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a b s t r a c t

Nanocomposites of poly(l-lactic acid) (PLA) with oxidized multi-walled carbon nanotubes (MWCNTs-
COOH) were prepared by solved evaporation method containing 2.5 wt% MWCNTs-COOH. From the
thermogravimetric curves it can be seen that PLA/MWCNTs-COOH nanocomposite present a rela-
tively better thermostability than PLA. The activation energy was calculated with the isoconvertional
eywords:
oly(l-lactic acid)
ulti-walled carbon nanotubes

ctivation energy

Ozawa–Flynn–Wall and Friedman’s methods. For all the mass conversions, PLA has lower values than
the nanocomposite. From the variation of the activation energy (E) with increasing degree of mass con-
version, especially for the PLA, it was concluded that the decomposition of all the samples is taking place
with a complex reaction mechanism with the participation of at least two different mechanisms. The
best fitting of experimental data with theoretical models for PLA and PLA–2.5 wt% MWCNTs-COOH give
nth-order for the first mechanism and nth-order with autocatalysis (Fn–Cn) for the second mechanism

energ
with different activation

. Introduction

Biodegradable polymers have been extensively studied and
sed over the past two decades in both fundamental research
nd chemical industry. Among the numerous polyesters studied
o far, poly(l-lactic acid) (PLA), has proven to be the most attrac-
ive and useful biodegradable polymer [1]. PLA is a biodegradable,
iocompatible and compostable polyester derived from renewable
esources such as corn, potato, cane molasses and beet sugar. It is
ne of the most promising environmentally friendly thermoplastics
2].

Several studies have focused on the thermal degradation and
hermal stability of PLA [3]. The calculated values of the activation
nergy present a great dispersion while a first-order reaction model
as been used in few works for the determination of the activation
nergy. Also, there are a few works in which it was proposed that
he degradation process is followed by more complex kinetics [4].

There are only few works in the literature in which the influ-
nce of MWCNTs on the thermal degradation of PLA is studied.
uan et al. [5] and Moon et al. [6] who studied PLLA/MWCNTs

anocomposites resulted that the decomposition temperature of
he nanocomposites is higher than that of PLLA. Kim et al. [7,8]
lso studied thermal degradation of PLLA-MWCNT and PLLA-graft-
WCNT and the composites investigated showed higher onset
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degradation temperature along with a higher amount of residue
at the completion of degradation than neat PLLA.

The reaction mechanism of the polymer decomposition is a
very complex radical chain mechanism, including initiation, prop-
agation and termination reactions. As known, two main types of
reaction models are generally applied on the thermal degradation
of polymers: the nth-order model, with only one parameter – the
reaction order, and the first-order model. Other models have also
been used occasionally, but they are complex models containing
several fitting parameters [9–13]. Kim et al. [7,8] determined also
the activation energy and the calculated values were: 131.5 and
125.1 kJ/mol for PLLA, 143.7 and 150.7 kJ/mol for PLLA/MWCNT and
151.2 and 160.1 kJ/mol for PLLA/PLLA-g-MWCNT, using Kissinger
and Ozawa’s methods respectively. Till now, the mechanisms of
the decomposition of PLLA/MWCNTs have not been studied yet,
especially in comparison with the mechanisms of PLA. The pur-
pose of this work is the determination of the appropriate kinetic
models for the detailed study of the decomposition mechanisms
of the PLA–MWCNTs-COOH nanocomposite in comparison to the
neat PLA.

2. Experimental
2.1. Materials

Commercially reinforcement ligament consisted from amor-
phous poly(l-lactic acid) (PLA) supplied under the trade name
Resorbaid® from Cousin Biotech (France). Multi-walled carbon

dx.doi.org/10.1016/j.tca.2010.08.009
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:hrisafis@physics.auth.gr
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in Fig. 2.
For the determination of the conversion function, f(˛), and the

activation energy, E, various methods have been worked out. These
methods can, in general, be categorized as: (i) isoconversional and
64 K. Chrissafis / Thermochi

anotubes (MWCNTs) used in this work were synthesized by
he chemical vapor deposition (CVD) process and were supplied
y Nanothinx (Patra, Greece). Their diameter was between 9
nd 20 nm, their length >5 �m and were used in oxidized form
MWCNTs-COOH). Samples (1 g) of the nanotubes were suspended
n 40 ml of a mixture of concentrated nitric acid and sulfuric acid
1:3 in volume ratio) and refluxed for 15 min. After washing with
eionized water until the supernatant attained a pH around 7, the
amples were dried under vacuum at 100 ◦C [14]. Dichloromethane
nhydrous (≥99.8%) and tetrahydrofuran anhydrous (≥99.8%) were
btained from Aldrich Chemical Co.

.2. Preparation of PLA/MWCNTs nanocomposites

PLA ligament were dissolved in a mixture of dichloro-
ethane/tetrahydrofuran 50/50 w/w at room temperature while

t the same mixture were dispersed MWCNTs-COOH under son-
cation for 1 h. The PLA solution and MWCNTs-COOH dispersion

ere mixed under stirring for 1 h and sonicated for additionally
h. The mixture remained at room temperature for 24 h for sol-
ent evaporation and dried under vacuum at 110 ◦C for 24 h. The
repared films were placed in a desiccator to prevent any moisture
bsorption. According to this procedure nanocomposites contain-
ng 2.5 wt% MWCNTs-COOH were prepared.

.3. Thermogravimetric analysis

Thermogravimetric analysis was carried out with a SETARAM
ETSYS TG-DTA 16/18 instrument. Samples (6.0 ± 0.2 mg) were
laced in alumina crucibles. An empty alumina crucible was used as
eference. PLA nanocomposites were heated from ambient temper-
ture to 450 ◦C in a 50 ml/min flow of N2 at heating rates of 5, 10,
5 and 20 ◦C/min. Continuous recordings of sample temperature,
ample weight and heat flow were taken.

. Results and discussion

.1. Thermal stability

In general, addition of filler can improve the thermal stability of
he filled polymer composite systems to some extent in which the
ller plays an important role. Previous studies [7,15] have reported
hat the polymer/MWCNTs composites present higher thermal sta-
ility than that of the neat polymer matrix.

The thermogravimetric (TG) curves of PLA and PLA/2.5 wt%
WCNTs-COOH nanocomposite with heating rate 10 ◦C/min are

hown in Fig. 1. The PLA/2.5 wt% MWCNTs-COOH nanocomposite
egins to decompose at a higher temperature and completes the
ecomposition at about the same temperature with the PLA. This

s an indication that the addition of MWCNTs-COOH causes a sub-
tantial thermal enhancement of PLA, at least at the initial stages
f decomposition. This improvement is mainly attributed to good
atrix–nanotube interaction, good thermal conductivity of the

anotubes and also due to their barrier effect. The nanocomposite
egins to decompose at higher temperatures, although the addition
f MWCNTs-COOH seems to have little effect on the temperature
hat the maximum decomposition rate takes place. Wu et al. [15]
eferring to the presence of all the three studied PLA/MWCNTs,
oncluded that they almost cannot improve the thermal stability
ffectively enough at the initial stage of degradation and that the
emperature corresponding to a weight loss of 5 wt% only shows

slight increase in contrast to that of the neat PLA. Moreover, the

ncrease of decomposition level and the presence of carboxylic and
urified MWCNTs retard the depolymerisation of PLA, showing
emarkable increase in the temperature corresponding to maxi-
um rate of decomposition. However, Kim et al. [7] showed that
Fig. 1. TG curves of PLA (1) and PLA/2.5 wt% MWCNTs-COOH and (2) nanocomposite
for heating rate ˇ = 10 ◦C/min.

the addition of MWCNTs increases the temperatures correspond-
ing to a weight loss of 5 wt% and/or to the onset of decomposition
by about 10–20 ◦C or even more. For this reason, a detailed decom-
position kinetic analysis in necessary, in order to evaluate the real
effect of MWCNTs-COOH on thermal degradation of PLA.

3.2. Thermal degradation kinetics

For the study of the degradation mechanisms of PLA and
PLA/2.5 wt% MWCNTs-COOH nanocomposite it is important that
the kinetic parameters (activation energy E and pre-exponential
factor A) and the conversion function f(˛) are evaluated. The rela-
tionship between kinetic parameters and conversion (˛) can be
found using the mass curves recorded in TG dynamic thermograms.
The thermogravimetric (TG) curves of PLA–2.5 wt% MWCNTs-
COOH at different heating rates, 5, 10, 15 and 20 ◦C/min are shown
Fig. 2. TG curves of PLA/2.5 wt% MWCNTs-COOH nanocomposite for different heat-
ing rates. (1) ˇ = 5 ◦C/min, (2) ˇ = 10 ◦C/min, (3) ˇ = 15 ◦C/min and (4) ˇ = 20 ◦C/min.
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Table 1
Three different kinetic models and their conversion functions f(˛).

Kinetic model Symbol f(˛)

The quality of the fitting with the Cn model is good for both stud-
ied samples. At the PLA samples small divergences appear mainly
in the plots with the lower heating rates at a first region and at the
end of the degradation. At the PLA/2.5 wt% MWCNTs-COOH sam-
ples, the divergences are only at the end of the degradation and

Table 2
Calculated values of E, A of three kinetic models and its regression coefficient R.
Conversion range 0 < ˛ < 1.

PLA PLA/MWCNTs-COOH 2.5 wt%

Cn Bna Fn Cn Bna Fn

log(A) 8.9 8.9 8.9 12.1 12.5 12.9
ig. 3. Activation energy E, as calculated with OFW and Friedman methods, ver-
us degree of conversion ˛. (1) PLA – Friedman, (2) PLA/2.5 wt% MWCNTs-COOH –
riedman, (3) PLA–OFW and (4) PLA/2.5 wt% MWCNTs-COOH – OFW.

ii) model fitting methods. The isoconversional method is in fact, a
model free” method which assumes that the conversion function
(˛) does not change with the variation of the heating rate for all
alues of the degree of conversion (˛). It involves the measuring of
he temperatures corresponding to fixed values of ˛ by experiments
t different heating rates ˇ [16]. The isoconversional methods are
onsidered to give accurate values of the activation energy [17].

Model fitting methods of kinetic analysis depend on the reaction
odel and also assume the Arrhenius temperature dependence

f the rate constant k(T). They do not achieve a clean separation
etween the temperature dependent k(T) and the reaction model

(˛). Moreover, the temperature sensitivity of the reaction rate
epends on the extent of conversion. As a result, these methods
re considered to be approximate. One of these methods is the
ultivariate non-linear regression method [18,19].
For the determination of the activation energy, we choose to use

wo different methods, comparatively, since every method comes
ith its own error. Firstly, the isoconversional Ozawa, Flynn and
all (OFW) method [20–22] was used. The OFW method is based

n the following equation:

n ˇ = −1.0516
E

RT
+ const

here ˇ is the heating rate, E is the activation energy, R is the gas
onstant and T is the temperature. Secondly, Friedman’s method
23] was used, which is based on the following equation:

n
(

ˇ
d˛

dT

)
= ln A + ln f (˛) − E

RT

here ˛ is the degree of conversion, f(˛) is the conversion function
reaction model) and A being the pre-exponential factor.

The calculated values of the activation energy for different val-
es of mass conversion ˛ are shown in Fig. 3. The difference in the
value calculated by the two methods can be explained by a sys-

ematic error due to improper integration. The method of Friedman
mploys instantaneous rate values and is therefore very sensitive to
xperimental noise. In OFW method, the equation used is derived
ssuming constant activation energy, introducing systematic error

n the estimation of E in the case that E varies with ˛. This error can
e estimated by comparison with the Friedman results [24]. It is
ollowed from Fig. 3 for PLA, that the dependence of E on ˛, as calcu-
ated with Friedman’s method and can be separated in three distinct
egions, the first for values of ˛ up to 0.2, in which E is almost stable,
nth-order Fn (1 − a)n

Expanded Prout–Tompkins Bn (1 − ˛)n˛m

nth-order with autocatalysis Cn (1 − a)n(1+KcatX)

the second (0.2 < ˛ < 0.5) in which E presents a monotonous increase
and the third (0.5 < ˛ < 0.95) in which E can be considered as hav-
ing a constant average value as in the first region. The different
regions are not obvious in the dependence of E from ˛ as calculated
with the OFW method since it presents a monotonous increase.
This dependence of E on ˛ is an indication of a complex reaction
with the participation of at least two different mechanisms. From
Fig. 3 for PLA/2.5 wt% MWCNTs-COOH the dependence of E from
˛ is not as complicated as it is for PLA. It shows only one region
with a relatively constant value of E. Furthermore, comparing the
activation energies of PLA and its nanocomposite it is clear that
for all conversions PLA has lower values than the nanocompos-
ite. The differences are even higher at lower conversions, which
are corresponded to the initial decomposition stages. The values
of E for PLA/2.5 wt% MWCNTs-COOH are greater than in the work
of Kim et al. [7] who studied PLA/2 wt% MWCNTs. The calculated
values of E for PLA and its nanocomposite are showing the same
trend as in this work. Furthermore, from the activation energies it
is clear that MWCNTs-COOH causes a thermal stabilization effect
to PLA decomposition. From Fig. 3 it seems that the nanocomposite
decomposes with different activation energies and if possible with
different mechanisms than neat PLA.

The determination of the reaction model mechanism using mul-
tiple heating rates is based at the “model fitting method”. Initially it
is considered that the degradation of the samples can be described
only by a single mechanism, without presuming the exact mecha-
nism. If the result of the fitting cannot be considered as accepted,
then we must proceed to fit the experimental data with a combi-
nation of two mechanisms. The multivariate non-linear regression
method is used [18,19] for the determination of the kinetic triplet.
The calculated values of E and A after the fitting for three kinetic
models (Table 1), for which the quality of the mathematical fitting
depending on the regression coefficient R is at an accepted level,
are presented at Table 2.

In the studied samples, the best kinetic model is the nth-order
with autocatalysis (Cn) according to the values of the regression
coefficient R. The values of the activation energy for all these models
are in the same area of values that have been calculated with the
isoconversional methods. In Fig. 4 the plots of the fitting with the
best fitting model Cn for PLA/2.5 wt% MWCNTs-COOH samples are
presented.
E 134.9 135.2 135.3 175.2 176.6 183.7
n 0.42 0.36 0.38 1.12 0.76 0.54
log(Kcat) −1.0 2.8E−5a 0.44 0.16a

R 0.99957 0.99957 0.99957 0.99975 0.99962 0.99950

a m.
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Table 3
Activation energy, pre-exponential factor, reaction order and the regression coeffi-
cients after fitting with two reaction mechanisms.

PLA PLA/2.5 wt%
MWCNTs-COOH

First mechanism Cn Fn Cn Fn

log(A) 7.6 7.7 12.4 12.4
E 116.2 117.3 175.4 175.3
n 0.47 0.39 0.61 0.61
log(Kcat) −0.7 −11.6

Second mechanism Cn Cn Cn Cn

log(A) 10.8 10.8 13.7 13.7
ig. 4. TG curves and fitting curves with Cn mechanism of PLA/2.5 wt% MWCNTs-
OOH for different heating rates. (1) ˇ = 5 ◦C/min, (2) ˇ = 10 ◦C/min, (3) ˇ = 15 ◦C/min
nd (4) ˇ = 20 ◦C/min.

he total quality of the fit is better than the fit of the PLA samples.
he regression coefficients show that the differences between the
hree models are negligible for the PLA and they are very small for
he PLA/2.5 wt% MWCNTs-COOH samples. In order to make a com-
arison, since in the literature the nth-reaction model is usually
sed, the fitting with this model for PLA/2.5 wt% MWCNTs-COOH is
resented in Fig. 5. The main difference of the fittings with the Fn
nd Cn models is at the final stages of the decomposition. For these
olymers, mainly for PLA, we can say that the Fn reaction model,
he simplest one, can give acceptable results. Since the differences
mong the regression coefficient values are rather small, especially
or PLA samples, it is very difficult for everyone to choose the real
inetic model from the presented models. This difficulty seems to
e greater if we take into account that the reaction mechanisms

f the polymers are very complex. For this reason, the choice of
he appropriate kinetic model, considering one-step reaction, only
enotes a possible mathematical form for the conversion function
25]. Knowing that the thermal degradation of the polymers is a

ig. 5. TG curves and fitting curves with Fn mechanism of PLA/2.5 wt% MWCNTs-
OOH for different heating rates. (1) ˇ = 5 ◦C/min, (2) ˇ = 10 ◦C/min, (3) ˇ = 15 ◦C/min
nd (4) ˇ = 20 ◦C/min.
E 161.6 161.3 179.0 179.0
n 1.03 1.03 2.74 2.74
log(Kcat) 0.7 0.8 0.24 0.24
R 0.99992 0.99992 0.99988 0.99988

very complex reaction, in order to enhance further the quality of
the fitting, we must consider more than one reaction mechanisms
using the conclusions from the dependence of the activation energy
of the partial mass loss. In the identification process by two differ-
ent mechanisms, at least six unknown factors are being involved.
So, the mathematical problem of the identification is a very com-
plex one and it has several possible solutions. For this reason, at
this stage of identification, it is important to limit the scope of the
search among all possible combinations of the widely used mod-
els. So the models that were used and their combinations were only
those, which have given us satisfactory results from the identifica-
tion through a single mechanism such as the reaction models Fn,
Cn and Bna.

In this stage of identification, for the best possible results we
left the parameters (E, A and n) of the second mechanism to be
recalculated and the results are presented in Table 3. The results
of the best fitting are presented in Fig. 6 for PLA/2.5 wt% MWCNTs-
COOH samples and the fitting to the experimental data is very good
for the whole area of mass loss. At Table 3 the results of the best
two combinations of models, nth-order and nth-order with auto-

catalysis (Fn–Cn) as well as nth-order with autocatalysis in both
mechanisms (Cn–Cn), are presented. Since the calculated value of
the log(Kcat) for the PLA/2.5 wt% MWCNTs-COOH has a very large
negative value, and therefore the parameter Kcat (portion of auto-
catalysis) is almost zero, the Cn kinetic model coincides with the

Fig. 6. TG curves and fitting curves with Fn–Cn mechanisms of PLA/2.5 wt%
MWCNTs-COOH for different heating rates. (1) ˇ = 5 ◦C/min, (2) ˇ = 10 ◦C/min, (3)
ˇ = 15 ◦C/min and (4) ˇ = 20 ◦C/min.
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n model for the first part of mass loss. The values of the activa-
ion energy for both mechanisms are in the area of the calculated
alues using the isoconversional methods. At the PLA samples, the
ass area in which the first reaction mechanism takes place is 40%

f mass loss and that is in very good agreement with the results
f the dependence of the activation energy of the mass conversion
as it has been calculated with the Friedman’s method. From this

oint of view it is obvious why it is better to use more than one
ethod for the calculation of the activation energy. On the other

and, the dependence of the activation energy of the mass conver-
ion ˛ for the PLA/2.5 wt% MWCNTs-COOH samples does not show
he existence of two different mechanisms, since the value of E is
lmost stable for the whole area of mass conversion, yet, best fit-
ing results are predicted using two reaction mechanisms. From
he fitting results seems that the values of the activation energy
re almost the same for the two mechanisms and only the values
f the reaction order n are quite different. The calculated values for
he activation energy present the same trend as the ones shown in
ig. 3. For these samples the mass area in which the first reaction
echanism takes place is 65% of mass loss.
Comparing the results of the two mechanisms for the stud-

ed materials, we can say that although for the better kinetic
escription of the degradation, we use the same combination
f mechanisms for PLA and its nanocomposite there are inter-
sting differences. For the kinetic description the followings are
mportant: the reaction model, f(˛), the activation energy (E), the
re-exponential factor (A) and depending on the reaction model the
eaction order (n). The studied samples have the same combination
f the reaction models but quite different values for the activation
nergy and the reaction order. Also, it is important that the values
f E for the first and the second mechanism are almost the same
or the PLA/MWCNTs nanocomposite, while for PLA they are quite
ifferent.

. Conclusions

From the thermogravimetric curves it can be seen that
LA/MWCNTs-COOH nanocomposite present a relatively better
hermostability than PLA. The activation energy was calculated
ith the isoconvertional Ozawa–Flynn–Wall and Friedman’s meth-

ds. For PLA, as calculated with Friedman’s method the dependence
f E on ˛ can be separated in three distinct regions, the first in which
is almost stable, while in the second it presents a monotonous

ncrease and in the third it can be considered as having a constant
verage value, as in the first region. For PLA/2.5 wt% MWCNTs-
OOH, the dependence of E from ˛ shows only one region with
elatively constant value of E. For all the mass conversions, PLA
as lower values than the nanocomposite. From the variation of
with increasing degree of mass conversion, especially for the

LA, it was concluded that the decomposition of all the samples
s taking place with a complex reaction mechanism with the par-
icipation of at least two different mechanisms. The best fitting of
xperimental data with theoretical models for PLA and PLA–2.5 wt%
WCNTs-COOH give nth-order for the first mechanism and nth-

rder with autocatalysis (Fn–Cn) for the second mechanism with
ifferent activation energies. The studied samples have the same

ombination of the reaction models but quite different values for
he activation energy and the reaction order. The values of E for
he first and the second mechanism are almost the same for the
LA/MWCNTs nanocomposite, while for PLA they are quite differ-
nt.
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