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a b s t r a c t

Biodegradable poly(ethylene succinate) (PES)/carboxyl-functionalized multi-walled carbon nanotubes (f-
MWNTs) nanocomposites were prepared through solution casting method. Scanning electron microscopy
observations show a homogeneous dispersion of f-MWNTs throughout the PES matrix. Effect of f-MWNTs
on the crystallization behavior of PES was investigated in detail under different crystallization condi-
tions in this work. For both nonisothermal and isothermal melt crystallization, the addition of f-MWNTs
eywords:
rystallization
iodegradable polymer
oly(ethylene succinate)
ulti-walled carbon nanotubes

enhances the crystallization of PES apparently due to the heterogeneous nucleation effect. The Ozawa
method does a good of describing the nonisothermal melt crystallization of neat PES and its nanocom-
posites. The Avrami method does a good of describing the isothermal melt crystallization kinetics of neat
PES and its nanocomposites; moreover, the overall crystallization rate of PES is enhanced significantly
while the crystallization mechanism remains unchanged in the presence of f-MWNTs in the nanocom-

ture
.

anocomposite posites. The crystal struc
the presence of f-MWNTs

. Introduction

Biodegradable aliphatic polyesters have attracted a great deal
f attention due to their potential applications in the fields
elated to environmental protection and resource recycles in
he last two decades. Poly(ethylene succinate) (PES) is one of
he biodegradable synthetic polyesters. The chemical structure
s (–OCH2CH2O2CCH2CH2CO–)n. The crystal structure, biodegrad-
bility, crystallization kinetics, and melting behavior of PES have
een studied in detail [1–7]. In many crystalline/amorphous poly-
er blends and crystalline/crystalline polymer blends, PES is often

sed as an essential component. Through modifying the crys-
allization and morphology of PES in the polymer blends, the
verall properties of PES may be improved significantly. Mis-
ibility, crystallization kinetics, semicrystalline morphology, and
echanical properties of miscible crystalline/crystalline polymer

lends with PES being one component have been investigated
xtensively. For example, poly(ethylene oxide) (PEO)/PES and
oly(hydroxybutyrate) (PHB)/PES blends are just two typical mis-

ible crystalline/crystalline polymer blends [8–14].

Carbon nanotubes (CNTs) were first reported by Iijima [15]. CNTs
onsist of concentric cylinders of graphite layers, and can be clas-
ified into two basic types, i.e., single-walled carbon nanotubes

∗ Corresponding author. Tel.: +86 10 64413161; fax: +86 10 64413161.
E-mail addresses: zbqiu99@yahoo.com, qiuzb@mail.buct.edu.cn (Z. Qiu).
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of PES remains unchanged in the PES/f-MWNTs nanocomposites despite

© 2011 Elsevier B.V. All rights reserved.

(SWNTs) and multi-walled carbon nanotubes (MWNTs). They pos-
sess high flexibility and low mass density, and the large aspect ratio
of the CNTs imparts a significant increase in the modulus of the
composites. Because of their excellent mechanical, electrical and
thermal properties, CNTs have been considered as ideal reinforcing
fillers in the fabrication of polymer nanocomposites [16–20]. Con-
sequently, combining biodegradable polymers with a small quan-
tity of CNTs must be of great interest and use from both academic
and industrial perspectives. Some biodegradable polymer/CNTs
nanocomposites have been reported in the literatures [21–29].

However, to our knowledge, PES/multi-walled carbon nan-
otubes nanocomposites have not been reported yet until now.
In the present work, PES/MWNTs nanocomposites were prepared
via solution casting method using chloroform as a mutual sol-
vent; moreover, the crystallization and morphology of PES/MWNTs
nanocomposites at different MWNTs loadings were studied with
various techniques in detail in this work. It is expected that the
results reported herein will be of interest and importance for a
better understanding of the relationship between structure and
properties of biodegradable polymer nanocomposites.

2. Experimental details
2.1. Materials and preparation of PES/f-MWNTs nanocomposites

PES was purchased from Sigma–Aldrich (Shanghai) Trading Co.
Ltd. The carboxyl-functionalized multi-walled carbon nanotubes

dx.doi.org/10.1016/j.tca.2011.01.031
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:zbqiu99@yahoo.com
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Fig. 1. SEM images of fracture

f-MWNTs) were purchased from Chengdu Institute of Organic
hemistry, Chinese Academy of Sciences. The outer diameter is
round 30–50 nm, and the –COOH content on the surface of MWNTs
s about 0.73 wt% according to the supplier.

The PES/f-MWNTs nanocomposites were prepared through a
olution casting method. For the fabrication of nanocomposites,
ES was mixed with the addition of various f-MWNTs contents,
pecified as 0.5, 1, and 2 wt% in the polymer matrix, respec-
ively. Chloroform was used as the mutual solvent. The appropriate
mount of f-MWNTs was added into chloroform and then was son-
cated with a KQ 3200E ultrasonic generator to make a uniformly
ispersed suspension. PES was placed into chloroform and stirred
or 1 h to dissolve PES completely. Next, the PES solution was added
o the f-MWNTs suspension. The PES/f-MWNTs solution was fur-
her stirred for 3 h and then poured into a dish to evaporate the
olvent at 40 ◦C in air. The sample was further dried at 60 ◦C under
acuum for 3 days to remove the solvent completely. In this work,
eat PES and its three PES/f-MWNTs nanocomposites were abbre-
iated as 100/0, 99.5/0.5, 99/1, and 98/2, respectively, with the
rst number referring to PES while the second number referring
o f-MWNTs.

.2. Characterizations

A field emission scanning electron microscopy (S-4700, Hitachi
o., Japan) was used to observe morphology of the surfaces of
ES/f-MWNTs nanocomposites fractured in liquid nitrogen. All the
amples were coated with gold before examination.

Thermal analysis was carried out using a TA Instrument differ-
ntial scanning calorimetry (DSC) Q100 with a Universal Analysis
000. All operations were performed under nitrogen purge, and the
eight of the samples varied between 4 and 5 mg. Two different
rocedures, i.e., nonisothermal melt crystallization and isothermal
elt crystallization, were employed to study the crystallization

ehavior of neat PES and its nanocomposites. In the case of non-
sothermal melt crystallization, the samples were first heated to
30 ◦C at 40 ◦C/min, held at 130 ◦C for 5 min to erase any thermal
istory, and then cooled to−30 ◦C at different constant cooling rates
anging from 1 to 5 ◦C/min. The crystallization peak temperature
Tp) was obtained from the cooling traces. In the case of isothermal

elt crystallization, the samples were annealed at 130 ◦C for 5 min
o erase any thermal history, cooled to the desired crystallization

emperature (Tc) at 40 ◦C/min, and then maintained at Tc until the
rystallization was complete. The exothermal traces were recorded
or the later data analysis.

Spherulitic morphology of neat PES and the PES/f-MWNTs
anocomposites was observed under crossed polarizers by a
e for (a) 99.5/0.5 and (b) 98/2.

polarizing optical microscopy (POM) (Olympus BX51) with a tem-
perature controller (Linkam THMS 600). The samples were first
annealed at 130 ◦C for 5 min to erase any thermal history and then
cooled to 60 ◦C at 40 ◦C/min.

Wide angle X-ray diffraction (WAXD) patterns were recorded
using a Rigaku D/Max 2500 VB2t/PC X-ray diffractometer from 10◦

to 30◦ at 3◦/min. The Cu K� radiation (� = 0.15418 nm) source was
operated at 40 kV and 200 mA. The samples were first pressed into
films with a thickness of around 0.5 mm on a hot stage at 130 ◦C
and then transferred into a vacuum oven at 64 ◦C for 24 h.

3. Results and discussion

3.1. Morphology and dispersion of f-MWNTs in the PES matrix

The surface of PES/f-MWNTs nanocomposites fractured in liq-
uid nitrogen was observed with SEM to examine the distribution of
f-MWNTs in the PES matrix. Parts a and b of Fig. 1 show the fracture
surfaces of 99/0.5 and 98/2, respectively. The bright dots and lines
are the ends of the broken f-MWNTs. Since some nanotubes seem to
be pulled out of the section surface, the ends of individual f-MWNTs
embedded in the matrix can be observed clearly. It can be seen from
Fig. 1a that a fine dispersion of f-MWNTs is achieved, and there is
no obvious aggregation of f-MWNTs throughout the PES matrix.
Moreover, with increasing the f-MWNTs content up to 2 wt%, the
homogeneous dispersion of f-MWNTs can still be observed as
shown in Fig. 1b, indicating that the variation of f-MWNTs content
from 0.5 to 2.0 wt% does not influence the dispersion and distribu-
tion of f-MWNTs in the polymer matrix significantly.

3.2. Effect of f-MWNTs on the nonisothermal melt crystallization
of PES in the PES/f-MWNTs nanocomposites

As introduced in Section 2, nonisothermal melt crystallization of
neat PES and its nanocomposites with different f-MWNTs loadings
was first studied with DSC at various cooling rates ranging from 1 to
5 ◦C/min in this work. Fig. 2a shows the DSC cooling curves of neat
PES and its nanocomposites with different f-MWNTs loadings at a
cooling rate of 5 ◦C/min. In the case of neat PES, Tp is around 43.9 ◦C;
however, Tps shift to high temperature range in the presence of
f-MWNTs. In the case of 99.5/0.5 and 99/1, Tps shift to 48.8 and
53.1 ◦C, respectively. It is obvious that the variations in Tp are 4.9 ◦C

and 4.3 ◦C with increasing f-MWNTs content from 0 to 0.5 wt% and
0.5 to 1 wt%, respectively; however, the increase in Tp is only 2.5 ◦C
with further increasing f-MWNTs content from 1 to 2 wt%. It is also
of interest to study the effect of cooling rates on the nonisother-
mal melt crystallization of neat PES and its nanocomposites. Fig. 2b
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ig. 2. (a) DSC traces of neat PES and its nanocomposites cooled from the melt at 5
rom 1 to 5 ◦C/min.

hows the DSC traces of 99/1 at various cooling rates ranging from 1
o 5 ◦C/min as an example. It is clear from Fig. 2b that the crystalliza-
ion exotherms shift to low temperature range with increasing the
ooling rates from 1 to 5 ◦C/min since there is not enough time for
he sample to crystallize at high temperature range at high cooling
ates.

Fig. 3 summarizes the variation of Tps with cooling rates for
eat PES and its three nanocomposites with different f-MWNTs
ontents, from which the effects of cooling rates and f-MWNTs con-
ents on the variation of Tps of PES can be obtained clearly. It is
bvious that Tp shifts to lower temperature range with increasing
ooling rate for both neat PES and its nanocomposites. Meanwhile,
ps of PES in the nanocomposites are higher than that of neat PES
t a given cooling rate; moreover, Tps shift to high temperature
ange with increasing the f-MWNTs contents in the nanocom-
osites. Such results indicate again that the nonisothermal melt
rystallization of PES is enhanced by the presence of f-MWNTs, and
he degree of enhancement in Tp is influenced by the f-MWNTs
ontents apparently. From the above studies, it is clear that the
resence of f-MWNTs and their contents have a significant effect
n the nonisothermal melt crystallization behavior of PES in the
ES/f-MWNTs nanocomposites due to the heterogeneous nucle-

tion agent effect of f-MWNTs. It should be noted that the ultimate
egree of crystallinity values vary slightly around 35 ± 3% for both
eat PES and its nanocomposites despite the cooling rates used in
his study.

ig. 3. Effect of cooling rates on the crystallization peak temperatures for neat PES
nd its nanocomposites.
in and (b) DSC traces of 99/1 cooled from the melt at various cooling rates ranging

The nonisothermal melt crystallization kinetics of neat PES and
its nanocomposites was further studied. Parts a and b of Fig. 4 show
the plots of relative degree of crystallinity (X(T)) versus crystal-
lization temperature (T) for neat PES and 98/2, respectively. It is
clear from Fig. 4 that the plots of X(T) with T shift to low temper-
ature range with increasing the cooling rate for both neat PES and
98/2. Moreover, the crystallization onset and end temperatures are
higher in 98/2 than in neat PES at a given cooling rate, indicating
again that the presence of f-MWNTs enhances the nonisothermal
melt crystallization of PES in the PES/f-MWNTs nanocomposites.
Several models [30–32] have been proposed for analyzing the
nonisothermal melt crystallization kinetics of polymers. However,
among these methods, the Ozawa method provides the parameters
with more accurate physical meanings by assuming that the sam-
ple was cooled (or heated) with a constant rate from the molten
state (or the amorphous state) [30]. The Ozawa equation can be
expressed as

log(− ln (1 − X(T))) = log K(T) − m log ˚ (1)

where K(T) is the cooling function at a crystallization temperature T,
X(T) is the relative degree of crystallinity at a chosen temperature, ˚
is the cooling rate, and m is the Ozawa exponent which depends on
the type of nucleation and growth mechanism. However, it should
be noted that the Ozawa method is not always applicable in poly-
mer crystallization. Curvature is usually found in most cases in the
respective plots when crystallization is studied at quite different
cooling rates. The applicability of the Ozawa method may have to
do with the narrow range of cooling rates; therefore, the cooling
rates used in this study were from 1 to 5 ◦C/min. Fig. 5 shows the
Ozawa plots for neat PES and 98/2, from which a series of parallel
straight lines were obtained. It is obvious that the nonisothermal
melt crystallization process of both neat PES and its nanocompos-
ites can be described by the Ozawa method. The values of m and
K(T) were obtained and listed in Table 1 for comparison. The val-
ues of m are between 2.0 and 3.2 in the range of crystallization
temperature from 44 to 65 ◦C, suggesting that the crystallization
of PES suggests the three-dimensional truncated sphere growth
with athermal nucleation [33]. Meanwhile, it can be seen that K(T)
decreases with increasing crystallization temperature, indicating
that the crystallization is slowed down because of the difficulty in
nucleation at high temperature.

3.3. Effect of f-MWNTs on the isothermal melt crystallization of

PES in the PES/f-MWNTs nanocomposites

In the above section, the effect of f-MWNTs on the nonisother-
mal melt crystallization of PES in the PES/f-MWNTs was studied
with DSC at various cooling rates. In this section, the effect of f-
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Fig. 4. Variation of X(T) with T for (a) neat PES and (b) 98/2.
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Fig. 5. The Ozawa plots

WNTs on the isothermal melt crystallization kinetics of PES in
he PES/f-MWNTs was further investigated with DSC at different
rystallization temperatures. Parts a and b of Fig. 6 show the devel-
pment of relative degree of crystallinity (Xt) with crystallization
ime (t) for both neat PES and 99/1 at different Tcs, respectively.
t is obvious that the crystallization time prolongs with increasing
rystallization temperature for both neat PES and 99/1, suggesting
hat the crystallization is slowed down at high Tc. Moreover, at a
iven Tc of 64 ◦C, the crystallization finishes within around 10.4 min

or neat PES, whereas the crystallization finished within around
.41 min for 99/1. It is clear that the addition of f-MWNTs enhances
he isothermal melt crystallization of PES significantly.

In order to analyze the isothermal melt crystallization kinet-
cs of neat PES and its nanocomposites, the well-known Avrami

Fig. 6. Development of relative crystallinity (Xt) with cr
neat PES and (b) 98/2.

method [34,35] is employed. It assumes that the relative degree of
crystallinity Xt develops as a function of crystallization time t as
follows:

1 − Xt = exp(−ktn) (2)

where Xt is the relative crystallinity at time t, k is crystallization rate
constant involving both nucleation and growth rate parameters,
and n is Avrami exponent depending on the nature of nucleation
and growth geometry of the crystals. For practical purpose, Eq. (2)

is usually rearranged in its double logarithmic form as follows:

log(−ln(1 − Xt)) = log k + n log t (3)

Parts a and b of Fig. 7 show the Avrami plots for both neat PES
and 99/1, respectively, from which the values of n and k are

ystallization time (t) for (a) neat PES and (b) 99/1.



78 S. Zhu et al. / Thermochimica Acta 517 (2011) 74–80

(b) 99

o
t
o
n
T
a
n
t
i
t
a

o
t
c
c
c
c
t

t

T
a
c
f
i
a

T
T

in the case of neat PES. However, parts b, c and d of Fig. 8 show that
the size of PES spherulites becomes smaller with increasing the f-
MWNTs contents, suggesting a heterogeneous nucleation effect of
f-MWNTs. On the basis of the POM study, it is clear that the nucle-
Fig. 7. The Avrami plots of (a) neat PES and

btained from the slopes and intercepts of the Avrami plots, respec-
ively. All the related crystallization kinetics parameters for the
verall isothermal melt crystallization of neat PES and its three
anocomposites with different f-MWNTs contents are listed in
able 2 for comparison. The average values of n for neat PES
nd its three nanocomposites are between 2.3 and 2.6 and are
ot affected significantly by the presence of f-MWNTs, indicating
hat the crystallization mechanism of PES does not change in the
nvestigated Tcs. Moreover, the crystallization of PES suggests the
hree-dimensional truncated sphere growth with athermal nucle-
tion [33].

However, it should be noted that it is difficult to compare the
verall crystallization rate directly from the values of k because
he unit of k is min−n and n is not constant. Thus, the half-time of
rystallization (t0.5), the time required to achieve 50% of the final
rystallinity of the samples, is an important parameter for the dis-
ussion of crystallization kinetics. Usually, the crystallization rate
an also be easily described by the reciprocal of t0.5. The value of
0.5 is calculated by the following equation:

0.5 =
(

ln 2
k

)1/n

(4)

he values of t0.5 and 1/t0.5 are listed in Table 2 for both neat PES

nd its three nanocomposites at different f-MWNTs contents. It
an be seen that the values of 1/t0.5 decrease with increasing Tc

or both neat PES and its nanocomposites, while the values of t0.5
ncrease with increasing Tc. Such variations suggest that the over-
ll isothermal crystallization rate decreases with increasing Tc for

able 1
he Ozawa parameters for neat PES and its nanocomposites.

Samples Tp (◦C) m K(T) (◦C/min)m

Neat PES 44 2.0 1.47 × 101

47 2.1 9.00
50 2.3 4.71
53 2.8 2.90

PES/f-MWNTs 99.5/0.5 50 2.6 4.12 × 101

53 3.2 3.12 × 101

56 2.8 4.90
59 3.1 1.48

PES/f-MWNTs 99/1 53 1.8 1.43 × 101

56 2.6 1.25 × 101

59 2.8 3.69
62 3.2 1.13

PES/f-MWNTs 99/2 56 2.2 2.28 × 101

59 2.8 1.33 × 101

62 2.9 2.57
65 3.2 5.01 × 10−1
/1 at indicated crystallization temperatures.

both neat PES and its nanocomposites. Moreover, the values of t0.5
for the nanocomposites are smaller than those for neat PES at a
given Tc such as 64 ◦C. Meanwhile, the values of 1/t0.5 increase with
increasing the f-MWNTs content for the nanocomposites and are
larger than those of neat PES, indicating again that the presence
of f-MWNTs accelerates the crystallization process of PES in the
nanocomposites.

3.4. Effect of f-MWNTs on the spherulitic morphology and crystal
structure of PES in the PES/f-MWNTs nanocomposites

In addition to the nonisothermal and isothermal melt crystal-
lization of neat PES and its three nanocomposites, the effect of the
presence of f-MWNTs on the spherulitic morphology of PES was
studied with POM in this section. Fig. 8 illustrates the spherulitic
morphology of neat PES and its nanocomposites crystallized at
60 ◦C. It can be seen from Fig. 8a that the well developed spherulites
grow to a size of roughly several hundreds of microns in diameter
Table 2
The Avrami parameters for neat PES and its nanocomposites.

Samples Tc (◦C) n k (min−n) t0.5 (min) 1/t0.5 (min−1)

Neat PES 56 2.4 3.58 × 10−2 3.42 2.92 × 10−1

58 2.3 3.24 × 10−2 3.69 2.71 × 10−1

60 2.4 1.66 × 10−2 4.82 2.07 × 10−1

62 2.4 7.40 × 10−3 6.67 1.50 × 10−1

64 2.4 2.07 × 10−3 11.15 0.90 × 10−1

PES/f-MWNTs
99.5/0.5

60 2.6 1.39 × 10−1 1.87 5.35 × 10−1

62 2.5 5.33 × 10−2 2.84 3.52 × 10−1

64 2.6 1.78 × 10−2 4.13 2.42 × 10−1

66 2.6 6.99 × 10−3 5.71 1.75 × 10−1

68 2.6 2.01 × 10−3 9.60 1.04 × 10−1

PES/f-MWNTs
99/1

62 2.6 1.61 × 10−1 1.75 5.71 × 10−1

64 2.4 6.86 × 10−2 2.57 3.89 × 10−1

66 2.5 1.86 × 10−2 4.21 2.38 × 10−1

68 2.6 7.50 × 10−3 5.77 1.73 × 10−1

70 2.6 2.19 × 10−3 9.37 1.07 × 10−1

PES/f-MWNTs
98/2

64 2.4 1.08 × 10−1 2.18 4.59 × 10−1

66 2.5 3.69 × 10−2 3.26 3.07 × 10−1

68 2.5 1.01 × 10−2 5.46 1.83 × 10−1

70 2.6 3.46 × 10−3 7.94 1.26 × 10−1

72 2.5 1.69 × 10−3 11.42 0.88 × 10−1
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ig. 8. Optical micrographs (same magnification, bar = 100 �m) of spherulitic morp
ES, (b) 99.5/0.5, (c) 99/1, and (d) 98/2.

tion density of PES spherulites is improved with increasing the
-MWNTs contents in the nanocomposites. Such results are consis-
ent with the results in the previous section. In brief, the presence
f f-MWNTs and their contents in the PES matrix have a significant
nfluence on the spherulitic morphology and the overall crystalliza-
ion process of PES in the nanocomposites.
It is also of importance and interest to study the presence of
-MWNTs on the crystal structure of PES in the PES/f-MWNTs
anocomposites. Fig. 9 illustrates the WAXD patterns of neat PES
nd its nanocomposites crystallized at 64 ◦C. Both neat PES and
ts nanocomposites exhibit almost the same diffraction peaks at

Fig. 9. WAXD patterns of neat PES and its nanocomposites.
of neat PES and its nanocomposites after complete crystallization at 60 ◦C: (a) neat

almost the same locations. The three main diffraction peaks at
around 19.9◦, 22.5◦ and 23.0◦ are assigned to (0 2 1), (1 2 1) and
(2 0 0) planes of �-form PES, respectively [1]. The degree of crys-
tallinity values were calculated by the ratio of the area under the
crystalline peaks to the whole area under both the crystalline peaks
and the amorphous background on the basis of the WAXD pat-
terns; thus, the degree of crystallinity values are estimated to be
around 50 ± 2% for both neat PES and its three nanocomposites on
the basis of the WAXD pattern in Fig. 9, indicating that the presence
of f-MWNTs and the variation of the f-MWNTs contents from 0 to
2 wt% do not influence the degree of crystallinity of PES apparently
in the PES/f-MWNTs nanocomposites. In brief, the incorporation
of a small amount of f-MWNTs does not modify the crystal struc-
ture of PES and change the degree of crystallinity of PES in the
PES/f-MWNTs nanocomposites significantly.

4. Conclusions

Biodegradable PES/f-MWNTs nanocomposites at different f-
MWNTs loadings have been prepared successfully through solution
casting method in this work. SEM observations indicate a homoge-
neous dispersion of f-MWNTs throughout the PES matrix. The effect
of f-MWNTs on the nonisothermal melt crystallization, isothermal
melt crystallization, spherulitic morphology, and crystal structure
of PES in the nanocomposites was investigated with DSC, POM and
WAXD in detail. The results show that both nonisothermal and

isothermal melt crystallization of PES are enhanced by the pres-
ence of f-MWNTs and influenced by the f-MWNTs contents due
to the nucleation effect induced by f-MWNTs. The nonisothermal
melt crystallization kinetics of neat PES and its nanocomposites was
successfully described by the Ozawa method, while the isothermal
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elt crystallization kinetics of neat PES and its nanocomposites
as successfully described by the Avrami method. The values

f the exponents in the Ozawa and Avrami fits suggest three-
imensional truncated sphere growth with athermal nucleation for
oth neat PES and the PES/f-MWNTs nanocomposites. In the case
f isothermal crystallization kinetics, the crystallization rate of PES
s enhanced significantly while the crystallization mechanism does
ot change in the presence of f-MWNTs in the nanocomposites.
he crystal structure of PES does not change in the PES/f-MWNTs
anocomposites despite the presence of f-MWNTs.
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