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A Thermogravimetric Approach to Study the
Influence of a Biodegradation in Soil Test to
a Poly(lactic acid)

J. D. Badia, R. Moriana, L. Santonja-Blasco, A. Ribes-Greus™

Summary: An amorphous grade Poly (lactic acid) (PLA) was selected for an accelerated
burial in soil test during 450 days. Thermogravimetric analyses were carried out to
study the effects of degradation in soil on the thermal stability and the thermal
decomposition kinetics. A single stage decomposition process is observed for all
degradation times. It is shown that the thermal stability of PLA is slightly affected by
degradation in soil. Concerning the study of the thermal decomposition kinetics,
Criado master curves were plotted from experimental data to focus the study of the
thermodegradation kinetic model.The kinetic methods proposed by Broido and
Chang were used to calculate the apparent activation energies (Ea) of the degradation
mechanism. These results were compared to the Ea values obtained by the method
developed by Coats and Redfern in order to prove the applicability of the former
methods to the kinetic study. As expected, non-linear tendency is found out for Ea
variation along the degradation times, which can be explained as an evolution by
stages.
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Introduction

Poly(lactic acid) (PLA) is a well-known
green polymer, since it can be obtained
from renewable resources and can be
compostable when its service life has finished.
Last decades it is been widely employed
because of its biomedical and pharmaceutical
applications.[l] Its good mechanical and gas
barrier qualities also confer on the polymer
the capability to compete with other com-
modities such as PE, PS or PET at the
packaging sector.”! Although this application
is not well established yet, the increasing
interest in PLA will raise the consumption
ratios and therefore the disposal problems.
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The knowledge of the degradation mechan-
isms concerning the disposal stage of PLA
must be hence assessed, in order to assure
the complete material loop of the biode-
gradable material.

Some studies have revealed that degra-
dation in soil tests are suitable to analyze
the degradation phenomena in bio-based
polymers.[3_5] Thermal analysis techniques
represent a powerful tool to control and
monitor the degradation evolution in poly-
mers.[®® In this work, thermogravimetric
experiments have been performed in order
to characterize the effects of a degradation
in soil test on the thermal stability and the
thermal decomposition kinetics of an
amorphous PLA.

Theoretical Background

In an heterogeneous reaction A(s)—
B(s) +C(g), the decomposition rate for
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A(s) can be defined as follows:

& k1)) 1)
where « is the conversion degree of A(s) at
time ¢ (further defined for thermogravi-
metric analyses); fla) is a temperature-
independent function of conversion (kinetic
model); and (7) is a temperature-dependent
function assumed as an Arrhenius equa-
tion:

k(T)=A -exp (R E;) @)

where A is the frequency factor (also called
pre-exponential factor); R is the ideal gases
constant (831 J-mol !-K™1); T is the
temperature; and FEa is the activation
energy of the equation. Substituting the
Arrhenius equation into Equation (1), we
obtain:

R A ()

If the temperature of a sample varies as a
function of a controlled and constant value
of heating rate B (8=dT/dr), the decom-
position rate can be expressed as a function
of the temperature:

=G e (g) f@ *)

Separating variables, rearranging and
integrating Equation (4), we obtain:

of

da
gla) = / m

Ty
A —Ea
Ty

For thermogravimetric experiments, the
conversion degree is defined as:

_ my—m ( 6)
where m is the mass of the sample at time ;
and 0 and f represent the initial and final
times, respectively.

In this article, several fitting methods
have been employed, which are described

moy — nmy
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as follows. By representing the lefth-hand
of Equation (7), Equation (8) and Equation
(9) versus 1/T, the Ea can be obtained from
the slope of the different plots.

Chang Method"!

Assuming fla) = (1-«)", being n the reac-
tion order into Equation (3), rearranging
and taking logarithms, Chang proposed the
following differential model:

ln<%) InA — IfaT 7

Broido Method!™!
This method is valid for n=1 and employs
the following model:

n(in(;2;))

—Ea RC _,
win( s 73) ®

" RT
where C is an integration constant and 7,

the temperature of the maximum reaction
velocity.

Coats-Redfern Method™

This model applies an asymptotic approx-
imation to solve Equation (5) at different
conversion values. If (2RT/Ea) — 0 is true
for the Doyle approximation,'?! and taking
natural logarithms, the model adopts the
following form:

gla) AR Ea

Criado Method!™

By combining Equation (3) and (9) without
logarithms, Criado described the obtaining
of reduced master curves of the type:

7(a) fla)g(a)

7(05)4(05)

. (L)M
Tos (da/ dl) 05

where 0.5 refers to the conversion degree of
0.5. The left-hand of the Equation (10) is
the reduced theoretical curve, which is

(10)
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characteristic of each reaction mechanism,
whereas the right-hand is associated with
the reduced decomposition rate and can be
obtained from the experimental data. A
comparison of both sides of Equation (10)
indicates the kinetic model which best
describes the experimental decomposition
process.

Experimental Part

PLA with a 3.8% of meso-lactide content
samples (supplied by Natureworks.DDL,
Minnetonka, U.S.A) were submitted to
accelerate soil burial test in a culture oven

Heraeus 12 at 28 +0.5°C during 450 days
following the DIN 53739 standard.!'¥
Specimens extracted at 0, 30, 150, 300
and 450 days were analyzed by thermo-
gravimetry. Measures were carried out in a
Mettler-Toledo TGA/SDTA 851, from 25
to 750°C at a heating rate of 20°C/min,
under Ar atmosphere.

Results and Discussion

Thermal Stability

Figure 1 (a,b) illustrates the thermogravi-
metric curves and derivative thermogravi-
metric curves (in advanced called TG and
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Figure 1.
TG (a) and DTG (b) curves of PLA thermal degradation.

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de



96l

Macromol. Symp. 2008, 272, 93-99

DTG, respectively), of the thermal decom-
position of PLA for all the degradation in
soil times. The DTG curves show only one
maximum, which is related to a single-stage
decomposition process, regardless of the
degradation time studied. The DTG tem-
perature peak (Tpeak), the degradation
onset (Tonser) and endset (Tengser), as well
as the temperature range between Tpse
and Tepgsec (ATqe,), were selected as char-
acterization parameters. Results are listed
at Table 1.

There are not remarkable changes in
the Tpeak as the exposure in soil time
becomes longer, whereas the Topser €vOlu-
tion presents a slight overall decrease.
Regarding the Teqse¢ tendency, an approx.
8°C decrease is seen, with leads to sharpen
the degradation temperatures interval. It
might be explained as an effect of biode-
gradation in soil, which produces chain
scission processes to the polymer that
seems to slightly decrease the thermal
resistance of PLA, according to litera-
ture.['>) However, no conclusions should
be given out yet, since little changes at the
degradation temperatures are seen after
450 days.

Thermal Decomposition Kinetics

According to the literature, several molec-
ular as well as radical reactions are involved
in PLA decomposition, mainly considering
non-radical intra or intermolecular ex-
change reactions involving —OH groups,
as well as cis-elimination or radical and
non-radical concerted reactions.'” The
characterization of the thermal decomposi-
tion mechanism is hence complicated, due
to the relative action of all the competitive
reactions above mentioned.

Nonetheless, it is generally possible to
mathematically study the overall decom-
position process kinetics from the TG-DTG
data of polymers (6] In that sense, several
methods which can be applied to a single
TG run have been chosen (Criado, Broido,
Chang and Coats-Redfern) as a first
approach of the problem. The apparent
activation energy (Ea) of the thermal
decomposition mechanisms is the monitor-
ing parameter selected to assess the effects
of degradation in soil. Since the conversion
degree related to the maximum decom-
position rate (which corresponds to the
DTG peak temperature, Tpeax) is 0.6, all
kinetic measurements have been per-
formed in the interval « € (0.01-0.6).

Criado master curves were plotted from
experimental data to focus the study of the
thermodegradation kinetics. Figure 2 shows
the comparison between the experimental
curves of the original and the last tested
samples (0 and 450 days) with the theore-
tical master curves. It is seen that curves lie
between the theoretical curves for
f(a) = (1-)" with reaction order n between
1 and 1.5, behavior proved for all times of
exposure in soil studied.

In order to evaluate the differences
between employing n=1 or n=15 to
describe the thermodegradation mechan-
ism at each degradation time studied, the
kinetic methods developed by Broido (for
n=1) and Chang (for n=1 and n=1.5) to
obtain the Ea of the thermodegradation
process were applied. The results were
compared to the Ea values obtained by the
kinetic method worked out by Coats and
Redfern, which is considered as reference
by many authors."*'8! Table 2 lists the Ea
values obtained by all methods and reaction

Table 1.

Thermal stability parameter of PLA submitted to soil burial test.

Burial in soil time (days) Tonset (°C) Tendset (°C) Tpeak (°C) ATgeg (°C)
0 360,4 415,0 373,6 54.5
30 358,0 412,9 373.2 54,8
150 356,4 41,0 3745 54,6
300 356,4 407,8 373,8 51,4
450 358,9 407,8 373,6 48,4
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Figure 2.
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Comparison of the experimental data of virgin (X) and 450 days (@) buried PLA with the theoretical master

curves.

orders for PLA at all times of exposure in
soil studied. The behaviour of the Ea
evolution plotted by each methodology is
shown at Figure 3.

Regarding the Ea values, they should be
defined between the Ea boundary values
obtained by the Coats-Redfern method for
n=1 and n=1.5. The differences observed
in Ea values from each kinetic method
might be attributed to the different math-
ematical approaches employed at each
one.l" Although neither Chang method
nor Broido one provide Ea values in that
region, the later shows exactly the same Ea
tendency as the evolution described by the

Table 2.

Ea calculated by Coats-Redfern method. It
could be hence solved that to approach the
reaction order to n=1 and to use Broido
method is useful, due to the qualitative
interpretation of the influence of degrada-
tion in soil on the Ea of the thermal
decomposition kinetics of PLA does not
change.

Concerning the Ea evolution behaviour,
no linear trend was established for the Ea
variation along the degradation in soil time.
As it is been proved to other polymers
submitted to soil burial test,’! the Ea
evolution evidences a behaviour by stages,
with an underlying overall 20% decrease.

Activation energies obtained by the Broido, Chang and Coats-Redfern methods for PLA at all exposure in soil

times analyzed.

Burial in soil n=1 n=15
time (days) Ea (Broido) Ea (Chang) Ea (Coats-Redfern) Ea (Chang) Ea (Coats-Redfern)
(kJ/mol) (kJ/mol) (k)/mol) (kJ/mol) (k)/mol)

0 387 315 324 318 344

30 379 352 317 332 337

150 313 236 262 239 278

300 31 275 266 284 281

450 336 241 279 244 295
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Figure 3.

Ea evolution shown by the different kinetic methodologies (Coats-Redfern: —; Broido: - 4 -; Chang withn=1: O,

and with n=1.5: @).
Conclusion

The thermodegradation mechanism is gov-
erned by a single-stage decomposition
process regardless of the burial in soil time
studied, which can be modelled by a kinetic
function f(a)=(1-«)" with n between 1
and 1.5.

The Ea evolution can be qualitatively
explained by using the Coats-Redfern and
Broido methods, which describe the same
behaviour. As expected, non-linear ten-
dency is found out for Ea variation along
the exposure in soil time, which may be
understood as an evolution by stages, which
overall decreases.

The thermal resistance of PLA has not
been too affected by degradation in soil
after 450 days of experiment, due to its
thermal properties have not significantly
changed.
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