fractured surfaces of the film. The white dots could

orrespond to the nanocrystals in the perpendicular plane of the
lms (Cao et al., 2007). Roughening showed uniform distribution
ll over the fractured surface, indicating well distribution of ECNs
n the WPU. As we know, well dispersion of ECNs combined with
trong interactions between fillers and the matrix are among the
ssential requirement for improving the mechanical properties and
hermal stability of WPU.

.2. Characterization of hydrogen bonding via ATR-FTIR

The specific structural feature of WPU  elastomer is their
wo-phase microstructure which is the result of thermodynamic
ncompatibility between hard urethane or urea segments and soft
olyester or polyether segments. The extent of the micro-phase
eparation is essential to a WPU  elastomer of good mechanical
roperties (Bistričić, Baranović, Leskovac, & Bajsić, 2010). Hydrogen
onds are important physical interactions affecting the micro-
hase separation in WPU, determining the microstructure, as well
s the mechanical and thermal properties of the polymer (Li et al.,
009; Yoon, Sung, & Ratner, 1990). Multiple hydrogen bonds can be
ormed between polar groups where one group serves as a proton
donor’, while the other servers as a proton ‘acceptor’. For the WPU
n our study, there existed two different kinds of proton ‘donors’
urethane N–H and urea N–H) and four kinds of proton ‘acceptors’
urethane C O, urea C O, ester C O of castor oil and C–O–C of PEG)
Luo, Wang, & Ying, 1997; Senich & MacKnight, 1980). Moreover,
he O-H introduced by ECNs can have strong interactions with the

PU  matrix (Cao et al., 2007). There are several vibrational modes
hat are sensitive to hydrogen bonding in polyurethane, however,
he most information can be obtained from the N–H and C O
tretching modes at 3600–3100 and 1600–1760 cm−1, respectively.
ig. 3 shows the whole FTIR spectra of the ECNs/WPU nanocompos-
tes with pure WPU  as reference. To gain insight into the fact that
ow ECNs affected hydrogen bonding in the WPU  matrix, detailed
urve-fitting procedures were carried out related to spectra in N–H
nd C O regions, respectively.

.2.1. N–H stretching region
The N–H stretching region of each spectrum shows the hydrogen

onded (Peak I) and free (Peak II) bands near 3335 and 3527 cm−1,
espectively. The peak envelope was fitted into two  Gaussian bands
Mattia & Painter, 2007) as Fig. 4A, in spite that the absorption

f O–H in cellulose nanocrystals are embedded in the shoulder
eak. The curve-fitting results are listed in Table 1. Two  main
arameters of the nanocomposites, band area and width at half
eight of the peak, were measured. With increase of cellulose
Fig. 3. ATR-FTIR spectra of the ECNs/WPU nanocomposite films with the pure WPU
as  reference.

content, the band area of Peak I increased, but not monotoni-
cally. This can be attributed to two opposite contributions. For one
thing, dissociation of the original hydrogen bond associated with
the N–H of WPU  matrix caused a decreasing trend. For another,
introducing of ECNs into the WPU  matrix led to newly formed
hydrogen bonds between C O and O–H on the surface of cel-
lulose nanocrystals, which contributed to the increasing trend
of band area. Therefore, the overall area increase indicates that
more hydrogen bonds formed due to adding ECNs into the WPU
matrix, while there is less cleavage of the original hydrogen bonds
in the WPU  matrix. For Peak II, there was also to some extent
an increase. This might be explained that the ECNs enhanced
the microphase separation between HSs and SSs, giving the soft
chains more freedom whose C O and C–O–C could have initially
hydrogen bonded to the N–H of the HSs. At the same time, the
broadening of the band shapes indicates a wider distribution of
hydrogen bond due to additional proton ‘donor’ of the ECNs’ O–H
group.

3.2.2. C O stretching region
The C O stretching region can be quantitively identified to char-

acterize hydrogen bonding (Coleman, Skrovanek, Hu, & Painter,
1988; Yoon et al., 1990). Herein, there are three factors making
the C O region very complex. Firstly, there are two kinds of C O
(urethane C O and urea C O) in the HSs. Secondly, the ester C O of
castor oil also have a band location within this region (Maafi et al.,

2010), overlapped with that of urethane C O. Lastly, the C O of
DMPA also showed its absorption peak around 1660 cm−1 overlap-
ping the urea disordered hydrogen bonded C O peak (Kwak, Kim,
Ha Yoo, & Kim, 2004). Nonetheless, the whole band envelope can
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Fig. 4. Curve-fitting of FTIR spectrum in N–H region (A) and C O region (B).

Table  2
Curve-fitting results of ECNs/WPU nanocomposites FTIR spectra in C O region.

Samples C O stretching region of urea group C O stretching region of urethane group

a Peak III Peak IV Peak V Peak VI Peak VII Peak VIII

Location
(cm−1)

Area Location
(cm−1)

Area Location
(cm−1)

Area Location
(cm−1)

Area Location
(cm−1)

Area Location
(cm−1)

Area

WPU 1638.3 0.86 1664.8 2.22 1690.3 0.57 1705.8 4.02 1726.9 1.13 1744.9 0.33
WPU-0.2 1638.3 0.81 1664.7 2.60 1690.4 0.46 1705.7 3.87 1727.0 1.05 1744.8 0.35
WPU-0.5 1638.2 0.82 1664.8 2.29 1690.3 0.51 1705.8 3.75 1726.9 1.16 1744.9 0.33
WPU-1.0 1638.2 0.71 1664.8 2.28 1690.4 0.48 1705.8 3.77 1726.9 1.08 1744.8 0.35
WPU-2.0 1638.3 0.89 1664.7 2.34 1690.3 0.52 1705.8 3.88 1726.9 1.24 1744.9 0.33
WPU-3.0 1638.3 0.76 1664.8 2.49 1690.4 0.51 1705.7 3.61 1727.0 1.33 1744.8 0.34
WPU-4.0 1638.2 0.60 1664.8 2.45 1690.3 0.45 1705.8 3.39 1726.9 1.22 1744.9 0.35
WPU-5.0 1638.3 0.59 1664.7 2.58 1690.3 0.42 1705.8 3.36 1726.9 1.33 1744.9 0.34
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higher than that of pure WPU) at loadings above 1 wt.%. It is worth
noting that �b of the 1 wt.% sample is the highest, suggesting a well
homodispersion of the hydrophilic ECNs in the WPU  matrix. With

Table 3
Mechanical properties of CO/PEG WPU  and its nanocomposite films.

Samples Tensile strength
(�b) (MPa)

Elongation at
break (εb) (%)

Young’s modulus
(E) (MPa)

WPU  5.42 ± 0.26 381.72 ± 22.33 1.16 ± 0.10
WPU-0.2 6.03 ± 0.33 355.92 ± 18.37 2.44 ± 0.14
WPU-0.5 8.10 ± 0.45 386.35 ± 9.40 2.37 ± 0.16
a Peak III and Peak IV, Hydrogen bonded C O stretching of urea group, ordered a
II,  Hydrogen bonded C O stretching of urethane group, ordered and disordered, re

n  Peak IV, VII Peak and Peak VIII, see also in Section 3.2.2).

e decomposed into six Gaussian bands through a curve-fitting
rocedure. Fig. 4B shows the curve-fitted spectrum in the region
t 1760–1600 cm−1. The peaks centered at around 1638 cm−1 and
705 cm−1 are assigned to the urea and urethane ordered hydro-
en bonded C O, respectively. The peak centered around 1690 and
744 cm−1 are assigned to the free urea and urethane C O of hard
egments, respectively. The peak centered at around 1664 cm−1

rouse from urea disordered hydrogen bonded C O, with embed-
ed DMPA C O peak. The peak at around 1726 cm−1 is assigned
o urethane disordered hydrogen bonded C O. Additionally, the

 O of castor oil of the soft-segment may  have similar absorption
eaks embedded in urethane free and disordered hydrogen bonded

 O absorption peaks. The curve-fitting results are summarized in
able 2. The urea hydrogen bond is sensitive to the changes within
he hard domain, while the urethane hydrogen bond is sensitive to
he changes on the HSs/SSs interface (Bummer & Knutson, 1990).
s presented in the table, adding cellulose nanocrystals decreased

he band area in urea ordered hydrogen bonding C O (Peak III) and
he band area in urethane ordered hydrogen bonding C O (Peak
I), while slightly increased band areas of both disordered hydro-
en bonded absorption peaks (Peak IV and Peak VII), indicating
hat the ECNs largely formed new hydrogen bond with the HSs
f the WPU  matrix. This fact may  account for that only a little
ecrease in elongation at break occurred when low loading of cellu-

ose nanocrystals reinforced the WPU  matrix. Moreover, in spite of
erturbation and overlapping effect, we could also see a descend-

ng of area data in urea free C O (Peak V), and we  believed in
hat there also existed a similar trend in urethane free C O (Peak

III), while masked by the increasing of free ester C O of castor
il in SSs. Herein, the increasing of free ester C O of castor oil of
Ss is the result of enhanced microphase separation mentioned in
ection 3.2.1.
ordered, respectively; Peak V, free C O stretching of urea group; Peak VI and Peak
vely. Peak VIII, free C O stretching of urethane group (there exists embedded peaks

3.3. Mechanical properties

Nanocomposite films with different contents of ECNs were
tested under uniaxial extension at room temperature and the
results for the their mechanical properties including tensile
strength (�b), elongation at break (εb), and Young’s modulus (E) are
presented in Fig. 5 and Table 3, with the pure WPU  as reference. The
pure WPU  film possessed typical rubbery modulus and high elon-
gation at break of an elastomer: a low tensile strength of 5.43 MPa
and a low Young’s modulus of 1.16 MPa  as well as a high elongation
of 381.72%. From Table 3, we  can see that the reinforcement effect
on the tensile properties is remarkable relative to the nanofiller
contents. The tensile strength (�b) and Young’s modulus (E) of the
films increased simultaneously at loadings below 1 wt.%. The �b
increased significantly from 5.43 to 12.22 MPa  with the increasing
filler content from 0 to 1 wt.% and then decreased continuously (still
WPU-1.0 12.22 ± 0.52 370.68 ± 16.85 2.30 ± 0.12
WPU-2.0 9.62 ± 0.82 361.55 ± 15.13 2.76 ± 0.13
WPU-3.0 7.99 ± 0.53 354.85 ± 10.40 3.14 ± 0.42
WPU-4.0 8.09 ± 0.33 303.26 ± 17.70 4.83 ± 0.14
WPU-5.0 6.56 ± 0.28 303.55 ± 16.63 3.44 ± 0.30
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Fig. 5. Effect of ECNs content on tensile strength (� ), Young’s modulus (E) and
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Fig. 6. DSC thermograms of pure WPU  and different nanocomposites.

Table 4
Thermal properties of the ECNs/WPU nanocomposite films.

Sample Tg,s (◦C)a Tm,h (◦C) T30% (◦C)b

WPU −35.5 178.9 312.4
WPU-0.5 −36.6 181.3 317.2
WPU-1.0 −35.3 181.5 317.9
WPU-2.0 −34.4 181.9 318.6
WPU-3.0 −35.0 183.4 320.2
WPU-4.0 −34.6 188.1 320.0
WPU-5.0 −34.3 193.0 320.1

temperature of 30% weight loss shifted from 312.4 C for the pure
WPU  to 320.1 ◦C for the WPU  containing 5 wt.% ECNs. It is informed
that the WPU  polymer matrices containing ECNs possessed higher
heat resistance during the hard-segment decomposition. Thermal
b

longation at break (εb) of the nanocomposite films compared with the pure WPU
the �b and the E share the same right axis).

praised ECNs contents, there might be some self-aggregations that
educe the interface area between the ECNs and the polymer matrix
elative to the overall surface area of ECNs, resulting in lowering of
ydrogen bonding density and transferring stress deficiency. At the
ame time, the E increased from 1.16 to 4.83 MPa  with a increas-
ng filler content from 0 to 4 wt.%, followed by a decrease, which
an be explained by the above-mentioned percolation threshold
odel, showing excess loading of nanofiller would exert adverse

mpact on the modulus of the polymer. In our work, the volume
raction of the ECNs reached to a percolation threshold (VTH), which
epends on the aspect ratio of the ECNs and can be calculated by
TH = 0.7/(L/D) (Cao et al., 2007; Favier, Chanzy, & Cavaille, 1995).
erein, we substituted 23.87 for the value of L/D into the above
quation, and the results were VTH = 2.93 vol.%, 4.07 wt.%, taking 1.5
nd 1.08 g cm−3 for the density of crystalline cellulose and the WPU
atrix, respectively (Cao & Zhang, 2005; Noble, 1997). Interest-

ngly, the nanocomposite films displayed elongations at break (εb)
igher than 300% with no significant reduction compared with the
ure WPU. This is also attributed to the majority of new hydrogen
onding in the HSs/ECNs interface, enhancing microphase separa-
ion, which is consistent with the results of the FTIR tests.

.4. Thermal analysis

DSC thermograms and corresponding data for all the nanocom-
osite samples including pure WPU  are shown in Fig. 6 and listed

n Table 4, respectively. The figure refers to the first heating step,
hich shows a few endothermic peaks at high temperatures, prob-

bly the results of incomplete phase separation and formation of
omains with different degrees of order. However, it can be clearly
een that the glass-transition temperatures of the SS as well as the
elting of the HS. Herein, there exists cold crystallization and crys-

al perfection during the whole heating procedure, for example,
◦
he exothermic peak around −10 C. The data in Table 4 showed

n increasing trend of the Tg,s of the SS on the whole, as well as
he melting temperature of the HS (Tm,h). This indicates that the
dding of ECNs favored the microphase separation between HS and
a DSC results: Tg,s, glass transition temperature of soft-segments; Tm,h, melting
temperature of hard-segment.

b TGA results: T30%, temperature at 30% weight loss.

SS. The Tg,s variation is very little with 0–1 wt.% ECNs, however,
which means insufficient ECNs filler content to affect the Tg,s of
the SSs. As expected, the Tg,s increased at loadings of ECNs above
1 wt.%, indicating perfection of more crystals or higher crystallinity
over enhanced microphase separation, where the ECNs might serve
as nucleating agents (Auad, Contos, Nutt, Aranguren, & Marcovich,
2008). This is also proved by the shift of Tm,h towards higher tem-
perature.

Fig. 7 shows the thermograms of TGA measurement for the
pure WPU  and different nanocomposite films. The thermal degra-
dation temperatures of 30% weight loss (T30%) are summarized
in Table 4. Two  successive weight loss processes for all the sam-
ples were observed, corresponding to HS thermal degradation at
lower temperature and SS degradation at higher temperature. The

◦

Fig. 7. TGA thermograms of pure WPU  and different nanocomposites.
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tability of the HSs was enhanced. This is attributed to the syn-
rgistic effect of thermal stability of ECNs and hydrogen bond
ith the HSs, which is in good agreement with the results of the

TIR measurement. While at higher temperatures during the soft-
egment decomposition, it is hard to tell enhancements among
ll the samples. The decrease of final thermal degradation residue
eight can be easily explained that cellulose nanocrystals have no
ore than 2 wt.% residue at higher temperature(Köll, Borchers, &
etzger, 1991). Therefore, increase of ECNs content reduced the
PU weight, leading to low residue weight of the samples.

. Conclusion

Uniform distribution of ECNs in the WPU  matrix and sig-
ificant reinforcement were achieved due to low loadings of
CNs and strong hydrogen bonding between polymer matrix and
ller. Nanoscale structural changes characterized by ATR-FTIR test
hows that incorporation of ECNs favors the microphase separa-
ion between HSs and SSs, while new ECNs/WPU hydrogen bonding
ormed largely within the hard domain, leading to higher hydrogen
ond density in hard domain and less reduction of elongation at
reak. A low level loading of 1 wt.% ECNs significantly enhanced the
ensile strength from 5.43 to 12.22 MPa, while the Young’s modulus
eached the maximum of 4.83 MPa  at a loading of 4 wt.% ECNs. At
he same time, thermal stability of the WPU  was enhanced within
he HS degradation temperature range.

The results have shown that CN from E. globulus exhibits excel-
ent reinforcement effect on WPU  polymer due to its rigid nature
nd high aspect ratio, as well as hydrophily.
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