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Abstract

The disposal stage of polylactide (PLA) was assessed by burying it in active soil
following an international standard. Degradation in soil promotes physical and chemical
changes in the polylactide properties. The characterization of the extent of degradation
underwent by PLA was carried out by using Thermal Analysis techniques. In this paper,
studies on the thermal stability and the thermal decomposition kinetics were performed
in order to assess the degradation process of a commercial PLA submitted to an
accelerated soil burial test by means of multi-linear-non-isothermal thermogravimetric
analyses. Results have been correlated to changes in molecular weight, showing the
same evolution as that described by the parameters of thermal stability temperatures and
apparent activation energies. The decomposition reactions can be described by two
competitive different mechanisms: Nucleation model (A2) and Reaction Contracting
Volume model (R3). The changes in the kinetic parameters and kinetic models are in
agreement with the calorimetric and dynamic-mechanical-thermal results, presented in

the Part I of the study [1].

Keywords: polylactide, degradation in soil; thermal decomposition kinetic analysis,

isoconversional methods



1. Introduction

Due to the significant impact of plastic waste on the environment, to find eco-friendly
solutions to manage the disposal of synthetic plastics is a key challenge. A promising
solution is the use of biodegradable polymers for packaging, as well as many other
applications. Due to its good thermal, mechanical and processing properties, economic
and environmental advantages [2-12], one of the most potential candidates is
polylactide (PLA), which is being currently established at the polymer industry.
However, the use of new materials would also imply the generation of a new and huge
source of polymeric materials waste in the near future, which should be carefully
managed. Therefore, the degradation process involved the disposal stage of PLA must

be assessed, with the aim of ensuring the completion of its life cycle.

The necessity of developing and implementing fast, cost-effective and reliable
characterization testing procedures has been stated in order to ascertain a deeper
knowledge about the ongoing interaction of the polymer with its disposal environment
[1]. Thermal Analysis techniques have demonstrated to be very appropriate and reliable
methodologies to monitor and control the influence of several degradation phenomena
on biodegradable polymers, such as hydrolysis, photo-oxidation, swelling, or
degradation in soil [13-14]. Chain cleavage processes induce morphological and
mechanical changes, as observed by Differential Scanning Calorimetry and Dynamical-
Mechanical-Thermal-Analysis [1]. These morphological changes may alter the thermal

decomposition process of the bulk PLA and thus its characterization would also provide



a complementary interpretation on the macroscopic effects of degradation in soil on
PLA. As discussed in previous studies [16-17], the decomposition of PLA during
thermal treatment is mainly caused by intramolecular transesterification reactions
leading to cyclic oligomers of lactic acid and lactide. Simultaneously, there is a
recombination of the cyclic oligomers with linear polyesters through insertion reactions,
whereas molecules with longer chains lengths are favoured. Evolved gases in inert
atmosphere also contain acetaldehyde, carbon monoxide, carbon dioxide and
methylketene, among others [18].

Due to its applicability in the macroscopic scale, the modeling of the thermal
decomposition processes in inert or reactive conditions has been broadly applied by
using isoconversional and non-isoconversional methods proposed by different authors
with good acceptance because of its versatility in different materials [19-20]. The
completion of the kinetic triplet, consisting in kinetic model function f (a), apparent
activation energy (Ea), and pre-exponential factor (A) can furnish with the knowledge
of the polymer thermal decomposition behaviour, and thus be related to the ongoing

degradation stage.

The aim of this work is to test the thermal changes that PLA suffers through
degradation in soil by Thermal Analysis. To mimic the environmental conditions at
which PLA is subjected in non-controlled disposals, PLA is submitted to a standardized
accelerated degradation in soil test. Physical and chemical changes occurred to the
polylactide properties, throughout the degradation in soil process are analyzed, making
efforts on establishing new insights in studying the degradation in soil process on
polymers by other accurate methods alternative and complementary to the chemical

analytical techniques. The current paper is focused on the influence of degradation in



soil on the thermal stability and the thermal decomposition kinetics of PLA. Once
assessed the effect of degradation in soil on PLA molecular weight (MW), parameters
such as the characteristic thermal stability temperatures (Ton, Tend, Tp) and the
components of the kinetic triplet (f(o), A and Ea) have been correlated to MW evolution

and consequently evaluated as indicators of degradation.

2. Theoretical background

The primary purpose of the kinetic analysis is to obtain the aforementioned Kinetic
triplet. Recently, Khawan and Flanagan [21-22] have reviewed the relationship between
the theoretical decomposition mechanisms and their mathematical models, the so-called
kinetic functions f(a). A list of the most common f (o)) applied to polymers is given at
Table 1.

Table 1

Macroscopic kinetics are complex since they might give information about multiple
steps simultaneously occurring, and therefore induce to misleading results [23]. Some
investigations have been hence carried out in order to focus on the challenge of
clarifying the interpretation of macroscopic kinetics; and have settled isoconversional
methods as suitable analysis procedures to evaluate the apparent activation energy (Ea)
[23-24]. These methods, which require experiments at several linear heating rates, are
based on the assumption that at a constant extent of conversion a, the decomposition
rate do/dt is a function only of the temperature, and do not need any conversion model
assumption at the initial stages of the analysis. The most broadly used isoconversional

methods are those developed by Friedman [25] and Flynn-Wall-Ozawa [26, 27]



(supported on Doyle’s integral approximation [28]). These methods give rise to linear
functions from which slopes the Ea at a constant a is obtained. Likewise, the model free
kinetic method established by Kissinger [29] is widely employed by many authors in
order to check their results. This method calculates the activation energy from the slope
of a linear function which takes into account the relationship between the peak
temperature of the first-derivative thermogravimetric curve and the heating rate

employed in the experiment.

Regarding the kinetic function f (o) evaluation, the most common methodologies are
those proposed by Criado [30] , which allows the comparison of the experimental data
to theoretical reduced master-curves, and Coats-Redfern [31] , which gives a linear
fitting for a given kinetic model function. By combining both methods, Coats-Redfern
method is applied to those theoretical kinetic functions f —(a) that better fit the
experimental behaviour according to the results drawn from the Criado method. A
comparison of the apparent activation energy Ea obtained from the slope for each f (o)
with the average apparent activation energy given by the Friedman, Flynn-Wall-Ozawa
and Kissinger methods Eajs, will be deciding in the selection of the f (a). The pre-
exponential (A) is also obtained from this method, and the kinetic triplet is thus
achieved, which is automatically related to the physical decomposition mechanism. An
extended explanation of these methods can be found elsewhere [32]. To summarize,
Figure 1 schematically represents the theoretical description of these methods and the
Kinetic strategy followed at this paper.

Figure 1



3. Experimental procedures

3.1. Material and sample preparation

A commercial polylactide with 3. 8 % content of meso-lactide, obtained from renewable
resources by ring opening polymerization supplied by Natureworks (Minnetonka, USA)
was used in this study. This PLA is a commercial resin with a number-average

molecular weight of 102.130 g/mol, as measured by Gel Permeation Chromatography.

Pellets of PLA were dried with demoisturized air at 80°C during 4 hours. Rectangular
bars were prepared by compression moulding in a Collin PCS-GA Type Press 800 (GA,
USA) at an initial temperature of the hot plates of 195°C and final temperature of 60°C.
Five pressure steps were performed as follows: 5 minutes at 6 bar, 8 minutes at 75 bar, 8
minutes at 155 bar, 4 minutes at 215 bar, and 11 minutes at 45 bar. Test specimens were
presented as bars of (145 x 10 x 2 mm). Since this work approaches the degradation in
soil of discarded consumer goods, which are obtained by means of, at least, one
processing step, “non-buried PLA” has been considered the starting material of the

study.

3.2. Accelerated soil burial test

PLA plates were subjected to a controlled degradation in soil test under controlled
conditions (temperature, water content and pH), following the 1SO 846-1997
International Norm [33], according to method D. Samples were buried in biologically

active soil and kept in a Heraeus B12 (Hanau, Germany) culture oven at 28 °C. The soil



used in these tests was a red soil extract taken from a culture field in Alginet (Valencia).
To ensure the oxygenation of the soil, a protocol of periodical air oxygen supply was
followed. Microbial activity of soil was monitored with cotton along the extension of
the experiment. According to norm, if the activity of the cellulose-degrading
microorganisms is in order, the case is also applicable to the rest of flora. The soil was
maintained at approximately pH 7 and a relative humidity of 0.87 g water/g wet soil.
Test specimens were extracted at 30, 150, 300 and 450 days, cleaned and kept in a

desiccator during 4 days in order to ensure water desorption before being analyzed.

3.3. Thermogravimetric analysis

Experiments were carried out in a Mettler-Toledo TGA/SDTA 851 (Columbus, OH),
from 25 to 750°C at different heating rates (B = 5, 10, 15, 20, 25, 30 °C/min), under

constant flow of 50 mL/min of Argon atmosphere.



4. Results and discussion

The influence of degradation in soil on polylactide has been deeply characterized by
Thermogravimetry (TGA). The changes in the thermal stability have been firstly
studied. A further assessment of the thermal decomposition behaviour in the bulk PLA
is performed. Results are related to those showed by Differential Scanning Calorimetry
(DSC) and Dynamical Mechanical Thermal Analysis (DMTA), reported in the Part I of
the study [1]. Discussion is given in terms of both the effects of degradation in soil on
the physical-chemical properties of PLA, and the reliability of these thermal analysis

techniques to offer reliable indicators of the degradation extent.

4.1. Thermal stability

A preliminary analysis of the differences observed in thermal stability temperatures for
non-buried PLA and samples submitted to the accelerated soil burial test was
performed. For this purpose, the thermal decomposition (TG) curves and their first-
order derivative (DTG) curves for samples extracted at 30, 150, 300 and 450 of burying
have been analysed at different heating rates and compared to the TG and DTG curves
of the non-buried PLA. Figure 2 shows the influence of the degradation process on the
TG and DTG curves in terms of the conversion degree evolution displayed for non-
buried and 450-days-buried PLA samples; the other soil burial experiments were

omitted for the sake of clarity.

Figure 2



As usual, higher heating rates (B) lead to shift the thermograms to higher temperatures.
PLA thermal decomposition occurs through a single decay stage, regardless the
degradation in soil time and the f employed for the thermogravimetric analysis. The
mass loss was around 98-99% in all cases. The corresponding decomposition onset and
endset temperatures (Ton, Teng) Were obtained by a tangential intercept method onto the
TG curve. Likewise, the peak temperature of the DTG curve, which is related to the
inflection temperature of the TG curve (Tp) was also considered. Figure 3 displays the
Ton, Teng @and Tp evolution along the degradation in soil process at the experiment of
lower B (5°C- min-), since it is supposed to offer the best accuracy and the major
independence with the experimental TGA conditions [23]. All thermal stability
temperatures describe the same behaviour, clearly differenced in two stages: firstly, an
overall increase of around 5 °C is stated; afterwards, the decomposition temperatures
continuously diminish, describing an attenuated decreasing tendency. These results
suggest modifications in the arrangement of chains in the bulk PLA matrix. Initial
hydrolytic reactions might give out smaller free chains able to react or reorganize, thus
offering a slightly higher resistance to the thermal decomposition [34]. Later on, the
degradation weakens the structure of the bulk polymer, and thus lower temperatures are
capable of overcoming its thermal stability. The results from thermogravimetric analysis
lead to guess that degradation in soil produces small changes in the bulk polymer, since
the interaction of the polymer and the testing environment takes place slowly, as it has
been shown in other studies [13-14]. However, these small variations might indicate
modifications in the thermal decomposition kinetic model. Further analysis is therefore
carried out to establish good indicators which correlate the thermal decomposition

behaviour of PLA with its degradation in soil stage.



Figure 3

4.2. Thermal decomposition kinetic model

In the attempt to develop a model for plastic thermal behaviour in full scale
systems, the main purpose is to describe the thermal decomposition of polymers in
terms of an intrinsic kinetics, in which heat and mass transfer limitations are not
included. Generally kinetic models are proposed in literature for plastics and biomasses.
These models do not take into account the rigorous and exhaustive description of the
chemistry of thermal decomposition of polymers and describe the process by means of a
simplified reaction pathway. Each single reaction step considered is representative of a
complex network of reactions [21]. The obtaining of the aforementioned Kinetic triplet
may provide new knowledge regarding the kinetic model of PLA thermal
decomposition. A deep kinetic analysis according to the kinetic methodology formerly
proposed in Figure 1 has been performed. The Friedman, Flynn-Wall-Ozawa and
Kissinger methods have been initially applied to evaluate the degradation in soil effect
on the apparent activation energy (Ea) of the PLA thermal decomposition. These three
methods offer good experimental data fittings to straight lines, for all degradation in soil
times studied. Figure 4 (a, b, ¢) shows the application of these methods to the non-
buried PLA.

Figure 4

The Ea for every constant conversion degree a value has been obtained from the slope
of each line. Since the main mass loss decomposition process occurs in the oo domain

comprised between 0.2 and 0.7 for all samples, the analyses have been focused in that



range. Table 2 shows the isoconversional apparent activation energy Ea, values for all
samples submitted to the soil burial test. In order to investigate the degradation
consequences on the PLA thermal decomposition kinetics, the average apparent
activation energy Eajs, value has been taken. Figure 5 represents the Eajs, evolution with
the soil burial time for the three employed methods. As can be seen, a consistent
behaviour in a small confidence range has been given by all of them. The Eajs, tendency
is similar to the evolution described by all the characteristic thermal stability
temperatures and molecular weights [1]. In a first stage, a slight increase in molecular
weight (Mn = 1.02-10° g-mol™ at 0 days and 1.08-10° g-mol™ at 30 days) strengthens the
suggestion previously drawn on molecular recombinations of smaller chains into the
polymeric backbone for the action of the humidity of the soil [34], which is further
supported by the increase of the Eais,, Since more energy is needed to trigger the thermal
decomposition. Later on, the Ea;s, continuously decreases, which indicates a progressive
weakening of the PLA structure, related to a continuous decrease in molecular weight
(Mn = 9.1-10* g-mol™ at 150 days, 7.6-10* g-mol™ at 300 days, and 5-10* g-mol™ at 450
days) as a consequence of the degradation in soil subjected, as it was shown [1]. These
changes support the hypothesis previously drawn, which considered modifications on
the thermal decomposition mechanism as a degradation in soil effect, as it is shown as

follows.

Table 2.

Figure 5.

Concerning the completion of the kinetic triplet, the kinetic model function f (a), and

the pre-exponential factor (A) should be obtained. Criado method has been applied for



all the theoretical f (o) related at Table 1. Figure 4 (d) shows the comparison of the
reduced Criado functions of non-buried PLA to the master-curves for the experiments
carried out at the slower heating rate (5 °C-min™"), which are supposed to offer more
accurate results [23]. This method allows for the discrimination of the most possible
kinetic models which can explain the thermal decomposition behaviour of polymers.
Nevertheless, a parallel evaluation of the apparent activation energies Ea is required to
verify the chosen kinetic function f (o). Among the different methods that calculate the
Ea from a given f (o), Coats-Redfern method has been demonstrated to offer the most
precise results [35]. In that way, the results of the combination of the analyses
performed by means of the application of Criado, Coats-Redfern and the
isoconversional methods are shown at Table 3, together with the Kinetic triplet obtained
and the corresponding physical thermal decomposition model for each soil burial time.
The knowledge of the complete kinetic triplet allows mathematically describing the
thermal degradation process at any time of the soil burial experiment. As can be seen at
Figure 6, the theoretical kinetic model drawn from the analysis to all samples perfectly

fit to the thermogravimetric experimental data.

Table 3

Figure 6

The kinetic analysis methodology has permitted to accurately model the thermal
decomposition process along the degradation in soil test. The Kkinetic triplet
interpretation eases the complexity of the decomposition processes taking place, and
permits to relate the changes induced by degradation in soil to the changes in the

morphology of the bulk PLA. The non-buried PLA thermal decomposition mechanism



is described by a Nucleation model (A2). This kind of kinetic model is quite common in
crystallization processes, but have only been observed in few studies dealing with
thermal decomposition processes of polymers [36-42]. In these studies, the controversy
of the relationship between the mathematical models and the physical mechanisms is
patent. Even being aware of the limitations of these studies, a physical approach of the
influence of degradation in soil on the bulk PLA have been drawn from our kinetic
analysis. Therefore, the A2 model indicates the presence of active zones (nuclei), more
chemically liable to thermal decomposition [34], which activate the formation and
growth of gas bubbles in the polymer melt [42]. However, the degradation in soil
process alters the thermal decomposition behaviour of PLA. When PLA samples are
submitted to the accelerated soil burial test, changes in the kinetic triplet are involved,
due to the humidity and the presence of micro-organisms, which mainly induce
chemical changes in the polymeric structure [45-48]. In this first stage, humidity may
affect the PLA structure and the effect of ingestion and coalescence nuclei processes
could difficult the molecules release and produce a change in the thermal decomposition
mechanism, which may be primarily controlled by a Reaction Contracting model (R3).
This model explains the thermal decomposition in a generalized fashion throughout the
bulk PLA, where the gas release is controlled in the phase boundaries. After this first
stage, the thermal decomposition mechanism remains being described by a R3 model
but, due to the continuous interaction between the polymer and the degrading
environment, low molecular weight compounds might be released. Hence, the
characteristic temperatures and the Eajs, of the thermal decomposition process show a
decrease, which is a sign of the progressive weakening of PLA structure, since it
requires lower energy to activate its thermal decomposition process as longer is PLA

submitted to degradation in soil. The R3 kinetic model is maintained during almost 300



days but after this time, in agreement with the morphological variations stated by the
DSC and DMTA results [1], a rearrangement of chains into weaker conformations is
produced and the generalized decomposition may be therefore disabled, giving
relevance to the decomposition in specific sites (nuclei) and thus the thermal

decomposition process is again governed by an A2 Nucleation model.

5. Conclusions

Commercial polylactide was buried in active soil in order to mimic its disposal stage
following an international standard, and the changes in their physical and chemical
properties were assessed by Thermal Analysis techniques. The research in this second
paper focuses on the thermal stability and thermal decomposition kinetics of PLA.
Multi-rate linear-non-isothermal thermogravimetric experiments have been performed
and indicators for monitoring the influence of degradation in soil on the bulk

PLA have been proposed.

A single thermal decomposition stage has been stated for all degraded-in-soil PLA
samples, regardless the burial time and the heating rate employed. The effect of
degradation in soil on PLA thermal stability has been evaluated in terms of the onset,
endset and the peak decomposition temperatures. All temperature indicators follow the
same double-stage behaviour: a first increase related to the major degrading activity in
the polymer; and a continuous attenuated decay along the degradation in soil process.
These changes have been also assessed by the evolution of the apparent activation
energy, being in that case the difference between both stages more noticeable. The

correlation of these parameters to the evolution observed for the molecular weight



evolution strengthens the usefulness of thermogravimetry as a means for monitoring the

influence of degradation on polymers.

A Kkinetic analysis methodology, consisting in the combination of five different
methods (namely Friedman, Flynn-Wall-Ozawa, Kissinger, Criado and Coats-Redfern)
has been successfully applied and has allowed the determination of the PLA Kkinetic
triplet evolution throughout the degradation in soil process. The PLA thermal
decomposition mechanism is influenced, since it can be described by two competitive
different decomposition models: on the one hand, a Nucleation model (A2), which gives
importance to specific decomposition sites; and on the other hand, a Reaction
Contracting model (R3), which represents a particles release generalized on the whole
polymer surface. Therefore, the knowledge of the thermal decomposition model at each
degradation stage has permitted to interpret from a macroscopic point of view the

degradation in soil consequences on PLA bulk morphology.
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Figure 1. Methodology applied for the characterisation of the thermal decomposition

kinetics of PLA submitted to degradation in soil.

Figure 2. Comparison of the conversion degree evolution and its first-derivative

thermogravimetric curve plot for non-degraded PLA and PLA buried during 450 days.

Figure 3. Effect of degradation in soil on the thermal stability temperatures obtained

from TGA experiments at 5 °C/min.

Figure 4. Kinetic methods applied to non-degraded PLA. a) Friedman method; b)
Flynn-Wal-Ozawa method. c) Kissinger method. Insert: Determination of the peak

decomposition temperature. d) Criado method.

Figure 5. Evolution of the apparent activation energy throughout the degradation in soil

process.

Figure 6. Comparison of experimental TG curves (symbols) to fitted kinetic functions
(solid lines) obtained from the kinetic methodology.
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Tablel

Table 1

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

model differential form integral form
f(a)=1/k-do/dt g(a)=Kk-t
NUCLEATION MODELS
Avrami-Erofeyev (A2) 2-(1-a)- |- In(1- &)] Y [ In(1 - )] 4
Avrami-Erofeyev (A3) 3.(1-a)-[-In(l- a)] 24 [ (1 _a)]%
Avrami-Erofeyev (A4) 4-(-a) [ 11— a)] 3 [ In(1 - a)]%
GEOMETRICAL CONTRACTION MODELS
Contracting area (R2) 2.(1- a% 1-(1- a)%
Contracting volume (R3) 3_(1_a)% 1_(1_(1)%
REACTION-ORDER MODELS
Zero-order (FO/R1/n=0) 1 a
First-order (F1,n=1) (1-a) ~In(l- )
Second-order (F2,n=2) (1 —a)2 S
l-a
Third-order (F3,n=3) (1-a) . 1
. 1
A (1_ a)z




Table2

TABLE 2

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

PLA_0Odays PLA_30days PLA_150days PLA_300days PLA_450days
o Ear Earwo Eax Ear Earwo Eax Ear Earwo Eak Ear Earwo Eax Ear Earwo Eax
(kImol™)  (kImol™®)  (kImol?) | (kimol?) (kImol®) (kImol?) | (kimol™) (kImol?) (kImol?) | (kImol?) (kImol?) (kImol?) | (kImol®) (kImol™) (kJ-mol?)

02| 2055 206.0 235.7 260.9 217.7 233.0 180.5 215.3 195.2 222.6
03] 2076 212.4 259.8 261.3 224.3 241.7 201.7 218.8 199.2 214.3
0.4 | 208.0 202.5 271.8 265.9 229.1 238.9 211.7 217.2 201.7 203.3
05 206.1 202.7 206.7 283.9 272.0 2597 231.6 237.4 239.0 219.8 207.1 2143 199.3 193.2 199.7
0.6 | 205.4 197.0 274.8 263.9 233.9 240.3 222.5 202.5 194.8 179.7
07 ] 2041 191.8 252.7 261.7 235.7 235.7 222.9 186.0 193.6 176.4




Table3

TABLE 3

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

PLA degradation in soil

Burial | Criado Coats-Redfern analysis | Isoconversional Kinetic triplet
insoil | analysis analysis
Decomposition
mechanism
time f(a) Ea InA | R’ Average Ea | f() Ea InA
(days) | scope | (kJemol?) | (s%) (kJemol™) (kJemol™) | (s
reduction
n=1 378.7 67.4 | 0.998
A2 205.0 46.1
0 A2 205.1 46.1 | 0.999
205.0 Nucleation
R2 318.9 55.0 | 0.997
R3 337.7 58.3 | 0.998
n=1 300.3 50.3 | 0.998
R3 2624  43.0
30 A2 161.1 37.4 | 0.995
262.4 Reaction
R2 244.9 40.6 | 0.998
Contracting volume
R3 259.3 43.0 | 0.999
n=1 240.4 40.2 | 0.956
R3 232.5 36.9
A2 135.7 32.2 | 0.949 .
150 232.5 Reaction
R2 224.7 36.3 | 0.969 Contracting volume
R3 229.8 36.9 [ 0.975
n=1 253.9 43.5 | 0.985
R3 210.7 34.8
A2 142.4 33.6 | 0.987 .
300 210.7 Reaction
R2 221.0 36.9 | 0.993 Contracting volume
R3 214.6 34.8 | 0.996
A2 198.4 43.1
n=1 354.7 62.1 | 0.997
450 198.4 Nucleation

A2

193.2 43.1 | 0.997
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