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ABSTRACT: In this study, nanocomposites of poly(lactic
acid) (PLA) containing 0.5, 1, and 2.5 wt % oxidized multi-
walled carbon nanotubes (MWCNT–COOHs) were
prepared by the solved evaporation method. From trans-
mission electron microscopy and scanning electron micros-
copy micrographs, we observed that the MWCNT–COOHs
were well dispersed in the PLA matrix and, additionally,
there was increased adhesion between PLA and the nano-
tubes. As a result, all of the studied nanocomposites exhib-
ited higher mechanical properties than neat PLA; this
indicated that the MWCNT–COOHs acted as efficient rein-
forcing agents, whereas in the nonoxidized multiwalled
carbon nanotubes, the mechanical properties were

reduced. Nanotubes can act as nucleating agents and,
thereby, affect the thermal properties of PLA and, espe-
cially, the crystallization rate, which is faster than that of
neat PLA. From the thermogravimetric data, we observed
that the PLA/MWCNT–COOH nanocomposites presented
relatively better thermostability than PLA; this was also
verified from the calculation of activation energy. On the
contrary, the addition of MWCNT–COOH had a negative
effect on the enzymatic hydrolysis rate of PLA. VC 2010
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INTRODUCTION

Biodegradable polymers have attracted increased in-
terest over the past 2 decades in fundamental
research and in the chemical industry. With the term
biodegradable are characterized materials that are
hydrolyzable at temperatures up to 50�C (e.g., in
composting) over a period of several months to
1 year. As a result of hydrolysis, biodegradable poly-
mers break down in physiological environments by
macromolecular chain scission into smaller frag-
ments and, ultimately, into simple stable end
products.1,2

Among the numerous polyesters studied so far,
poly(lactic acid) (PLA) has proven to be the most
attractive and useful biodegradable polymer.3 PLA
is a biodegradable, biocompatible, and compostable
polyester derived from renewable resources, such as
corn, potato, cane molasses, and beet sugar. It is the

most promising environmentally friendly thermo-
plastic.4 It is widely used in various medical applica-
tions for controlled drug delivery, medical implants,
and absorbable sutures. The use of synthetic degrad-
able polyesters in surgery as suture materials and
bone-fixation devices has 3 decades of history.5 A
large number of investigations have been carried out
on PLA and its copolymers in biomedical applica-
tions for resorbable medical implants.6,7 Further-
more, PLA can be used in the forms of rod, plate,
screw, fiber, sheet, sponge, and beads for bone and
tissue engineering; in the form of microspheres in
drug-delivery systems;8,9 and in the form of films or
foils for wound treatment and applications in agri-
culture, such as mulch films, that present the slow
release of pesticides and fertilizers.
PLA-based fracture fixation devices have consider-

ably lower tensile moduli than metallic ones, but
they can be improved during fabrication with high-
modulus fiber reinforcement. Further improvement
can be achieved by the incorporation into the PLA
matrix of several nanoparticles, such as SiO2, mont-
morillonite, and carbon nanotubes.10–15 These studies
have also focused on the crystallization enhancement
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of PLA by the incorporation of nanoparticles. Fur-
thermore, some studies have reported the thermal
degradation and thermal stability of PLA.16 The cal-
culated values of the activation energy (E) present a
great dispersion, whereas a first-order kinetic reac-
tion has been used in few studies for the determina-
tion of E. Also, there have been few studies propos-
ing that the degradation process is followed by more
complex kinetics. Kim et al.17 studied the thermal
degradation of PLA-graft-MWCNT, and the values
of E calculated with Kissinger’s and Ozawa’s meth-
ods were 143.7 and 150.7 kJ/mol, respectively, for
PLA/MWCNT and 151.2 and 160.1 kJ/mol, respec-
tively, for PLA/PLA-g-MWCNT.17

In this study, commercial PLA resorbable reinforce-
ment ligaments, that is, Resorbaid, which is used for
the repair and reinforcement of articular instabilities,
were studied. The main purpose of this study was to
increase the mechanical and mainly thermal proper-
ties of the PLA by the incorporation of oxidized multi-
walled carbon nanotubes (MWCNT–COOHs) into the
polymer matrix. Carbon nanotubes were chosen
because they are biocompatible materials and have a
high elastic modulus, approaching 1 TPa, and excep-
tional tensile strengths, ranging from 20 to 100 GPa.
Furthermore, oxidation was used to increase the adhe-
sion of the multiwalled carbon nanotubes (MWCNTs)
to the PLA matrix.

EXPERIMENTAL

Materials

Commercial reinforcement ligaments consisted of
PLA, under the trade name Resorbaid, and were
obtained from Cousin Biotech (Wervicq Sud,
France). The MWCNTs used in this study were syn-
thesized by a chemical vapor deposition process and
were supplied by Nanothinx (Patra, Greece). Their
diameters were between 9 and 20 nm, their lengths
were greater than 5 lm, and they were used in an
oxidized form (MWCNT–COOH). Samples (1 g) of
the nanotubes were suspended in 40 mL of a mix-
ture of concentrated nitric acid and sulfuric acid (1 :
3 volume ratio) and were refluxed for 15 min. After
they were washed with deionized water until the su-
pernatant attained a pH of around 7, the samples
were dried in vacuo at 100�C.18 Dichloromethane an-
hydrous (�99.8%) and tetrahydrofuran anhydrous
(�99.8%) were obtained from Aldrich Chemical Co.
(Steinheim, Germany).

Preparation of the PLA/MWCNTs nanocomposites

PLA ligaments were dissolved in a mixture of
dichloromethane and tetrahydrofuran 50/50 w/w at
room temperature, whereas in the same mixture
were dispersed MWCNT–COOHs under sonication

for 1 h. The PLA solution and MWCNT–COOH dis-
persion were mixed under stirring for 1 h and soni-
cated for an additional 1 h. The mixture was main-
tained at room temperature for 24 h for solvent
evaporation and dried in vacuo at 60�C for 24 h. The
prepared films were placed in a desiccator to pre-
vent any moisture absorption. With this procedure,
nanocomposites containing 0.5, 1, and 2.5 wt %
MWCNT–COOHs were prepared. Also, for compari-
son purposes, an additional sample was prepared
containing 2.5 wt % untreated MWCNTs.

Mechanical properties

Measurements of the tensile properties of the pre-
pared nanocomposites were performed on an Ins-
tron 3344 dynamometer in accordance with ASTM D
638 at a crosshead speed of 5 mm/min. Thin sheets
about 350 6 25 lm in thickness were prepared with
an Otto Weber Type PW 30 hydraulic press
(Remshalden, Germany) connected to an Omron
E5AX temperature controller (Remshalden, Ger-
many) at a temperature of 190 6 5�C. The molds
were rapidly cooled by immersion in water at 20�C.
From these sheets, dumbbell-shaped tensile test
specimens (the central portions were 5 � 0.5 mm
thick with a 22-mm gauge length) were cut in a Wal-
lace cutting press and conditioned at 25�C and 55–
60% relative humidity for 48 h. The values of
Young’s modulus, yield stress, elongation at break,
and tensile strength at the break point (rb) were
determined. At least five specimens were tested for
each sample, and the average values, together with
the standard deviations, are reported.

Dynamic mechanical analysis (DMA)

The dynamic thermomechanical properties of the
nanocomposites were measured with a Rheometric
Scientific analyzer (model Mk III) (Pittsfield, USA).
The bending method was used at a frequency of 1
Hz and a strain level of 0.04% in the temperature
range of 0–90�C. The heating rate (b) was 3�C/min.
Testing was performed with rectangular bars with
dimensions of approximately 30 � 10 � 3 mm3.
These were prepared with a hydraulic press, as
described previously. The exact dimensions of each
sample were measured before the testing.

Scanning electron microscopy (SEM)

SEM was carried out with a JEOL JMS-840A scan-
ning microscope (Tokyo, Japan). For this purpose,
fractured surfaces of the PLA/MWCNT–COOH
nanocomposites in liquid nitrogen were used. All of
the studied surfaces were coated with carbon black
to avoid charging under the electron beam.
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Transmission electron microscopy (TEM)

Electron diffraction and TEM observations were per-
formed on ultrathin film samples of the various
nanocomposites, which were prepared by an ultra-
microtome. These thin films were deposited on cop-
per grids. A JEOL 120 CX microscope operating at
120 kV was used.

Differential scanning calorimetry (DSC)

The thermal behavior of the polymers was studied
with a PerkinElmer Pyris Diamond differential scan-
ning calorimeter (Waltham, MA). The instrument
was calibrated with high-purity indium and zinc
standards. Samples of about 5 mg were used and
heated from 20 to 200�C with a heating rate (b) of
20�C/min. At that temperature (200�C), the samples
were kept for 5 min; they were then were cooled to
20�C at a cooling rate of 300�C/min and heated
again to 200�C. From these scans, the melting tem-
perature (Tm), cold crystallization temperature (Tcc),
and glass-transition temperature (Tg) were deter-
mined. The crystallization temperature (Tc) from the
melt was also recorded by the cooling of the samples
from 200 to 60�C at a cooling rate of 20�C/min.

Thermogravimetric (TG) analysis

TG analysis was carried out with a SETARAM
SETSYS TG-DTA 16/18 instrument (Caluire, France).
Samples (6.0 6 0.2 mg) were placed in alumina cru-
cibles. An empty alumina crucible was used as a ref-
erence. PLA nanocomposites were heated from am-
bient temperature to 450�C in a 50 mL/min flow of
N2 at heating rates (b’s) of 5, 10, 15, and 20�C/min.
During these scans, the sample temperature, sample
weight, its first derivative, and the heat flow were
recorded.

Enzymatic hydrolysis

PLA and its nanocomposites containing different
amounts of MWCNT–COOHs in the form of films 3
� 3 cm2 in size and approximately 0.2 mm thick,
prepared by melt-pressing with a hydraulic press,
were placed in Petri dishes containing phosphate
buffer solution (pH 7.2) with 0.09 mg/mL Rhizopus
delemar lipase and 0.01 mg/mL Pseudomonas cepacia
lipase. The Petri dishes were then incubated at 50 6
1�C in an oven for several days, and the media were
replaced every 3 days. After a specific period of
incubation, the films were removed from the Petri
dishes, washed with distilled water, and weighed to
a constant weight. The degree of enzymatic hydroly-
sis was estimated from the mass loss.

RESULTS AND DISCUSSION

Mechanical properties of the PLA/MWCNT–COOH
nanocomposites

MWCNTs as a reinforcement agent can be effec-
tively used in polymer matrices only when a uni-
form dispersion is achieved. Inhomogeneities and
aggregate formation may lead to structural defects.
However, obtaining a uniform dispersion of carbon
nanotubes in the polymer matrix is very difficult
because of the insolubility of the carbon nanotubes
and the inherently poor compatibility between them
and the polymers.
In a previous study, to enhance the compatibility

between PLA and MWCNTs, acrylic acid grafted
PLA and hydroxyl-functionalized multiwalled car-
bon nanotubes (MWCNT–OHs) were used to replace
PLA and MWCNTs, respectively.15 There was a dra-
matic enhancement in the thermal and mechanical
properties of PLA because of the formation of ester
groups through the reaction between the carboxylic
acid groups of PLA-g-acrylic acid and the hydroxyl
groups of MWCNT–OH. The formation of covalent
bonds between PLA and MWCNTs that leads to
grafting reactions has been used extensively to
enhance the adhesion between the two materials.19–21

MWCNT functionalization can be achieved in a
much simpler way by chemical oxidation with a mix-
ture of sulfuric and nitric acids, and this was used in
this study. The used time for acid treatment was 15
min because, as was found from our previous
study,18 many surface carboxyl groups could be
formed, whereas the reduction in nanotube length
due to the chemical treatment was negligible. This
chemical treatment was necessary to increase the
interfacial adhesion between the PLA matrix and the
nanotubes. In the direct blending of MWCNTs and
polymers, carbon nanotubes tend to aggregate, and
their nonuniform dispersion in the polymer matrix
often results in deleterious effects. As shown in
Figure 1(a) (TEM micrograph), the MWCNT–COOHs
were homogeneously dispersed into the PLA liga-
ments, and no large aggregates were observed. Fur-
thermore, with SEM and high magnification [Fig.
1(b)], we observed that the MWCNT–COOHs pulled
out from the PLA matrix had a high adhesion with
PLA because all of the nanotubes were covered with
polymer. As already reported, because PLA has a lot
of hydroxyl end groups, it is possible to create cova-
lent or hydrogen bonds with the ACOOH groups of
MWCNTs.22 In this study, the formation of hydrogen
bonds between the polymer matrix and MWCNT–
COOHs was proven by the Fourier transform infra-
red (FTIR) spectra. As shown in Figure 2(a), PLA had
a peak at 3662 cm�1 for hydroxyl end groups and a
peak at 3505 cm�1 for the carbonyl overtone. In the
nanocomposites, the absorption band of the carbonyl
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group remained stable, whereas the corresponding
absorption of the hydroxyl groups shifted to a lower
wave number. Similar shifts were also recorded at
the area 1000–1150 cm�1 [Fig. 2(b)] where the charac-
teristic CAO bands of PLA were recorded. This
hydrogen-bond formation and high adhesion
between the PLA and MWCNT–COOHs enhanced
the mechanical properties of the prepared
nanocomposites.

From the stress–strain curves of the neat PLA and
PLA/MWCNT–COOH nanocomposites with differ-
ent MWCNT–COOH loadings, we found that the
neat PLA was a very brittle material, as it exhibited
yielding with a short quasi-constant stress regime,
and failed at about 10% strain. The addition of the
MWCNT–COOHs to PLA resulted in similar behav-
ior with slight increase in elongation. In the PLA/
MWCNT–COOH nanocomposites, the strain at break
increased to about 20%, with negligible differences
between the samples. This was in agreement with a
previous study of Jiang et al.,23 where it was found
that the elongation at break of PLA increased with
the incorporation of montmorillonite nanoparticles.
Furthermore, a small increase was also recorded in
the tensile strength at the yield point (ry) and rb.
Neat PLA had a ry of about 63.5 MPa and a rb of
about 58.2 MPa (Table I). The corresponding values
increased in all of the studied nanocomposites with
increasing MWCNT–COOH content, and the nano-
composite containing 2.5 wt % MWCNT–COOH
broke at 85.5 and 73.6 MPa, respectively. The
improved mechanical properties clearly showed the
reinforcing action of the MWCNT–COOHs because,
as the neat material had a high tensile strength, the

Figure 1 Micrographs of the PLA/MWCNT–COOH nanocomposites (2.5 wt % MWCNT–COOH): (a) TEM and (b) SEM
micrographs.

Figure 2 FTIR spectra of PLA and the PLA/MWCNT–
COOH nanocomposites containing 2.5 wt % MWCNT–
COOH at different wave-number areas. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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nanotubes’ incorporation into the PLA matrix
resulted in the efficient transfer of mechanical load
from the polymer matrix to the nanotubes.

Comparing the mechanical properties of the nano-
composite containing 2.5 wt % nonoxidized
MWCNTs, we observed that both ry and rb were
lower than those of neat PLA and, of course, much
lower than those of the corresponding sample con-
taining MWCNT–COOHs (Table I). This was addi-
tional evidence that the produced MWCNT–COOHs
had higher adhesion with the PLA matrix than the
untreated MWCNTs. This was due to the formed
surface reactive groups, which as found from FTIR
analysis, could create hydrogen bonds with the PLA
reactive groups. Therefore, we concluded that the
oxidation of the MWCNTs was an efficient way to
produce nanocomposites with higher performance.
The only benefit from the addition of nonoxidized
MWCNTs was the calculated increase in Young’s
modulus.

Among the mechanical properties of the compo-
sites, of primary importance was ry. This parameter,
which depends mainly on the microstructure,
depends also on the interfacial bonding and on the
form and size distribution of the filler, its spatial dis-
tribution in the matrix, the thickness of the interface,
and so on. When there is poor bonding between the
matrix and the filler, the composite will be brittle
because the applied load cannot be transferred to
the filler. On composite toughening, it is believed
that when rb is lower than ry (rb < ry), a brittle
fracture occurs. Yielding is the predominant defor-
mation mechanism when the opposite occurs, that
is, when rb � ry, and the fracture is ductile. So, as
shown in Table I, although there was a substantial
increase in rb after MWCNT–COOH incorporation,
all of the studied nanocomposites could be charac-
terized as brittle materials. In all of the nanocompo-
sites, ry was higher than rb. Furthermore, Young’s
modulus of the studied nanocomposites significantly
increased with MWCNT–COOH concentration. As
shown in Table I, PLA had a value of 553 MPa,
whereas in the case of the nanocomposites contain-
ing 2.5 wt % MWCNT–COOHs, the modulus was
nearly doubled (997 MPa). This, in combination with
the achieved increase in rb, verified that MWCNT–
COOH incorporation enhanced the mechanical per-

formance of the PLA ligaments, which was one of
the main objectives of this study.

Thermal analysis

The melting point of PLA was recorded at 170.8�C,
whereas in the nanocomposites, a slight increase
was found when the amount of MWCNT–COOHs
was increased. Thus, the sample containing 2.5 wt %
MWCNT–COOH presented a melting point at
174.6�C [Fig. 3(a)]. This was attributed to a nuclea-
tion effect by the nanotubes, which increases the
degree of crystallinity (Xc) of polyesters

24 and was in
agreement with a previous study, where it was
found that the equilibrium Tm obtained from Hoff-
man–Weeks plots increased with increasing nano-
tube content.25 This was also confirmed from the
values of the heat of fusion, which in all nanocom-
posites was higher than the corresponding values of
neat PLA (Table II). Thus, Xc of the nanocomposites,
as calculated on the basis of the enthalpy of fusion
of 100% crystalline PLA, which was 93 J/g,26

increased with increasing MWCNT–COOH content.
The nucleation effect of the MWCNT–COOHs on

PLA crystallization was indicated more characteristi-
cally from Tcc measurements. The Tcc values of the
nanocomposites were lower than that of neat PLA
[Fig. 3(b)]. For example, Tcc decreased from 103�C
for neat PLA to 101�C for PLA containing 1 wt %
MWCNT–COOHs and to 99�C for PLA containing
2.5 wt % MWCNT–COOHs. The decrease in Tcc indi-
cated that the cold crystallization of PLA in the
nanocomposites became easier than in neat PLA.
This lower Tcc was attributed to the MWCNT–
COOHs, which acted as nucleating agents and
enhanced the crystallization of the PLA macromole-
cules. This was probably due to the fact that the
nanoparticles had a higher surface area in contact
with semicrystalline polymer matrices and, thus,
induced a heterogeneous nucleation effect.24,27–30 A
similar trend was also found in Tc from the melt. As
shown in Table II, PLA crystallized at 100�C during
cooling, whereas this temperature shifted to higher
values with increasing MWCNT–COOH content.
Differences were also recorded in Tg of PLA after

the addition of MWCNT–COOHs. Usually, the Tg of
a polymeric matrix tends to increase with the

TABLE I
Mechanical Properties of the PLA/MWCNT–COOH Nanocomposites

Sample ry (MPa) rb (MPa) Elongation at break (%) Young’s modulus (MPa)

PLA 63.5 6 2.1 58.2 6 1.5 10 6 1 553 6 25
PLA–MWCNT–COOH 0.5 wt % 65.4 6 1.7 58.1 6 1.9 19 6 2 632 6 32
PLA–MWCNT–COOH 1 wt % 70.2 6 1.5 60.9 6 1.7 20 6 2 786 6 41
PLA–MWCNT–COOH 2.5 wt % 85.5 6 2.3 73.6 6 2.2 19 6 2 997 6 26
PLA–MWCNT 2.5 wt % 59.5 6 1.9 56.5 6 2.1 10 6 2 743 6 32
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addition of nanoparticles because of the interactions
between the polymer chains and the nanoparticles
and because of the reduction of macromolecular
chain mobility at the zone surrounding the nanopar-
ticles.31,32 The neat PLA was characterized by a Tg at
59.2�C. The addition of MWCNT–COOHs had a
small effect on Tg, and as shown in Table II, the
addition of 2.5 wt % MWCNT–COOHs to the neat
PLA was followed by an increase in Tg of about 2

�C.

The glass transition is a complex phenomenon
depending on a number of factors, including chain
flexibility, molecular weight, branching, crosslinking,
intermolecular interactions, and steric effects. The
increase in Tg after the addition of the MWCNT–
COOHs could have been due to the decrease in free
volume in the polymer matrix due to the physical
crosslinking caused by the interactions taking place
between the carboxyl groups of the MWCNT–
COOHs and PLA. As shown by FTIR spectroscopy,
the surface of the MWCNT–COOHs had favorable
interactions, such as hydrogen bonds, with the poly-
mer chains. This should have contributed to the
immobilization of the polymer chains that were adja-
cent to the MWCNT–COOHs and, thus, caused an
increase in Tg. Thus, the small increase was attrib-
uted to the restriction of the mobility of the polymer
chains as a consequence of bonding or adsorption
on the MWCNT–COOH surface. A similar increase
was also reported in PLA/MWCNT nanocomposites
because of the existence of rigid MWCNTs incorpo-
rated into the PLA matrix20 or in other nanocompo-
sites, such as those with clay.33

DMA

DMA is a useful and very sensitive technique for
investigating the microstructure of macromolecular
chain conformations and movements during the ex-
posure of polymers to a range of temperatures. In
Figure 4(a) are presented the storage moduli as a
function of temperature for neat PLA and its nano-
composites containing different amounts of
MWCNT–COOHs. The storage modulus of neat
PLA remained stable to 45�C and decreased at tem-
peratures close to the glass transition. However, af-
ter this temperature area, the storage modulus
increased slightly again with increasing temperature.
This is unusual in polymers because the storage
modulus decreases gradually with increasing tem-
perature, and the recorded increase in the studied
materials was attributed to the cold crystallization of
PLA. Similar behavior was also observed in all of
the nanocomposites. However, the most characteris-
tic difference was that the storage modulus of the
PLA/MWCNT–COOH nanocomposites tended to
increase with increasing amount of MWCNT–

TABLE II
Thermal Properties of the PLA/MWCNT–COOH Nanocomposites

Sample Tm (�C) Tg (
�C) Tc (

�C) Tcc (
�C) DHm (J/g) Xc (%)

PLA 170.8 59.2 100.0 103.0 50.6 54.4
PLA–MWCNT 0.5 wt % 173.9 59.6 101.2 102.5 51.4 55.3
PLA–MWCNT 1 wt % 174.6 60.4 102.0 101.0 52.3 56.2
PLA–MWCNT 2.5 wt % 175.3 61.9 104.1 99.0 53.8 57.8

Figure 3 Thermal analysis of the PLA/MWCNT–COOH
nanocomposites: (a) melting point and (b) Tcc. (1) PLA, (2)
PLA–MWCNTs 0.5 wt %, (3) PLA–MWCNTs 1 wt %, and
(4) PLA–MWCNTs 2.5 wt %. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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COOHs. This indicated the effectiveness of the
MWCNT–COOH reinforcing effect for the PLA liga-
ments, as was already verified from the mechanical
properties.

Many alterations were also recorded in the tan d
curves. Neat PLA was found to have a Tg at about
49�C [Fig. 4(b)], whereas the temperature of the
maximum peak shifted to higher values and there
was a gradual decrease in the peak area with
increasing MWCNT–COOH content. Thus, for the
sample containing 2.5 wt % MWCNT–COOHs, Tg

shifted up to 51.5�C.
This behavior was additional proof of the molecu-

lar movement restriction of PLA, which was due to
the fine dispersion of MWCNT–COOHs, which led
to greater interaction with the polymer matrix. Addi-
tionally, the reaction between the two phases and
the formation of hydrogen bonds further limited the
movement of polymer molecules. These findings
were in good agreement with the results of DSC
analysis.

Thermal stability

With regard to the thermal stability in general, the
addition of a filler can improve the thermal stability
of filled polymer composite systems to some extent,
and the filler plays an important role. The TG and
derivative thermogravimetric (DTG) curves of the
PLA and PLA/MWCNTs nanocomposites with dif-
ferent concentrations of MWCNT–COOHs at a b of
10�C/min are shown in Figure 5(a,b). At about
261�C, PLA began to decompose and completed the
decomposition at about 400�C; its maximum decom-
position rate was at 361.3�C. The PLA/MWCNT–
COOH nanocomposites began to decompose at a
higher temperature (� 287�C) and completed the
decomposition at about the same temperature as
PLA. According to Wu et al.,16 the addition of car-
bon nanotubes increases the onset of the decomposi-
tion temperature by about 10–20�C or even more.
This is an indication that the addition of MWCNT–
COOHs causes a substantial thermal enhancement

Figure 4 Dynamic mechanical relaxation behavior of the
prepared PLA/MWCNT–COOH nanocomposites: (a) stor-
age modulus (E0) and (b) tan d. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 5 (a) TG and (b) DTG curves of the PLA/
MWCNT nanocomposites for b ¼ 10�C/min: (1) PLA, (2)
PLA–0.5% MWCNTs, (3) PLA–1% MWCNTs, and (4)
PLA–2.5% MWCNTs. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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of PLA, at least in the initial stages of decomposi-
tion. This improvement is mainly attributed to good
matrix–nanotube interactions, good thermal conduc-
tivity of the nanotubes, and their barrier effect. How-
ever, although the nanocomposites began to decom-
pose at higher temperatures, the addition of
MWCNT–COOHs seemed to have little effect on the
temperature at which the maximum decomposition
rate took place.

Determination of E

From the three different concentrations of MWCNT–
COOH, we chose to analyze the samples with the
higher concentration of MWCNT–COOHs compared
to that of PLA. The TG and DTG curves of PLA and
PLA with 2.5 wt % MWCNT–COOHs at different b’s

(5, 10, 15, and 20�C/min) are shown in Figures 6
and 7. The TG curves shifted to higher temperatures
as b increased from 5 to 20�C/min. The shift of
onset to higher temperatures with increasing b was
due to the shorter time required for the sample to
reach a given temperature at faster b’s. This b de-
pendence was also indicated by the DTG curves,
with the DTG peaks shifting toward higher tempera-
tures with increasing b.
For the determination of E, we choose to use and

compare two different methods, the Ozawa–Flynn–
Wall (OFW) and Friedman methods, because every
method has its own error. First, the isoconversional
OFW method was used to calculate the E values of
PLA and PLA/MWCNT–COOH 2.5 wt % for differ-
ent conversion values with the following equation:

ln b ¼ �1:0516
E

RT
þ Constant

Figure 6 (a) TG and (b) DTG curves of PLA at different
b’s: (1) 5, (2) 10, (3) 15, and (4) 20�C/min. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 7 (a) TG and (b) DTG curves of the PLA–
MWCNT–COOH 2.5 wt % nanocomposites at different b’s:
(1) 5, (2) 10, (3) 15, and (4) 20�C/min. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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where T is the temperature and R is the gas con-
stant. Second, the Friedman method was used, and
E was calculated with the following equation:

ln b
da
dT

� �
¼ lnAþ ln f ðaÞ � E

RT

where a is the degree of conversion, f(a) is the con-
version function (reaction model), and A is the pre-
exponential factor. The calculated values of E for dif-
ferent values of a are shown in Figure 8. The differ-
ence in the E values calculated by the two methods
could be explained by a systematic error due to
improper integration. The method of Friedman
employs instantaneous rate values and, therefore, is
very sensitive to experimental noise. In the Ozawa
method, the equation used was derived with the
assumption of a constant E; thus, a systematic error
is introduced in the estimation of E in the case that
E varies with a. This error can be estimated by com-
parison with the Friedman results.34 As shown in
Figure 8, for PLA, the dependence of E on a, as cal-
culated with Friedman’s method, could be separated
into three distinct regions: the first for values of a
up to 0.2, in which E was almost stable; the second,
(0.2 < a < 0.5) in which E presents a monotonous
increase; and the third (0.5 < a < 0.95), in which E
could be considered as having a constant average
value as in the first region. The different regions
were not discriminated in the dependence of E from
a as calculated with the OFW method because they
presented a monotonous increase. This dependence
of E on a was an indication of a complex reaction
with the participation of at least two different mech-
anisms. As shown in Figure 8, for PLA/MWCNT–

COOH containing 2.5 wt % MWCNT–COOHs, the
dependence of E from a was not as complicated as it
was for PLA. It showed only one region with a rela-
tively constant value of E. Furthermore, when the E
values of PLA and its nanocomposite were com-
pared, it was clear that for all conversions, PLA had
lower values than the nanocomposites. The differen-
ces were even higher at lower conversions, which
corresponded to the initial decomposition stages.
From the E values, it was clear that MWCNT–
COOH had a thermal stabilizing effect on PLA
decomposition.
The calculated values of E for PLA were in the area

of the values presented in the literature, and the val-
ues of E for PLA/MWCNT–COOH 2.5 wt % were
greater than those of Kim et al.,17 showing the same
trend in comparison with the value of E of PLA.

Effect of the MWCNT–COOHs on the PLA
enzymatic hydrolysis

The addition of the MWCNT–COOHs into the PLA
matrix had not only positive effects but may have
also had some negative effects, as in the case of en-
zymatic hydrolysis. In Figure 9 are presented the
plots of the percentage weight loss during enzymatic
hydrolysis for several days of PLA and its nanocom-
posites containing different amounts of MWCNT–
COOHs. In general, low hydrolysis rates were
observed. This was because PLA and their nanocom-
posites had very high Xc values. However, neat PLA
presented a higher weight loss compared with its
nanocomposites. The differences in the hydrolysis
rates were more obvious after the 3rd day of treat-
ment. Additives, it is well known, can affect the
hydrolytic degradation rates of aliphatic polyesters.

Figure 9 Weight loss as a function of the time of enzy-
matic hydrolysis for PLA and the PLA–MWCNT–COOH
nanocomposites. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 8 E as calculated with the OFW and Friedman
methods versus a: (1) Friedman, PLA; (2) Friedman, PLA–
2.5 wt % MWCNT–COOH; (3) OFW, PLA; and (4) OFW,
PLA–2.5 wt % MWCNT–COOH. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Zhou and Xanthos35 recently reported that the deg-
radation rates were higher for amorphous PLA and
its composites containing montmorillonite than for
semicrystalline PLA and its composites with the
same additive as a result of increased permeation
through the amorphous domains. Furthermore,
Chouzouri and Xanthos36 found that the addition of
calcium silicate and Bioglass 45S5 fillers appeared to
enhance the degradation behavior of aliphatic poly-
esters, such as polycaprolactone and PLA.

These hydrophilic fillers appeared to increase the
water uptake and the hydrophilicity of the polymer,
and thus, the degradation rates due to enzymatic hy-
drolysis were higher. In a recent study,37 it was
reported that MWCNTs can also increase the hydro-
lysis rate of PLA. However, in the studied nanocom-
posites, the opposite trend was observed, and
MWCNT–COOHs retarded the enzymatic hydrolysis
of PLA. This may have been because Xc, as was veri-
fied from the DSC studies, was in all of the nano-
composites higher than in neat PLA or because the
addition of the MWCNT–COOHs lowered the avail-
able surface of PLA for enzymatic hydrolysis.

CONCLUSIONS

The oxidative treatment of MWCNTs resulted in an
increased adhesion with the PLA matrix and drasti-
cally affected the mechanical properties of the PLA/
MWCNT–COOH nanocomposites. Remarkable in-
creases were found in the tensile strength and Young’s
modulus of the nanocomposites; these also varied
with theMWCNT–COOH amount. This is very impor-
tant for PLAs that are used as reinforcement ligaments.
The addition of untreated MWCNTs resulted in a
slight deterioration in themechanical properties.

The MWCNT–COOHs also acted as nucleating
agents and increased Xc of PLA and its crystalliza-
tion rate. The MWCNT–COOHs caused a heteroge-
neous nucleating effect because of their large avail-
able surface area.

All of the MWCNT–COOH nanocomposites
showed higher thermal stabilities than neat PLA, but
the lower the enzymatic hydrolysis rate of PLA may
have been due to the higher Xc that the nanocompo-
sites had or because the nanotubes lowered the
available surface for hydrolysis.
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