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Biodegradable poly(L-lactide) (PLLA)/multiwalled carbon nanotubes (MWNTs) nanocomposites were prepared
via solution blending using two kinds of MWNTs, i.e., pristine multiwalled carbon nanotubes (p-MWNTs)
and carboxyl-functionalized multiwalled carbon nanotubes (f-MWNTSs). Various techniques were used to
investigate the functionalization of MWNTSs on the morphology, crystallization, and hydrolytic degradation
of PLLA in the nanocomposites. Both MWNTs show fine dispersion in the PLLA matrix; however, the
dispersion of f-MWNTs is better than that of p-MWNTs. The incorporation of MWNTs accelerates the
crystallization of PLLA in the nanocomposites due to the heterogeneous nucleation effect; furthermore,
the crystallization rate of PLLA is faster in the PLLA/f-MWNTSs nanocomposite than in the PLLA/p-MWNTs
nanocomposite. The exciting aspect of this research is that the hydrolytic degradation of PLLA is enhanced

after nanocomposites preparation.

Introduction

Carbon nanotubes (CNTs) were first reported by lijima in
1991," which possess high flexibility, low mass density, and
large aspect ratio,> and have a unique combination of mechan-
ical, electrical, and thermal properties that make nanotubes
excellent candidates to substitute or complement the conven-
tional nanofillers in the fabrication of multifunctional polymer
nanocomposites.>™® Many efforts have been directed at the
fabrication of carbon nanotubes/polymer nanocomposites and
the characterization of their physical properties. However, two
main challenges still exist for developing high-performance
CNTs/polymer nanocomposites.” The first challenge is how to
improve the dispersion of CNTs in the polymer matrix, which
is of great use for modifying the physical properties of polymer
matrix. The second one is how to obtain the efficient translation
of nanotube properties into the polymer matrix. There are several
main methods reported for solving the matters: (1) high-power
ultrasonication,®® (2) high temperature and high shear forces
in melt blending,' and (3) functionalization of carbon
nanotubes,!'~'* which were utilized to improve dispersion and
interfacial adhesion to the polymer matrix. Consequently,
various properties of the CNTs/polymer nanocomposites were
obviously improved.

Among studies on CNTs/polymer nanocomposites, nano-
composites comprising CNTs and the biodegradable polymers
are of special interest due to their potential for specific
biomaterial applications.'>™!® Poly(L-lactide) (PLLA) has at-
tracted much attention because it is biodegradable, biocompat-
ible, producible from renewable resources, and nontoxic to the
human body and the environment. Recent innovation on the
production process has lowered significantly the production cost,
which further stimulates the studies on its property and potential
applications.'” However, its relatively poor mechanical proper-
ties, slow crystallization rate, and slow degradation rate have
limited its wide practical application. To overcome the afore-
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mentioned problems, the preparation of its nanocomposites with
CNTs may be a suitable and convenient way.?’~>* Moon et al.
prepared PLLA/MWNTSs nanocomposites by a solution casting
method.?” The mechanical and thermal properties as well as the
electrical conductivity of nanocomposites were investigated. It
was found that the tensile strength and ultimate elongation
decreased, but Young’s modulus slightly increased from 1 to
2.5 GPa. Zhang et al. reported the preparation of the PLLA/
MWNTs nanocomposite, and the corresponding Raman spec-
troscopic and the microscopic characterization.?! The electronic
transport, thermal properties, and biocompatibility of the nano-
composite were also investigated. The cell culture test results
suggested that the presence of MWNTs in the nanocomposite
inhibited the growth of the fibroblast cells. Wu et al. prepared
the PLLA/MWNTSs hybrids via a melt blending method.?? The
results demonstrated dramatic enhancement in thermal properties
of PLLA. Shieh et al. prepared films of the PLLA/MWNTs-g-
PLLA nanocomposites by a solution casting method to inves-
tigate the effects of the MWNTs-g-PLLA on the nonisothermal
and isothermal melt crystallizations of the PLLA matrix.? It
was found that MWNTs significantly enhanced both noniso-
thermal melt and cold crystallization rates of PLLA. Kim et al.
prepared the PLLA/PLLA-g-MWNTs nanocomposites by a
melt-mixing method.?* The morphology, mechanical properties,
and thermal stability of the nanocomposites were studied by
scanning electron microscopy, tensile test, and thermogravi-
metric analysis. It was found that the activation energy of
thermal degradation of PLLA/PLLA-g- MWNTs was higher
than that of PLLA/MWNTs, indicating that the former was
more thermally stable than the latter. The results also showed
that the addition of CNTs improved the mechanical, electrical,
and thermal properties of PLLA.

In this work, PLLA/MWNTSs nanocomposites were prepared
via solution blending using chloroform as a mutual solvent. Two
kinds of MWNTs, i.e., pristine multiwalled carbon nanotubes
(p-MWNTs) and carboxyl-functionalized multiwalled carbon
nanotubes (f-MWNTs), were used in order to investigate the
functionalization of MWNTSs on the morphology, crystallization
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kinetics, and crystal structure of PLLA in the nanocomposites.
Moreover, the hydrolytic degradation experiments were per-
formed to study the effect of the incorporation of MWNTS in
the polymer matrix on the degradation of PLLA.

Experimental Section

Materials. PLLA (M,, = 2.06 x 10°) was kindly provided
by Biomer Co., Germany. Both p-MWNTs and {-MWNTs were
purchased from Chengdu Institute of Organic Chemistry,
Chinese Academy of Sciences. The diameter was around 30—50
nm with lengths ranging between 10 and 20 ym.

Purification of PLLA. The PLLA pellets were purified by
dissolution in chloroform and subsequent precipitation in an
excess of methanol. The precipitated PLLA was filtered and
dried in a vacuum at 70 °C for 2 days.

Preparation of PLLA/MWNTSs Nanocomposites. The PLLA/
MWNTs nanocomposites were prepared through a solution
mixing method. For the fabrication of nanocomposites, PLLA
was mixed with the addition of 1 wt % p-MWNTs and
f-MWNTs, respectively. A representative procedure is as
follows. Chloroform was used as the mutual solvent. On the
one hand, the appropriate amount of MWNTs was added into
the chloroform. Then, the mixture was sonicated with a KQ
3200E ultrasonic generator to make a uniformly dispersed
suspension. On the other hand, purified PLLA were placed into
chloroform and stirred for 1 h to dissolve PLLA completely.
Next, the PLLA solution was added to the MWNTS suspension,
and sonication was continued, with stirring for 6 h. The PLLA/
MWNTs solution was poured into a dish to evaporate the solvent
at room temperature. The sample was further dried at 70 °C
under vacuum for 3 days to remove the solvent completely.

For the wide X-ray diffraction study, both neat PLLA and
its nanocomposites were first pressed into films with a thickness
of around 0.5 mm on a hot stage at 190 °C and then transferred
into a vacuum oven at 125 °C for 24 h.

For the hydrolytic degradation study, the samples were
molded into films on a hot press under a pressure of 30 MPa at
185 °C, which were allowed to cool to ambient temperature
naturally by switching off the power of the hot press. The
thickness of the films was around 0.8 mm.

Characterizations. Morphology of PLLA/MWNTSs nano-
composites was observed using a Hitachi S-4700 scanning
electron microscope (SEM). All specimens were coated with
gold before examination. Transmission electron microscopy
(TEM) observation of MWNTs was performed with a Hitachi
H-800 TEM instrument under an acceleration voltage of 200
kV. Thin sections (with thickness of about 50—70 nm) for TEM
observations were cut from the as-prepared nanocomposites
under cryogenic conditions (—80 °C) using a Leica EM FC6
ultramicrotome.

Thermal analysis was performed using a TA Instruments
differential scanning calorimetry (DSC) Q100 with a Universal
Analysis 2000. Indium was used for temperature calibration.
All operations were performed under nitrogen purge, and the
weight of the samples varied between 4 and 6 mg. In the case
of nonisothermal melt crystallization, the sample was heated
from the ambient temperature to 190 °C at a rate of 20 °C/min
(first heating), held for 3 min to erase the previous thermal
history, and then cooled to 20 °C at a cooling rate of 5 °C/min
(first cooling). The sample was further heated to 190 °C again
from 20 °C at a heating rate of 20 °C/min (second heating) to
study the subsequent melting behavior. The crystallization peak
temperature was obtained from the first cooling traces. The glass
transition temperature and melting point temperature of neat
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PLLA and its nanocomposite were read from the second heating
traces. In the case of isothermal melt crystallization experiment,
the sample was heated from the ambient temperature to 190 °C
at a rate of 40 °C /min, held for 3 min to erase any thermal
history, cooled to crystallization temperature at a cooling rate
of 60 °C/min, and held until the isothermal crystallization was
over. The crystallization temperatures chosen in this work were
from 117.5 to 127.5 °C. The exothermal traces were recorded
for the later data analysis.

An optical microscope (POM) (Olympus BX51) equipped
with a temperature controller (Linkam THMS 600) was used
to investigate the spherulitic morphology of neat PLLA and
PLLA/MWNTs nanocomposites. The samples were first an-
nealed at 190 °C for 3 min to erase any thermal history and
then cooled to 140 °C at a cooling rate of 60 °C/min.

Wide-angle X-ray diffraction (WAXD) patterns were recorded
using a Rigaku D/Max 2500 VB2t/PC X-ray diffractometer. The
Cu Ka radiation (4 = 0.15 418 nm) source was operated at 40
kV and 200 mA. WAXD patterns were recorded from 10 to
50° at 4°/min.

The hydrolytic degradation of neat PLLA and its nanocom-
posites were carried out in sodium hydroxide (NaOH) solution
(pH = 13) at 37 °C. The degradation of neat PLLA and its
nanocomposties was determined by the variation of weight loss
as a function of time. The films were placed in vials filled with
10 mL of NaOH solution at 37 °C for a predetermined period
of time. After hydrolysis, the films were washed with distilled
water at room temperature to wipe off the NaOH solution from
the surface and then dried at 70 °C under vacuum for 48 h to
get the constant weight. The weight loss coefficient W)o (%)
was evaluated by the following relationship, i.e., Wi (%) =
100 x (Wy — Wegriea)/ Wo, where W, is the initial weight and
Wi driea 18 the weight of sample subjected to hydrolytic degrada-
tion for time ¢ and drying in vacuum. Furthermore, the hydrolytic
degradation rate R was determined by the following relationship,
i.e., R = Wisi/t, where Wi is the weight loss and ¢ is the
exposed time in NaOH solution.?

Results and Discussion

Morphology and Dispersion of p-MWNTs and f-MWNTs
in the PLLA Matrix. It is well-known that the dispersion of
CNTs in the polymer matrix and interfacial interactions between
the polymer matrix and nanotubes are the key factors influencing
the physical properties of polymer matrix. A homogeneous
dispersion of CNTs and strong interfacial interactions between
polymer matrix and nanotubes can effectively improve the
mechanical, electrical, and thermal performances of the polymer
matrix. To reveal dispersion of p-MWNTs and f-MWNTSs in
the PLLA matrix, the fracture surfaces and ultrathin section of
the nanocomposites were investigated in detail by SEM and
TEM, respectively.

Parts a and b of Figure 1 show the fracture surfaces of PLLA/
p-MWNTs and PLLA/f-MWNTSs nanocomposties, respectively.
The random dispersed bright dots and lines are the ends of the
broken carbon nanotubes. For the nanocomposite containing
p-MWNTs, severe aggregation of p-MWNTs is observed on
the morphology as seen in Figure la, whereas as shown in
Figure 1b individual f-MWNTs are randomly dispersed in the
nanocomposite without preferred alignment or orientation, and
no apparent f-MWNTSs aggregation is found. The difference in
the dispersion of two types of MWNTs in the PLLA matrix
may be attributed to the following factors. First, the presence
of electrostatic and van der Waals interactions lead to apparent
aggregation of pristine MWNTs. Second, f-MWNTSs possess
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Figure 1. SEM images showing an overall morphology of surfaces
for the nanocomposites: (a) PLLA/p-MWNTs and (b) PLLA/f-MWNTs.

the carboxyl groups, which should be of great help to improve
the compatibility between -MWNTs and the PLLA matrix,
preventing the severe aggregation of f-MWNTs.

In addition, it is found that most of the MWNTS are broken
apart, and some MWNTSs are pulled out of the matrix before
the breakage. Moreover, some MWNTs are observed with their
one ends still strongly embedded in the matrix. Such interesting
and typical breakage phenomenon of the MWNTs indicates that
a strong interfacial adhesion exists between MWNTs and PLLA
matrix and that the load transfer takes place efficiently from
the matrix to the nanotubes. The strong interfacial adhesion is
usually responsible for the significant enhancement of the
mechanical properties.?

Parts a and b of Figure 2 demonstrate TEM images of the
ultrathin section of PLLA/p-MWNTs and PLLA/f-MWNTs
nanocomposites, respectively. It is unambiguous that f-MWNTs
are homogeneously dispersed in the PLLA matrix without any
apparent aggregation while some aggregates are observed in
the PLLA/p-MWNTSs nanocomposite. Such results are consistent
with SEM observations. At the same time, from Figure 2a, it is
observed that most p-MWNTSs remain curved in shape or even
interwoven in the composite due to the extreme flexibility of
the nanotubes. Similar results were also observed in the PA-6/
MWNTs composites.!! Such curvature or knotting significantly
reduces the structural reinforcement of the CNTs to the host
polymer matrix, in comparison to the theoretical reinforcement
provided by straight inclusion.”” However, most individual

Figure 2. TEM images showing nanotubes dispersion from the
ultrathin section of PLLA nanocomposites: (a) PLLA/p-MWNTs and
(b) PLLA/-MWNTs.

f-MWNTs are evenly dispersed in the matrix as shown in Figure
2b, which should be of great practical importance for making
MWNTs reinforced PLLA nanocomposites. Both SEM and
TEM observations indicate that the dispersion of f-MWNTs is
better than that of p-MWNTs in the PLLA matrix; therefore,
some performances of PLLA/f-MWNTs nanocomposite may be
superior to those of PLLA/p-MWNTSs nanocomposite.
Crystallization of PLLA before and after Nanocomposite
Preparation. It is of great interest to investigate the addition
of two types of MWNTs on the crystallization behavior and
crystal structure of PLLA after nanocomposite preparation. As
introduced in the Experimental Section, nonisothermal melt
crystallization and subsequent melting of neat PLLA and its
nanocomposites were studied by DSC. Figure 3a shows the DSC
traces of neat PLLA and its nanocomposites cooled from the
melt at 5 °C/min (first cooling). In the case of neat PLLA, a
crystallization peak temperature (7) is found to locate at around
96.0 °C with crystallization enthalpy (AH,) being around 4.2
J/g; however, in the case of nanocomposites, ;s are found to
shift to high-temperature range for both types of MWNTs. T,
is around 101.4 °C for the PLLA/p-MWNTSs nanocomposite,
while it is around 102.7 °C for the PLLA/p-MWNTSs nanocom-
posite. Moreover, the values of AH. of both nanocomposites
are 30.5 J/g for the PLLA/p-MWNTSs nanocomposite and 35.2
J/g for the PLLA/f-MWNTSs nanocomposite. From the afore-
mentioned results, it can be concluded that the incorporation
of MWNTs enhances the nonisothermal melt crystallization of
the PLLA matrix significantly despite the types of MWNTs. In
particular, the values of AH, are dramatically increased in the
nanocomposites as compared with that of neat PLLA. However,
T. and AH, increase very slightly in the PLLA/f-MWNTs
nanocomposite compared with those in the PLLA/p-MWNTs



16464 J. Phys. Chem. B, Vol. 112, No. 51, 2008

(a)
=
g — neat PLLA
- T~ B ——————
o
i ™~ PLLA/D-MWNTS
3 o \// - ]
2
B B PLLA/-MWNTs
o B | TEARVARTS
T T T T T T T T T T T
40 60 80 100 120 140 160
Temperature (°C)
(b)
o
=]
Q |
e
C |
1T} neat PLLA \
2 T |
E PLLA/p-MWNTSs \
,_/7,
PLLA/fMWNTs __ ——
’//_’
T T T T T T T T T T T T T
60 80 100 120 140 160 180

Temperature (°C)

Figure 3. Nonisothermal melt crystallization and subsequent melting
traces of neat PLLA and its nanocomposites: (a) first cooling and (b)
second heating.

nanocomposite. Figure 3b shows the subsequent melting
behavior of neat PLLA and its nanocomposites after cooling
from the melt at 5 °C/min (second heating). As shown in Figure
3b, neat PLLA exhibits a glass transition temperature (1) of
around 61.7 °C, a cold crystallization peak temperature (7¢,) of
132.3 °C with crystallization enthalpy (AH.,) being 19.0 J/g,
and a melting point (7T},) of 167.9 °C with heat of fusion (AH,,)
being 24.1 J/g. The values of T,s are around 62.5 °C in the
nanocomposites and are almost unchanged before and after
nanocomposites preparation. Both nanocomposites do not show
cold crystallization during heating to the melt. Furthermore, the
values of Ty,s are around 169 °C in the nanocomposites and
increase slightly as compared with that of neat PLLA. The
values of AH,, are around 32.9 J/g for the PLLA/p-MWNTs
nanocomposite and 36.6 J/g for the PLLA/f-MWNTSs nano-
composite, respectively. On the basis of the heat of fusion of
100% crystalline (AHY) PLLA (93 J/g),”® the degrees of
crystallinity (W,) of neat PLLA and its nanocomposites are
determined by the ratio of the heat of fusion of the samples to
that of 100% crystalline PLLA. It should be noted that the value
of cold crystallization enthalpy is subtracted from the heat of
fusion in the case of neat PLLA. It is found that W, is only
around 5.5% for neat PLLA, increasing to around 35.4% and
39.4% for the PLLA/p-MWNTs nanocomposite and PLLA/
p-MWNTs nanocomposite, respectively. The increase in W, of

Zhao et al.

TABLE 1: DSC Results for the PLLA and Its
Nanocomposites

T AHS T, Ta' AHa' T AH, WS
sample (°C) (g (°O) (°O) Jig) (C) Jlg) (%)

neat PLLA 96.0 —4.22 61.7 132.3 19.0 167.9 24.1 5.50
PLLA/p-MWNTs 101.4 —30.5 62.5 — - 169.2 329 354
PLLA/f-MWNTs 102.7 —35.2 62.6 — - 169.3 36.6 39.4

“ Melt crystallization at a cooling rate of 5 °C/min (first cooling).
b Cold crystallization at a heating rate of 20 °C/min (second
heating). ¢ Degree of crystallinity, W, (%) = 100 x (AH,, — AH.,)/
AH,°.

PLLA is significant before and after nanocomposite preparation.
All the DSC data are summarized in Table 1 for comparison. It
is clear that the addition of MWNTSs shows little effect on the
variation of T, and T}, of PLLA; however, the increase in T,
AH., AH,, and W, is really significant. In addition, the
difference in the aforementioned thermal characteristics between
the PLLA/p-MWNTs and PLLA/f-MWNTSs nanocomposites is
very slight although f-MWNTs seem more efficient in enhancing
the crystallization of PLLA than p-MWNTs.

As introduced in the Experimental Section, the overall
isothermal crystallization of neat PLLA and its nanocomposites
were studied by DSC in the temperature range of 117.5—127.5
°C. For all the samples, the crystallization processes prolong
with the increase of crystallization temperature. In the case of
the DSC experiment, the relative degree of crystallinity X, at
crystallization time ¢ is defined as the ratio of the area under
the exothermic curve between the onset crystallization time and
the crystallization time ¢ to the whole area under the exothermic
curve from the onset crystallization time to the end crystalliza-
tion time. Evolution of X, with ¢ is shown in Figure 4a for neat
PLLA and its nanocomposites crystallized at 125 °C as an
example. As can be seen from Figure 4a, the crystallization
finishes within 37.5 min for neat PLLA while within 17.5 and
12.5 min for PLLA/p-MWNTs and PLLA/f-MWNTs nanocom-
posites, respectively. It is clear that the addition of MWNTs
enhances the isothermal melt crystallization of PLLA compared
with neat PLLA; moreover, the presence of f-MWNTs is more
efficient in accelerating the crystallization process of PLLA than
that of p-MWNTs.

The well-known Avrami equation is often used to analyze
the isothermal crystallization kinetics;*** it assumes that the
relative degree of crystallinity develops with crystallization time
t as

1 — X, = exp(—kt") (1)

where X, is the relative degree of crystallinity, » is the Avrami
exponent depending on the nature of nucleation and growth
geometry of the crystals, and k is a composite rate constant
involving both nucleation and growth rate parameters. Figure
4b shows the Avrami plots of neat PLLA and its nanocomposites
crystallized at 125 °C as an example. The Avrami parameters
n and k can be obtained from the slopes and the intercepts,
respectively. The obtained Avrami parameters of neat PLLA
and its nanocomposites are summarized and listed in Table 2.

From Table 2, it can be seen that the average values of
Avrami exponent n are around 2.3 for neat PLLA, 2.4 for the
PLLA/p-MWNTs nanocomposite, and 2.8 for the PLLA/
f-MWNTSs nanocomposite, respectively. The incorporation of
MWNTs does not affect the Avrami exponents significantly,
indicating that the crystallization mechanism may not change.
The DSC results reported herein are consistent with the
spherulitic morphology and growth studies in the following
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Figure 4. Effect of p-MWNTs and f-MWNTs on the crystallization
of PLLA at 125 °C: (a) development of relative crystallinity with
crystallization time and (b) the Avrami plots.

TABLE 2: Crystallization Kinetic Parameters for Neat
PLLA and Its Nanocomposites

T. k fos Utos
samples °O) n (min™") (min)  (min)~!
neat PLLA 1175 23 194 x 1072 479  0.209

1200 22 892x107° 7.01  0.143
1225 25 1.55x107° 11.3 0.089
1250 24 957 x 107 15.0 0.067
1275 23 7.19x107* 19.9 0.050
PLLA/p-MWNTs 117.5 23 997 x 1072 230 0.435
1200 2.7 1.85x 1072 381 0.262
1225 23 171 x 1072 492  0.203
1250 2.6 3.75x107° 7.74  0.129
1275 23 283 x107° 10.5 0.095
PLLA/f-MWNTs 1175 2.6 1.27 x 107! 1.90  0.526
1200 2.8 398 x 1072 2774 0.365
1225 29 133 x 1072 399  0.251
1250 2.7 7.82x107° 5.11  0.196
1275 29 3.16x107° 6.49  0.154

section. On the other hand, the values of the crystallization rate
k decrease with increasing crystallization temperature for both
neat PLLA and its nanocomposites, indicating that the crystal-
lization process is nucleation controlled because of the low
supercooling. For a given crystallization temperature, the values
of k increase after nanocomposites preparation as compared with
that of neat PLLA; moreover, the value of k for the PLLA/
f-MWNTSs nanocomposite is greater than that of PLLA/p-
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MWNTs nanocomposite, indicating that -MWNTs are more
efficient in enhancing the isothermal melt crystallization in the
nanocomposite than p-MWNTs. The increase in the values of
k suggests that the incorporation of MWNTs accelerates the
overall crystallization process of PLLA in the nanocomposites
as compared with neat PLLA, which should be attributed to
the heterogeneous nucleation effect of MWNTSs on the crystal-
lization of PLLA.%!

The half-life crystallization time #,5, the time required to
achieve 50% of the final crystallinity of the samples, is an
important parameter for the discussion of crystallization kinetics.
The value of 7y is calculated by the following equation:

ns=(32)" &

Usually, the crystallization rate can also be easily described by
the reciprocal of #ys. The values of #ys and 1/fp5 are thus
calculated through eq 2 and listed in Table 2, too. For all the
three samples, with increasing T the values of #; 5 increase while
the values of 1/t,s5 decrease. Such variations indicate that
the overall isothermal crystallization rate decrease with the
increase of T.. The slow-down of the overall crystallization rate
with increasing 7. may be attributed to the fact that the
isothermal melt crystallization investigated in this work is a
nucleation controlled process because of the low supercooling.
Furthermore, the values of #, s for the nanocomposites are smaller
than those of neat PLLA at a given T; on the other hand, the
values of 1/ty5 for the nanocomposite are larger than those of
neat PLLA, indicating again that after nanocomposites prepara-
tion with MWNTs the crystallization process of PLLA is
accelerated.

It is clear from Table 2 that the overall crystallization rate is
faster for the nanocomposite prepared with f-MWNTs than that
prepared with p-MWNTs. The difference in the overall crystal-
lization rate may be related to the following factors. Although
both p-MWNTs and f-MWNTs act as nucleating agent for the
crystallization of PLLA in the nanocomposites, the nucleation
ability and the influence on the overall crystallization process
are different. It is expected that the spherulites start to grow
earlier, but their growth will be hindered by the presence of the
aggregates of MWNTSs. However, the surface energy of MWNTs
is so high that they are easily to aggregate, especially for those
without functional groups. The aggregated MWNTSs not only
give rise to a poor distribution but also make themselves less
effective as nucleating agents in enhancing the crystallization
of PLLA. In the present work, the dispersion of f-MWNTs is
much better than that of p-MWNTs throughout the PLLA matrix
as evidenced by SEM and TEM observations in the previous
section. Therefore, f-MWNTSs are more effective as a nucleation
agent to enhance the crystallization of PLLA than p-MWNTs
due to the presence of functional carboxyl groups on the side
walls.

The effect of the presence of MWNTs on the spherulitic
morphology of PLLA was studied by POM. Figure 5 shows
the spherulitic morphology of neat PLLA and its nanocompos-
ites crystallized at 140 °C. Well-developed spherulites grow to
a size of roughly 200 x#m in diameter in the case of neat PLLA.
Although the morphology of PLLA seems to be obscure because
of low supercooling, clear boundaries can easily be seen as
shown in Figure 5a. Parts b and c of Figure 5 illustrate the POM
images of PLLA spherulites after nanocomposites preparation
with p-MWNTs and f-MWNTs, respectively. It is clear that the
size of PLLA spherulites becomes smaller in the presence of
MWNTs, indicative of the increase of nucleation density. In
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a

Figure 5. Spherulitic morphologies of (a) neat PLLA, (b) PLLA/
p-MWNTs, and (c) PLLA/f-MWNTs crystallized at 140 °C by POM.

particular, in the case of PLLA/f-MWNTs nanocomposite some
smaller and imperfect spherulites with diameter less than 50
um are observed to grow rapidly, impinge quickly with
surrounding spherulites, and restrict further growth. Spherulitic
morphology studies indicate that the nucleation density of PLLA
is improved due to the presence of MWNTSs in the nanocom-
posites and -MWNTs seem more effective as a nucleation agent
than p-MWNTs in the crystallization process of PLLA, which
are consistent with the DSC results in the previous section. These
results reveal clearly that a good dispersion of f-MWNTs in
the PLLA matrix influences efficiently the spherulitic morphol-
ogy and the overall crystallization process of PLLA.

It is of great interest to study the effect of the incorporation
of MWNTs on the crystal structure of PLLA in the nanocom-
posites. Figure 6 illustrates the WAXD patterns of neat PLLA
and its nanocomposites, which were crystallized at 125 °C for
one day. Three crystal modifications, including o, 3, and y
forms, have been reported for PLLA, and crystallization from
the melt usually leads to o form, which is the most common
polymorph.?>3? In the present work, the samples for the WAXD
measurements were crystallized at 125 °C; therefore, neat PLLA
and its nanocomposites should crystallize in o form. As shown
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Figure 6. WAXD patterns of neat PLLA and its nanocomposites.

TABLE 3: WAXD Data for Neat PLLA and Its
Nanocomposites

d(] 10 dZ()() dZ()S a b c %4
samples (nm) (mm) (nm) (nm) (nm) (nm) (nm?®)

neat PLLA 0.596 0.530 0.466 1.061 0.596 2.919 1.845
PLLA/p-MWNTs 0.613 0.543 0.476 1.087 0.613 2.964 1.974
PLLA/f-MWNTs 0.628 0.553 0.482 1.106 0.628 2.961 2.054

in Figure 6, neat PLLA shows three main characteristic
diffraction peaks at around 14.86°, 16.70°, and 19.04°, corre-
sponding to (010), (200), and (203), respectively.*>3? In the case
of the nanocomposites, the diffraction peaks shift slightly to
the lower angle as compared with those of neat PLLA, indicating
that the corresponding interplanar spacings increase with the
addition of MWNTSs. The related values of interplanar spacing
for neat PLLA and its nanocomposites are summarized in Table
3, which increase slightly with the addition of MWNTs.
Moreover, the intensities of the diffraction peaks of PLLA are
reduced apparently after nanocomposites preparation, indicative
of a decrease in degree of crystallinity and a gradual decrease
in crystalline order.

Since in the o form two chains with 105 helical conformation
are packed into orthorhombic unit cell for PLLA, the unit cell
with dimensions a, b, and ¢ can be obtained from the interplanar
spacings shown in Table 3 through the following equation

— =T 440 3)

The obtained unit cell dimensions and the corresponding unit
cell volume are listed in Table 3, too. Similar to the increase
trend in the interplanar spacing, both the unit cell dimensions
and volume expand in the presence of MWNTs as compared
with those of neat PLLA; furthermore, f-MWNTSs seems more
efficient in expanding the unit cell dimensions and volume than
p-MWNTs although the difference is very limited. Therefore,
the addition of MWNTSs makes the crystallization of PLLA
easier to start but also hinders the extent of crystallization and
thus the ultimate extent of bulk crystallinity. In brief, nano-
composites preparation with MWNTSs does not modify the
crystal structure but reduces the ultimate extent of bulk
crystallinity of PLLA after crystallization at 125 °C for even
enough crystallization time.

Hydrolytic Degradation. The addition of MWNTSs on the
hydrolytic degradation of PLLA is of great interest. In this
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Figure 7. Variation of weight loss with hydrolytic degradation time
for neat PLLA and its nanocomposites.

section, the hydrolytic degradation of neat PLLA and its
nanocomposites were studied by measuring the weight loss of
PLLA as a function of exposed time in NaOH solution at 37
°C. Figure 7 shows the variation of weight loss of neat PLLA
and its nanocomposites with exposed time in hydrolysis test.
The values of weight loss increase with prolonging exposed
time for both neat PLLA and its nanocomposites. As shown in
Figure 7, the almost linear variation of weight loss with exposed
time is observed in the early stage when the time is within
around 6 days. Therefore, the hydrolytic degradation rates of
neat PLLA and its nanocomposites can be obtained from the
initial slopes of the plots of weight loss against exposed time,
which are around 5.13 £ 0.36%/day for neat PLLA, 6.73 £+
0.66%/day for PLLA/p-MWNTs nanocomposite, and 7.69 £
0.33%/day for PLLA/f-MWNTSs nanocomposite, respectively.
It is clear that the hydrolytic degradation rates of the nanocom-
posites with MWNTs are faster than that of neat PLLA,
indicating that the addition of MWNTs accelerates the hydrolytic
degradation of PLLA after nanocomposites preparation; more-
over, the hydrolytic degradation rate of PLLA/f-MWNTs
nanocomposite is slightly faster than that of PLLA/p-MWNTs
nanocomposite, although the difference in the hydrolytic
degradation rate is very limited between the two nanocompos-
ites. With further prolonging the exposed time in NaOH solution,
the values of weight loss continue to increase; however, the
hydrolytic degradation rates become slower in the later stage
than in the early stage as evidenced from the difference between
the slopes of the early and the later stages because the
amorphous phase is easy to degrade compared with that of the
crystal phase.’ The ultimate values of the weight loss reach
around 70.3% for neat PLLA, around 82.0% for PLLA/p-
MWNTs nanocomposite, and around 85.6% for PLLA/f-
MWNTSs nanocomposite, after 20 days exposed time in NaOH
solution as shown in Figure 7.

The exciting aspect of this research is the enhanced hydrolytic
degradation of PLLA after nanocomposites preparation with
MWNTs as evidenced from the aforementioned results. It is
well-known that two kinds of factors affect the degradation of
aliphatic polyesters.>>~3% One is various environmental factors
such as pH, temperature, and buffer composition, etc. The other
is internal factors such as crystallinity and morphology. In the
present work, the same environmental conditions were used in
studying the hydrolytic degradation. Therefore, the difference
in the hydrolytic degradation must come from the internal
factors. Crystallinity is an important factor influencing the
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degradation of PLLA since the crystal phase is more difficult
to degrade as compared with that of the amorphous phase. As
introduced in the Experimental Section, the films for the
hydrolytic degradation test were prepared by hot molding
followed by cooling naturally to room temperature. The values
of crystallinity are estimated from a first heating at 20 °C/min
in a DSC experiment, which are determined to be around 15.3%,
37.4%, and 38.1% for neat PLLA, PLLA/p-MWNTs, and
f-MWNTSs nanocomposites, respectively. However, the hydro-
lytic degradation rates are faster in the nanocomposites than in
neat PLLA although the values of degree of crystallinity are
higher in the nanocomposites than that of neat PLLA, indicating
that the crystallinity is not the controlling factor in affecting
the hydrolytic degradation of PLLA before and after nanocom-
posites preparation with MWNTs in the present work. Actually,
similar results were also found by Okamoto et al. for the
biodegradability study of PLLA and layered silicate nanocom-
posites.* In the case of PLLA/layered silicate nanocomposites,
the crystallinity of neat PLLA is lower than those of nanocom-
posites while the biodegradation rates of the latter are faster
than that of the former. The enhanced biodegradation rate of
PLLA/layered silicate nanocomposites is attributed to a different
mode of attack on the PLLA component of the test samples
due to the presence of different kinds of modified salts and
pristine silicates.® Therefore, it is also conceivable that the
incorporation of MWNTs into the PLLA matrix in the present
work may result in a different mode of attack on the PLLA
component and a different mode of disruption of some of the
ester linkages due to the presence of different types of MWNTs.
The exact degradation mechanism of PLLA/MWNTs nanocom-
posites needs further investigation and will be reported in the
forthcoming work. In brief, nanocomposites preparation with
MWNTs enhances the hydrolytic degradation of PLLA, which
may be of great interest for its wide practical application as
packing materials and biomaterials.

Conclusions

Biodegradable PLLA/MWNTs nanocomposites have been
prepared with p-MWNTs and f-MWNTs in this work. Severe
aggregation of p-MWNTs is observed in the PLLA matrix by
SEM and TEM, whereas f-MWNTs show a fine and homoge-
neous dispersion in the nanocomposite, indicating that func-
tionalization of MWNTs is an effective way in improving the
dispersion in the polymer matrix. Nonisothermal crystallization
behavior and isothermal crystallization kinetics studies indicate
that the presence of MWNTSs enhances the crystallization of
PLLA in the nanocomposites compared with that of neat PLLA,
which should be attributed to the strong heterogeneous nucle-
ation of MWNTs. Furthermore, -MWNTSs seem to be more
efficient as a nucleating agent than p-MWNTs due to the better
and homogeneous dispersion of the former in the PLLA matrix.
Spherulitic morphology studies of neat PLLA and its nanocom-
posites confirm that the nucleation density of PLLA in the
presence of -MWNTSs is higher than that in the p-MWNTs,
which is consistent with the DSC study. Furthermore, it is found
that the crystal structures of PLLA do not change after
nanocomposites preparation but the corresponding unit cell
dimensions and volume expand after crystallizing isothermally
at 125 °C for a given enough time. The exciting aspect of this
research is the enhanced hydrolytic degradation of PLLA after
nanocomposites preparation with MWNTSs, which might be of
great interest for its wide practical application as packing
materials and biomaterials.
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