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a b s t r a c t

Biodegradable polycaprolactone/chiotosan blends with various proportions were prepared using concen-
trated acetic acid solutions as solvents. The blends were further processed into thicker membranes using
a newly developed processing technique. These membranes were then investigated for their miscibility of
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components via thermogravimetric examinations, differential scanning calorimetric measurements, and
dynamic mechanical analysis as well infrared analysis. The presence of phase separation structures inside
the membranes was confirmed although very limited interactions between components were detected.
In addition, it was also found that the composition ratio of the membranes did not substantially affect
the interactions between the components inside the membranes.

© 2009 Elsevier B.V. All rights reserved.

iscibility

. Introduction

Polycaprolactone (PCL), a semi-crystalline and resorbable
liphatic polyester, has found various biomedical applications such
s sutures, drug delivery systems and scaffolds in tissue engineer-
ng, due to its soft- and hard-tissue compatible properties and
iodegradation characteristic [1]. Although PCL has been widely
sed in tissue engineering its applications are frequently limited by
everal its drawbacks [2–4]: (1) absence of cell recognition sites on
he surface of the scaffolds; (2) hydrophobicity; (3) neutral charge
istribution; (4) slow rate of degradation, and (5) acidic degradation
roducts. In addition, like other synthetic biodegradable polyesters,
CL is costly, and therefore its applications are restricted to some
xtent. Numerous efforts have been focused on overcoming these
rawbacks. One of common strategies is to blend PCL with other
atural biopolymers, including starch [5], zein [6], cellulose [7], and
hitosan [8].

Chitosan is a linear biopolymer and has been of enormous inter-
st because of many advantages [9], including biocompatibility,
iodegradability, hydrophilicity, non-toxicity, nonantigenicity, and
nti-microbial activity as well as bioadherence and cell affinity.

n addition, the amino groups in its backbone also make chitosan

basic characteristic. However, mechanically inferior feature of
hitosan in the wet state has limited its usage. On the basis of above-
entioned characteristics, it can be seen that chitosan and PCL have
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mutually complementary potentials. Therefore, it is reasonable to
expect that their individual deficiencies would be overcome if PCL
and chitosan could be well blended together. However, some diffi-
culties have been frequently encountered about blending PCL with
chitosan due to two main troubles: (1) melting processing tech-
niques cannot be applied since chitosan has a high glass transition
temperature and will start to decompose before melting [10]; and
(2) there are very few shared solvents available for chitosan and
PCL. Nevertheless, several efforts have been dedicated to blending
these two polymers together [8,11–14]. Sarasam et al. had prepared
PCL/chitosan membranes using a 77% acetic acid solution as the
solvent and they stated that the membranes were miscible based
on a simplified Nishi–Wang equation using melting-point tem-
perature as an examined variable [8]. But in another report, they
pointed out that chitosan and PCL coexisted as separate phases
in the blend membranes even though the same solvent and pro-
cessing technique were applied [11]. Liu et al. investigated porous
chitosan/PCL blend membranes following Sarasam et al.’s method,
and their results supported the miscibility between chitosan and
PCL components [13]. Very recently, Cruz et al. worked over chi-
tosan/PCL blend membranes again with a method very similar to
that initiated by Sarasam et al., and they demonstrated that PCL
and chitosan formed phase-separated blends [14]. On the basis of
these statements, it can be noticed that some confused results for
PCL/chitosan blends have appeared in different reports.
In principle, glass transition temperature (Tg) is a common cri-
terion frequently used to assess whether two polymer components
are miscible in the amorphous phase of a blend. However, previous
reports have not evaluated the PCL/chitosan blends over an enough
broad temperature range in which the Tg of each component can

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:ying_x_wan@yahoo.ca
dx.doi.org/10.1016/j.tca.2009.01.007
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e assessed completely. To reach a better understanding for these
lends, in the present work, chitosan/PCL blend membranes were
repared using similar solvents suggested by Sarasam et al., but
ith a newly developed processing technique. These membranes
ere further examined in detail over a temperature range whose
pper limit was higher than 200 ◦C for the Tg assessments to fig-
re out whether the components inside the blend membranes are
iscible or not.

. Experimental

.1. Materials

Chitosan and PCL (CAPA 6800) were supplied by Fluka and Solvay
hemicals, respectively. The degree of deacetylation and viscos-

ty average molecular weight of chitosan were measured as 82.8
±2.39)% and 3.72 (±0.17) × 105 respectively, following our previ-
us method [15]. All other chemicals were obtained from Aldrich
nd used without further purification.

.2. Preparation of chitosan/PCL blend membranes

Blend membranes were prepared using a similar solvent sug-
ested by Sarasam et al. [11]. Typically, PCL was dissolved in the
lacial acetic acid to produce some solutions with various concen-
rations changing from 2.0 to 10.0 wt%. Chitosan was dissolved in

70% acetic acid solution to prepare 0.5–1.5 wt% solutions. Two
ypes of solutions were mixed together at different weight ratios but
he final concentration of the solvent in the mixtures was adjusted
o around 80%. The mixtures were then concentrated in different
eakers heated at around 55 ◦C with stirring until they became
ery concentrated gels. Each resultant gel-like mixture was cast
nto a membrane onto a Teflon dish and the dish was moved into a
hamber equipped with some small windows on its wall. All mem-
ranes were allowed to be slowly dried by regulating the doors of
he windows to control the evaporating rate of the solvent. Thus
btained uniform membranes had average thicknesses of around
.8–1.0 mm. A series of PCL/chitosan blend membranes was pre-
ared with weight ratios at 60/40, 40/60 and 20/80 (referred to as
CL/ch40, PCL/ch60 and PCL/ch80, respectively). Some pure PCL or
hitosan membranes were also produced using the same technique
nd they were used as controls.

.3. Characterization

The infrared (IR) spectra of membrane samples were recorded
n a Nicolet 510P FTIR spectrometer with a resolution of 2 cm−1, 64
cans, in a transmission mode, and the sample chamber was purged
ith dry nitrogen gas. The average thickness of the membrane sam-
les was around 30 �m.

Thermogravimetric (TG) analysis was performed on TGA 2050
TA Instruments). Each membrane sample (ca. 10 mg) was run from
0 to 500 ◦C at a scanning rate of 10 ◦C/min under a nitrogen atmo-
phere.

Differential scanning calorimetric (DSC) measurements were
arried out on DSC 2010 (TA Instruments). The samples were heated
n different temperature ranges depending on the composition of
he membranes. The DSC curves were recorded under a nitrogen
tmosphere by setting a heating rate at 10 ◦C/min.

Dynamic mechanical analysis (DMA) was conducted to observe
g of the blend membranes. The storage modulus (E′), loss modulus

E′ ′), and mechanical damping tangent (tan ı) of the blend mem-
ranes were recorded on a dynamic mechanical analyzer (DMA
980, TA Instruments) from −80 to 200 ◦C at a frequency of 1 Hz
nd a heating rate of 3 ◦C/min under an atmosphere of 150 mL/min
itrogen.
Acta 487 (2009) 33–38

The equilibrium water content of membranes was estimated by
measuring the swelling index (SI) of samples. The dried membrane
(mass = Wd) was immersed in an excess amount of deionized water
at ambient temperature until swelling equilibrium was attained.
The mass of wet membrane (Ww) was measured after removing
the surface water with blotting paper. SI was then calculated on the
basis of following formula:

SI =
[

(Ww − Wd)
Wd

]
× 100% (1)

3. Results and discussion

3.1. Processing condition

0.5–1.5 wt% chitosan solutions can be easily prepared by using
some acetic acid solutions with various concentrations changing
from 70 to 80.0%, and thus-produced chitosan solutions can be pos-
sibly well blended with designated PCL solutions. However, in all
cases, a care needs to be taken for the weight ratios of components
and the final concentration of the solvent in the mixtures. It was
found that the concentration of the solvent should be adjusted to
around 80% because otherwise chitosan or PCL components would
likely be precipitated out from the mixtures during the blending
procedure if the concentration of the solvent is significantly higher
or lower than this value. The post-processing steps for preparing
concentrated gel-like mixtures and the followed dry procedure also
played an important role for producing uniform and thicker mem-
branes. Based on many trials, it was attained that a membrane with
a less (for example, <700 �m) thickness would not have enough
strength for followed DMA measurements over a wider tempera-
ture span (for instance, −80 to 200 ◦C) if the PCL weight ratio in
the membrane was significant higher than that of chitosan. On the
other hand, increasing difficulties would be encountered if a very
thick (for example, >1.0 mm) membrane was prepared because such
a membrane was usually deformed into a tortuous shape with a
crinkly surface during the drying procedure. The thickness of the
membranes was therefore controlled around 0.8–1.0 mm. In addi-
tion, as described in the experimental section, although PCL/ch20
membranes could also be produced using present processing tech-
nique they had not been selected for investigations since they were
not able to sustain a temperature higher than 70 ◦C during the DMA
measurements due to the high weigh ratio of PCL component even
though they had an enough thickness.

3.2. IR analysis

Fig. 1 presents IR spectra of PCL, chitosan, and blend mem-
branes, respectively. Several characteristic bands located at 2942,
1725, 1245 and 1176 cm−1 are belonged to ester groups of PCL [16].
Two typical bands at 1662 (amide I: N-acylamide) and 1591 (amide
II: amino groups) cm−1 for chitosan are recorded, respectively [15].
It can be observed in Fig. 1 that several clear changes occur in the
spectra of the blend membranes: (1) a strong absorption band near
1725 cm−1 appears in the IR spectra of all blend membranes but its
intensity varies, depending on the proportion of PCL component;
and (2) this band should correspond to the characteristic peak of
PCL originally situated at 1725 cm−1 but a measurable shift to rel-
atively lower wave-numbers is registered. To more clearly observe
the shifts of the bands, the same spectra shown in Fig. 1 are enlarged
within a selected frequency range and represented in Fig. 2. It can

be seen that the two original bands of the chitosan component
at 1662 and 1591 cm−1 for amide I and amide II are shifted to
around 1650 and 1580 cm−1, respectively, except for the peak shifts
of PCL originally located at 1725 and 1176 cm−1. All these registered
events indicate that there are possible some interactions among the
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Fig. 3. TGA curves of PCL, chitosan and PCL/chitosan membranes.
Fig. 1. FTIR spectra of PCL, chitosan, and PCL/chitosan blend membranes.

mino, carboxyl, and hydroxyl groups of two components inside
he blend membrane. These interactions should be attributed to
he hydrogen bonds possibly formed between amino (in chitosan)
nd carboxyl groups (in PCL) or hydroxyl (mainly in chitosan) and
arboxyl groups, because there are no formations of new covalent
onds observed between PCL and chitosan chains based on these
R spectra.

.3. TG analysis

Fig. 3 exhibits TG thermograms of PCL, chitosan and PCL/chitosan
embranes. It can be observed that the PCL membrane discom-

osed completely in a single stage, pronouncedly beginning at
bout 379 ◦C. A two-stage weight loss was recorded for the chi-
osan membrane. The initial weight loss before ca. 109 ◦C should
e ascribed to the moisture vaporization inside membrane, and the

◦
econd stage started around 283 C is the main thermal degradation
one corresponded to a complex process including the dehydra-
ion of the saccharide rings and followed decomposition of chitosan
ackbone. All blend membranes showed a three-stage degradation
ehavior. The first stage, before 205 ◦C, should be associated with

Fig. 2. FTIR spectra of different membranes in the selected frequency range.
Fig. 4. The derivative curves of weigh loss percent for different samples. (�) CPC-I;
(♦) PCL/ch40; (�) PCL/ch60; (©) PCL/ch80; and (�) chitosan.

the loss of bound-water in chitosan component [17] and the elim-
ination of the possible trace amount of acetic acid left inside the
membranes. The second and the third stages reflect the typical ther-
mal degradation characteristics of chitosan and PCL components,
respectively.

To more quantificationally examine these plots, the weight-loss
percent of all samples were differentiated and the derivative data
are depicted in Fig. 4. Each temperature value at peaks in Fig. 4 is
marked as Tmax which corresponds to the maximum degradation
rate. All blend membranes exhibit two peaks of fast thermal degra-

dation, typically for both components. To make further comparisons
among the blend membranes and controls, the peaks at a lower
or higher temperature are designated as Tmax1 and Tmax2, respec-
tively, and the collected data are summarized in Table 1. It is clear

Table 1
Temperature at maximum degradation ratea.

Samples Tmax1 (◦C) Tmax2 (◦C)

PCL 427.6(±0.85)
PCL/ch40 311.1(±0.88) 424.3(±0.77)
PCL/ch60 310.4(±0.79) 425.1(±0.68)
PCL/ch80 313.6(±0.81) 424.7(±0.92)
Chitosan 312.3(±0.95)

a The values in table are the average values from four specimens for each sample.
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Fig. 5. DSC traces of PCL, chitosan, and PCL/ch60 membranes.

hat there are no substantial differences existed among these data.
n general, in a binary blend system, an improved thermal stability
ould be achieved for the component with a lower Tmax if the mea-

ured Tmax shifts to the higher Tmax of another component due to the
arious interactions between two components [18]. In the present
ase, no evidences show that the measured Tmax of chitosan compo-
ent significantly moved towards to the Tmax of PCL component, and
he thermograms for all blend membranes do not exhibit notable
hanges in the degradation mechanism compared to the controls,
uggesting that incorporation of PCL component does not signifi-
antly enhance the thermal stability of blend membranes, and also
mplying that there are no enough strong interactions between chi-
osan and PCL components. As defined in Fig. 4, Tmax corresponds to
he maximum degradation rate and reflects the thermal behaviors
f each component during the decomposition. Accordingly, it can
e extrapolated that any previously existed interactions between
hitosan and PCL chains would be destroyed at such a high tem-
erature even though those interactions do occur before. Based on
bove results, it can be deduced that in the present case, TG anal-
sis is not an impactful technique to figure out whether chitosan
nd PCL components are miscible or not. It is generally accepted
hat the miscibility between molecules in a polymer blend can be
ffectively evaluated by Tg of components [10] and therefore, the
gs of two components are selected for further examinations.

.4. DSC analysis

In principle, if two components are well blended together and
ompletely miscible each other, only one new Tg would be observed
etween the original Tgs of components in the DSC thermogram of

he blend; if they are partially miscible, the resulting blends would
ave two Tgs related to the each component, but these measured
g values corresponding to each component could be affected each
ther, depending on the composition ratios [19]. Fig. 5 presents sev-
ral DSC thermograms for PCL, chitosan, and PCL/chitosan blend

able 2
emperature parameter of components in blend membranesa.

ample Tm (◦C) Td (◦C)

CL 59.82 ± 0.07
CL/ch40 57.5 ± 0.14 302.7 ± 0.89
CL/ch60 56.2 ± 0.13 308.4 ± 0.93
CL/ch80 54.1 ± 0.16 312.5 ± 1.14
hitosan 316.1 ± 1.02

a The values in the table are the average values with standard deviation and collected f
b �T = Tg (chitosan) − Tg (PCL), only average values without standard deviation are liste
Acta 487 (2009) 33–38

membranes. The melting point (Tm) of PCL can be easily read at
around 60 ◦C. With respect to the DSC curve of chitosan, a wide
endothermic peak centered around 104 ◦C over a large tempera-
ture interval can be attributed to the absorbed moisture, and an
exothermic peak near 312 ◦C is possibly linked to decomposition
procedure of chitosan, which starts at about 280 ◦C and is basically
in agreement with the result obtained from TG analysis (see Fig. 3).

PCL and chitosan membranes did not show any features in
their DSC curves with which their Tgs can be associated. Chi-
tosan is a semi-crystalline polymer due to its strong inter- and
intra-molecular hydrogen bonds, and meanwhile, it also has a rigid
amorphous phase because of its heterocyclic units. As a result, when
chitosan is heated within a certain temperature range below its
decomposition temperature, the variations in heat capacity related
to the change in specific volume near Tg are probably too small to
be detected by the DSC technique [20]. It is known that the Tg of
PCL is around −60 ◦C [21]. However, there is no any thermal event
registered for the Tg of PCL in Fig. 5 although PCL membranes were
scanned starting from −80 ◦C, revealing present DSC measurements
are not sensitive enough for testing the Tg of PCL. The DSC thermo-
gram of PCL/ch60 in Fig. 5 almost repeats similar thermal behaviors
of PCL and chitosan components without any traces that can be
used to locate a new Tg. Nevertheless, two clear differences are
noticed: (1) the Tm of PCL component is moved to a lower value
with a difference more than 3 ◦C; and (2) an around 6 ◦C decrease
in the decomposition temperature (Td) of chitosan component is
registered. To figure out the effect of composition ratios on Tm or
Td, all blend membranes were examined and the collected data are
summarized in Table 2. It is observed that the Tm of PCL component
decreases as the weight ratio of chitosan increases; and the Td of
chitosan component increases with decreasing proportion of PCL
component. These trends are basically in agreement with reported
results [8,13]. Since it could be very difficult to obtain necessary Tg

values through regular DSC measurements in the present cases, a
more sensitive method, dynamic mechanical analysis, is therefore
employed to further determine the Tg of the components in the
blend membranes.

3.5. DMA analysis

DMA is a very effective technique for investigating relaxation
processes in relation to the internal molecular motions associated
with the possible structure changes occurred in a polymer. Fig. 6
displays the storage modulus (E′) as a function of temperature
for PCL, chitosan, PCL/ch40, and PCL/ch60 membranes, and Fig. 7
illustrates the temperature dependence of damping tangent (tan ı).
The storage modulus shows significant changes in the overall tem-
perature region. Chitosan membrane exhibits a higher strength and
a much better elastic property compared to PCL membranes. As
expected, the magnitude and varied trend of the storage modulus

of PCL/ch40, and PCL/ch60 membranes are in between and sig-
nificantly alter, depending on the weight ratio of PCL component.
However, these plots have not shown diagnostic temperatures
typically related to distinguishable thermal relaxation processes
inside the membranes.

Tg of PCL (◦C) Tg of chitosan (◦C) �Tb

−51.4 ± 0.73
−33.6 ± 1.39 152.3 ± 1.27 186.1
−28.4 ± 1.34 158.8 ± 1.45 185.7
−25.2 ± 1.62 167.3 ± 1.52 193.2

177.5 ± 1.96

rom five specimens for each sample.
d.
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proportions of the membranes. Hence, it can be concluded that the
composition ratio of the membrane does not substantially enhance
the interactions between the components inside the membranes.
Fig. 6. Temperature dependence of storage modulus (E′).

In principle, both loss modulus (E′ ′) and tan ı can be used to
easure the characteristic temperatures matched with various

elaxation processes, even though a very small quantitative dif-
erence may be frequently found between the temperature values
etermined by E′ ′ or tan ı [22–24]. In the present case, character-

stic temperatures recorded in the plots of tan ı were selected for
urther investigations. In Fig. 7, the spectrum of tan ı for PCL mem-
rane shows one relaxation peak at around −50 ◦C, which should
orrespond to an increase in the free volume of the sample with
emperature and is possibly ascribed to its Tg; another temperature
t about 58 ◦C is attributed to the Tm of PCL since the PCL mem-
ranes were already yielded at this temperature during the DMA
easurements; and in addition, two peaks are registered at around

02 and 174 ◦C for the chitosan membrane. Several reports have sug-
ested that the Tg of chitosan is higher than 170 ◦C [10,25,26] and
ence, the peak at about 174 ◦C for the chitosan membrane should
e ascribed to the ˛-relaxation of chitosan chains, corresponding
o its Tg, and another tan ı maximum at 102 ◦C (ˇ-relaxation) may
e caused by partial acetamide groups attached to the C-2 position

n the chitosan backbone [27].

In the case of the PCL/ch60 membrane, its DMA plot displays

our detectable relaxation peaks recorded at about −27, 49, 92, and
53 ◦C, respectively. In comparison with the original DMA spectra of
ndividual components, it is reasonable to believe that the peaks at
27 ◦C should be ascribed to the Tg of the PCL component, which is

Fig. 7. Temperature dependence of tan ı.
Acta 487 (2009) 33–38 37

around 23 ◦C higher than its original Tg, and a peak at 153 ◦C most
probably matches with the Tg of the chitosan component, which
has been shifted towards a lower temperature with a difference of
ca. 21 ◦C compared to its original Tg at 174 ◦C. The peak at 92 ◦C can
be assigned to relaxation of the acetamide groups in chitosan com-
ponent with an around 10 ◦C shift and the peak at 49 ◦C indicates
a ca. 8 ◦C decrease in the Tm of PCL component. Two Tgs for this
blend membrane were detected, and the difference between them
is quite large (∼180 ◦C), suggesting the significant phase separation
of two components in the membrane although this membrane did
not exhibit any visible phase separation during the preparation pro-
cedure. In addition, these two Tgs reveal another fact that the tan ı
spectrum of the PCL/ch60 membrane is not a simple superposition
of those of the pure components.

In general, it is known that interactions between polymer chains,
such as ionic interaction, hydrogen bond, and crosslinking, can
cumulatively contribute to shift the Tg of a polymer. It has been
reported that, in the case of two-component polymer blends, pro-
vided that the two components are not completely miscible but one
component is capable of interacting with the other one, the Tgs of
the components would shift to the inside of their respective origi-
nal Tgs [28,29]. The fact that the two Tgs of PCL and chitosan shift to
the inside, in spite of the small amounts of shifts compared to the
original values, suggests that there possibly exist very limited inter-
actions between PCL and chitosan components, probably resulting
from hydrogen bonds formed between chitosan and PCL compo-
nents, as revealed previously in IR analysis. A similar behavior was
also observed in the case of PCL/ch40 blend membrane. The original
Tg of the PCL component at ca. −50 ◦C has been shifted to a higher
temperature at about −32 ◦C, and the original Tg of the chitosan
component at 174 ◦C has been relocated at 158 ◦C. The presence of
significant phase separation and quite limited interactions inside
the blend membrane is confirmed again.

All blend membranes were measured using the DMA technique.
The data focused on the Tg of each component in the blend mem-
branes are collected in Table 2. It is seen that for each blend mem-
brane two Tgs are recorded, and the difference between the two Tgs
is very large and does not significantly alter with the composition
To investigate the property of membranes in the wet state, their
SI was measured and the collected data are depicted in Fig. 8. It

Fig. 8. The variance of SI of membranes with composition proportion of membranes
(SI of pure PCL membranes is negligible).
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[26] S.S. Kim, S.J. Kim, Y.D. Moon, Y.M. Lee, Polymer 35 (1994) 3212–3216.
[27] S.S. Kim, S.H. Kim, Y.M. Lee, J. Polym. Sci. Part B: Polym. Phys. 34 (1996)
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s observed that by incorporating increasing amounts of chitosan
omponent the SI of the blend membranes significantly increases.
y rescaling SI of the chitosan membrane as 100%, SI of the blend
embranes was calculated as a percentage based on the SI of chi-

osan membrane and the obtained data are also presented in Fig. 8.
t can be noted that changes in percentages of SI of the blend mem-
ranes are basically in agreement with the weight ratio of chitosan

n the blend membranes, suggesting that the equilibrium water
ontent of blend membranes are not affected by PCL component and
ompletely dependent on hydrophilic chitosan component. These
esults could further imply that two components inside the blend
embranes immiscibly coexist together otherwise their SI would

ot quantitatively alter with the weight ratio of chitosan compo-
ent.

In considering all obtained results together, it can be drawn
hat PCL and chitosan components inside the blend membranes
re immiscible although very limited interactions between them
re observed.

. Conclusions

Many uniform and thicker polycaprolactone/chiotosan blend
embranes were successfully prepared using a ca. 80% acetic acid

olution as the solvent and employing a newly developed process-
ng technique. This new processing technique made it possible to
ystemically investigate the thermophysical properties of the resul-
ant membranes over a broad temperature range with an upper
imit higher than 200 ◦C via conventional thermal analysis tech-
iques. It was found that only very limited interactions existed
etween the components, and polycaprolactone and chiotosan
omponents were basically coexisted inside the blend membranes
ith immiscible characteristics.
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