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Abstract In this study, the thermal degradations of some
commercial polylactide (PLA) films, pure and subjected to
various superficial treatments, were investigated in both
inert (flowing nitrogen) and oxidative (static air) atmo-
spheres. Degradations were carried out in a thermobalance,
in the scanning mode, at various heating rates, and the
obtained thermogravimetric curves were discussed and
interpreted. Experiments, performed in the temperature
range of 35-700 °C, showed similar behavior in both the
atmospheres used. The initial decomposition temperature
(T;) and the apparent activation energy (E,) of degradation
of the differently treated PLA films were determined and
compared with each other and with those of untreated PLA.
The E, of degradation was obtained by Kissinger’s method,
and the values were found increased linearly as a function
of crystallinity percentage (%c) as well as the 7; values.
The glass transition temperature (T;) was also determined
by differential scanning calorimetry. All the investigated
parameters showed dependence on different treatments
made to the films. The results obtained for the degradations
of PLA films were compared with each other, and a clas-
sification of thermal stability in the studied environments
were made.
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Introduction

Polylactide (PLA), is a biobased, biocompatible, and bio-
degradable thermoplastic polyester produced by conden-
sation polymerization of lactic acid (LA; 2-hydroxy
propionic acid), which is extracted from fully renewable
resources such as corn, sugar beet, or rice. PLA has been
widely studied for use in medical applications because of
its bioresorbable and biocompatible properties in the
human body [1-13]. Economic studies show that PLA is an
economically feasible material for use as a packaging
polymer [14-16]. Medical studies have shown that the
level of LA that migrates to food from packaging con-
tainers is much lower than the amount of LA used in
common food ingredients [17]; therefore, polymers derived
from LA may be good candidates for packaging applica-
tions [6, 9, 18, 19]. The biodegradability of PLA, known as
an environmental-friendly material, by various enzymes
has been studied by many authors [20-28]. In particular, it
was reported that the enzymatic degradation preferentially
occurs in the amorphous region of PLA and that degrada-
tion rate increases with decreasing crystallinity [24].

Thermal properties of PLA have been widely studied
[29-37], and it is well known that the typical PLA glass
transition temperature (7,) ranges from 50 to 80 °C, while
the melting temperature (7,se) ranges from 130 to 180 °C
[6, 34, 38], giving useful information about article service
temperature range and processing (foaming and extrusion)
temperature range [34]. To the best of our knowledge, no
study about the kinetics of degradation of PLA has ever
been reported.

In view of the fact that degradation rate should increase
with decreasing crystallinity, it seems interesting to carry
out a comparative kinetic study of PLA to establish if and
how much external factors like SiOy coatings or anti ultra-
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violet (UV) coatings could influence the kinetics of thermal
degradation. To this purpose, in this study, we investigated
four different PLA films identified as follows:

Natural PLA film

PLA with SiOy coatings
PLA with anti UV coatings
PLA varnished

W N -

The characteristic parameters associated with the ther-
mal stability [39-41] of these commercial PLA films were
compared with each other and with those of natural PLA,
to verify if any difference occurs in respect of the natural
PLA and if and how much it is affected by crystallinity
degree (%c). Thermal and thermo-oxidative degradations
were studied by thermogravimetric (TG) and differential
thermogravimetric (DTG) analyses, while T, values were
determined by differential scanning calorimetry (DSC).

Experimental
Materials

Four PLA films, used for commercial packaging, were
studied as received without any special preliminary treat-
ments. The specific surface treatments are protected under
industrial secrets, and so it is not possible to give a detailed
description of the treatment methods used. All the com-
pounds are made of a PLA film on a polymer substrate: one
was a natural PLA film, while the other three were sub-
jected by the supplier to superficial treatments with coat-
ings (SiOy coatings for the sample 2, anti UV coatings for
the sample 3, and varnish for the sample 4) to change their
barrier properties.

DSC measurements

A Mettler DSC 20 differential scanning calorimeter, coupled
with a Mettler TC 10A processor as control and evaluation
unit, was employed to evaluate T, values of the analyzed
samples. Both the heat flow and the temperature of the cal-
orimeter were calibrated according to the procedure sug-
gested by Mettler and prescribed in the printed operating
instructions of equipment [42]. The calibrations were repe-
ated every 2 weeks. Samples of ~6.0 x 10~ g were cut off
from foils in the form of small disks of 5 mm in diameter and
held in sealed aluminium crucibles. In order to avoid con-
tamination of the film, special care was taken during han-
dling. The samples were heated, under flowing nitrogen
(0.02 L/min) and in a static air atmosphere, in the
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temperature from 35 to 250 °C at a heating rate of
10 °C min~"'. The experiments were performed in triplicate,
and the considered values were averaged from those of three
runs, the maximum difference between the average and the
experimental values being within 1 °C.

TG analysis

Thermal degradations were carried out in a Mettler TA
3000 thermobalance, coupled with the same Mettler TC
10A processor as that was used for DSC measurements.
The temperature of furnace was calibrated according to the
procedure reported in the user’s manual of equipment [42]
and considered in the literature to be the most precise [43],
based on the change of the magnetic properties of the three
metal samples (Isatherm, Nickel, and Trafoperm) at their
Curie points (142.5, 357.0, and 749.0 °C, respectively).
The temperature calibration was repeated every 2 weeks.

Degradations were carried out under flowing nitrogen
(0.02 L/min) and in a static air atmosphere, in dynamic
heating conditions, in the temperature range from 35 to
700 °C, at various selected heating rates (O = 2, 5, 7.5, 10,
12.5, 15, 17.5, and 20 °C min_l). Samples of ~6.0 x
1073 g were used for degradations, and their masses as a
function of temperature were stored in the list of data of the
appropriate built-in program of processor. The samples
were cut off from foils in the form of small disks of 5 mm
in diameter and held in alumina open crucibles. The
experimental data at various temperatures were elaborated
by the TC 10A processor at the end of each experiment,
and the corresponding TG and DTG curves were imme-
diately printed. The same data were then transferred to a
PC, and used to plot the percentage of the undegraded
polymer (I — D) % as a function of temperature, where
D = (Wy — W)/W,, and W, and W were the masses of the
sample at the starting point and during scanning.

Results and discussion

The aim of this study was the comparison among the
thermal stabilities of pure PLA (sample 1) and those of the
differently modified PLA (samples 2, 3, and 4), to verify if
and how much the thermal properties of polymer changed
as a function of different treatments performed on the PLA
films for their marketing.

The initial decomposition temperature (7)) is often
considered to be the only parameter to evaluate the thermal
stability of polymers, but, in our opinion, it is not strictly
correct. The T; value of a polymer must be considered a
measure of its resistance to thermal degradation [44—46],
but in order to evaluate its thermal stability, it is necessary
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Fig. 1 TG curves under nitrogen flow of pure PLA and differently
modified PLA films

to take into account also the degradation rate, in particular,
if we compare compounds with 7; which are quite close to
each other. In this case, the polymer with higher activation
energy of degradation might be considered more thermally
stable [47].

Two parameters were thus here determined for each
compound: the T; values, obtained by the degradation TG
curves as the intersection between the starting mass line
and the maximum gradient tangent to the curve; and the
degradation apparent activation energy (E,), which is cor-
related with the kinetics of process.

The degradations of various films were first carried out
in flowing nitrogen, at various heating rates, in the range of
2-20 °C min~'. All the studied compounds degraded, in
every case, up to complete mass loss in temperature
intervals ranging approximately from ~370 to 520 °C. As
the experimental conditions, and the scanning rate in par-
ticular, largely affect both the shape and the position of TG
curves, the T; values of each sample at different scanning
rates were different from each other, although the values of

various samples at the same heating rate showed the same
trend in every case. For the sake of simplicity, only the T;
values at a single scanning rate, namely, at 10 °C min~!,
were considered. This heating rate was selected because
it is a medium rate among those we employed for degra-
dation experiments as well as, the one we used for T,
determinations. The degradation TG curves in nitro-
gen of pure PLA and various PLA-modified films, at
10 °C min ™", are plotted in Fig. 1, while the corresponding
T; values are listed in Table 1.

Analogous degradation experiments were then carried
out in a static air atmosphere. Also in oxidative environ-
ment, all the studied compounds degraded up to complete
mass loss and within the same temperature intervals
(~370-520 °C) than under nitrogen. The T; values
obtained at 10 °C min~" are reported in Table 1, and the
corresponding TG curves are presented in Fig. 2.

The DTG curves in nitrogen and in air for the various
compounds are reported in Figs. 3 and 4, while the T,
values of all studied compounds in both atmospheres are
listed in Tables 2 and 3.

The sets of data from Tables 2 and 3 were thus used to
determine the degradation E, values of PLA films through
the classical Kissinger’s method [48], based on the fol-
lowing linear equation:

In (¢/T;) = In (nRAW'/E,) — E,/RTy (1)

where @ is the heating rate, T, is the temperature at
maximum rate of weight loss, n is the apparent reaction
order, R is the universal gas constant, A is the pre-expo-
nential factor and W, is the weight of the sample at the
maximum rate of mass loss. Thus, the E, value could be
obtained through the linear dependence of In (®/T%) on
1/T,, at various heating rates. We used as T;, values the
temperatures of DTG peaks.

From the least square treatment of the data in Tables 2 and
3, performed according to the Eq. (1), single linear In (PIT2)
versus 1/T,, relationships were obtained for all the samples in
both studied environments. The corresponding regression

Table 1 Crystallinity degree (%c)”, glass transition temperatures (7}), initial decomposition temperatures (73), and apparent activation energies

of degradation (E,) for the various PLA films in static air atmosphere and in flowing nitrogen

Sample %oc® Air static atmosphere Nitrogen flow

T,/K" T/K® E,/kJ mol ™! T,/K" T/K® E,/kJ mol ™!
1 22.6 332.8 607.9 193 (£7) 3333 606.0 203 (£10)
2 17.9 3325 603.8 181 (£8) 332.8 600.3 191 (£5)
3 7.6 n.d. 580.1 162 (+4) n.d. 580.8 172 (£6)
4 19.7 3322 606.7 185 (£8) 331.8 605.9 196 (£7)

% From ref. [49]
® Determined at 10 °C min~

1
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Fig. 2 TG curves in static air atmosphere of pure PLA and
differently modified PLA films
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Fig. 3 DTG curves under nitrogen flow of pure PLA and differently
modified PLA films

coefficients and the calculated E, values are reported in
Tables 4 and 5 for nitrogen and air, respectively.

Finally, the T, values of the considered compounds were
determined calorimetrically. The T, values obtained are
reported in Table 1 together with T;, degradation E, values,
and crystallinity percentage (%c).

A preliminary observation on the results obtained: even
though all the samples degraded in all cases up to complete
mass loss, the TG curves in flowing nitrogen exhibited a
difference as evidenced, for example, from those reported
in Fig. 1. The samples 1 and 4 degraded completely in a
single step, while PLA with SiO, and anti UV coatings,
samples 2 and 3, respectively, showed first a very sharp
degradation stage, followed by a second one with low
degradation rate in the last section of the TG curves. This
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Fig. 4 DTG curves in static air atmosphere of pure PLA and
differently modified PLA films

Table 2 Temperatures at maximum rate of mass loss (7,,) for the
degradation stage of the PLA films in flowing nitrogen, at the various
heating rates used (P)

@/°C min~! 1 2 3 4
T,./K T./K T./K T,./K
2 602.8 597.7 582.6 598.0
5 615.6 612.0 594.9 612.1
75 619.1 616.5 601.3 620.3
10 623.1 622.8 606.7 623.5
12.5 629.0 626.7 611.2 626.7
15 631.1 629.5 615.4 628.7
17.5 635.6 631.7 617.7 630.7
20 636.5 632.6 618.8 633.1

second stage was more evident for the sample 3 and less
evident for the sample 2, and this can be attributed to a
decrease in the crystallinity of the coated samples in
respect of pure PLA (sample 1) and varnished PLA
(sample 2), respectively [49].

The degradation TG curves of the studied compounds in
oxidative atmosphere exhibited the same behavior
observed in inert environment, suggesting that the presence
of oxygen does not influence the degradation mechanism.

Some considerations are possible on the basis of the data
reported in Table 1:

— the heat resistances of the coated PLA films (samples 2
and 3) were worse than those of the pure and varnished
PLA compounds, respectively. In particular, the sample
from the anti UV coated PLA film appears to be less
heat resistant, as indicated by the considerably high
decrement of T; values (~20-26 °C under nitrogen and
~23-28 °C in static air atmosphere);
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Table 3 Temperatures at maximum rate of weight loss (7,) for the
degradation stage of the PLA films in static air atmosphere, at the
various heating rates used (®)

@/°C min~! 1 2 3 4
T./K T./K T./K T./K
2 602.8 598.1 579.5 603.3
5 618.0 613.8 594.1 613.3
75 626.0 621.8 601.4 622.8
10 628.8 627.3 608.0 628.1
125 633.8 629.5 611.5 631.4
15 634.7 631.7 614.5 634.0
17.5 636.8 633.9 616.6 637.8
20 638.9 635.2 618.1 638.9

Table 4 Regression coefficients and apparent activation energies of
degradation (E,) derived from Kissinger’s equation for the various
PLA films in flowing nitrogen

Sample a4 bx107%K> E,/kJ mol™!
1 284 (£2.0) 244 (£1.2) 0.9922 203 (£10)
2 263 (£1.0)  23.0 (£0.6) 0.9978 191 (&5)

3 23.6 (£1.1) 207 (£0.7) 0.9967 172 (+6)

4 274 (£13)  23.6 (+0.8) 0.9963 196 (+7)

* a=1In (nRRAW"!/E,)
b p=E/R

¢ Product moment correlation coefficient

Table 5 Regression coefficients and apparent activation energies of
degradation (E,) derived from Kissinger’s equation for the various
PLA films in static air atmosphere

Sample  d* b x 107%K> E,/kJ mol™!
1 26.3 (£1.5) 23.2 (£0.9) 0.9949 193 (£7)
2 24.3 (£1.6) 21.8 (£1.0) 0.9941 181 (£8)
3 216 (£0.8) 195 (£05) 09982 162 (+4)
4 25.0 (£1.6) 22.3 (£1.0) 0.9937 185 (£8)

* a=1In (nRRAW""'/E,)
° b =E/R

¢ Product moment correlation coefficient

— the degradation activation energies of pure PLA film, in
both the studied environments, were higher than those
of the modified samples, thus meaning lower degrada-
tion rate and then better thermal stability from the
kinetic viewpoint. This finding, together with the
results obtained for the 7 values, indicated a higher
overall thermal stability of unmodified PLA film in
respect of the samples 2, 3, and 4 and allowed us to
make a thermal stability classification on the basis of
the different treatments on samples. According to this
classification, the sample 3 appears to be less thermally
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Fig. 5 Apparent activation energy of degradation (E,) as a function
of crystallinity percentage (%c) in a flowing nitrogen, and b in static
air atmosphere

stable, while the samples 2 and 4 have slightly lower
thermal stabilities than that of the sample 1;

— the enhancements observed in both 7; and degradation
E, values observed for the samples 1, 2, and 4 in
relation to those of the sample 3 were dependent on the
crystallinity percentage as can be noted from Figs. 5
and 6 in which are shown the linear increases of
activation energy of degradation (Fig 5a, b) and T;
(Fig 6a, b) as a function of %c, in both the above
mentioned conditions of the atmosphere;

— incontrast to the 7; and degradation E, values, the various
treatments on PLA films appear not to affect 7, values that
were the same for the studied samples, in both the flowing
nitrogen and a static air atmosphere (Table 1), except the
sample 3 for which it was not possible to determine 7,
owing to an endothermic event that overlaps the glass
transition, probably due to a secondary molecular reor-
dering in the amorphous phase of this PLA film [49].
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Conclusions

The results obtained indicate a lesser thermal stability for
the anti UV coated PLA films in comparison with the other,
pure and differently modified, PLA films, not only for the
lower starting point of decomposition, but also from the
point of view of the degradation kinetics. This lesser
thermal stability can be attributed to a decrease in density
and crystallinity caused by exposure to UV [50]. The high
values of T; and E, of degradation for the pure PLA are
encouraging and allow us to implement our plan to use this
polymer in the design of PLA-based nanocomposites.
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