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a  b  s  t  r  a  c  t

Ionic  liquid  solvent,  1-butyl-3-methylimidazolium  chloride  (BMIM[Cl])  was  used  to  prepare  cellu-
lose/polycaprolactone  (PCL)  blend  films.  This  solvent  was  recycled  with  high  yield  and  purity  after  blend
precipitation.  The  inter-  and  intra-molecular  hydrogen  bonding  interactions  in  these  blends  were investi-
gated  by  Fourier  transform  infrared  (FTIR)  spectroscopy  and  it was  found  that  a  new  peak in  the  carbonyl
region,  assigned  to  hydrogen  bonding  between  carbonyl  groups  of  PCL  and  hydroxyl  groups  of  cellulose
eywords:
ellulose
olycaprolactone
lends

onic liquid

in  blends  with  PCL  composition  less  than  40 wt%. Differential  scanning  calorimetry  (DSC)  results  implied
a  partial  miscibility  of the  two components  by melting  point  depression.  Moreover,  the  tensile properties
of  the  blends  can  be adjusted  by  incorporating  various  amounts  of  PCL  into  cellulose.  The blends  show
significant  enhancement  of  thermal  stability  compared  to the  regenerated  cellulose  when  the  content  of
PCL is  higher  than  40 wt%.  This  work  demonstrates  an effective  approach  for  the  processing  biodegradable
blends  from  natural  and  synthetic  polymers.
. Introduction

Synthetic polymers have played an important role in mod-
rn society. However a serious threat to the environment has
lso arisen because of the non-biodegradable nature of plastics.
ellulose, as the most abundant renewable source in nature, is
ne of the attractive options as it is biodegradable and bio-
ompatible. However the poor solubility of cellulose in water
nd many common solvents makes it difficult to process for
any applications. Solvent systems for cellulose such as LiCl/N,N-

imethylacetamide (DMAc) (McCormick & Dawsey, 1990; Nishino,
atsuda, & Hirao, 2004; Nishio & Manley, 1998; Terbojevich,

osani, Conio, Ciferri, & Bianchi, 1985; Williamson, Armentrout,
orter, & McCormick, 1998), LiCl/N-methyl-2-pyrrolidine (NMP)
Edgar, Arnold, Blount, Lawniczak, & Lowman, 1995), LiCl/1,3-
imethyl-2-imidazolidinone (DMI) (Tamai, Tatsumi, & Matsumoto,
004), DMSO/paraformaldehyde (PF) (Masson & Manley, 1991a,
991b), N-methylmorpholine-N-oxide (NMMO) (Heinze & Liebert,
001), some molten salt hydrates (Fischer, Voigt, & Fischer, 1999;
attori, Cuculo, & Hudson, 2002), and some aqueous solutions
f metal complexes (Saalwächter & Burchard, 2001; Saalwächter

t al., 2000) also confronted with various drawbacks such as volatil-
ty, toxicity and difficulty of recycle.

∗ Corresponding author.
E-mail address: qguo@deakin.edu.au (Q. Guo).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.05.080
© 2012 Elsevier Ltd. All rights reserved.

Swatloski, Spear, Holbrey, and Rogers (2002) and Zhang, Wu,
Zhang, and He (2005) reported the use of ionic liquids as sim-
ple and non-derivatizing single component solvent for cellulose.
Pulp cellulose can be dissolved in 1-butyl-3-methylimidazolium
chloride (BMIM[Cl]) up to a concentration as high as 25 wt%. In
addition, ionic liquids exhibit advantages such as non-volatility,
easy recycling, non-flammability, thermal stability, etc., and based
on these properties they have been referred to as green solvents.
Although ionic liquids have contentious properties in terms of their
green image considering their synthesis methods and disposal dif-
ficulties, there are currently many processes for the safe synthesis,
recycle and reuse of ionic liquids (Blanchard & Brennecke, 2000;
Renner, 2001).

Blending of polymers offers a simple and relatively cheap way
to develop novel materials with a number of valuable properties.
The miscibility and specific interaction of polymer blends have
been of intensive interest due to strong economic incentives. In our
previous work, the natural wool/cellulose-based blends (Hameed
& Guo, 2009, 2010) and cellulose/poly (3-hydroxybutyrate-co-3-
hydroxyvalerate) blends (Hameed, Guo, Tay, & Kazarian, 2011)
were successfully prepared using BMIM[Cl]. In this study, we
investigate the polymer blends of semi-crystalline PCL and micro-
granular cellulose processed in BMIM[Cl]. As one of the most
common polyesters, polycaprolactone (PCL) is an industrially

important polymer that is linear aliphatic, partially crystalline and
biodegradable. Goldberg (1995) summarized the biodegradability
of PCL and its utility in 1995 depicting the degradation mechanism
of PCL with biodegradability study in a series of fungal growth,

dx.doi.org/10.1016/j.carbpol.2012.05.080
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:qguo@deakin.edu.au
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erobic soil burial, compost and respirometry. Because of the
iodegradability PCL is a promising alternation in the biodegrad-
ble materials field. Nishio and Manley (1990) investigated the
iscibility and dynamic mechanical properties of cellulose/PCL

lends prepared from DMAc-LiC1 solvent system. They concluded
hat an amorphous phase existed in cellulose/PCL blends where a
imited amount of cellulose could be well mixed with PCL.

There are many advantages of blending modification of cellu-
ose especially with a biodegradable polymer like PCL. Since both
olymers are biodegradable, the blends films will presumably also
e biodegradable behavior. The semi-crystalline nature of cellulose
nd PCL provide opportunity to study various phase behavior and
rystalline morphology by varying the composition of the blend.
here is a possibility of hydrogen bonding between the compli-
entary binding sites of cellulose and PCL and this will affect the

lend morphology and other properties.
In our work, the miscibility, self-associated and inter-associated

ydrogen bonds, crystallinity, thermal stability and mechanical
roperties of cellulose/PCL blends were investigated by DSC, FTIR,
RD, TGA, SEM and tensile testing techniques. The processing
olvent BMIM[Cl] can be easily recycled via mixing with water,
urified by distilling water away from the mixture. Our work pro-
ides an effective way to obtain entirely biodegradable blends from
atural or synthetic polymer materials using ionic liquid as a sol-
ent.

. Experimental

.1. Materials and preparation of regenerated cellulose/PCL blend
lms

Polycaprolactone (average Mw ∼ 14,000, average Mn ∼ 10,000
y GPC) was purchased from Aldrich. Microgranular cellulose was
lso a product from Aldrich. 1-Butyl-3-methylimidazolium chlo-
ide (BMIM[Cl]) was obtained from Fluka. The chemicals were all
sed as received.

The regenerated cellulose was prepared according to the liter-
ture (Hameed et al., 2011; Swatloski et al., 2002). A pre-weighed
mount of cellulose was added to BMIM[Cl] in a 200 ml  beaker,
eated up to 90 ◦C and mechanically stirred for 1 h before PCL addi-
ion. The concentration of the solution was approximately 10 wt%.
fter PCL addition, the mixture was again stirred for another 24 h

o allow complete mixing. Then the homogenous viscous solution
as cast onto a plain glass plate, immersed in distilled water to

emove BMIM[Cl] from the blends, since BMIM[Cl] is completely
iscible with water at any ratio. After washing several times with

eionized water, a white piece of regenerated cellulose/PCL blend
lm was obtained. The samples were first air dried then vacuum
ried for 24 h before the tests. Photographs of cellulose/PCL blend
lms at different concentrations are shown in Fig. 1. The pure cel-

ulose film is completely transparent with excellent flexibility. By
ncreasing the PCL content, the films became translucent and will
bsolutely opaque at 20/80 cellulose/PCL blends. This may  be due
o the crystallization of the PCL component.

.2. Characterization

.2.1. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of cellulose/PCL blend films were recorded on a

ruker Vetex-70 FTIR spectrometer. For in situ spectra acquisition,
he specimen was set in a variable temperature cell, which was

hen placed in the sample compartment equipped with a deuter-
ted triglycine sulfate (DTGS) detector. The films were ground with
Br powder, pressed into round disk and vacuum dried overnight
efore the FTIR experiment. The transmission method at both room
ymers 90 (2012) 575– 582

temperature and 80 ◦C was  adopted. The spectra were recorded
at average of 64 scans in the standard wave number range of
400–4000 cm−1 at a resolution of 4 cm−1.

2.2.2. Differential scanning calorimetry (DSC)
A TA-DSC model Q200 instrument was  used to determine melt-

ing temperature (Tm) and crystallization temperature (Tc) of the
blends and crystallinity of the PCL component Xc (i.e. wt%  of the
crystallized PCL portion against the overall PCL component in the
system). The sample weight for all testing was  among 5–10 mg. All
the samples were first heated to 100 ◦C at a rate of 20 ◦C/min, held
for 5 min  to remove the thermal history. The samples were then
cooled to −80 ◦C at −20 ◦C/min, and subsequently heated again to
250 ◦C at 20 ◦C/min. Tm was taken as the endothermic peak position
and Tc was evaluated from the exothermal peak position. And Xc

was calculated from the peak area assuming that the heat of fusion
for the perfect PCL crystal is 135 J/g. The equation for Xc calculation
(Guo & Zheng, 1999; Zheng, Lu & Guo, 2004) was as following:

Xc = �Hf

�H0
f · Xn

× 100% (1)

�Hf is the heat of fusion per gram; �H0
f is the perfect crystal heat

of fusion of the crystallizable PCL; Xn is the weight percentage of
PCL in blend materials.

2.2.3. Glancing-incidence asymmetric Bragg diffraction
X-ray diffraction patterns were obtained from Panalytical X’Pert

PRO diffractometer with Cu K� radiation (�1 = 1.5406 Å) at 40 kV
and 30 mA.  The recording range was  7–28◦ with a step size of 0.02◦

and a count time per step of 2 s on the parallel beam geometry. The
samples are round shape films with 13 mm diameter. Glancing-
incidence asymmetric diffraction was applied in order to increase
the path length through the sample films and decrease the X-ray
penetration into the holder. The weak reflections were enhanced
via this measurement. Thickness correction has been applied for
the scattering curves.

2.2.4. Thermogravimetric analysis (TGA)
Thermogravimetric analyses (TGA) were performed on Netzsch

STA 409 thermogravimetric analyzer over a temperature range of
25–600 ◦C at a heating rate of 10 ◦C/min under nitrogen atmo-
sphere. The nitrogen flow rate is 10 ml/min for the furnace purging
and 30 ml/min to shield the balance. The onset decomposition tem-
perature Td is determined from the step tangent, which was  taken
as the onset of significant (≥0.5%) weight loss from the heated
sample, after the moisture loss.

2.2.5. Scanning electron microscopy (SEM)
The morphology of the blends was examined with a Leica S440

scanning electron microscope (SEM) at an accelerating voltage of
20 kV. The cryo-fractured surfaces were coated with thin layers of
gold before the observation via gold deposition technique under
argon atmosphere. BAL-TEC SCD 050 sputter coater was  used with
a sputtering current of 40 mA  and a sputtering time of 120 s.

2.2.6. Tensile test
The tensile properties of the blend films were analyzed using

TA Q800 dynamic mechanical analyzer in tensile mode with ramp
force to 18 N at a rate of 2 N/min. The specimen was a thin rectan-
gular strip (20 mm  × 4 mm).  The load–displacement curves of the

samples were obtained at room temperature. The stress and strain
values were obtained using the standard equations as follows:

Stress � = F

A
strain ε = �L

L
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Fig. 1. Photographs of cellulose/PCL blend films (from left to right: 100/0; 80/20; 60/40; 40/60; 20/80).
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actions (Purcell & Drago, 1967). The position of peak 2 for the
PCL crystallized carbonyl group was  constant. While the peak for
the amorphous PCL carbonyl bands shifted to lower frequency

Table 1
The fitted IR peaks in the carbonyl stretching region of cellulose/PCL blends via curve
fitting technique.

Cellulose/PCL
(wt%)

Peak
1
(cm−1)

Peak
2
(cm−1)

Peak
3
(cm−1)

Peak 4
(cm−1)

100/0 – – – –
95/5 1705 1726 1737 1687
90/10 1706 1725 1737 1683
80/20 1700 1725 1738 1685
70/30 1700 1726 1738 1685
ig. 2. Infrared spectra corresponding to the wavenumber region of 1650–1800 cm
b).

 is the loading force, A is the original specimen cross-sectional area,
L is the specimen displacement and L is the original specimen

ength.
The samples were kept under vacuum at 60 ◦C for one day before

he tests and experiments were repeated with 5 samples of each
omposition.

. Results and discussion

.1. Hydrogen bonding interactions

It has been known that the specific interactions are driving force
f the miscibility in polymer blends (Guo, 1990; Zheng, Guo & Mi,
998). We  employed FTIR spectroscopy to study the specific inter-
ctions in cellulose/PCL blend films. From Fig. 2, we can see that the
hape of the room temperature FTIR spectra (Fig. 2a) changes with
he increase in PCL content, while the shape of spectra obtained at
emperature higher than the melting point of PCL was  constant. The
arbonyl region of the spectra shows a peak at 1736 cm−1, corre-
ponding to PCL amorphous state (Hameed & Guo, 2008; Hameed,
iu & Guo, 2008). For further information about the shape changing
f the room temperature FTIR spectra, curve-fitting technique was
dopted.

As for semicrystalline polymers, the IR spectra can generally
e split into two peaks corresponding to the amorphous and
rystalline phases. Here, PCL is a typical semicrystalline polymer
�,�-hydroxyl functionalized polymer), which leads to a more
omplex phase situation. In Fig. 3a three carbonyl stretching

egions were observed. The peaks at 1749 cm−1, 1725 cm−1 and
690 cm−1 were attributed to amorphous, crystalline and hydro-
en bonded carbonyl stretching, respectively. Meanwhile, there
s no peak for regenerated cellulose in this region. If there is no
hole composition range cellulose/PCL blends at room temperature (a) and at 80 ◦C

specific interactions between these two components, there will
not be any peak shifting. Combining the experimental spectra
with curve fitting, it is easy to notice the appearance of a new
peak around 1685 cm−1, corresponding to the hydrogen bonded
carbonyl groups. From Table 1, the new peak 4 can reasonably
be assigned to the carbonyl groups of PCL interacting with the
hydroxyl groups of cellulose through hydrogen bonding. This indi-
cates there is hydrogen bonding in the blends at compositions
less than 40 wt% PCL. Moreover, the position for peak 1 shifted
to higher frequency from 1690 cm−1 to 1705 cm−1, indicating the
hydrogen bonding strength between hydroxyl group and carbonyl
group decreased. The frequency difference between the free car-
bonyl absorption and that of the hydrogen bonding species (��)
is a measure of the average strength of the intermolecular inter-
60/40 1699 1726 1737 –
40/60 1696 1727 1738 –
20/80 1692 1728 1740 –
0/100 1690 1725 1749 –
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ig. 3. Experimental and curve-fitted FTIR spectra of the PCL carbonyl stretching regi
pectrum; red line: curve-resolved spectrum; green lines: fitted peaks. (For interp
ersion of the article.)

urther confirmed the interaction between regenerated cellulose
nd PCL. As the regenerated cellulose content increases, the amount
f amorphous PCL carbonyl groups increases deteriorating the
ntensity of crystallized carbonyl absorption, which hints that the
egenerated cellulose lowers the PCL crystallinity. For clarity, we
ive a sketch of the hydrogen bonding interactions in regenerated
ellulose/PCL blends in Fig. 4.

.2. Phase behavior and crystallization

DSC was used to investigate the phase behavior and crystal-
ization behavior of cellulose/PCL blends. In the first heating scan
Fig. 5), it is clear that the cellulose/PCL blends show melting point
epression phenomenon, which is a characteristic feature of mis-
ible polymer blends (Zheng, Zheng, & Guo, 1997a, 1997b; Zhong &

uo, 1998). For pure PCL, the pronounced melting temperature is at
6 ◦C, whereas the melting points of all blends are lower than this
alue indicating that a certain micibility between PCL and regener-
ted cellulose exists in the amorphous phase (Senda, He & Inoue,
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2002). The broad melting peak for pure PCL at low temperature
other than 66 ◦C is the melting of the less perfect PCL crystals, since
its crystallinity is 62.7% as depicted in Fig. 8. In addition, a shoulder
peak for 20/80 cellulose/PCL blend and a singular melting peak for
40/60 cellulose/PCL blend at around 54 ◦C are attributed to the less
perfect crystallizd PCL portion melt and recrystallizing into higher
order forms (Bogdanov, Vidts, Schacht, & Berghmans, 1999).

In the cooling scan, the crystallization behavior can be observed.
In Fig. 6, the crystallization temperature for the blends increased
with increasing cellulose composition, which suggested that the
crystallization of PCL in the blends was  affected by the addition
of regenerated cellulose. Generally speaking, crystallization is a
phase transition that is dominated by nucleation and the kinet-
ics of growth (Wunderlich, 1976). The addition of regenerated
cellulose has two  different influences on PCL crystallization. On

one hand, regenerated cellulose acts as a nucleating surface for
PCL, which accelerates the crystallization of PCL. However, on the
other hand, cellulose molecular chains also sterically restrict the
PCL spherulitic growth, which hinders PCL crystallization. These
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wo opposite effects compete and together determine the final
ffect of regenerated cellulose on PCL crystallization. Combining
ig. 8 and Fig. 10,  the crystallinity and crystal size of PCL decreased
harply with the increasing of regenerated cellulose content. As
hown in Fig. 8, pure PCL homopolymer is a partially crystallized
olymer with a crystallinity of around 62.7%. Upon blending with
ellulose, the crystallinity decreased sharply till 5.7% for 80/20
ellulose/PCL blend. In Fig. 10,  the diameter of PCL spherulites
ecreased from approximately 110–160 �m to 10–25 �m with

ddition of 80 wt% cellulose. Furthermore, the crystallization tem-
erature for the blends increased approximately 30% by addition
f 80 wt% regenerated cellulose, indicating the crystallization rate
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increased (Gupta & Purwar, 1984). Therefore it can be assumed
that regenerated cellulose can facilitate the crystallization of PCL
in these blends.

In Fig. 7, the DSC curves for melt-recrystallized samples are
shown. We  can see that after the removal of thermal history the
endothermic peak positions all shift to low temperature compared
tendency of melting temperature depression with the increas-
ing of cellulose content for compositions ranging from 60/40 to
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ated cellulose crystal patterns, indicating that PCL and cellulose
Fig. 9. Glancing-incidence diffraction analysis of cellulose/PCL blend films.

0/10 cellulose/PCL blends, suggesting partial miscibility of PCL
ith regenerated cellulose. The driving force for this miscibility

s hydrogen bonding between carbonyl groups of PCL and hydroxyl

roups of cellulose. This result is consistent with the FTIR data.

The thermodynamic data obtained by analysis of the DSC curves
re displayed in Fig. 8. Here the composition dependence of the Tm

Fig. 10. Scanning electron micrographs of the cryo-fractured surfaces of
ymers 90 (2012) 575– 582

and Tc together with the crystallinity of PCL is plotted against cel-
lulose content in the blends. From the curves, we can readily see
that the PCL Xc value decreases with an increase of cellulose and
slight melting point depression phenomenon exists. The Tc value
increases reversely to the tendency of Tm, indicating the crystal-
lization of PCL molecular is facilitated by the cellulose component
in the cellulose/PCL blends.

Glancing-incidence diffraction analyses were used to follow the
evolution of structure for PCL and cellulose and the results are
given in Fig. 9. Pure PCL diffractograms show three characteris-
tic reflections at 21.5◦, 22.0◦ and 23.7◦ associated with the (1 1 0),
(1 1 1) and (2 0 0) planes of the orthorhombic PCL lattice (Chen
& Wu,  2007). For regenerated cellulose, the characteristic peaks
are 12.4◦, 14.77◦, 16.65◦ and 22.77◦, which are the combination
of both cellulose I and cellulose II reflection peaks (Takahashi &
Matsunaga, 1991; Zhang et al., 2005). However, the former three
peaks are less well defined, which is attributed to the increase in
the amount of amorphous cellulose after regeneration from the
BMIM[Cl] solution. In cellulose rich blends (PCL content less than
40 wt%), the characteristic diffraction peak 23.7◦ for PCL crystal
is not pronounced. For PCL rich blends (PCL content more than
40 wt%), the XRD patterns are mainly attributed to the PCL phase.
The peaks for regenerated cellulose at these compositions can be
neglected because of the weak intensity. For 60/40 cellulose/PCL
blend, the intensity of the two reflection peaks for PCL (2�  = 21.5◦

and 23.7◦) are substantially reduced. It is suggested that not only
the cellulose chain sterically inhibits the crystallization of PCL,
but also the hydrogen bonding interaction between cellulose and
PCL restrains the movement of PCL molecules and even partially
destroys the original crystalline structure of PCL, and consequently
decreases PCL crystallinity upon blending. The curve for 40/60
cellulose/PCL blend is just a summation of the PCL and regener-
can form individual crystal phases; that are two separate micro-
domains in this composition. This result will be further discussed in
Section 3.3.

 (a) 80/20, (b) 60/40, (c) 40/60, and (d) 20/80 cellulose/PCL blends.
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Table 2
The tensile properties of cellulose/PCL blends.

Cellulose/PCL (wt%) Young’s
modulus
(GPa)

Tensile
strength
(MPa)

Elongation
at break (%)

100/0 3.58 ± 0.04 74.5 ± 1.6 4.0 ± 0.30
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Fig. 11. TGA curves for cellulose/PCL blends. (For interpretation of the references to
80/20 1.39 ± 0.34 21.4 ± 4.1 2.2 ± 0.45
60/40 2.48 ± 0.65 15.2 ± 2.5 1.1 ± 0.28
40/60 1.32 ± 0.24 4.7 ± 0.7 0.4 ± 0.06

.3. Morphology of regenerated cellulose/PCL blends

Scanning electron microscopy was employed to study the mor-
hology of the blends. Further to the real images of the component
istribution, liquid nitrogen was introduced to get cryo-fractured
urfaces. Swatloski et al. (2002) reported that after regeneration of
ellulose from BMIM[Cl], the morphology of the cellulose was sig-
ificantly changed to a rough, but conglomerate texture in which
he fibers are fused into a relatively homogeneous macrostructure.
n general, the cellulose/PCL blends exhibit fine blend morpholo-
ies with dispersed PCL phase domains, which are spherical in
hape. With the PCL content increasing, the dispersing domains
xpanded as well as the spherical diameter increases. For 80/20 cel-
ulose/PCL blend (Fig. 10a), the SEM image shows random small PCL
eads distributed in the rough conglomerate texture with diame-
er range of 10–25 �m.  As to 60/40 cellulose/PCL blend, the PCL
eads become evenly distributed in the continuously regenerated
ellulose matrix, the size for the beads are roughly the same as
0/20 cellulose/PCL sample. PCL chains are confined to this small
egion by predominant amount of cellulose and are unable to form
igh ordered crystal structure, which result in less crystallinity and
lmost the complete absence of PCL crystal pattern in correspond-
ng XRD curve. By increasing the PCL content to 60 wt% of the total

eight, the size of PCL beads increased to a range of 20–80 �m
Fig. 10c). Micro-phase separation is obvious and the regenerated
ellulose domain is not as continuous as the 60/40 cellulose/PCL
lend. The confinement of the cellulose chains for PCL crystal-

ization is weakened hence both component crystal patterns are
resented in XRD curve. Further increase the PCL content to 80 wt%
f the total weight, the PCL spheres become the dominant phase,
n interesting phenomena is that there are two main PCL sphere
ize, one is as large as 110–160 �m,  while the other is as small as
–20 �m (Fig. 10d). It is obvious that the surface of the bigger sphere

s rough with a worm-like texture on while the smaller ones have
 rather smooth surface. The reason for this may  be the regener-
ted cellulose coated on some of the PCL spheres to form the bigger
nes with the excess of PCL amount and some other PCL particles
re left alone. A limited amount of cellulose can be well mixed with
CL especially at the compositions containing 20 and 30 wt% cellu-
ose. The melting behaviors for these two size beads are different.
ombining the DSC data in Fig. 5, the shoulder peak at 54 ◦C can be
ssigned to the less developed crystal region and the correspond-
ng content is relatively low resulting in the low intensity of this
xothermic shoulder peak.

.4. Mechanical properties and thermal stability

Mechanical properties of polymer blends are generally depen-
ent to their miscibility and phase structure (Guo et al., 1990;
heng, Hu, Guo, & Wei, 1996; Zhong et al., 1998). The mechani-
al properties of the cellulose/PCL blends were also investigated.
oung’s modulus, tensile strength and elongation at break are all

ummarized in Table 2. It is obviously seen that regenerated cellu-
ose exhibit the highest tensile strength as well as Young’s modulus.
s the PCL content increased, the tensile strength and elongation
t break decrease dramatically. This may  due to the incorporation
color in this artwork, the reader is referred to the web version of the article.)

of less strong PCL component into regenerated cellulose. For PCL
rich blend films, the tensile properties are not able to be studied
because their highly brittle behavior.

The thermal stability of the cellulose/PCL blends was  examined
by thermogravimetric analyses. The results are shown in Fig. 11 and
it shows there are two  active weight loss steps. The first step about
250–300 ◦C due to the disassociation of intermolecular side chains;
the second step round 300–600 ◦C corresponding to the chemical
reactions between the main chains (Prasad et al., 2011). The Tonset

for regenerated cellulose is only 270 ◦C. The onset decomposition
temperature for the blends first increases then decreases with the
increasing of the PCL content. At 60 wt% of PCL concentration, the
material enhanced its thermal stability to 404 ◦C, which is around
30% improvement compared to the neat cellulose. Combining with
the former data, it is further revealed that there is intra-molecular
interaction between regenerated cellulose and PCL which improves
the thermal stability of the blends.

4. Conclusions

In this study, cellulose/PCL blend films were successfully pre-
pared using ionic liquid solvent BMIM[Cl]. The regenerated blends
show partial miscibility between cellulose and PCL in the regen-
erated blends. The new peak region observed in FTIR curves of
the blends with less than 40 wt%  of PCL composition revealed the
existence of hydrogen bonds between carbonyl group of PCL and
hydroxyl group of cellulose. Crystallinity of the blends decreased
dramatically with the increasing of cellulose composition. More-
over, the PCL phase exhibited spherical domains structure which
was dispersed in continuous regenerated cellulose matrix in
SEM observation. The beadlike microdomain size enlarged from
6–20 �m to 110–160 �m with the increasing PCL content. The

tensile strength and elongation at break of the blends gradually
decreased with increasing PCL concentration.
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