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Summary 

 
The purpose of this PhD thesis is to study the effect of thermal, biological and photo 

degradation on polylactide (PLA) to characterize the changes occurring under different conditions 

during its life cycle. This biodegradable polymer is obtained from renewable resources and is 

considered an excellent candidate to substitute other polymeric materials with scarce degradability. 

The decrease on the polylactide molar mass was monitored by Gel Permeation Chromatography 

(GPC) and Viscometry. Additionally, Fourier Transform Infrared Spectroscopy (FTIR) was used to 

determine the degradation mechanisms and their effect on the chemical structure of PLA. Moreover, 

the impact of each type of degradation on the morphology and the thermal and viscoelastic properties 

of PLA was also determined. Thermogravimetric Analysis (TGA) was applied to monitor changes in 

the thermal stability of the materials caused by the different degradation types, by using several 

parameters such as the maximum thermal degradation rate or the activation energy. The effect of bio 

and photo degradation on the material surface was evaluated by Scanning Electron Microscopy 

(SEM), revealing variations exclusively caused by biological degradation. The thermal and 

viscoelastic properties were measured by Dynamic Mechanical Thermal Analysis (DMTA), 

Differential Scanning Calorimetry (DSC) and Optical Microscopy (OM). The decrease of molar mass 

with biodegradation time follows a first order process (Mn = Mno e-kt) while the molar mass of 

specimens tested during thermal and photo degradation follows a second order law (1/Mn = 

(1/Mno)+k·t). Several characteristic parameters were obtained to determine their variation with 

degradation and molar mass and the effect of each type of degradation. The dependence of the molar 

mass with the spherulites growth rate is especially acute in bio and photo degraded samples, following 

an exponential law typical of semicrystalline polymers. The results have shown that each degradation 

is controlled by several factor that affect differently the morphological, thermal and mechanical 

properties of PLA, highlighting that degradation cannot be explained by a solely effect of chains 

breakage and molar mass reduction. The appearance of new functional groups is fundamental to 

control the crystallization of the material. Furthermore the formation and size of crystals are the most 

significant parameters to describe the macroscopic properties, and therefore establish the PLA 

degradation. In particular, the results obtained are of great interest to design a controlled management 

of PLA disposal and to estimate the time to reach considerable reduced molar masses. This study 

offers a complete characterisation of each degradation type, through the combination of all the 

techniques under use, by creating a methodology capable to predict the behaviour of polymers 

potentially degradable at long exposure times.  
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Resum 

 
L’objectiu de la present tesi doctoral és l’estudi de l’efecte de la degradació tèrmica, biològica i 

fotolítica a la polilactida (PLA) per caracterització dels canvis que ocorren sota diferents condicions 
durant la seua vida útil. Aquest polímer biodegradable procedeix de fonts renovables i està considerat 
un excel·lent candidat per substituir altres materials polimèrics amb escassa degradabilitat. La 
monitorització del descens de massa molar de polilactida es realitzà mitjançant Cromatografia de 
Permeació en Gel (GPC) i Viscosimetria. Addicionalment, es va emprar l’Espectroscòpia Infraroja 
amb Transformada de Fourier (FTIR) per establir els mecanismes que controlen la degradació i llur 
efecte a la estructura química de la polilactida. Tanmateix s’ha determinat l’impacte dels tipus de 
degradació a la morfologia i a les propietats tèrmiques i mecàniques del PLA. La Termogravimetria 
(TGA) va permetre monitoritzar canvis a la estabilitat tèrmica del material deguts als diferents tipus 
de degradació, emprant paràmetres com la temperatura de màxima velocitat de degradació tèrmica o 
l’energia d’activació. El resultat de la degradació biològica i fotolítica a la superfície del material va 
ser avaluat mitjançant Microscòpia Electrònica de Rastreig (SEM), observant-se únicament canvis 
atribuïbles a la degradació biològica. Les propietats viscoelàstiques i tèrmiques es van analitzar per 
Anàlisi Dinàmic-Mecànic-Tèrmic (DMTA), Calorimetria Diferencial de Rastreig (DSC) i 
Microscòpia Òptica (OM). El descens de la massa molar de les mostres biodegradades amb el temps 
segueix un procés de primer ordre (Mn = Mno e-kt) mentre que en el cas de la degradació tèrmica i 
fotolítica aquest segueix un procés de segon ordre (1/Mn = (1/Mno)+k·t). De cada tècnica d’estudi 
s’han obtingut els paràmetres més rellevants per discernir les diferències entre els tres processos de 
degradació. La dependència de la massa molar amb la velocitat de creixement lineal de les esferulites 
és especialment notable en les mostres degradades biològica i fotolíticament, seguint una relació 
exponencial característica dels polímers semi-cristal·lins. Els resultats han mostrat que cada 
degradació està controlada per diversos factors que afecten de diferent forma les propietats 
morfològiques, tèrmiques i mecàniques del PLA, remarcant d’aquesta forma que no és únicament la 
ruptura de cadenes i la reducció de la massa molar el fenomen que regula les degradacions. L’aparició 
de nous grups funcionals resulta fonamental per a controlar el procés de cristal·lització del material. 
Tanmateix s’ha comprovat que la aparició i grandària dels cristalls és el paràmetre més significatiu 
per descriure les propietats macroscòpiques i per tant per establir la degradació del PLA. 
Particularment, els resultats obtinguts són de utilitat per dissenyar una gestió controlada de deposició 
del PLA i per estimar el temps al que el material abasta masses molars molt reduïdes. Aquest estudi 
ofereix una caracterització de cada tipus de degradació mitjançant la combinació de totes les tècniques 
utilitzades, creant una metodologia capaç de predir el comportament de polímers potencialment 
degradables a tems llargs d’exposició.  
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Resumen 
 

El propósito de la presente tesis doctoral es el estudio del efecto de la degradación térmica, 
biológica y fotolítica en la polilactida (PLA) para caracterizar los cambios que tienen lugar bajo 
diferentes condiciones durante su vida útil. Este polímero biodegradable procede de fuentes 
renovables y está considerado un excelente candidato para sustituir a otros materiales poliméricos con 
escasa degradabilidad. La monitorización del descenso de masa molar de polilactida se realizó tanto 
mediante Cromatografía de Permeación en Gel (GPC) como por Viscosimetría. Adicionalmente se 
utilizó la Espectroscopía Infrarroja con Transformada de Fourier (FTIR) para establecer los 
mecanismos que controlan la degradación y su efecto en la estructura química de la polilactida. 
Asimismo, se ha determinado el impacto de cada tipo de degradación en la morfología y en las 
propiedades térmicas y mecánicas del PLA. La Termogravimetría (TGA) permitió monitorizar los 
cambios en la estabilidad térmica del material debidos a los diferentes tipos de degradación, utilizando 
parámetros como la temperatura de máxima velocidad de degradación térmica o la energía de 
activación. El resultado de la degradación biológica y fotolítica en la superficie del material fue 
evaluado mediante Microscopía Electrónica de Barrido (SEM), observándose únicamente cambios 
debidos a la degradación biológica. Las propiedades viscoelásticas y térmicas se analizaron mediante 
Análisis Dinámico-Mecánico-Térmico (DMTA), Calorimetría Diferencial de Barrido (DSC) y 
Microscopía Óptica (OM). El descenso de la masa molar de las muestras biodegradadas con el tiempo 
sigue un proceso de primer orden (Mn = Mno e-kt) mientras que en el caso de la degradación térmica y 
fotolítica éste sigue un proceso de segundo orden (1/Mn = (1/Mno)+k·t). De cada una de las técnicas se 
ha obtenido los parámetros más relevantes para discernir las diferencias entre los tres procesos de 
degradación. La dependencia de la masa molar con la velocidad de crecimiento linear de las 
esferulitas, es especialmente notable en las muestras degradadas biológicas y fotolíticamente, 
siguiendo una relación exponencial característica de polímeros semicristalinos. Los resultados 
muestran que cada degradación está controlada por diversos factores que afectan de diferente forma a 
las propiedades morfológicas, térmicas y mecánicas del PLA, enfatizando así que no es únicamente la 
ruptura de cadenas y la reducción de la masa molar el fenómeno que regula dichas degradaciones. La 
aparición de nuevos grupos funcionales resulta fundamental para controlar el proceso de cristalización 
del material. Asimismo se ha comprobado que la formación y tamaño de los cristales es el parámetro 
más significativo para describir las propiedades macroscópicas y por tanto establecer la degradación 
del PLA. En particular, los resultados obtenidos son de utilidad para diseñar una gestión controlada de 
deposición del PLA y para estimar el tiempo en que el material alcanza masas molares muy reducidas. 
Este estudio ofrece una caracterización de cada tipo de degradación mediante la combinación de todas 
las técnicas utilizadas, creando una metodología capaz de predecir el comportamiento de polímeros 
potencialmente degradables a tiempos largos de exposición.  
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Glossary 
 
 
A Pre-exponential factor 
αf  Thermal expansion coefficient 
ΔΗc Crystallization enthalpy 
ΔΗm Melting enthalpy 
ATR Attenuated total reflectance 
β Heating rate 
DMTA Dynamic Mechanical Thermal Analysis 
DSC Differential Scanning Calorimetry 
E’ Storage modulus 
E” Loss modulus 
Ea Activation energy 
f(α) Differential function of the kinetic model 
φ Relative free volume 
FTIR Fourier Transform Infrared Spectroscopy 
g(α) Integral function of the kinetic model 
G Growth rate 
GPC Gel Permeation Chromatography 
η Intrinsic viscosity 
I Intensity 
MMD Molar Mass Distribution 
Mn Number-average molar mass 
Mw Weight-average molar mass 
Mv Viscosity molar mass 
PLA  Polylactide 
OM Optical microscopy 
ROP Ring Opening Polymerization 
SEM Scanning Electron Microscopy 
Tan δ  Loss tangent 
Tc Crystallization temperature 
Tm Melting temperature 
Tg Glass transition temperature 
TGA  Thermogravimetric Analysis
Tmax Temperature of the maximum loss modulus 
Tpeak Maximum temperature of thermal decomposition  
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1.1 Polymer production and waste management in packaging 
 

During the last decades the overall society has increased the consumption of polymers 

to satisfy the requirements of the different economic sectors. Among the different existing 

polymers, thermoplastics and thermosetting plastics are especially relevant because of their 

huge production volumes. Figure 1-1 summarizes the most recent data regarding worldwide 

plastic production [1]. 

 
 

Figure 1-1 World plastic production during 2010; the values are given in percentage of the 265 million of 
tons (Mt) annual. 

 
Annual plastics production reached approximately 57 Mt in 2010, only in Europe, 

whereas worldwide production leapt to 265 Mt in the same year. China is the principal 

producer (23.5% world production) closely followed by Europe (21.5% world production) 

and North American Free Trade Agreement (20.5% world production). Germany is the major 

European producer, accounting for 7.0% of global production followed by Benelux (3.5%), 

France (3.0%), Italy (2.0%), the UK and Spain (1.5%) and others (3%). The “Compelling 

Facts About Plastics 2011” report, by the Plastics Europe organization, predicted to exceed 

300 Mt of world consumption in 2011 [1]. 

 

Plastics demand by converters in Europe was 46.4 Mt in 2010, being polyethylene 

(PE’s), polypropylene (PP), polyvinylchloride (PVC) and polystyrene (PS) the most required 

(see Figure 1-2) In general, all of them are designed and manufactured to resist 

environmental degradation. 
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Figure 1-2 Plastics demand in Europe 2010 by types. Source: Plastics Europe Market Research Group 
(PEMRG) [1]. 

 

Plastics are applied in different industrial sectors, as Figure 1-3 shows. Packaging is the 

principal industrial sector, followed by building and construction. 

 

Figure 1-3 Plastics demand in Europe 2010 by economic sectors. Source: Plastics Europe Market 
Research Group (PEMRG) [1]. 

 
Materials used for packaging present fast disposal, due to their short service life. 

Furthermore, they are designed to be resistant to environmental degradation. Both 

characteristics result in a significant increase of packaging plastic waste. This problem 

concerns, not only the richest countries, but also less technologically developed regions due 

to the impact of tourism, exportation and the increase of resources demand. Thus, the 

increase in plastic production and demand consequently implies that society has to face two 

main problems: the increase of plastic waste accumulation and a faster decrease of the 

traditional resources [2,3]. 
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A number of strategies may be used to respond to uncontrolled plastic waste 

accumulation. The options traditionally used for plastic waste management, but less 

recommended are: 

 
 Landfill disposal is still the main destination for plastic waste, representing 42% 

of the post-consumer plastic waste in Europe [1]. However, it does not ensure 

protection of the environment, especially of soil and water, since the materials 

take hundreds of years to completely degrade, without any energy recovery. 

 
 Incineration is also used, representing 34% of the plastic waste [1]. Despite the 

benefits of energy recovery and the possibility to generate electricity from 

combustion, this option is not recommended due to strong air pollution. 

 
More recently, several efforts have been made to guarantee suitable waste management 

thereby reinforcing environmental protection: 

 

 Recycling is the most suitable option within the different widespread 

techniques. Mechanical recycling entails re-melting of classified plastic wastes 

into new plastic options, allowing for energy recovery during the process. New 

valuable materials are obtained, usually with modified mechanical properties, 

but still suitable for other purposes. The total material recycling rate of post-

consumer plastics in Europe was 24% during 2010 [1]. 

 

The application of these strategies for plastic waste management is always difficult, 

especially in countries with less investment. Cities in Africa, South America and Asia only 

collect between the 50% and 80% of waste generated. Open dumping is then the only 

disposal method available, with the consequent environment (soil, water, air...) and health 

(citizens) impact [4,5,6]. 

 

Recently, the use of polymers designed to be degraded by the environment with 

harmless sub-products has been developed as an interesting alternative for waste managing. 

The production of biodegradable polymers is an emerging sector of industrial biotechnology, 

especially for product niche markets such as packaging or car-interior fittings. 
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Biodegradable polymers from renewable resources (such as wheat, potatoes, corn, sugar 

cane, etc.) stand out as a reliable alternative to commodities in packaging applications, as 

most of them are hydrolytically degradable polymers [7]. Some of these new polymers are 

currently used as components of drug delivery systems, degradable sutures and orthopedic 

supports [8]. The use of biodegradable polymers from renewable sources can reduce the 

dependence from fossil sources and open new fields of research, and may also contribute to 

mitigate uncontrolled disposal of plastics worldwide. 

 

Nowadays, bioplastics (including biodegradable and non-biodegradable polymers from 

renewable resources) represent around 0.30 % of the World Plastics Production (724000 

tonnes, 2010) [9]. Figure 1-4 shows the distribution of Bioplastics World production [10]. 

Within the overall bioplastics production, the biodegradable polymers represented the 59% in 

2011 [10].The largest production of biodegradable polymers is occupied by starch based 

thermoplastic (SBT), polylactide (PLA) and polyhydroxyalcanoate (PHA). Figure 1-5 

schematically summarizes the interrelations between the different raw plastic sources, the 

polymer transformation and the disposal options when plastic is used for packaging. 

 

 
 

Figure 1-4 Bioplastic production in the world in 2011 [9]. 
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Figure 1-5 Life cycle of plastics from different resources used for packaging.  
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1.2 Biodegradable polymers. Polylactide 

1.2.1 Definitions 

 
Efforts to reduce environment impact of plastic waste have been translated into research 

in new material sources and production of eco-friendly products made from renewable raw 

materials. Even though terms as biopolymers, biodegradable polymers and bioplastics are 

indistinctly used for designing polymers obtained from non-fossil sources, each of them have 

different meanings. 

 

A biopolymer is defined as a polymer involving living organisms in its synthesis 

process, according to ASTM D6866-06 [11]. It therefore has a partial or total biochemical 

origin whereby it can be partially or totally produced from natural, renewable materials 

(biomasses) and can be potentially biodegradable (ASTM D6400-04) [12]. Biopolymers (or 

biobased polymers) can be grouped into the three following categories: 

 

a) Polymers extracted directly from biomass and further processed. Examples of this 

category are starch modified polymers and polymers derived from cellulose. 

 

b) Polymers produced directly by microorganisms in their natural or genetically 

modified state, such as polyhydroxyalcanoates (PHAs). 

 

c) Polymers obtained with the participation of bio-intermediaries, produced with 

renewable raw materials. Some examples are polylactide (PLA) from the 

polymerization of lactic acid obtained from natural products as starch; bio-

polyethylene (BPE), from the polymerization of ethylene produced from bio-ethanol; 

bio-nylons via diacids from biomass; and bio-polyurethanes, incorporating polyols of 

vegetal origin. 

 

Biodegradable polymers are defined as those that undergo microbial induced chain 

excision leading to their mineralization. Specific conditions in terms of pH, humidity, oxygen 

content and the presence of some metals are usually required to ensure biodegradation of 

such polymers [13]. Biodegradable polymers can be produced from biosources as corn, wood 

cellulose, etc., or can be synthesized by bacteria from small molecules [14].  
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Alternatively, some biodegradable polymers can be derived from petroleum sources or 

also be obtained from mixed sources of biomass and petroleum [15]. The best known 

petroleum source-derived biodegradable polymers are aliphatic polyesters or aliphatic-

aromatic copolyesters. However biodegradable polymers made from renewable resources are 

attracting much more interest since they are environmental friendly, in contrast to the fully 

petroleum based. 

 

The American Society for Testing and Materials (ASTM, D6400 standard) alternatively 

defines a biodegradable polymer as a degradable material where the degradation results from 

the action of microorganisms such as bacteria, fungi, and algae. Biodegradable polymers can 

degrade in composting facilities and break down into water, methane, carbon dioxide and 

biomass [16]. The degradation process of the polymers by microorganisms in soil or compost 

can be then measured by standard tests over specified time-frames. 

 

Finally, Bioplastics can be defined based in two criteria [10]  

 

1. The first criterion is the raw materials basis. Bioplastics are materials that 

contain biopolymers in various percentages, although there is no consensus 

regarding the specific minimum bio-derivative content. These materials can be 

molded by heat and pressure, and some of them can persist to microbial 

degradation, such as polythioesters [17]. 

 

2. The second criterion is focused on their functionality, "compostability". It is 

accepted that all biodegradable plastics are considered bioplastics, even if they are 

totally composed of petrochemical polymers. This means that polymers from 

fossil sources, such as polycaprolactone (PCL), polybutyleneadipate/ terephthalate 

(PBAT), are considered bioplastics but not biopolymers [18]. 

 

Thus, Bioplastic is a general term used in industry because concerns non-biodegradable 

biopolymers, polymers with different concentration of biopolymers and biodegradable 

polymers from non-renewable sources. 
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1.2.2 Classification of biodegradable polymers 

 

Biodegradable polymers can be classified according to different features: the synthesis 

and processing methods, chemical composition, economic importance, applications, etc. Each 

of these classifications provides different and useful information. Figure 1-6 shows a 

classification of biodegradable polymers according to their origin: polymers coming from 

renewable resources obtained totally or partially by living microorganisms and petroleum 

based polymers obtained by chemical synthesis. 

 

 
 

Figure 1-6 Classification of biodegradable polymers. 
 

The penetration of bioplastic industry into the market relies on offering products 

favorable to the environment. The added value of these products is based on several features: 

a lower energy demand in processing than ordinary plastics, the release of CO2 and water 

only after degradation, potential use as compost and the possibility to incorporate exclusively 

renewable raw materials in the production processes. The most commercialized 

biodegradable polymers, such as starch-based thermoplastics or polylactide, possess the 

Non-industrially 
manufactured 
 
Industrially 
manufactured 
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previous features. Considering their good thermal and mechanical properties, these polymers 

are potential alternatives to conventional thermoplastic polymers of petrochemical origin, 

such as polyolefins, despite the scale world production is still very low. 

 

1.2.3 Structure and main features of polylactide 
 

Polylactide (PLA) is a versatile compostable and bio-assimilable polymer that is made 

from 100% renewable resources, such as corn, sugar beets or rice. It is considered a major 

alternative to petroleum-based products for disposable uses, as there is a huge variety of PLA 

commercial products [19].  

 

Polylactide is an aliphatic polyester with lactic acid as the fundamental constitutional 

unit (Figure 1-7). The majority of lactic acid is made by bacterial fermentation of 

carbohydrates or chemical synthesis. Lactic acid (2-hydroxy propionic acid) is the simplest 

hydroxyl acid with an asymmetric carbon atom and it exists in two optically active 

configurations, the L(+) and D(-) isomers (see Figure 1-8). 

 

 
 

Figure 1-7 PLA structure. 
 

 
Figure 1-8 Different isomeric forms of lactic acid. 

 
There are three main processing methods of PLA, which will finally determine its molar 

mass [20], they are summarized in Figure 1-9. 
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Figure 1-9 Synthesis methods for obtaining PLA (Figure from ref. 21 adapted from ref.26). 

 

1. Direct condensation polymerization. Polycondensation is well-established due to its 

simplicity, since the main reaction simply involves loss of water. This process leads to 

low molar mass PLAs, and thus low reaction yields, but results effective when the 

main objective is to have large amounts of the material with no stereospecificity 

[22,23]. 

 

2. Azeotropic dehydrative condensation. Azeotropic dehydrative condensation of lactic 

acid can yield high molar mass PLAs without the use of chain extenders or adjuvants 

[24,25]. 

 

3. Ring Opening Polymerization (ROP) of lactide. Lactide is the cyclic dimer of lactic 

acid, and is formed by condensation of two lactic acid molecules, catalytically 

converted to three different stereoisomers [26,27] (Figure 1-11): L-lactide (two L-

lactic acid molecules), D-lactide (two D-lactic acid molecules) and meso-lactide (one 

L-lactic acid and one D-lactic acid molecule). Polymerization through lactide was first 

demonstrated by Carothers in 1932 [28], was patented by Cargill Inc. in 1992 and is 

the benchmark method used for PLA production [29]. This method, which is 
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schematically shown in Figure 1-10, leads to polymers of high molar mass with a high 

degree of stereo-regulation. 

 

 
Figure 1-10 Polylactide formation by Ring Opening Polymerization (ROP) (Reproduced from ref. 30). 

 

 
 

Figure 1-11 Lactide formation (Reproduced from ref. 31). 

 

While the product of the first two methods is referred as poly(lactic acid), the product 

resulting from Ring Opening Polymerization (ROP) of lactide is called polylactide. Both 

products are generally referred to as PLA.  

 

Polylactide has demonstrated to be competitive in industrial, agricultural or medical 

applications, because it is easily processed on standard equipment, representing 43% of the 

bio-based polymers market [32]. As an example, NatureWorks LLC has a manufacturing 

plant with capacity to produce 140000 metric tons of polylactide polymers per year, under the 

trademarks NatureWorks® PLA and Ingeo® fibers. Market advance has allowed a decrease 

in the price of polylactide from 2.20 - 3.40 € in 2003 to nearly 1.6 € per kg, currently [33]. It 

is also worth remarking that the carbon dioxide emission is 1.8 kg CO2, / kg PLA, nearly half 

of the emissions generated in LDPE production [34,35]. The company has forecast to 
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commercialize PLA in several sectors, including fibers and fabrics, packaging, transportation 

market and electric and electronics.  

 

1.2.4 Barrier properties of polylactide 

 
Packaging is an important application sector of PLA, due to its combination of service 

life properties and biodegradable character. In general, packaging products are designed to 

yield efficient processing, to achieve competitive markets, and fulfill healthy requirements 

and environmental guidelines. Packaging materials must possess appropriate barrier 

properties respect to moisture and oxygen in order to preserve the package contents.  

 

PLA has high odor and flavor barrier properties. It also has high resistance to grease 

and oil, thus finding application in the packaging of viscous oily liquids. It is also suitable for 

packaging of dry and short shelf-life products, although not for carbonated beverages (poor 

CO2 barrier). Despite PLA pellets are hygroscopic [36], PLA foils present good moisture 

barrier properties, even better than starch-based polymers, which highlights the importance of 

processing on the final PLA properties. The medium water barrier can be of interest for some 

applications; i.e. in clothing where high water transmission for fabrics is a desirable property 

[29]. Also, some additives can be incorporated to PLA in order to improve its barrier 

properties respect to, for example, gas transport [37]. 

 

1.2.5 Thermal properties of polylactide 

 
Selection of different processing conditions yields to PLAs with a wide range of 

physical and chemical properties [38,39]. In particular, the thermal behavior of polylactide is 

very dependent on the molar mass and the stereochemical constitution of the backbone. This 

stereochemical makeup can be controlled by the polymerization (and copolymerization) of D-

lactide, L-lactide and meso-lactide, leading to different polymer forms of PLA (PLLA, 

PDLA, PDLLA). On the other hand, the molar mass is directly controlled by the addition of 

hydroxylic compounds (i.e. lactic acid, water, alcohols) [26]. More generally, the properties 

of the resulting polymer also depend on the reaction time and temperature [8]. 
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Due to the semi-crystalline nature of polylactide, temperature has important effects on 

their amorphous or crystalline structures [40]. The control on the processing temperature will 

have severe effects on crystallization and will consequently affect important features of PLA, 

since crystallinity has a remarkable effect in the physical and mechanical properties. 

 

The crystallization behavior induced by thermal treatment of polylactides depends on 

the following factors: 

 

 The molar mass has strong influence on the molecular mobility [41,42]. 

Crystallization from the melt is then easily induced in PLAs with low molar 

masses. 

 

 The thermal history induces changes in both the crystalline/amorphous ratio and 

the structural relaxation effects on the glassy amorphous phase [[43,44]. 

Controlling the thermal program (annealing, quenching, cooling/heating rates) is 

crucial to define the resulting properties of PLA and its ultimate applications. 

 

 Stereosequence distribution of the molecules [45]. The stereo-composition of the 

PLAs has strong effects on the crystallinity. A 72% purity threshold is required to 

obtain crystalline polylactides [45], and pure homopolymers (PLLA and PDLA) 

have approximately the same melting point, around 207ºC [46]. On the other 

hand, copolymers undergo substantially lower degrees of crystallinity, melting 

temperatures and spherulite growth rates when increasing D-lactide and meso- 

lactide contents [46]. In the case of a PLLA and PDLA blend (1:1 proportion), the 

resulting material is amorphous, but yields an insoluble gel formed by 

stereocomplexation of two polymers during the crystallization process. This 

stereocomplex melts at 230ºC [47], solely when the molar masses of PLLA and 

PDLA are both in the order of 103-104 [48]. 

 

 Amount and type of additives, acting as nucleating agents [49].  

 

In addition, excessive temperatures can also promote degradation of PLA upon melt 

processing, as 40% losses of the initial Mw have been recently reported in polylactides 
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processed at 200ºC during 30 minutes [50]. Such thermal degradation can be mitigated by 

drying the samples prior to processing or by mixing under inert nitrogen atmosphere [51].  

 

1.2.6 Mechanical properties of polylactide 

 
Mechanical stability and durability of polylactide may be required during its service 

life, and thus several parameters such as high impact strength, good processing performance 

and stiffness must be assessed, for example, in packaging applications. PLA microstructure 

and morphology, including its crystallinity [52], will have strong effects on its mechanical 

performance, and this will be observed in changes in many physical properties, such as 

tensile strength, yield strength, elastic modulus or heat stability [53]. In general, an increase 

on crystallinity results in stiffness and heat resistance improvements, and this can be yielded 

by nucleation, annealing or stretching in an orientation process. 

 

Due to their viscoelastic nature, polymers present strong sensitivity to time and 

temperature during stress/strain solicitations, and therefore temperature will have a strong 

impact on the linear elastic behavior and plastic deformation. Polylactide behaves like a hard, 

brittle, elastic solid below Tg with a high modulus, and there is essentially no yield point. In 

this glassy region, the motion of polymer chains is frozen and strain occurs by the stretching 

of bonds. While structural applications clearly require a polymer Tg above room temperature, 

the opposite occurs for applications where material flexibility is important. Modification of 

the Tg of PLA is then prompted by addition of plasticizers or by blending with other 

biodegradable polymers, depending on the final use. Since packaging is the most current 

application of polylactide, PLA films require Tg values to be below room temperature. On the 

other hand, high hardness, stiffness, impact strength and elasticity are required for 

applications such as beverage flasks, showing PLA similar to values as PET. 

 

Higher molar masses broaden the rubbery temperature range of PLA, retarding viscous 

flow, by the presence of a major number of entanglements. Therefore, for high molar mass 

polylactides, the melting temperature is high and the rubbery plateau broad, whereas for low 

molar mass polymers the rubbery plateau is very short or even absent. 

 

Finally, stereochemistry also affects the mechanical properties of PLA, and 

stereoregularity usually promotes improvements on the mechanical parameters [26]. 
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1.3 Motivation and Aim of the PhD Thesis 
 

The most common polymers used in packaging, agriculture, furniture, etc., are 

polyolefins, also known as commodities. Due to the vast production volume involved in these 

and other industrial sectors, disposal of synthetic polymeric materials has become a very 

important environmental problem caused by their resistance to degradation by different 

agents: weathering, compost, temperature, etc. 

 

Nowadays, much interest is focused on the replacement of conventional synthetic 

polymeric materials by biodegradable materials capable to be competitive both in terms of 

production cost and performance [54]. The development of biodegradable polymers offers an 

effective approach for reducing polymer waste [55,56]. Biodegradable polymers from natural 

resources address a wide range of environmental concerns associated with conventional 

polymers such as greenhouse gas emissions, sustainability, etc. 

 

However, the incorporation of biodegradable polymers will result in an increase of a 

new source of polymer waste that is designed to easily degrade in environmental conditions 

[57,58,59]. Therefore, the correct management of biodegradable polymer disposal must 

involve the determination of their degradability performance in several degradation 

conditions. 

 

Aliphatic polyesters produced from renewable resources such as sugar cane, wheat, 

rice, corn, etc., have promising applications in packaging, consumer goods and fibers based 

on their good mechanical properties, transparency and compostability [60,61]. One of these 

polyesters which first attracted the attention was Polylactide, PLA, for biomedical 

applications. More recently, biodegradable polylactide and its random copolymers and blends 

have been raised as potential substitutes of polypropylene and other polyolefins in packaging 

and agricultural uses, among others [58,60,61]. 

 

As part of an integrated plan for waste managing of biodegradable polymers, 

implementing PLA in such new applications requires understanding the structural changes 

caused by different degradation processes during its life-cycle [62,63,64,65]. The existing 
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studies associate the thermal, hydrolytic, biological or photo degradation of PLA with chain 

scission, and hence, with a significant change of the molar mass [66,67,68,69,70,71].  

 

Thermal degradation studies are applied to analyze all stages of processing and for 

modeling service life. PLA may degrade during a first extrusion or compression molding 

process leading to a rapid reduction of molar mass and mechanical strength. Such degradation 

will depend on several factors, such as the operation temperature, residence time, among 

others [50,52,72,73],. On the other hand, the service life of the material can be modeled by 

submitting the polymer to controlled temperature cycles [62,74]. 

 

The biodegradation mechanisms of PLA and its copolymers have been studied under 

controlled conditions, such as in vitro degradation with selected cultures, soil or composting 

[75,76,77,78]. PLA biodegradation is regulated by a first stage of hydrolysis, either acid or 

basic [66,79], thus water diffusion plays a central role [80,81,82,83,84]. Studies of 

degradation in soil of the polylactides are more limited and usually based on simple 

monitoring of the weight loss up to relatively low times [83,85,86]. Biodegradation under 

composting conditions takes place more rapidly than degradation in soil, and such difference 

is attributed to the higher temperatures and water content which enhance hydrolysis and 

assimilation processes [83,86,85]. 

 

Photodegradation is another source of PLA degradation when exposed to outdoor 

conditions. Most of the existing studies concern the effect of ultraviolet (UV) radiation, while 

the effect of sunlight radiation on PLA has been less studied, possibly because of the 

generally lower sensitivity that polymers have to this radiation [87,88,89]. 

 

All these degradation processes result in chain excision and temporal decrease of molar 

mass [71,90], which has an important effect on the crystallization rate, morphology and final 

performance of PLA. The aim of this PhD thesis is to assess the degradation of polylactide 

under different environmental conditions, namely thermal, bio and photo degradation, in 

order to understand their individual degradation mechanisms and their effect on the molar 

mass, thermal and viscoelastic properties.  
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The contributions of this PhD thesis are exposed in several chapters. First, the most 

relevant aspects related to the different degradation processes applied to PLA are presented in 

Chapter 2.  

 

The experimental methodology involves a combination of several spectroscopic, 

microscopic and thermal techniques and is exposed with detail in Chapter 3. The 

experimental strategy is summarized in Figure 1-12.  

 

 
 

Figure 1-12 Summary of the methodology applied for the material characterization. 
 

The reduction on molar mass promoted by degradation was determined by Gel 

Permeation Chromatography (GPC) and Viscometry. Thus, the effect of molar mass on 

several properties of polylactide was studied by a combination of analytical techniques. This 

includes variations on the chemical structure by Fourier Transformed Infrared Spectroscopy 

(FTIR), on the thermal stability by Thermogravimetric Analysis (TGA), modification on the 

surface of the samples by Scanning Electron Microscopy (SEM) and variation in the 

viscoelastic behavior by Dynamic Mechanical Thermal Analysis (DMTA). Finally the 

crystallization of PLA from the glass and from the melt was examined by Differential 

Scanning Calorimetry (DSC) and Optical Microscopy (OM), respectively. 
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The analysis of the effect of each type of degradation on the polylactide structure is 

described and discussed in detail in Chapter 4. With that purpose, several characteristic 

parameters were obtained from different experimental techniques. The molar mass decay has 

been modeled for each degradation type, following either first or second order functions. The 

experimental parameters were monitored as a function of the degradation time and the molar 

mass. The variation in molar mass is the greatest effect in the degradation process, regardless 

of the agent; therefore it was expected to find analogous crystallization rates for PLAs of 

equivalent molar masses. Comparative crystallization studies of specimens subject to the 

three degradation types evidence differences in the crystallization rates. Such effect is 

especially prominent when the linear growth rates of specimens subjected to bio or photo 

degradation are compared. The analysis of the crystallization kinetics provides further 

information of the type of crystallites formed upon solidification of PLA of different molar 

mass [42], and serves as reference to extract relevant processing parameters. The discussion 

is then focused on the different effects of the thermal, biological and photodegradation on the 

properties of PLA, and the potential existence of synergies. 

 

The final remarks of this PhD thesis are summarized in Chapter 5, underlying new 

understanding on the effect of degradation in the properties of the polylactide developed in 

this thesis. The differences between random chain excisions promoted by the three types of 

degradation are highlighted, leading to some differences in the algebraic functionality, and 

this was applicable for the literature data. Such differences, within the degradation types, in 

the parameters studied reinforces the idea that degradation of PLA cannot be explained by a 

solely outcome of chains breakage and molar mass reduction. These results may be 

considered when designing new strategies to understand the structure/properties relations of 

new bio-degradable polymers, and more particularly PLA-based materials. 
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2.1 Background in polymer degradation 

 
Degradation is a general term used to describe changes on the chemical and physical 

properties of materials promoted by different agents during a period of time. More precisely, 

Schnabel [1] relates degradation to chemical reactions which cause variations in physical 

properties of polymers. These reactions involve the cleavage of bonds in the main chain or in 

side groups of the macromolecules. Bonds excision is considered the main process in 

polymer degradation and can be caused by different forms of energy. More concretely, the 

American Society for Testing and Materials (ASTM) standard defines a degradable plastic as 

a plastic designed to undergo a significant change in its chemical structure, resulting in a loss 

or change of some properties as measured by standard test methods appropriate to the 

material and the application in service life [2]. 

 

Degradation is included in the general term “Environmental disintegration”, which 

considers all the changes occurring in the properties of polymers due to environmental 

exposure. A distinction is made between physical changes (leading to deterioration) and 

chemical modifications (leading to degradation) [3]. Depending on the predominant factor, 

the degradation can be then classified into various subcategories, as shown in Figure 2-1. 

Polymeric materials exposed to outdoor conditions (i.e. weather, ageing or burying) can 

undergo transformations (mechanical, light, thermal, and chemical) which can ultimately 

modify their potential to be degraded. 

 
Figure 2-1 Definitions of Environmental Disintegration, Deterioration and Degradation. 
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2.1.1 Classification of polymer degradation 

 
The degradation processes can be classified according to the agents activating them, 

which can act either individually or synergistically. The most common mechanisms of 

polymer degradation are now explained. 

 

a) Thermal degradation 

 

When a polymer is submitted to high temperatures undergoes several chemical changes. 

At low temperatures, volatile products are initially released. At higher temperatures, heat 

treatment promotes the thermal degradation of the polymer essentially following two patterns 

involving cleavage of the main chain (first pattern) or the substituent side chains (second 

pattern). In general, the excision of the polymer structure often generates free radicals, 

smaller fractions that undergo cyclisation, substituent reactions and several side-chain 

breakages. All these reactions usually end up with a decrease of the molar mass. 

 

The first pattern of thermal degradation involves depolymerization, and this process can 

be more or less complex depending on the polymer structure [4], see Scheme 2-1. The 

breakage is initiated with homolysis of the polymer chain and the extent of the process 

depends on a combination of two factors: the reactivity of the macroradicals formed and the 

occurrence of transfer reactions. The products of decomposition essentially consist of 

monomers, oligomers, or a mixture of both. 
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Scheme 2-1 Products of depolymerisation of homopolymers. 

 

The second thermal degradation pattern is more complex and involves modification in 

the initial polymer structure through elimination and cyclisation reactions of the functional 

side groups (Scheme 2-2). 

 

 
 

 
Scheme 2-2 Products of side group or substituent reaction. 
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b) Hydrolysis  

 

Hydrolysis is another type of abiotic chemical degradation [5,6]. Polymers susceptible 

to hydrolysis must contain hydrolysable covalent bonds, such as ester, ether, anhydride, 

amide, carbamide, ester amide groups and so forth. Hydrolysis depends on several parameters 

such as water activity, temperature, pH and time. The design of polymers with controlled life 

span requires the selection of monomeric compositions providing with appropriate 

hydrophilic characteristics [7,8]. A rational design of organized molecular structures 

(crystalline domains) can prevent from the diffusion of O2 and H2O, as a strategy to avoid 

hydrolysis and further chemical degradation. In general, hydrolytic degradation on a given 

material takes place preferentially within disorganized molecular regions (amorphous 

domains). 

 

c) Biodegradation 

 

Biodegradation is defined by Albertsson and Karlsson [9] as a chemical decomposition 

process promoted through the action of living organisms (bacteria, fungi, etc.) and their 

enzymes. Abiotic processes such as hydrolysis, photodegradation or oxidation, can contribute 

to initiate biodegradation by weakening the polymeric structure [10,11,12]. It is then 

necessary to take into account such abiotic conditions for a reliable estimation of the polymer 

durability. 

 

There are four main strategies to tailor the properties of polymers to a wide range of 

uses and predetermined service life [9]: 

 

1. The addition of biodegradable or photooxidizable components to economic, 

synthetic, bulk polymers (commodities). 

2. Chemical modification of the backbone of synthetic polymers by the introduction of 

hydrolysable or oxidizable groups. 

3. The use of biodegradable polymers and their derivatives. 

4. Preparation of tailor-made new hydrolysable structures, i.e. polyesters  or 

polycarbonates 
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Other essential term in polymer biodegradation is compostability. The ASTM D6400 

standard defines compostable plastics as materials capable to undergo degradation by 

biological processes to yield carbon dioxide, water, inorganic compounds and biomass and 

producing no toxic residue. A plastic is considered compostable if over 30 percent of the 

sample is converted to carbon dioxide after 180 days in a proper compost environment [13]. 

 

Alternatively, biodegradability can be studied by submitting the polymers to a 

degradation in soil procedure under the international normative ISO 846 1997 [14]. In this 

case, the action of the microorganisms is slower than in compost or in controlled 

biodegradation cultures. Much effort has been made recently in monitoring the degradation in 

soil of different polymers by means of a combination of thermal analyses techniques 

[15,16,17,18,19,20]. 

 

d) Weathering  

 

Weathering is a wide concept applied to describe the changes occurring when a material 

is submitted to outdoor environmental conditions. Some of the main ambient factors 

producing degradation are sunlight radiation, temperature, humidity (especially rain), wind, 

oxygen, among others. Weathering is particularly severe for organic materials since it 

combines the photo-physical and photo-chemical effects of ultraviolet (UV) radiation with 

the oxidative effects of atmospheric oxygen and the hydrolytic effects of water. 

 
The critical factors affecting weathering are: 

 

 Sunlight radiation from >250 nm wavelength. Especially, UV wavelength in the 250 

- 400 nm range affects the chemical structure of polymers and consequently their 

properties. 

 

 Oxygen is the principal degradation agent of polymers through the generation of free 

radicals together with other sub-products that easily absorb UV radiation. 

 

 Temperature. The drastic variations between night and day temperatures enhance 

degradation, being especially acute when photooxidation occurs. 
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 Relative humidity and water condensation. Humidity can easily penetrate the 

amorphous phases of a polymer triggering hydrolysis. In addition, water 

condensation can drag other particles affecting the properties of the polymer.  

 

 Pesticides and air pollutants may react with the polymer and generate chromophore 

groups capable to absorb the UV radiation and ultimately affect its service life. 

 

e) Photodegradation 

Photodegradation is produced by the controlled exposure of a polymer to either 

ultraviolet or sunlight radiation. Photodegradation is considered the most efficient abiotic 

degradation process occurring by environment exposure and contributes considerably to 

weathering. Several polymeric materials are photosensitive as the energy carried by photons 

can create unstable states in various functional groups. Energy transfer can be then 

accomplished by photo-ionization, luminescence, fluorescence or thermal radiation. From the 

degradability standpoint, photosensitive molecular structures can be added into the polymer 

with the aim to induce macromolecular degradation by light (i.e. pro-oxidants agents that can 

be activated depending on the light intensity and time exposure) [21,22]. Several 

experimental tests are used to simulate the effects of the polymer exposure to sunlight by 

controlling parameters such as irradiation, temperature and humidity [23,24]. 

 

f) Oxidative reactions 

 

Oxidation is yet another important agent in abiotic degradation, since atmospheric 

pollutants and agrochemicals may interact with polymers in the presence of oxygen [24]. The 

atmospheric forms of oxygen (i.e. O2 or O3) attack covalent bonds thus producing free 

radicals, usually in synergy with light radiation exposure. The oxidative degradation depends 

on the polymer structure and is facilitated by the presence of unsaturated links and branched 

chains [25]. Peroxyl radicals resulting of the oxidative degradation can lead to crosslinking 

reactions and/or chain excisions, following Norrish mechanisms. 
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2.1.2 Polymer characteristics affecting the degradation processes 
 

Degradation is a rather complex process that is influenced by several external 

parameters (as those explained in the previous section) and also the intrinsic characteristics of 

the polymers. 

 

More precisely, the main polymer characteristics affecting degradation are: 

 

 The chemical structure. The reactivity between the external agents and the 

functional groups chains is the ultimate cause of the different categories of polymer 

degradation. As an example, the in-chain ketone groups can act as sensitizers by UV 

light absorption and they are used to activate oxidative and photodegradation. Another 

relevant example is the presence of RCOOH groups that accelerate hydrolysis by 

autocatalysis [26,27]. 

 

 Polymer morphology is one of the most important factors influencing degradation, 

due to the relevance of several phenomena which depend on the polymer 

supramolecular structure and free volume [28]. In semicrystalline materials the 

amorphous phase is first degraded, in part due to a more favorable solvent transport, 

and the degradation velocity depends on the number, size and shape of the crystals.  

 

 Molar mass and molecular size. The molar mass distribution (represented by the 

weigh average molar mass, Mw, or the number average molar mass, Mn) of a polymer 

has strong influence on its degradation. Solubility, crystallinity and other physical 

parameters that influence the degradation are directly dependent on the molar mass. In 

general, shorter polymer chains will facilitate microorganism assimilation. In the case 

of polyesters, lower molecular sizes may increase the concentration of carboxylic acids 

at the chain ends, which will result in enhancement of hydrolysis [29]. 

 
 Polymers with small repetition units and regular microstructures present compact 

morphologies less accessible to the enzymes. 
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In the particular case of biodegradation, the main characteristics are: 

 

 The hydrophilic–hydrophobic balance influences biodegradation as most of the 

reactions involved are catalyzed by enzymes in aqueous medium. The microorganism 

assimilation can be enhanced by a proper combination of hydrophilic and hydrophobic 

regions, which can be achieved by the introduction of hydrolysable groups in the 

polymer backbone, such as amides or esters. 

 

 The flexibility of the polymer chain is required to facilitate the enzymes attack to 

the degradation sites. 

 

 High exposure areas to microorganism media will increase biodegradation 

susceptibility. 

 

 The complex biological environment. Many different classes of bacteria, algae, 

fungi, protozoa etc. are collectively responsible for the biodegradation of polymers. 

The microbial population and activity of each microorganism will depend on particular 

conditions regarding several environment factors, such as pH, light, humidity, oxygen, 

or the presence of salt and metals. 
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2.2 Degradation mechanisms of polylactide 

 
This section describes the potential of polylactide to be degraded following some of the 

previous processes. More concretely, this work has focused on the study of thermal, bio and 

photo degradation of PLA. 

 

2.2.1 Thermal degradation of polylactide 
 

Degradation of PLA due to thermal effects has been studied by several authors. McNeill 

and Leiper [30,31] reported thermal degradation of polylactide in the 230 to 440ºC range, 

while mass losses were detected by Jamshidi et al [32] at lower temperatures (T ≈ 190ºC). 

 

The PLA thermal degradation at low temperatures is mainly occurring by non-radical 

intramolecular transesterifications, resulting in cyclic oligomers of lactic acid, lactide, 

acetaldehyde and carbon monoxide, as Figure 2-2 shows [33,34]. Ester interchange can occur 

through reactions R1, R2 and R3, specified in Figure 2-2. The size of the cycles determines 

the generation of oligomers (if n≥1) or lactide (if n=0) together with other sub-products, such 

as acetaldehyde and carbon monoxide, through reaction R3. Further studies also proposed the 

occurrence of cis-elimination (R4) leading to acrylic acid [35]. Cis-elimination and 

transesterification are then the main pyrolysis mechanisms for polyesters below 230 ºC, 

which results in polylactide cyclic chains with lower molar mass. 

 

At higher temperatures, radical reactions are activated (T > 270ºC) [32], together with 

some non-radical intermolecular transesterifications (see Figure 2-3). The radical reactions 

are assumed to start with either an alkyl-oxygen (O=CH ), see Figure 2-4 or an acyl-oxygen 

(O=C-O), see  Figure 2-5. 

 

Recently, the thermal oxidation of polylactide has been also reported for samples 

reprocessed by injection until five times at 190ºC. The authors detected by MALDI-TOF [36] 

the presence of predominant cyclic and linear oligomers of lactide as products of intra and 

intermolecular transesterifications, as it happened in PLA pyrolysis. However further 

reprocessing promotes the appearance of new linear oligomers with methoxy ends, probably 



40 
 

induced by intermolecular transesterification. The results confirm the combination of inter 

and intramolecular mechanisms in the thermal degradation of polylactide. 

 

a. Non Radical reactions 

 
Figure 2-2 Postulated reaction of polylactide degradation. Intramolecular transesterification (back-

biting) R1, R2 and R3 and cis-elimination R4 where R is H (Reproduced from ref. 32). 
 

 

 
 

Figure 2-3 Intermolecular thermal decomposition of polylactide (Reproduced from ref. 34). 
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b. Radical reactions or the homolysis 

 
 

Figure 2-4 Possible radical reactions of the PLA decomposition, starting with alkyl-oxygen homolysis 
(Reproduced from 33 based on ref. 30 ). 

  

 
 

Figure 2-5 Possible radical reactions of the PLA decomposition, starting with acyl-oxygen homolysis 
(Reproduced from 33 based on ref. 30 ). 
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2.2.2 Biodegradation of polylactide 
 

As a potential degradable commodity, PLA must be stable during service life but 

quickly degrade after disposal. Biodegradation process of polylactide is considered a 

combination of two mechanisms: abiotic hydrolysis and the action of enzymes and/or live 

microorganisms [37]. The velocity of the biodegradation process depends on a variety of 

factors, such as the purity of the sample, temperature, humidity, the amount of oxygen and 

nutrients, the crystalline structure, the lamellar thickness and the morphology. 

 

Due to its importance on biodegradation, understanding the hydrolysis process is 

paramount to design PLA materials with controllable degradation properties. Initial abiotic 

degradation shortens the polymer chain lengths enhancing ulterior biotic degradation.  

 

De Jong et al. studied the hydrolytic degradation of monodisperse lactic acid oligomers 

[38]. They concluded that pH influences the hydrolysis significantly. Two mechanisms have 

been proposed for hydrolysis depending on the pH. 

 

Figure 2-6, mainly occurring randomly or via end chains. Electrophilic attack to a 

hydroxyl end-group (second carbonyl group) leads to ring formation. A secondary reaction 

can then occur when the lactide molecule produced is further hydrolyzed into two molecules 

of lactic acid. On the other hand, random alkaline attack on ester groups produces new 

molecules with low molar mass. 

 

Figure 2-7 shows the acid hydrolysis of PLA, which can also occur randomly or at the 

chain-ends. Protonation of the hydroxyl end-group forms intramolecular hydrogen bonds, 

which permits the hydrolysis of the ester group and the release of a lactic acid molecule. An 

intramolecular random protonation of the ester group conduces also to the hydrolysis of ester 

linkages and the formation of oligomers or PLA with reduced degrees of polymerization [39]. 

 

In both cases, degradation causes an increase in the number of carboxylic acid chain 

ends which autocatalyze ester hydrolysis. 

  



  2. Introduction
 

43 
 

 
 

Figure 2-6 Hydrolysis of the PLA in alkaline conditions (Reproduced from ref. 39). 

 

 
 

Figure 2-7 Hydrolysis of the PLA in acidic conditions (Reproduced from ref. 39). 
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Physical conditions may also influence the hydrolytic degradation of solid polymers. 

The initial polymer morphology will affect water uptake and ultimately determine the 

degradation rate. In the case of surface eroded matrices, the polymer degradation is much 

faster than water intrusion into the polymer bulk and degradation occurs mainly in the 

outermost polymer layers [40]. 

 

Initially, only the molecules at the surface, and in contact with the aqueous medium, can 

be hydrolyzed, and the resulting oligomers transferred into the surrounding, see Figure 2-8 

[41]. As degradation proceeds, water penetrates into the bulk polymer, and hydrolysis occurs 

at the inner parts of the material. Some oligomers located in the core of the matrix remain 

entrapped and this produces an increase on the carboxylic groups and a consequent 

autocatalytic effect, especially acute far from the material surface. At more advanced 

degradation stages, the size of the oligomers is small enough to be either be assimilated by 

the microorganisms or transported to the surroundings. 

 

 
 

Figure 2-8 Degradation mechanism proposed for polylactide in solid state (Adapted from ref.41). 
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The relative rates of hydrolysis, bio-assimilation, transport of water or oligomers, etc., 

are fundamental to determine biodegradation, since these factors will promote changes in the 

PLA morphology. In particular, changes in the crystallinity of PLA are especially relevant 

due to variation on the existing amorphous regions more labile for degradation.  

 

Biodegradation of PLA bio-packages has been reported and correlated to visual changes 

and variation in physical properties of the materials [42,43].Composting is one of the most 

commonly used methods to describe the biodegradability of polymers. The composting 

conditions are governed by several factors, such as temperature, pH, and relative humidity of 

the compost pile, which promote marked molar mass decrease. The effect of hydrolysis and 

bio-assimilation is very fast in compost conditions, leading to totally disintegration of the 

polymer in few weeks. The compostability of several commercial polylactides has been 

certified by the Biodegradable Products Institute (BPI), assessing complete degradation in a 

maximum of six months in compost, in accordance with ASTM D6400 compostability 

standards [44]. 

 

Alternatively, PLA degrades slower in tests performed in soil at room temperature, 

most likely due to the conditions of low temperature and humidity. Characterization of the 

degradation is commonly carried out by measuring the molar mass or the mass loss changes 

with degradation time. For selected examples, Ho et al. [45] found that about 20% of a PLA 

film was mineralized to CO2 after 182 days in a laboratory respirometer charged with soil at 

28ºC. Calmon et al. [46] reported weight losses varying from 0 to 100% of PLA films after 

burial in soil for 24 months, depending on PLA type and location. In contrast Urayama et al. 

[47] only observed a 20% molar mass decrease of PLA (100% L-content) plates after 20 

months in soil. In addition, it has been argued that traditional techniques for studying polymer 

biodegradation, mostly based on the measurement of the mass loss changes, have some 

limitations. The adhesion of soil and fungi to the polymer, especially acute after 3 months, 

can mask real results and thus induce misleading information [48,49].  

 

A complete sustainable design of PLA materials must comprise stability during storage 

and service life, biodegradability after disposal, and more generally, a proper balance of the 

resources (energy, materials) involved in the production/disposal cycle [50, 51]. 
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The functionality of the new PLA products must accomplish resistance to exposure to 

environmental factors such as solar radiation, temperature variations, water, as well as to 

microbial colonization. On the other hand, environmental sustainability is usually assessed by 

the Life Cycle Assessment (LCA) [52]. In short, efficient new sustainable products must: (i) 

have similar functionalities as the original products with competitive costs, without 

degradation in quality or performance; (ii) be made from renewable resources; (iii) have 

minimum environmental and health impact; (iv) achieve a proper balance with all the 

resources involved in their life-cycle. 

 

LCA demonstrates that, in the long-term, PLA production can promote the use of 

alternative and renewable energy sources. The processes involved will become competitive 

only with significant investment in more research, effort and capital. In order to obtain a 

global view of all the impacts of PLA production, LCA can serve as a tool for monitoring 

return on these investments over time. 
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2.2.3 Photodegradation of polylactide 

 
As it was mentioned above, initial abiotic degradation can be used to accelerate 

posterior biodegradation. This happens when the material is exposed to sunlight in non-

controlled disposal. There are not many studies related to the effect of sunlight radiation on 

polylactide, due to the low radiation absorbance of polymers in the visible wavelength range 

[53]. Instead, bonds of many polymers are more sensitive to UV radiation and most of the 

photodegradation studies are focused on this range. Typical bonds of saturated compounds, 

such as C-C, C-H, O-H and C-Cl, absorb light at wavelengths below 200 nm. On the other 

hand, the maxima absorption of C=O and C=C bonds are in the 200 to 300 nm range [54]. 

 
Photodegradation of polylactide due to UV radiation is explained by Ikada by a Norrish 

II mechanism located at the carbonyl groups, Figure 2-9. The mechanism involves the 

formation of C=C bonds that can be easily detected by infrared spectroscopy at 990 cm-1 [55]. 

The same author also studied the effect of sunlight exposure on some polyesters, and 

suggested different mechanisms for photodegradation of polylactide by UV and sunlight 

radiation, in part due to the absence of C= C bands in the sub-products of the later [56]. 

 
Figure 2-9 Photodegradation mechanism of polylactide (Adapted from 55).  

 

Other authors [55,57] proposed alternative mechanisms for the UV degradation of PLA 

(Figure 2-10). Mechanism (A) involves a photolysis reaction leading to cleavage of the C-O 

bond from the backbone with the formation of methyl chain ends by hydrogen transfer, 

following a Norrish type II mechanism and in concordance with Copinet et al at 315 nm [58]. 

On the other hand, mechanism (B) involves the formation of a hydroperoxide derivative and 

its subsequent degradation to compounds containing a carboxylic acid and diketone end 

groups [57]. In addition, some authors have studied the influence of photosensitizers on the 

UV degradation of PLA films, observing considerable molar masses reductions and increase 

in brittleness after short exposure times (12 h) [59,60]. 
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Figure 2-10 Photodegradation mechanisms of polylactide (Reproduced from ref. 57). 

 

More recently Bocchini et al. proposed a new mechanism for PLA photodegradation 

under outdoor conditions (sunlight exposure) [61]. According to these authors, polymer 

degradation occurred through the random formation of anhydride groups in four steps, shown 

in Figure 2-11. Step 1) involves the formation of a tertiary radical (P•) in the polymer chain 

(PH) (1), which reacts with oxygen to give a peroxide radical 2). This later reacts with a new 

PLA molecule to form a hydroperoxide and a new radical P• 3). The hydroperoxide can then 

undergo photolysis 4) with the formation of HO• and PO• radicals. The PO• radical can then 

give 3 radical species after β-excision, containing several anhydride groups (5a-b-c). The 

most probable reaction, considering the stability of the subproducts, is the formation of 

molecules containing anhydrides following the path 5b). 
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Figure 2-11 Photodegradation mechanism of polylactide (Reproduced from ref.61). 
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2.3 Importance of crystallization in the degradation processes 
 

Molar mass decrease is the most relevant effect caused by the degradation processes. 

Variations in molar mass induce changes in crystallization, which affects the thermal and 

mechanical properties, and ultimately the degradability of the material. Thus, it is important 

to understand the nature of the crystalline regions and the crystallization process as a way to 

rationalize the degradation of PLA. 

 

2.3.1 Crystallinity in polymers 
 

Polymers can exhibit ordered (crystalline, liquid crystalline) or amorphous (liquid) 

states, depending on the capability of the macromolecules to arrange or not into regular 

structures. In some conditions of temperature, pressure, stress or solvent presence a 

spontaneous ordering of some of the chains can take place assuming favored specific 

orientation or rotation states. In this case, the chain molecules of the polymer can crystallize 

and display a three dimensional order similar to low molar mass materials. At sufficiently 

high temperatures, the intermolecular forces can be destroyed and an isotropic (amorphous) 

melt is formed. On the other hand, in amorphous polymers, the time required for the 

configuration changes involved to order the molecules is too high to compensate for the 

intermolecular interactions, and the polymer remains disordered. Many polymers can exhibit 

coexisting crystalline and amorphous regions, and are designated as semicrystalline. 

 

The crystalline state is characterized by a three-dimensional order over a sufficient 

length range involving a least a portion of the chains. By comparing the crystalline and the 

liquid (amorphous) states, the former is relatively inelastic and rigid. The molecules are 

organized into a regular three-dimensional array irrespective of the unit cell and ordered 

chain dimensions. The morphology of this ordered structure can vary substantially, as can 

range from fully extended structure to well-known helical structures. A general prerequisite is 

aligning of long chains parallel to each other in order to achieve a regular arrangement. 

 

This semicrystalline nature of the polymers, such as PLA, relies on the difficulty of 

long polymeric molecules to disentangle from each other from the disordered and entangled 

state (amorphous). The crystalline phase contains therefore only the fraction of the molecules 

capable to disentangle and form the ordered state. There is an interface connecting the 
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crystalline and amorphous regions, characterized by different chain conformations, as 

represented in Figure 2-12. 

 
 

Figure 2-12 Representation of the semi-crystalline lamellae (Adapted from ref. 62 ). 
 

The highly crystallizable and flexible linear polymers in bulk commonly crystallize in 

the form of spherulites, which are aggregates of molecules composed principally of chain-

folded lamellae radiating from a central point, see Figure 2-13. Fisher was the first to show 

the extent of lamellar structures in melt crystalized polymers [63] and the work was followed 

by several authors [64,65,66,67]. The spherulite is composed of different lamellae branches 

forming the three dimensional spherical shape, as shown in Figure 2-13 [68]. Under polarized 

optical microscope, spherulites are observed as particular maltese crosses. The spherulites are 

formed by initial nucleation at different points of the sample, followed by growth and final 

impingement with the adjacent ones. Further introduction of chain irregularities in the 

backbone, such as branches, reduces the ability of chains to achieve the order required for the 

formation of stable crystals, and inhibits crystallization. 

 

 

Section of a crystalline stateChains in the melting
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Figure 2-13 Polymer spherulite with inset of interlamellar regions (Reproduced from ref. 68). 
 

Crystallization of a polymer depends on the temperature (thermodynamics) and time 

(kinetics). For macromolecules, the conditions of polymer mobility and thermal energy 

required to achieve crystallization are found only above the glass transition temperature and 

below the melting temperature [69]. Moreover, kinetically favorable crystallization requires 

appropriate selection of the crystallization time. An overview of the phenomena and the 

interrelation between its different aspects is shown in Scheme 2-3. 

 

The thermal and mechanical properties of a polymer depend on the molecular 

morphology, which in turn is determined by the crystallization mechanism. Therefore the 

information about crystallization kinetics is relevant to determine the final functionalities of 

the materials. 

 
 

Scheme 2-3 Interrelation of problematic areas in the study of crystalline polymers (Adapted fromref. 70 ).

Properties

Crystallization Mechanisms

Crystallization Kinetics

Equilibrium-Thermodynamics

Molecular Morphology
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2.3.2 The thermodynamics of the crystallization 
 

The crystallization phenomenon is explained by different thermodynamic theories. The 

classical theories of lateral and normal crystal growth modes, typically used to explain 

crystallization in small molecules, can be also applied in polymer crystallization [71]. 

 

The most common model for crystallization is presented in two steps, nucleation and 

growth. The parameter used to assess the process is the Gibbs free energy (G), which also 

defines the equilibrium conditions. The free energy of any system is related to the enthalpy 

and entropy at a given temperature T. So, the variation in free energy, ΔG, of the 

crystallization process at constant temperature T, is given by the following equation 

ΔG =ΔH-T·ΔS     
 

(2-1)

where ΔH is the enthalpy change and ΔS is the change in the entropy during the phase change 

from liquid to solid. 

 

A polymer melt consists of randomly coiled and entangled chains, and this corresponds 

to higher entropy than in a state where the molecules chains are extended, since more 

conformations are possible. When samples are crystallized from the melt, the order is 

stabilized, leading to a reduction in the entropy (less configurations available). The 

crystallization will be thermodynamically favored at a temperature lower than the melting 

temperature, only when the enthalpy reduction (ΔHm) is higher than the product of the 

melting temperature and the entropy change (Tm·ΔSm). When samples are quickly cooled from 

the melt, crystallization is largely controlled by kinetics, because the thermodynamics process 

is very slow (quasi-statics) and crystals nucleation and growth rates become essential. 

 

The primary nucleation (first step) involves packing side-by-side of a few molecules to 

form a small cylindrical crystalline embryo. The formation of new crystal surface promotes 

an increase in the free energy (ΔG), since the surface-to volume ratio is high causing high 

surface energies. As more molecules are integrated in the crystal, i.e. crystal growth (second 

step), the embryo becomes larger the surface to volume ratio decreases. A critical size is 

achieved above which ΔG starts to decrease and eventually the free energy will be less than 

that of the original melt. Once the nucleus is greater than the critical size it will grow 
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spontaneously as this will cause ΔG to decrease. The result of these two competing factors is 

illustrated in Figure 2-14 as a function of crystal size. 

 

 
 
Figure 2-14 Schematic representation of change in free energy for the nucleation process during polymer 

crystallization. (Adapted from ref. 72). 
 

 

The secondary nucleation was proposed by Lauritzen and Hoffmann [73] and envisages 

the polymer crystals growth as a process starting from a pre-existing crystal surface from the 

primary nucleation. This model assumes that the chains inside the nucleus are regularly 

folded. The secondary nucleation is similar to the primary but less primary surfaces per unit 

are created, resulting in lower activation energy barrier. The first step in the secondary 

nucleation process is laying down of a molecular strand on the crystal surface. This is 

followed by the subsequent addition of further segments through a chain-folding process, and 

extended-chain crystals are obtained from more rigid molecules. The secondary nucleation is 

schematically represented in Figure 2-15. 
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Figure 2-15 Model of the growth of a lamellar polymer crystal through the successive surface nucleation 

of adjacent strands. (Adapted from ref. 74 ). 
 

The basic energetics of the crystallization process can be developed if it is assumed that 

the polymer lamellae has a fold surface energy σe, a lateral surface energy of σ and the free-

energy change on crystallization is ΔGv  per unit volume. A prismatic strand geometry of  a x  

b x l dimensions is considered, according to Figure 2-15. 

Surface nucleus formation starts with a first stem formed by polymer segments from 

the undercooled melt, involving energy of 4blσ, The molecule then folds back and start to 

crystallize in an adjacent position, as this is the most probable site for reentry after folding. 

This new step requires an additional energy term from the basal surface free energy, 2baσe. 

By repeating this step, the nucleus spreads in the y direction. The energy involved also 

considers the reduction in free energy because of the formation of the first molecular strand: 

ve GablbablnucleusstG Δ−+=Δ ·24)1( σσ (2-2)

The increase in the free energy involved in laying down n adjacent molecular strands 

of length l is given by: 

enbablsurfaceG σσ ·22)( +=Δ (2-3)

 

L

a

σe

σ

b
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There will be a reduction in free energy because of the incorporation of the molecular 

strands in the crystal given by 

vGnablcrystalG Δ−=Δ ·)( (2-4)

Therefore, the total free energy change that is incurred in forming a regularly folded 

chain nucleus from the melt is given by 

ve GnablnbablG Δ−+=Δ ··2·2 σσ (2-5)

 

The value of vGΔ  can be easily calculated at the equilibrium melting temperature 0
mT , 

which is the temperature at which a crystal without any surface would melt. At this 

temperature the change in free energy of crystallization can be calculated as: 

 

vmvv STHG Δ−Δ=Δ ·0
(2-6)

 

where vHΔ  and vSΔ  are the melting enthalpy and entropy per unit volume respectively. At 

0
mT  there is no change in free energy for the idealized boundary crystal thus, 0=Δ vG  

0/ mvv THS Δ=Δ  can be incorporated to the general formula Equation (2-1) obtained per unit 

volume given Equation (2-7): 

 

)/( 0
mvvv THTHG Δ−Δ=Δ (2-7)

 

Since the undercooling is given by )( 0
cm TTT −=Δ , the Equation (2-7) can be organized 

as 

0/· mvv TTHG ΔΔ=Δ (2-8)

 

For a given value of n, GΔ  has a maximum value when l is small. By setting	ቀడ∆ீడ௟ ቁ௡ and ቀడ∆ீడ௡ ቁ௟ equal to zero, the values of the critical size to form a stable nucleus are obtained: 
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vGa
n

Δ
=

·
·2* σ

(2-9)

v

e

G
l

Δ
= σ·2* (2-10)

 

Thus *GΔ  is the change in free energy required to form a nucleus of critical size with 

n* strands and length l*: 

v

e

G
G

Δ
=Δ σσ ··4* (2-11)

 

The previous analysis is important to understand the main aspects of the kinetic 

approach of polymer crystallization.  

 

2.3.3 Crystallization kinetics 

 
The formation of crystals is determined by the combination between kinetic factors 

involved in the transformation and thermodynamic requirements for equilibrium. Therefore, 

crystallization occurs in a metastable state, since the equilibrium conditions are difficult to 

achieve. Isothermal crystallization depends on the selection of the crystallization temperature 

(Tc). The crystallization rate is very slow when Tc is close to the equilibrium melting 

temperature ௠ܶ଴  and passes through a maximum at lower Tc values, before decreasing again 

when approaching the glass transition, Tg. The lateral crystal growth model involves a 

nucleation controlled process, on an atomically flat surface, with exponentially increasing 

rates with undercooling. Oppositely, in the normal crystal growth model, the molecule adds 

onto an atomically rough surface resulting in a linear change of crystal growth rate at low 

undercooling and an exponential growth rate at high undercooling. 

 

The crystallization kinetics has been modeled by several authors. The most 

elementary expression of the liquid to crystalline phase transition was developed by Von 

Goler and Sachs [75] assuming a free growth approximation in which a mechanism of 

termination was not included. Avrami modified the expression taking into account that the 

growing nuclei decrease when increasing the impingement of the mass transformed 

[76,77,78]. The classical Avrami analysis is typically applied to explain the phenomenology 

of crystallization, but does not give comprehension into the processes involved in nucleation 
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and growth of the polymer crystals at a molecular level. The fraction of mass transformed 1-

λ(t), at time t, can be written as:  

1 ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−= ∫

t

l

c dNtV
0

)(·,exp1 (t)  - τττ
ρ
ρλ (2-12)

 

where τ is the time in which a given nucleus center is initiated (τ<t), V(t,τ) is the volume 

growth rate, )(τN is the nucleation rate per unit of untransformed volume and ρc and ρl are 

the densities of the crystalline and liquid phase, respectively. 

 

The integral can be evaluated by specifying the laws of nucleation and growth, 

providing many possible solutions since the solution is dependent on the expressions used for 

V(τ) and )(τN as a function of τ. Different analytical expressions are obtained for the 

nucleation and volume growth rates, which will also depend on several factors such as 

geometry, time and dimensionality. 

 

By considering that the steady-state nucleation rate is achieved at t=0 and remains 

constant with the fraction of material transformed, )(τN  is constant and other conditions that 

growth rate are linear and constant, the Avrami expression is obtained from (2-12): 

 

( )nkt−−= exp1(t)  -1 λ (2-13)

 

where k and n are the Avrami rate constant and exponent, respectively. k is proportional to the 

nucleation rate, )(τN , and the three dimensional growth rate, V(τ). n describes the types of 

nucleation and growth, specifically the geometry of the growth; for example theoretically n=2 

represents homogenous nucleation with one dimensional growth and with diffusion 

controlled growth. This expression is theoretically developed for crystallization of a 

monomeric system (homopolymer) with complete transformation, but can be used with some 

modifications for polymers with incomplete transformation. 

 

One of the limitations of the Avrami expression for polymers is that the k value is not an 

integer number and follows Arrhenius-type expressions. The temperature coefficient of the 
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crystallization rate can be analyzed according to the most general aspects of nucleation 

theory, without specific information of the nucleus structure or the crystallization process. 

 

The Turnbull and Fischer equation [79] describes the steady-state rate for the formation 

of nuclei of critical size, which includes the temperature dependence explicitly. The model is 

irrespective of the type of nucleation, the shape of the nucleus or disposition of the chains 

within the nucleus: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ−−=
c

n

c

D

RT
G

RT
TENoN *)(·exp (2-14)

 

where N is the constant nucleation rate, Tc is the crystallization temperature, DE  represents 

the activation energy for transport across the liquid-crystal interface and *nGΔ  represents the 

barrier of free energy that must be overcome in order to form stable nuclei that allow 

crystallization to proceed. 

 

Following similar basis, the growth rate (G) for secondary nucleation and lamellar 

growth via molecular deposition on a surface (see Section 4.2) was proposed by Lauritzen 

and Hoffman [68]:  

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ−−=
cc

D

RT
G

RT
TEGoG *)(·exp  (2-15)

                      Transport        Nucleation  
                 term                  term  

 

where G0 is the front constant and ΔG* is associated with the free energy term for the 

formation of a nucleus on a pre-existing surface. 

 

In Equation (2-15), transport is described by Arrhenius-activation term, but fails at 

temperatures 50-80ºC above the glass transition [80]. ED can be also formulated using a 

Vogel type expression typically applied for viscous flow of amorphous polymers, leading to: 
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*
)·(

*·exp
 

(2-16)

 

with  ED=U*·Tc/(Tc-T∞), where T∞= Tg -C2, represents the temperature below which the 

required segmental motion becomes infinitely slow, C2 is a constant and U* is the activation 

energy for transportation of segments to the crystallization site [81,82]. Equation (2-16) 

represents the growth rate using the Vogel form equation for the transport term [83]. 

Introducing 0/ mvv TTHG ΔΔ=Δ   and 
v

e

G
G

Δ
=Δ

σσ4
* in Equations (2-15) and (2-16) 

the expression of G can be written as: 
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where b0 is the layer thickness and k the Boltzmann constant (R/NA  where NA is the 

Avogrado’s number). These parameters have been included in order to get Kg in appropriate 

units. Values of 30 K and 51.6 K have been used for C2 from the Vogel equation in in order 

fit the data using the previous expressions. 
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3.1 Material 

The material used was a commercial Polylactide (PLA), NatureWorks® PLA 2002D 

supplied by NatureWorks (Blair, NE, USA), and prepared by ring opening polymerization 

(ROP) of lactic acid previously obtained from renewable resources. The D-content of the 

PLA of study is reported around 4% [1,2]. The majority of NatureWorks® PLA grades, 

including 2002D, are semi-crystalline polymers with relatively slow nucleation and 

crystallization rates. As a result, most extruded objects from these grades such as sheet and 

pellets are 100% amorphous after normal quenching operations.  
 

Five different types of samples were analyzed in this thesis: the original 2002D pellets, 

melt pressed plates (so-called “plates”), thermally degraded pellets, melt pressed plates 

degraded in soil and photodegraded melt pressed plates. Figure 3-1 shows the scheme of the 

samples studied. 

 

 
 

Figure 3-1 Scheme of the samples studied for each degradation process. 
 

The thermal degraded samples were obtained by melting the pellets. The PLA plates for 

bio and photo degradation were obtained from the PLA pellets by compression molding. The 

pellets were previously dried with demoisturized air at 80ºC during 4 hours. Rectangular 

plates of 10x4x0.1 cm were prepared by melt compression in a Collin PCS-GA Type Press 

800 (GA, USA) at 210ºC in five pressure steps as follows: 4 minutes at 2 bar, 2 minutes at 30 

bar, 3 minutes at 50 bar, 5 minutes at 180 bar, and 12 minutes at 40 bar and tap water 
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cooling. Specimens of 6x1x0.1 cm for photo and bio degradation tests were cut from the 

melt-pressed plates. Additionally, several PLA plates (non-degraded) were taken as the 

reference during all the present study, since this work pertains to the degradation of 

consumer goods in landfill soil which are obtained by means of, at least, one processing step. 

 

3.2 Degradation tests 

3.2.1 Thermal degradation test 

 
Thermal degradation was studied by heating the PLA pellets at 220ºC ± 10ºC during 3, 

30, 62, 120 and 330 minutes (at atmospheric pressure) in a Carver Press and further 

quenching to room temperature. Two 5x5 cm Teflon sheets of 10 μm thickness were used to 

avoid sticking of material to the press plates. A set of thermally degraded PLA plates of 

around 225 μm thickness was obtained. 

 

3.2.2 Biodegradation test 

 

Several PLA plates were subjected to degradation in soil test under controlled 

conditions (temperature, water content and pH), following the ISO 846-1997 International 

Norm, method D [3]. Samples were buried in biologically active soil and kept in a Heraeus 

B12 (Hanau, Germany) culture oven at 28 ºC, Figure 3-2. The soil used in the tests was a 

commercial culture soil and its microbial activity was checked with cotton along the duration 

of the experiment. The soil was maintained at approximately pH 5. The relative humidity was 

kept between the 60-80% of the maximum of water retained by the soil which value was 0.87 

g water/g wet soil. To ensure oxygenation of the soil, a protocol of periodical aeration was 

followed. 
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Figure 3-2 Soil burial test in a culture oven at 28 ºC. 

 
The burial in soil test was extended to 60 months. Test specimens were extracted at 1, 

5, 10, 15, 20, 24, 30, 35, 40 and 60 months, cleaned with water and soap and kept in a 

desiccator during 4 days in order to ensure water desorption prior to their characterization. 

The PLA samples underwent a progressive visual change, clearly distinguished after 60 

months in soil, evidencing an extremely high fragility (see Figure 3-3). 

  

 
Figure 3-3 Plate and sample most degraded at 60 month in soil. 

 

3.2.3 Photodegradation test 

 
Photodegradation tests were carried out by an accelerated exposure test, using a Suntest 

XLS+ (Atlas) radiation-accelerated equipment (Figure 3-4). During all the experiments the 

temperature of the black panel was kept at T=50ºC, applying an irradiance of 478 W/m2. The 

filter used simulates sunlight radiation higher than 290 nm (high UV-sunlight-low infrared). 

Samples (PLA plates) were exposed during different radiation times simulating real exposure 

by considering the minimum annual sun radiation in Spain, 5000 MJ/m2 [4]. The total radiant 

exposure in J/m2 was calculated by multiplying the experimental exposure time in the 



 

74 
 

accelerated test (in seconds, s) by the irradiance 478 J/(s·m2). Division of such value by 5000 

MJ/m2·year allows obtaining the period of outdoor exposure in 12 months. Thus the different 

stages of photodegradation studied in this thesis are: 400 hours (1.7 months), 800 hours, (3.3 

months), 1850 hours (7.7 months), 2250 hours (9.4 months), 3000 hours (12.6 months), 4100 

hours (17.2 months) and 5100 hours (21.4 months). During photodegradation slight visual 

changes were observed, accompanied with greater brittleness of the materials at increasing 

times of exposure. 

 
Figure 3-4 Suntest XLS+ Xenon Exposure System. 

 
3.3 Characterization techniques 

3.3.1 Viscometry  

 

The molar mass of the PLA specimens was obtained by using viscometry and gel 

permeation chromatography. The viscosity average molar mass of different thermally and 

photo degraded PLA samples (Mv) was estimated from the intrinsic viscosity values (η). 

Measurements were carried out by solving the samples in tetrahydrofuran (THF) at 30°C, 

using a Cannon Freske viscometer Serie 25 from Schott Gerate Type 513 00 App.Nr. 1026 

753, shown in Figure 3-5. The concentrations ranged between 0.25 to 2 g/dl. This viscometer 

consists of two branches connected by a capillary. The first branch is a reservoir where the 

polymer solution is initially introduced. The second branch includes the measuring bulb and 

a second bulb on top used as reservoir for the solution before the measurement starts. The 

pressure driving the liquid through the capillary is determined by the difference in height 

between the liquid in the reservoir and the measuring bulb, and therefore is essential to use 

the same volume of liquid for each measurement in order to compare them. The viscosity 

value is provided by measuring the time of flow of the solution through the two reference 

points in the measuring bulb. 
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Figure 3-5 Viscometer Cannon-Freske  

 

The viscosity of the polymers solutions can vary dramatically depending of the type of 

solvent, the polymer concentration, molar mass and temperature. Although to date there is 

not a complete theory explaining such dependences, there are several empirical relations to 

determine the molar mass of a polymer sample from measuring the viscosity of the solution. 

The Mark-Houwink-Sakurada equation was applied for the calculation of the intrinsic 

viscosity, [η] = KMv
α  [5], considering the specific parameters K and α of amorphous Poly 

(L-Lactide) PLLA[6]: 

 

[η] = 1.74·l0-4 × Mv
0.736   (3-1) 

 

The flow rate of liquid through a capillary of radius r and length l is given by 

Poiseuille’s equation: 

 
(3-2) 

where η is the viscosity of the liquid, p is the pressure causing the flow and dV/dt is the 

volume of liquid flowing through the capillary in unit time. Since the pressure continually 

decreases during an experiment, it is convenient to define an average pressure . A constant 

volume of liquid V is normally used and Equation (3-2) is expressed as 

        
(3-3) 
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where t is the time of flow of the solution through the capillary. The subscript (0) is used 

when referred to the values of the solvent, and Equation (3-3) is rewritten as 
௏௧బ = గ൉ṗబ൉௥ర଼൉ఎబ൉௟  

where η0 is the viscosity of the solvent. 

 

The average pressure is given by the standard relation: ṗ ൉= ߩ ൉ ݃ ൉ ḣ (3-4) 

 

where ߩ is the density of the liquid, ḣ is the flow rate of the liquid and g is the acceleration 

due to gravity. Equation (3-4) can be used to determine the viscosity of a polymer solution if 

the viscometer is calibrated with solvents of known viscosity. However, normally the key 

parameter is the increase in viscosity of the solvent caused by the presence of the polymer 

molecules, instead of the absolute viscosity of the solution. A parameter of considerable 

importance is then the viscosity ratio or relative viscosity, ηr , which is defined as (η/η0 ) and 

can be related to the times of flow t and t0 through Equations (3-3) and (3-4): 

 

ηr =η/η0= ଴ݐ/ߩݐ ൉  ଴ (3-5)ߩ

 

This later equation can be further simplified since for a dilute solution ߩ ൎ  ଴ and so ηrߩ

is normally taken as ݐ/ݐ଴. Since ηr becomes unity for an infinitely dilute solution, it is more 

useful to define the specific viscosity, ηsp which is given by: 

ηsp = (ηr -1)=(t-t0)/t0  (3-6) 

 

The specific viscosity corresponds to the fractional increase in viscosity of the solvent 

due to the presence of the polymer molecules. It is obvious that the increase in viscosity will 

depend upon the concentration of polymer molecules in the solution (c), and such 

dependence can be expressed as a power series in concentration: 

ηsp = [η]·c+·k’·[η]2 c2 +…  (3-7) 

 

where k’ is a constant. The division of the previous equation (3-7) by the polymer 

concentration gives the viscosity number or reduced viscosity, ηred: 

 

ηred=ηsp/c = [η]+k’’·[η]2 c +…  (3-8) 
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In the previous equation, the intrinsic viscosity, [η] (also termed limiting viscosity 

number),  represents the capability of the polymer molecules to increase the viscosity of the 

solvent in the absence of any intermolecular interactions. The second term of the sum 

represents the interaction between the different molecules in the solution. The calculation of 

[η ] is made by measuring series of solutions at different polymer concentrations. The 

inherent viscosity, ηinh, is also defined as the ratio of the natural logarithm of the relative 

viscosity and the concentration. 

ηinh = ln(ηr)/c= = [η]+kK·[η]2 c +… (3-9) 

 

When the concentration tends to zero ηred = [η] = ηinh, the intrinsic viscosity can be 

estimated using the Huggins (ηred vs. c ) and the Kraemer (ηinh vs. c) plots, as has been 

exemplified in Figure 3-6 for the 120 min thermally degraded sample. 

 
Figure 3-6 Calculation of [η] by using the  Huggins (ηred vs. c ) and the Kraemer (ηinh vs. c) plots of the 

thermally degraded sample at 120 minutes. 
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3.3.2 Gel Permeation Chromatography (GPC) 
 

Gel Permeation Chromatography (GPC) is applied to calculate the weight-average 

molar mass (Mw) and the number-average molar mass (Mn), as well as the molar mass 

distribution (MMD) of the samples. The following assumptions are applied to correlate the 

viscosity molar mass with the number and weight average molar masses for polydisperse 

polymers, such as the case of PLA: 

 

1. ηsp =∑ ௦௣ ௜ߟ  

2. ൫ߟ௦௣൯௜ = ሾߟሿ௜ ൉ ܿ௜ 
3. ሾߟሿ௜ = ܭ ൉  ௜ఈܯ

 

The first assumption is that the total specific viscosity is the sum of the specific 

viscosities for each component, i, (i.e., each molar mass of the polymer). The second 

assumption states that the specific viscosity of each component can be calculated from the 

intrinsic viscosity due to that component. The third assumption was that intrinsic viscosity 

and molar mass are correlated. 

 

From these assumptions it is possible to write: 

௦௣ܿߟ  = ∑ ܭ ൉ ܿ௜ ൉ ௜ఈ௜ܯ ܿ = ∑ ܭ ௜ܰ ൉ ௜ܸܯ ௜ఈ௜ܯ ∑ ௜ܰ ൉ ௜ܸ௜ܯ = ∑ ܭ ൉ ௜ܰ ൉ ௜ଵାఈ௜ܯ ∑ ௜ܰ ൉ ௜௜ܯ  (3-10) 

 

By extracting K from the summation term, and considering the limit of zero 

concentration: lim௖→଴ ఎೞ೛௖ =K·ܯ௩ఈ (3-11) 

 

where ܯ௩ is the viscosity average molar mass, defined as: 

௩ܯ = ቆ∑ ௜ܰܯ௜ଵାఈ௜∑ ௜ܰ ൉ ௜௜ܯ ቇଵఈ
 (3-12) 
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When α = 1, Mv corresponds to the weight average molar mass, Mw; otherwise, Mv lies 

between the weight and number average, Mn≤ Mv ≤Mw. For typical α values ranging from 

0.5 to 0.8, Mv is closer to Mw than to Mn. This result is expected since viscosity properties are 

likely to be a function of size and not only of the number of polymers. 

 

GPC measurements were carried out in tetrahydrofuran (THF) at room temperature 

using: 

 

1. A Waters Alliance 2690 GPC (Milford, MA, USA )connected to Viscotek software 

program along with UV absorbance and differential refractive index detector. 

2. A Column Set (Polymer Laboratories): Three Polymer Labs PLgel Mixed-B with a 

series of well-characterized, narrow-fraction molar mass standards of known peak 

molecular weight (Mp). 

 

The experimental conditions were: 

• GPC Solvent:  (THF) containing 50ppm of butylated hydroxy toluene fiugh a 0.45 

mm Teflon filter. 

• GPC oven temperature:  35ºC 

• Auto sampler temperature:  room temperature 

• Flow rate:    1.00 ml/min. 

• Dissolution solvent:   THF 

• Sample concentration:  2.0 mg/ml 

• Sample dissolution temperature: room temperature 

• Sample dissolution time:  35 minutes 

• Sample injection size:  150 µL 

 

GPC calibration 

 

The separation efficiency of the column set was calibrated using a series of narrow 

MMD polystyrene standards, which defines the expected molar mass range for samples and 

the exclusion limits of the column set. More precisely, twenty five individual polystyrene 

standards, ranging from Mp ~580 to 7300000, were used to generate the calibration curve. 
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The polystyrene standards were obtained from Polymer Laboratories (Amherst, MA, USA). 

To assure internal consistency, the flow rate was corrected for each calibrant run. A common 

peak position was obtained for the flow rate marker before determining the retention volume 

for each polystyrene standard. The flow marker peak position was thus assigned and was 

further applied to correct the flow rate when analyzing the samples. A calibration curve 

(log(Mp) vs. retention volume) was generated by recording the retention volume at the peak 

in the differential refractometer (DRI ) signal for each PS standard. 

 

The molar masses of the PLA samples were referred to Polystyrene (PS) as standard 

using the following Mark-Houwink coefficients (log K=-3.903, α=0.715). 

 

3.3.3 Fourier Transform Infrared Spectroscopy (FTIR) 

 

Fourier Transform Infrared Spectroscopy was applied to study the chemical functional 

groups of PLA and their changes throughout the degradation process. Analysis of the infrared 

(IR) spectra enables the identification of functional groups through the vibrations generated 

within bonds in the sample. The different peaks in a spectrum represent absorptions 

corresponding to vibrational transitions with different energy. In particular, FTIR 

spectrometers use the Fourier transform to process the information mathematically. 

 

Some examples of molecular vibrations are: 

 

In plane stretching: 

  
Symmetric Antisymmetric 

 

In plane bending: 

  
Scissoring Rocking 
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Out of plane bending: 

  
Twisting Wagging 

 

The infrared spectrum of a sample is collected by passing a beam in the infrared 

frequency range through the sample. Examination of the transmitted light reveals the fraction 

of energy that the sample absorbed at each wavelength. By using a Fourier Transform 

instrument, a measurement of all wavelengths is taken at once. FTIR spectra typically show 

the absorption capacity of infrared radiation of the sample on the y-axis with respect to the 

wavenumber (frequency, cm-1). The absorption capacity of the sample is defined as a 

function of absorbance (A) or transmittance (T), being these parameters defined as follows: 

 

T
TA 0log=  

 

The FTIR spectra were obtained using a Thermo Nicolet 5700 spectrometer (Thermo 

Fisher Corporation, MA, USA), in the 400 to 4000 cm-1 region, with a 4 cm-1 resolution, and 

using an Attenuated Total Reflectance (ATR) modulus. The use of ATR was necessary to 

mitigate the excessive absorbance (and signal saturation) obtained in direct transmission 

experiments caused by the great thickness of the polylactide samples (Figure 3-7). Specimens 

were placed between a crystal (with a high refractive index) and a clamp. The IR beam is 

transmitted through the crystal and partially absorbed by the sample, generating the so-called 

evanescent wave. In order to obtain accurate results, 64 scans were performed to complete 

each spectrum at 7 locations on the sample, and the average was obtained. Furthermore a 

baseline correction and ATR correction (considering the refractive index) were applied to the 

spectra. Any interference with the environment surrounding the ATR spectrometer (dirt, dust, 

etc.) was eliminated by collecting background spectra before testing each sample. 
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Figure 3-7: IR Spectrometer with ATR incorporated. 

 

 

 
Figure 3-8 Average of the 7 spectrum collected of each sample. 
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3.3.4 Thermogravimetric Analysis/Thermogravimetry (TGA) 
 

Thermogravimetric experiments were carried out using a Mettler-Toledo TGA/SDTA 

851e modulus (Columbus, OH, USA). The tests consisted in heating ramps from 25 to 750ºC 

at different heating rates β = 5, 7, 10, 12, 15, 20, 25, 30 ºC/min. The experiments were 

conducted under constant flow of 50 mL/min of argon atmosphere and nitrogen purge in the 

equipment of 200 mL/min, using Al2O3 crucibles containing 3.5 to 5 mg of sample. 

 

Thermogravimetric analysis (TGA) is a technique used to study the thermal stability 

and the fraction of volatile components in a sample by monitoring the change in mass as it is 

heated. TGA measurements can be performed in either inert (argon or nitrogen) or oxidant 

atmosphere (air or oxygen). Output data are collected as changes in mass as a function of 

increasing temperature (dynamic experiments) or time (isothermal experiments). It is also 

very common to calculate the derivative thermogravimetric curve (DTG), corresponding to 

the derivative of the actual mass (or mass percentage) respect to time or temperature. Typical 

TG thermograms and DTG curves are shown in Figure 3-9. Individual processes of mass loss 

(solvent desorption, thermal degradation…) correspond to sigmoidal steps in the TG curves 

and peaks in the DTG curves. The amount of mass remaining at the end of the experiment is 

assigned to the residue or undegraded sample. 

 

Figure 3-9 TGA Equipment (left) and TG and DTG curves of PLA (right) 
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Theoretical background of the kinetic analysis 

 

The thermal stability of the samples is described by the different decomposition 

processes, mass loss associated, their temperature ranges, residual values, etc. In addition, it 

is common to apply kinetic analyses to obtain further information on the thermal degradation 

of polymers, by using isoconversional and non-isoconversional methods [7,8]. The 

completion of the kinetic triplet (the kinetic model function f (α), apparent activation energy 

(Ea), and pre-exponential factor (A)) provides with further understanding of the thermal 

decomposition behavior of polylactides and the effect of each degradation process on its 

structure [9].  

 

In the thermal degradation study it is assumed that the decomposition rate is 

proportional to the sample mass measured during the experiment (ω). For the calculation of 

the kinetic parameters the conversion degree α is defined as: ߙ = ߱௜ െ ߱߱௜ െ ߱௙ (3-13) 

being: ωi and ωf  the initial and final experimental mass, respectively. 

 

As conversion is a function of the mass loss, it can be related to the temperature and 

time, and a kinetic model can be used to study the thermal degradation of the system. The 

basic kinetic equation separates the contribution of temperature and conversion degree as: ݀݀ݐߙ = ݇(ܶ) ൉ (ߙ)݂  (3-14) 

 

where k(T) is the temperature-dependent rate constant, and f(α) depends on the particular 

decomposition mechanism. 

 

Considering an Arrhenius model for the temperature activation of the reaction rate: ݇(ܶ) = ܣ ൉ ݁ିா௔ோ൉்  (3-15) 
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where A is the pre-exponential factor, Ea is the apparent decomposition activation 

energy and R is the constant of gases. 

 

Combining equations (3-14) and (3-15), the reaction rate can be expressed as: 

ݐߙ݀݀  = ܣ ൉ ݁െܴܽܧ൉ܶ ൉ (ߙ)݂  (3-16)

 

In a dynamic regime experiment, temperature varies through a constant and controlled 

heating rate (β=dT/dt), and thus: ݀݀ݐߙ = ܶ݀ߙ݀ ൉ ݐ݀ܶ݀ = ߚ ൉  (3-17) ܶ݀ߙ݀

 

Leading to: ݀ܶ݀ߙ = ߚ1 ൉ ܣ ൉ ݁െܴܽܧ൉ܶ ൉ (ߙ)݂  (3-18) 

Separating the terms and integrating the previous equation from the initial temperature T0 (corresponding to the initial conversion α0) to the peak temperature Tp (with a conversion 

degree αp): 

න (ߙ)݂ߙ݀ = ߚܣ ൉ න 0ܶ݌ܶ݁
െܴܽܧ൉ܶ 0ߙ݌ߙܶ݀  (3-19) 

 

The previous equation (3-16) describes the conversion function f(α) for a solid-state 

reaction, which depends on the reaction mechanism. A typical expression for f(α) is the so-

called Sesták-Berggren equation: ݂(ߙ) = ௠ߙ ൉ (1 െ ௡(ߙ ൉ ሾെln (1 െ  ሿ௣ (3-20)(ߙ

 

where m, n and p are empirically obtained exponent factors, one of them always being zero 

[10,11]. Sesták suggested the notation of the additional term ሾെln (1 െ  ሿ௣ as(ߙ

“accommodation coefficient”, necessary to modify the reaction for heterogeneous systems. 

When p= 0, a simpler expression is obtained [11]: 
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ௗఈௗ௧ = ݇(ܶ) ൉ ௠ߙ ൉ (1 െ  ௡ (3-21)(ߙ

 

The values of m and n determine the relative contributions from the acceleratory and 

decay regions. The sigmoid form of the α -time curve expressed by Equation (3-21) is 

similar in shape to those derived from the Avrami-Erofeev equation, and is usually cataloged 

as one of them [12].  

 

If T0 is very small, it is possible to assume α0 = 0 and the integral function of the degree 

of conversion g(α) can be defined as follows [13]: 

(ࢻ)ࢍ = න ࢖ࢻ(ࢻ)ࢌࢻࢊ
૙ = ࢼ࡭ ൉ න ࢀࢋ

૙
െࡾࢇࡱ൉ࢀ ࢀࢊ  

(3-22) 

 

The kinetic triplet A, Ea and f(α) can be experimentally determined, being g(α) the 

integral of f(α). 

 

Different expressions of f(α) and g(α) are valuable to estimate the reaction mechanisms 

from the dynamic curves [14] and are grouped according of the α-time curves as 

acceleratory, sigmoid or decelerator. Among the different rate equations, the Prout-Tompkins 

equation produces sigmoid α-time dependences, upon the suggestion that m=n=1 and p=0: ݀݀ݐߙ = ݇(ܶ) ൉ ߙ ൉ (1 െ  (3-23) (ߙ

 

This equation (3-23) clearly shows the dependence of the rate on both the amount of 

remaining reactant (ߙ) and product formed (1 െ  which is assigned to autocatalytic ,(ߙ

processes. In most polymers the thermal degradation follows a sigmoid function. 

 

Table 3-1 lists different degradation mechanisms of bulk polymers [15,16,17]. The 

study of the macroscopic kinetics has controversy due to the complexity of the reactions 

involving simultaneous multiple steps [18]. Some abbreviated methods consider that the 

degradation of the samples can be described by a single mechanism that permits the 

calculation of Ea of the process. However it should be taken into account that the activation 

energy can vary with the conversion degree. 
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Recently many authors have established isoconversional methods to evaluate Ea by 

integration or differentiation of the general Equation (3-18) [18,19]. Isoconversional methods 

require measurements at different heating rates, and are based on the hypothesis that at a 

constant extent of conversion α, the decomposition rate dα/dt is a function only of 

temperature. Therefore it is not necessary to assume any conversion model at the initial 

stages of the analysis. The most powerful differential methods for the determination of 

kinetic parameters obtained from equation (3-16) are the Kissinger [20] and Friedman [21] 

methods, which are independent of the degradation mechanism. It is worth noting that in 

such methods the equations are obtained by considering ݂(ߙ) = (1 െ   .௡(ߙ

 
Table 3-1 List of common kinetic functions to explain the thermal decomposition mechanisms 

in bulk polymers. 
 

Symbol f(α) g(α) Model 
Rate-determining 

mechanism 
Sigmoid rate equation or random nucleation and subsequent growths 

A2 2 (1 െ െln (1)(ߙ  െ ଵଶ ሾെ((ߙ ln(1 െ α)ሿଵଶ Avrami-Erofeyev 
Assumed random 
nucleation and its 

subsequent growth n=2 

A3 3 (1 െ െln (1)(ߙ  െ ଶଷ ሾെ((ߙ ln(1 െ α)ሿଵଷ Avrami-Erofeyev 
Assumed random 
nucleation and its 

subsequent growth n=3 

A4 4 (1 െ െln (1)(ߙ  െ ଷସ ሾെ((ߙ ln(1 െ α)ሿଵସ Avrami-Erofeyev 
Assumed random 
nucleation and its 

subsequent growth n=4 

An ∝(1 െ α) ln(∝/(1 െ α)) Prout-Tompkins Branching nuclei 
(Autocatalysis) 

Deceleratory rate equations. Phase boundary reaction 

R1, F0 1 α Power law 
(F0/R1/n = 0) 

Contracting disk 

R2 2 (1 െ ଵଶ ൤1(ߙ െ (1 െ  ଵଶ൨ Power law (R2, F 1/2)(ߙ
Contracting cylinder 

(cylindrical symmetry 

R3 3 (1 െ ଶଷ ൤1(ߙ െ (1 െ  ଵଷ൨ Power law (R3, F 2/3)(ߙ
Contracting sphere 

(spherical symmetry 
Deceleratory rate equations. Diffusion models 

D1 
12  α2 Parabola low ߙ

Unidimensional 
Diffusion 

D2 
െ 1ln(1 െ  (ߙ

(1 െ α) ln(1 െ α)൅ α  
Valensi equation 

Bidimensional 
Diffusion 

D3 
3 (1 െ ଶଷ2 ൬1(ߙ െ (1 െ ଵଷ൰ ൤1(ߙ െ (1 െ ଵଷ൨ଶ(ߙ

 Jander Equation 
Three-dimensional 
diffusion,spherical 

symmetry 

D4 
32 ൬(1 െ ଵଷ െ ି(ߙ 1൰ ൬1 െ 23 ൰െߙ (1 െ  ଶଷ(ߙ

Ginstling-Brounshtein 
Equation 

Three-dimensional 
diffusion,cylindrical 

symmetry 

Chemical process or mechanism non-invoking equations 

F1,A1 (1 െ െ (ߙ ln(1 െ  First-order (n=1) Chemical reaction (ߙ

F2 (1 െ  ଶ(ߙ
11 െ  Second-order ( n = 2) Chemical reaction ߙ

F3 
12 (1 െ  ଷ(ߙ

1(1 െ  ଶ Third-order ( n = 3) Chemical reaction(ߙ
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• Kissinger method 

This method is based on the differentiation of the general reaction rate equation (3-16): 

 ݀ଶݐ݀ߙଶ = ܽܧ  ൉ ൉ ܴߚ  ܶଶ  ൉ ݐߙ݀݀ ൅ ܣ ൉  ݁ି ோோ ൉் ൉  ݂ᇱ(ߙ) ݐߙ݀݀ = ൤ܽܧ ൉ ܴߚ ൉ ܶଶ ൅ ܣ ൉ ݁ି ா௔ோ൉் ൉ ݂ᇱ(ߙ)൨ ݐߙ݀݀  (3-24) 

 

If this equation is particularized to the inflection point temperature or peak temperature, 

Tp, at which the degradation rate is maximum, ௗమఈௗ௧మ = 0: 

0 = ܽܧ  ൉ ൉ ܴߚ  ௠ܶଶ ൅ ln ൤݂ᇱ(ߙ௠) ൉ ܣ ൉ ܽܧܴ ൨ (3-25) 

by rearranging and taking logarithms, the equation takes the following form: 

ln ቆ ௠ଶߚܶ ቇ =  െ ܴܽܧ ൉  ௠ܶ ൅ lnሾ݂ᇱ(ߙ௠) ൉ ܣ ൉ ܽܧܴ ሿ  (3-26) 

The Kissinger method provides global activation energy and does not require previous 

determination of the reaction order (n). 

 

By considering a function, ݂(ߙ) =  (1 െ  ௡, typical of polymers, and repeating the(ߙ 

above mathematical process: ݀ܶ݀ߙ = ߚܣ   ൉ ݁ିா௔ோ൉ ்  ൉ (ߙ)݂ = ߚܣ ൉ ݁ ିா௔ோ൉ ் ൉ (1 െ  ௡ (3-27)(ߙ

 

Deriving the previous equation: ݀ଶܶ݀ߙଶ = ߚܣ  ൉  ݁ିா௔ோ൉ ்  ൉ ܴܽܧ ൉  ܶଶ  ൉ (1 െ ௡(ߙ  െ ߚܣ ൉ ݁ ିா௔ோ൉ ் ൉ (1 െ ௡ିଵ(ߙ ݊ =ܶ݀ߙ݀ ߚܣ   ൉ ݁ିா௔ோ ൉் ൉ ܴܽܧ  ܶଶ ൉  (1 െ (ߙ  െ ߚܣ   ൉ ݁ ିா௔ோ൉ ்  ൉ (1 െ ௡(1(ߙ െ (ߙ  ൉ ݊ ൉ =ܶ݀ߙ݀ ߚܣ  ൉  ݁ ିா௔ோ൉ ் ൉  (1 െ ௡(ߙ ൤ ܴܽܧ ൉ ܶଶ െ  ݊(1 െ  ൨ (3-28)ܶ݀ߙ݀ (ߙ
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Obtaining: ݀ߙଶ݀ܶଶ = ܶ݀ߙ݀   ൤ ܴܽܧ ൉ ܶଶ െ ݊(1 െ (ߙ  ൨ (3-29)ܶ݀ߙ݀

which has the following expression at ௣ܶ  

ܴܽܧ ൉ ௣ܶଶ = ݊1 െ ௣ߙ ݀ߙ݀ ௣ܶ (3-30) 

The terms dα/ ௣ܶ, ߙ௣and ௣ܶ are experimental data from the DTG curves. Combining 

equations (3-27) and (3-30): ܴܽܧ ൉  ௣ܶଶ = ߚܣ   ൉ ݁ ିா௔ோ ൉ ೛்  ൉ (1 െ ௣)௡ߙ  ൉ ݊1 െ ௣ߙ = ߚܣ ൉ ݁ ିா௔ோ ൉ ೛் ൉ ݊ ൉ (1 െ  ௣)௡ିଵ (3-31)ߙ

Kissinger assumes that the product n·(1-ߙ௣)n-1 is independent of β and the previous 

expression can be derived : 

ln ൭ 2൱݌ߚܶ = ln ቈܣ ൉ ܽܧܴ  ݊ ൉ (1 െ െ1݊(ߙ ቉ െ ܴܽܧ ൉  (32-3) ݌ܶ

 

Thus, plots of ln(β/T2
p) versus 1/Tp allows the determination of the Ea values from the 

slopes. The Ea obtained from the Kissinger method was referred as EaK. 

 

Although in this thesis the order of reaction n and the particular kinetic function was 

calculated following other consideration it should be remarked that Kissinger [20] developed 

a procedure to calculate the reaction order, based on the measurement of peak asymmetry 

(from the 1st derivative curve). It was proposed that the increase in the asymmetry was 

correlated to a reaction order decrease. According to this fact, the dominant factor controlling 

the shape and position of the 1st derivative peak is the nature of the reaction itself. To 

quantitatively describe the peak shape, a shape factor (S) was defined as the absolute value of 

the ratio of the slopes of the tangents to the DTG curve at the inflexion points. This 

supposition is inconsistent when the height of the first peak is very small. Some other authors 

proposed an alternative novel procedure calculating the peak area instead of the peak height, 

method is very useful because it takes into consideration both peak shape and width and it 

does not need corrector coefficient for calculating the reaction order [22]. 
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In the literature there are several approaches to solve this integral [27,28]. One of the 

most common series used to estimate the polynomial is the Schlömilch approximation, (ݔ)݌ =  ݁ି ௫(1 ൅ (ݔ ൉ ݔ ൉ ൬1 െ ݔ1  ൅ 2 ൅ ݔ)2  ൅ 2) ൉ ݔ) ൅ 3) െ ݔ)3  ൅ 2) ൉ ݔ) ൅ 3) ൉ ݔ) ൅ 4) ൅ … ൰ 

 

Doyle approached the polynomial by only using the first term of each series, and the 

approximation was written as (ݔ)݌ =  ௘షೣ௫൉ (௫ାଶ) [25]. The approximation also considers that for x > 20, taking logarithms, log (ݔ)݌ ൎ  െ2.315 െ 0.457 ൉  .ݔ

 

Flynn –Wall and Ozawa used the previous considerations to determine Ea, being n 

unknown: 

(ߙ)݃ = ൉ ܣ  ߚܽܧ ൉ ܴ ݁ି ௫ݔ ൉ ݔ) ൅ 2) (3-36) 

 

Taking logarithms and rearranging: 

log ݃(ߙ) = log ቀ஺൉ ா௔ோ ቁ െ log ߚ ൅ log ݌ ቀ ா௔ோ൉ ்ቁ (3-37) 

Using the Doyle approximation, the previous equation can be simplified as: 

log ݃(ߙ) = log ቀ஺൉ ா௔ோ ቁ െ log ߚ ൅ 2.315 ቀ଴.ସହ଻൉ ா௔ோ൉ ் ቁ (3-38) 

Ea can be calculated from the plot of log(β) versus (1/T) for each conversion. The 

global EaFWO is obtained after doing the average of Ea at the different α. 

 

• Coats–Redfern method 

 

This method utilizes the asymptotic series expansion for approximating the exponential 

integral in Equation (3-35), giving: 

ln ቆ ௣ଶቇߚܶ = ln ൤ܣ ൉ ܽܧܴ ൉ ݊ ൉ (1 െ ௡ିଵ൨(ߙ െ ܴܽܧ ൉ ௣ܶ (3-39) 
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This expression can be transformed into: 

ln (ߙ)݃ = ൉ ܣ ܴ ൉ ܶଶߚ ൉ ܽܧ  ൬1 െ 2 ൉ ܴ ൉ ܽܧܶ ൰ ݁ିா௔ ோ ൉்   (3-40) 
Taking natural logarithms: 

ln (ߙ)݃ = ln ൉ ܣ ߚܴ ൉ ܽܧ  ൅  2 ൉ lnܶ ൅ ln ൬1 െ 2 ൉ ܴ ൉ ܽܧܶ ൰ െ ܴܽܧ ൉ ܶ  (3-41) 

When ݔ = ா௔ோ ் ൐ 20, ln ቀ1 െ ଶ ோ ்ா ቁ can be approximated to zero, resulting in: 

ln ݃(ߙ)ܶଶ = ln ܣ ൉ ߚܴ ൉ ܽܧ െ ܴܽܧ ൉ ܶ (3-42) 

 

The g(α) function can be calculated for the different conversion, α, degrees at a 

constant heating rate (β), considering the models in Table 3-1. The activation energy for each 

heating rate can be calculated from the linear fit of ln ௚(ఈ)்మ  versus (1/T) as is named EaC. 

 

In the Friedman and Flynn-Wall-Ozawa methods, the Ea at constant α can be obtained 

from the slopes of the linear regions. Likewise, the “model free kinetic” method established 

by Kissinger is widely employed by many authors in order to assess their results. Instead, the 

Coats-Redfern method offers a more complete calculation of the apparent activation energy 

Ea, in which f(α) should be known in advance. 

 

With that aim, Criado et al. proposed a method to calculate f(α), based on the 

comparison of experimental data and theoretical reduced master-curves [29,17].  

 

 A new function was proposed for to represent the conversion degree, z(α).  

z(α)=
ௗఈ ௗ௧ൗఉ (ݔ)݌ ܶ  (3-43) 

where x=Ea/R·T and p(x) is an approximation of the temperature integral which cannot be 

solved by analytical methods. In this case, using the fourth rational expression of Senum and 

Yang [30], with an η lower than 10-5 % for x> 20: 
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(ݔ)݌  = ௫యାଵ଼௫మା଼଼௫ାଽ଺௫రାଶ଴௫యାଵଶ଴௫మାଶସ଴௫ାଵଶ଴ (3-44) 

 

If the value of the apparent activation energy is known, the kinetic model of the process 

can be determined by this method. 

 

Combining equations (3-14) and (3-22):  

z(α)= f(α)·g(α)  (3-45) 

The reduced curve at α = 0.5 can be expressed as : ୸(஑)୸(଴.ହ) = ୤(஑)൉୥(஑)୤(଴.ହ)൉୥(଴.ହ) = ቀ ಉ்బ்.ఱቁଶ ൉ (೏ಉ೏೟ )ಉ(೏ಉ೏೟ )బ.ఱ  (3-46) 

 

The (f (α)g(α))/(f (0.5)g(0.5)) term in the previous expression is a reduced theoretical 

curve, which is characteristic of each reaction mechanism, while the right side term of the 

equation is related to the reduced rate from experimental data. A comparison of both sides of 

Equation (3-46) indicates which kinetic model describes one experimental reactive process. 

As an example, Figure 3-10 shows the plot of 
୸(஑)୸(଴.ହ) versus α for some selected functions at 

10ºC/min corresponding to a polylactide sample. 
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Figure 3-10 Plot of ࢠ(ࢻ)ࢠ(૙.૞) versus  હ for some functions for a polylactide sample at 10ºC/min based in 

Criado model. 
 

If the values of apparent activation energy Ea obtained by the Friedman (EaF), Flynn-

Wall-Ozawa (EaFWO) and Kissinger (EaK) methods show similar results, then the average 

activation energy, Eaiso, can be calculated. This value will be decisive in the selection of the 

f(α) function predicted by Criado, as Eaiso must be in coherence with the corresponding Ea 

values calculated by Coats-Redfern. This methodology has been previously applied to other 

biodegradable materialsincluding PLA, offering consistency within different methods 

[31,32,33,34]. 

 

To summarize, Figure 3-11 schematically represents the theoretical description of these 

methods and the kinetic strategy followed. 
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Figure 3-11 Methodology applied for the characterisation of the thermal decomposition kinetics of PLA 

reproduced from ref 33. 
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3.3.5 Scanning Electron Microscopy (SEM) 
 

Morphological investigations of bio and photo degraded PLA samples were carried out 

on the surface of PLA specimens coated with aluminum by using a Philips XL 20 Scanning 

Electron Microscopy (SEM) (Eindhoven, The Netherlands) equipped by secondary electrons 

detector. Examination was carried out on the surfaces exposed directly to the contact with 

soil and to sunlight radiation. Small particles on the samples surfaces were removed by air-

blowing. Operating conditions were set at 10 kV with a probe current of 9 ± 2 nA; and 

vacuum conditions (pressure below 10-4 Torr.). 

 

SEM is a technique that displays the surface of a sample in three-dimensions by scanning 

a beam of electrons. Electrons are very small and easily deflected by gas molecules in the air. 

Therefore, it is necessary to work under vacuum conditions. When the electron beam hits the 

sample, the interaction of the beam electrons from the filament and the sample atoms 

generates a variety of signals. Depending on the sample the signal generated is transmitted to 

create a profile of the image. 

 

 
 

 

 
 

Figure 3-12 SEM equipment (left), SEM principles (central) and micrograph (right). 



 3. Experimental Part 
 

97 
 

3.3.6 Dynamic Mechanical Thermal Analysis (DMTA) 
 

The viscoelastic properties of the PLA materials under study were studied by Dynamic 

Mechanical Thermal Analysis (DMTA), using a Rheometric Scientifics Dynamic-

Mechanical-Thermal Analyzer Mark IV (Piscataway, USA) (Figure 3-13). The deformation 

force was set at 0.01 N and the displacement was checked before each measurement. 

Experiments were performed by using dual cantilever clamping in bending mode. Specimens 

of 4 x 1 x 0.2 cm were heated from 35 to 150ºC in iso-step mode every 2ºC in the frequency 

(f) range from 0.1 to 39 Hz, measuring 5 points per decade. The storage modulus, E’, and 

delta tangent, tan(δ), were measured.  

 
Figure 3-13 DMTA Mark IV. 

 

This technique is based on the application of a precisely measured strain to deform a 

sample and subsequent evaluation of the stress developed. The stress can be then related to 

the material properties through the Hooke’s and Newton’s laws, in terms of elastic and 

viscous response, respectively. 

 

The elastic component is referred to the capability of the material to store deformational 

energy and to recover its original shape after being deformed. Hooke's law describes the 

mechanical behavior of an ideal elastic solid: a proportional stress, σ, is obtained when a 

strain, ε, is applied to the material: 
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ߪ = ܧ ൉  (3-47) ߝ

 

E is the proportionality constant, known as stress or Young modulus, and is a measure 

of the rigidity or resistant to deformation of the materials.  

 

On the other hand, the viscosity is a measure of the ability of the material to flow and 

deform. Newton's law describes the mechanical behavior of an ideal viscous fluid. The stress, 

σ, in this case, is proportional to the strain rate, dε/dt, through the viscosity, η: ߪ = η ൉  ݐ݀ߝ݀
(3-48) 

 

For the polymers, the relation between stress and strain is intermediate between these 

two limiting cases, and the response to an applied force exhibits commonly a combination of 

both elastic and viscous mechanisms.This viscoelastic behavior of a material is characterized 

by the fact that adaptation to the stress-strain is not instantaneous and is time-dependent, and 

is characterized by the relaxation time parameter. 

 

The long term performance of a polymeric material can be predicted by using the time-

temperature superposition. Since materials are exposed to variable loading at different 

frequencies, it is appropriate to consider their behavior during this deformation process. This 

phenomenon is most easily analyzed when an oscillating sinusoidal load is applied to a 

sample at a selected frequency. The stress (ߪ) varies as a function of time according to the 

Newton’s law: 

ߪ  = ଴ߪ sin(߱ݐ)  (3-49) 

 

where ω is the angular frequency (2π times the frequency in Hz, f). The corresponding strain 

for an elastic material obeying Hooke’s law is: 

ߝ  = ଴ߝ sin (  (50-3) (ݐ߱

 

Nevertheless, for viscoelastic materials like polymers, the strain lags slightly behind the 

stress (e.g. during creep). This can be considered as a damping process and the result is a 
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strain signal out of phase with the applied stress. This definition provides that the variation of 

stress and strain with time has the following expressions: 

ߝ  = ଴ߝ sin ߪ (50-3) -ݐ߱ = ଴ߪ sin(߱ݐ ൅  (3-51) (ߜ

 

where ߜ is the “phase angle” or “lag angle” i.e. the relative angular displacement of the stress 

and strain. The stress can be then expressed as a sum of two contributions or components: 

ߪ  = ଴ߪ  sin(߱ݐ) cosߜ ൅ ଴ߪ cos(߱ݐ) sin  (3-52) ߜ

 

The first component, ߪ଴ cos (ߜ), is in phase with the strain while the second one, ߪ଴ sin(ߜ), is   ߨ 2 ൗ  out of phase. It is then possible to define two dynamic moduli: ܧᇱ,  in 

phase with the strain, and ܧᇱᇱ, ߨ 2 ൗ  out of phase. Since ܧᇱ= (ߪ଴ /ߝ଴cos (ߜ) and ܧ′ᇱ= (ߪ଴ /ߝ଴sin(ߜ) the previous equation becomes: 

ߪ  = ᇱܧ ଴ߝ sin(߱ݐ) ൅ ଴ߝ ᇱᇱܧ cos(߱ݐ) (53-3) 

 

The phase angle is then given by: tan ߜ = ᇱᇱܧ ᇱൗܧ  (3-54) 

 

Since these are orthogonal contributions, in most of the cases the complex notation is 

used for the representation of the dynamic mechanical properties of viscoelastic materials. 

The stress and strain are then given by: ߝ = ଴ߝ exp(݅ ߪ (55-3) (ݐ߱ = ଴ߪ exp( ݅ ݐ߱) ൅  (3-56) ((ߜ

 

where ݅ = (െ1)ଵ/ଶ. The overall complex modulus ܧ∗ = ݁⁄ߪ  is given by: 

∗ܧ = ఙబఌబ  exp ߜ݅  = ఙబఌబ  (cosߜ ൅ ݅ sinܧ =(ߜᇱ ൅ ᇱᇱܧ݅
 (3-57) 
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The real part of the complex modulus is known as the storage modulus, ܧᇱ, can be 

identified with the in-phase elastic component of deformation. Elastic materials can “store” 

energy during deformation and release it on unloading, it represents the elastic portion. The 

imaginary part ܧᇱᇱ is then called “loss modulus” since it gives a measure of the energy 

dissipated during each cycle, represents the viscous portion. Normally, isothermal 

experiments provide values of the two moduli as a function of the testing frequency 

 

Time-temperature superposition 

 

The principle of time-temperature superposition establishes equivalence between time 

and temperature in the viscoelastic properties of polymers. Representations of the modulus of 

a rubbery polymer as a function of the frequency evidence that the material behaves as a 

glass when the temperature is reduced or the frequency (ω) is increased. The opposite effect 

is observed when the material is glass-like, and the temperature is increased or the frequency 

decreased. It is found empirically that the frequency/temperature curves could be superposed 

by shifting them by different amount parallel to de logarithmic frequency axis. 

 

Considering an arbitrary reference temperature Ts , ωs  is the frequency of a different 

curve with the same compliance, the shift required to superpose the two curves is a 

displacement of (log ωs -log ω) along the frequency axis: 

 

log aT = log ωs  -log ω = log (ωs / ω) (3-58) 

 

It is worth highlighting that, for viscoelastic relaxations occurring at temperatures 

below the glass transition, the dependence of aT with the temperature follows typical 

Arrhenius behavior: 

log aT ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

21

11·
·303.2

 
TTR

EaD  (3-59) 

 

 being T1 and T2 the temperatures at which the relaxation occurs and EaD the activation 

energy for the motions of the molecules Taking into account that the definition of aT is 

deduced from the dependence of the relaxation time with temperature: 
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TR
EaD

·
·exp0ττ =  (3-60) 

 

Taking logarithms and considering ωτ /1=  

TR
Ea D

·
lnln 0 −= ωω  (3-61) 

 

At temperatures close to the glass transition, much of the work upon time-temperature 

superposition for the viscous flow [35], viscoelastic response [36], dielectric dispersion [37], 

nuclear magnetic response [38] and dynamic light scattering [39] was done by Williams, 

Lander and Ferry (WLF) and they proposed the following equation for aT, 

 

log aT 
)('
)·('  

2

1

TsTC
TsTC

−+−
−−=  (3-62) 

 

'1C  and '2C  are constants and T is the temperature. Initially those values were thought to be 

universal constants, but they could not be applied to several distinct polymers. The previous 

equation is known as the WLF equation and was developed empirically. It holds well for a 

wide range of polymers in the vicinity of the glass transition and considering Ts =Tg: 

 

log aT 
)(

)·(
 

2

1

g

g

TTC
TTC

−+−
−−

=  (3-63) 

 

Resulting in new constants, 1C and 2C , which are considered as “universal” with values 

of 17.4 and 51.6 K regardless of some changes depending of the polymer. 

 

The WLF can be rationalized theoretically from considerations of free volume, Vf , 
which is the space in solid or liquid samples which is not occupied by molecules. Free 

volume is very sensitive to changes in temperature. Thus most of the thermal expansion of 

polymer rubbers or melts can be accounted by a change in Vf. As the temperature is lowered 

from the melt, free volume decreases until reaching a threshold at the glass transition 

temperature, when the values remains constant due to hindering of molecular motions (see 

Figure 3-14).  
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Figure 3-14 Specific volume variation with temperature of polymers. The free volume is represented by 

the hatched area. 

 
Considering the total Volume, V, as the addition of the volume occupied by molecules 

V0 and the free volume Vf , physical processes are expressed more conveniently in terms of 

fractional free volume, φ, which is defined as φ 0/VVf=   when temperature is below Tg, φ  is 

given as 0
* /VV
ff =φ  , and can be considered as being effectively constant. Above Tg there 

will be an important contribution to Vf  due to the expansion of the melt: 

 

⎟
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⎞

⎜
⎝
⎛

∂
∂−+=

T
VTVV

ff )·T( g
*  (3-64) 

 

Dividing by V: 

fgg TT αφφ )·( −+=  (3-65) 

 

where fα  is the thermal expansion coefficient given by the difference between the thermal 

expansion coefficients of the rubbery and glassy states in the vicinity of Tg. The equation for 

the fractional free volume will only be strictly valid over small increments of temperature 

above Tg. 

 

There are several possible derivations of the WLF equation. The simplest is assuming 

that the polymer follows a viscoelastic behavior with a relaxation time 0τ . From the 

Maxwell model E/0 ητ =  where η  is the viscosity of the dashpot and E is modulus of the 

Vf

Vfg

Tg

V0

V

T

Vf*

Vf

V0

Tg
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spring. It can be assumed that only η  varies with temperature, being E temperature 

independent. Considering the shift factor of the time-temperature superposition: 

 

)(
)(

)(
)(  a

0

0
T

gg T
T

T
T

η
η

τ
τ ==  (3-66) 

 

if Tg is used as the reference temperature. It is possible to relate the viscosity to the free 

volume through a semi-empirical equation developed by Doolittle from the study of the 

viscosities of liquids. Thus for a liquid, η is related to the free volume, Vf , through an 

equation with the form: 

ff VVVBA /)·(lnln −+=η  (3-67) 

 

where V is the total volume and A and B are constants. This equation (3-56) can be 

rearranged to give: 

 

)1 /1·(ln)(ln −+= φη BAT  (3-68) 

 

and at Tg: 

)1/1·(ln)(ln −+= gg BAT φη  (3-69) 

 

Substituting φ  in equation (3-68) and subtracting equation (3-69) from (3-68): 
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which can be rearranged to give an identical form as the WLF equation: 
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where gfBC 303.2/1 =  y fgC αφ /2 = . This means that gφ  and fα  should be similar for different 

polymers. It has been found that gφ  is of the order of 0.025 and fα ≈ 4.8·10-4 K-1 for most of 

the amorphous polymers, and this implies that 2C  ≈ 52 K. This is only an approximate value 

in which molecular motions are supposed to be completely constricted; the most common 

values used for 2C  are 51.6 K and 30 K, obtained for poly(hexane-1) [40] and PP(atactic) 

[41], respectively. These values are taken as universal. 

 

By adding and subtracting C2 in equation (3-71): 
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Changing to natural logarithm: 

∞−
+=

TT
m

Aa v
T 'ln  (3-73) 

where 2CTT g −=∞ , gBCA φ /   303.2' 1 −=−=  and 21303.2 CCmv = .  

 

This expression of the WLF equation is known as the empirical Vogel-Fulcher-

Tammann-Hesse (VFTH) equation [42,43,44],  where ωτ /1= : 

∞−
−=

TT
m

A vωln  (3-74) 

and: 
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Since A=-A’, and making fgg TT αφφ )·(0 −+== ∞∞ , then: 

v
f m

B=α  (3-76) 
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3.3.7 Differential Scanning Calorimetry (DSC) 

 

The thermal transitions of polylactide were analyzed by Differential Scanning 

Calorimetry (DSC). The DSC experiments were performed using a Mettler Toledo DSC 822 

Differential Scanning Calorimeter (Columbus, OH, USA). Samples of about 4 mg were 

placed in aluminum pans with pierced tops to facilitate evacuation of volatiles. The DSC 

thermograms were obtained from 3 temperature scans (preheating, cooling and subsequent 

reheating) at heating/cooling rates of ±10ºC/min, in the temperature range of 0 to 200ºC, and 

under N2 atmosphere. Temperature and heat flow calibrations were carried out with indium 

and zinc as standards. Measurements were performed by triplicate for assessing reproducible 

results.  

 

DSC is a thermo analytical technique based on the different amounts of heat required to 

equalize the temperature of a sample and a reference, within a temperature profile. This is 

usually conducted by placing the sample under study in one pan and leaving a second pan 

empty as the reference. A computer regulates heat flow of both pans and monitors 

temperature with high precision. DSC experiments are based on applying different 

temperature programs and calculating the heat necessary to maintain the temperatures of 

sample and reference equal (null balance). 

 

 
Figure 3-15 DSC scheme. 

 

Typical results from DSC experiments display heat flow as a function of the 

temperature or time, which are denoting different thermal transitions of the sample under 

study. More particularly, the use of this technique allows for the observation of the melting, 

crystallization and glass transition transitions and the corresponding temperatures. Figure 

3-16 shows a DSC trace extracted from PLA. 

Reference pan Sample pan
Pan or Crucible

Sample

Thermocouples

Flux Plate
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Figure 3-16 DSC trace for PLA. 

 

When the polymers crystallize when heating from the glass, the phenomenon is known 

as cold crystallization. This phenomenon can be distinguished for the polylactide. There are 

many factors that affect the rate and extent of crystallization, the rate of cooling(heating), the 

presence of orientation in the melt, the melting temperatures, the tacticity, the molar mass, the 

amount of chain branching and the presence of additives[45,46].  

 

3.3.8 Optical Microscopy (OM)  
 

The spherulite radius of the PLA samples versus time was measured by Optical 

Microscopy, OM, in isothermal crystallization conditions, and the linear growth rates (G) 

were obtained from the corresponding slopes. Radius were measured in 50 μm thick films 

(melt-pressed from each specimen using a Carver Press at 180 ºC, 2 min) using an Olympus 

BH-2 microscope fitted with an Olympus DP/2 digital camera and a Linkam hot stage TP-93 

with cryogenic cooling. The temperature was controlled with a precision of ±0.1ºC. The 

films were prepared using three aluminum foils of controlled thickness; a circle was cut in 

the central foil to serve as thickness control after melt pressing. A piece of film was placed 

between two microscope cover slips and heated from room temperature to 180 ºC (β = 

40ºC/min) for 2 min to eliminate any crystalline history  
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The temperature was then lowered at a rate of 40 ºC/min to the different isothermal 

crystallization temperatures, which were in a range from 100ºC to 140 ºC. Figure 3-17 shows 

the diameter of the spherulites measured as a function of crystallization time, after 

consecutive measurements in the same specimen. Some thermal degradation was observed in 

subsequent measurements, which can be associated with the occurrence of chain excision of 

PLA. Therefore, to ensure reproducibility, measurements were carried out in a fresh piece of 

film at each temperature. 

 
Figure 3-17 Measurement reproducibility of the same sample piece for pellets evaluated at 113.5ºC.  

 

The principle of polarized Optical Microscopy (OM) is based on the isotropic character 

of light and the changes alignment occurring when passing through an anisotropic crystalline 

material. A polarized light microscope has two disc accessories made up of polarizing plastic 

that permits light vibrating in one plane to pass (Figure 3-18). 

 

 
Figure 3-18 Optical microscope equipment (left), basis (central) and micrograph (right). 
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The first disc polarizes the light in one fixed direction (polarizer) before passing through 

the sample, and the second disc, placed in the top part of the microscope (analyzer), cuts off 

all the light vibrating in a perpendicular plane to the polarizer. Hence, when both discs are in 

place, no light can pass thought the eyepieces, giving a dark background. If an isotropic 

material is placed between the two discs, the polarization of the light according to the 

polarizer will not be changed (preferential contributions will be cancelled) and then no light 

will pass through the analyzer. If an anisotropic material is under study, then the polarized 

light will be re-polarized according to the material birefringence, and some light may pass 

through the analyzer, providing optical signal. Such is the case of crystalline polymers or 

liquid crystals 
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4.1 Molar mass assessment 

4.1.1 Molar mass results 
Figure 4-1 shows the molar mass (M) distributions of the PLA pellets, plates, bio and 

photo degraded samples obtained by Gel Permeation Chromatography (GPC) where Wf is 

the cumulative weight fraction. From these distributions several parameters were 

calculated, such as the Full Width at Half Height (FWHH) of the curves, the values of 

weight-average molar mass (Mw), the number-average molar mass (Mn) and the 

polydispersity (Mw/Mn). The results are gathered in Table 4-1.  

 
Figure 4-1 Molar mass distributions for a) biodegraded samples and b) photodegraded samples. 

Table 4-1 Molar mass results obtained by GPC. 
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Sample Name Mw  (Da) Mn  (Da) Mw/ Mn 

Pellets 221900 126800 1.75 

Plates 134700 73200 1.84 

Biodegraded-B 

(m-months) 
   

1 m 136300 74600 1.83 

15 m 113600 60200 1.89 

24 m 84100 45600 1.84 

40 m 55600 29100 1.91 

60 m 39700 20300 2.01 

Photodegraded-P 

(h-hours- m- 
months) 

   

400h-1.7m 104100 56300 1.85 

2250h-9.4m 80700 42600 1.89 

3000h-12.6m 66200 35100 1.89 

5100h-21.4m 45400 22200 2.05 
 

Table 4-1 highlights the decrease in the Mw and Mn values after processing from 

pellets to plates; the initial melt compression reduced Mw from 221900 to 134700. It is also 

worth mentioning that a slight increment on the polydispersity was observed only for those 

samples highly degraded. The molar mass distributions of the plates and degraded samples 

were shifted to lower values, and also some changes were visible in the shapes of the 

curves, respect to the pellets. In Figure 4-2 the evolution of Full Width at Half Height 

(FWHH) of the distributions versus the degradation time for the bio and photo degraded 

samples was plotted. The FWHH values for photodegradation were higher than for 

biodegradation indicating more heterogeneous distributions at similar degradation times. 

Such differences can be attributed to a possible crosslinking process occurring by the 

radiation exposure, according to other authors who reported such effect when a 

photosensitizer was present [1,2]. As an attempt to check this phenomenon, the 

photodegraded samples were dissolved in chloroform (99.8% ACS reagent), at room 

temperature during two hours. Since these samples were completely dissolved, the 

evidence of crosslinking could not be confirmed. 
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Figure 4-2 Full Width at Half Height for samples submitted to bio and photodegradation. 

 

In Figure 4-3, Mw was plotted versus Mn for the plates, bio and photo degraded 

samples; providing a linear relation with a slope of 1.82, representing the average 

polydispersity of all the degraded samples. 

.  
Figure 4-3 Plot of the Mw vs Mn obtained by GPC for the bio and photodegraded samples. 
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The molar mass changes in the thermally degraded samples could not be evaluated by 

means of GPC. Alternatively, Mv was calculated by measuring the intrinsic viscosity, η, 

and applying the Mark-Houwink-Sakurada equation [η] = K·Mv
α  [3]. Many values for the 

constants K and α are proposed in the literature, as reviewed by Garlotta, and are 

summarized for different temperatures and solvents [4,5]. However, these values were 

recently discussed and a new pair more consistent was proposed by Dorgan [6]: 

 

Table 4-2  shows the experimental values of η and the values of Mv calculated using 

the specific parameter K (in dl/g) and α for amorphous Poly (L-Lactide) from both 

references, corresponding to the thermally degraded samples. 
 

Table 4-2 Molar mass results obtained by viscometry for the thermally degraded samples. 
 

Sample Name η (dl/g/) Mv ref. 5 Mv ref. 6 

Pellets 1.347 77100 192190 

Thermally 
degraded-T 

 (time in min)  
  

3 min 1.260 69800 175500 

30 min 0.740 31900 85170 

62 min 0.560 21400 58400 

120 min 0.360 11100 32000 

330 min 0.230 5700 17400 
 

The values of Mv (obtained by viscometry) and Mn (obtained by GPC) were correlated 

for those samples where the two molar masses were evaluated. The values of η and Mv and 

Mn obtained for the PLA pellets, plates and three photo degraded samples are shown in 

Table 4-3.  

[η] = 6.40 x l0-4 × Mv
0.68  (ref. 5) (4-1) 

[η] = 1.74 x l0-4 × Mv
0.736 (ref. 6) (4-2) 
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Table 4-3 Molar mass results obtained by viscometry. 

Sample Name η (dl/g) Mv ref. 6 Mv ref. 5  Mn from GPC 

Pellets 1.347 192190 77100 126800 

Plates 1.148 154670 60880 73200 

Photodegraded 

samples 
    

400h-1.7m 0.805 95490 36100 56300 

2250h-9.4 m 0.800 94690 36500 42600 

3000h-12.6 m 0.580 61170 22330 35100 
 

Figure 4-4 shows a plot of Mv from ref 5 versus Mn for the samples from Table 4-3; 

the results were fitted to a linear trend, as the Flory’s relation predicts. For a polydispersity 

(Mw/Mn) of 2, Flory envisaged a linear relation between Mv, Mn and Mw, according to the 

following Equation (4-3) [7]: 

 

Mn/Mv/Mw = 1: [(1 + α)Γ(1 + α)]1/α :2 (4-3) 

 
Where Γ (α) is the gamma function [8] and α is the Mark Houwink parameter. 

 

Table 4-4. Gamma function, Γ (α) corresponding to each α  

α Γ (α) α Γ (α) 

1.00 1.00000000 1.52 0.88703878 

1.04 0.97843820 1.56 0.88963920 

1.08 0.95972531 1.60 0.89351535 

1.12 0.94359019 1.64 0.89864203 

1.16 0.92980307 1.68 0.90500103 

1.20 0.91816874 1.72 0.91258058 

1.24 0.90852106 1.76 0.92137488 

1.28 0.90071848 1.80 0.93137488 

1.32 0.89464046 1.84 0.94261236 

1.36 0.89018453 1.88 0.95507085 

1.40 0.88726382 1.92 0.96877431 

1.44 0.88580506 1.96 0.98374254 

1.48 0.88574696 2.00 1.00000000 
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Figure 4-4 Plot of Mv versus Mn of the pellets, plates, photo 400 h, photo 2250 hours and photo 3000 
hours using Mv  from ref. 5. 

 
The experimental value ெ௩ெ௡ ൌ  0.67, obtained, did not accomplish the trend 

Mw>Mv>Mn. Figure 4-5 shows the same plot for data from ref. 6. 

 

 
Figure 4-5 Plot of Mv versus Mn of the pellets, plates, photo 400 h, photo 2250 hours and photo 3000 

hours using Mv  from ref. 6. 
 

The results of Mv/Mn=1.71 obtained by ref. 6 follows the trend Mw>Mv>Mn.. The 

slope 1.71, obtained from the data in Figure 4-5 is very close to the theoretical value Mv/Mn = 1: [(1 + α)Γ(1 + α)]1/α =1.88 , obtained from the Flory’s equation. The explanation of 
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such deviation may be due to the differences between the polydispersity calculated for the 

samples (Mw/Mn=1.82) and the Flory’s conditions (Mw/Mn=2). 

 

Equation (4-4) was chosen for the estimation of Mn from Mv in the thermally degraded 

samples, and the results are shown in Table 4-5. 

 

Mv=1.71·Mn  (4-4) 
 

 
Table 4-5 Mn of the thermally degraded samples calculated (Mn_calc) from the experimental 

relation of Mv versus Mn  

 

Sample Name Mn_calc Mn from GPC 
| Mn_calc – Mn 

GPC | 

Pellets 112590 126800 14210 

Plates 90500 73200 17300 

Thermally degraded     

3 min 102600   
30 min 49800   
62 min 34200   
120 min 18700   
330 min 10200   

Photo degraded     

400h-1.7m 55900 56300 400 

2250h-9.4m 55400 42600 12800 

3000h-12.6m 35800 35100 700 

 

 

It is noticeable how processing from pellets to plates caused a decrease on molar mass 

and also how thermal and photodegradation could promote equivalent reductions on the 

molar mass of PLA, under different conditions. 
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4.1.2 Functionalizing the molar mass with time 
 

The values of Mv (and consequently Mn) of the thermally degraded samples decrease 

with degradation time. Assuming that thermal degradation of polylactide follows a random 

chain scission mechanism of the ester group, Liu et al. [9] described the decrease of the 

molar mass as a 2nd order equation taking several considerations. If s are the bones broken 

in a single chain of X repeat units, then degree of splitting α can be defined by:  α ൌ sX଴ െ 1 (4-5) 

where X0 is the number-average degree of polymerization of polymer at the initial 

time. 

 

Considering the degradation as a single molecular process the degradation rate ds/dt 

is proportional to the concentration of ester bonds, where the thermal degradation starts. ୢୱୢ୲ ൌ ݇௫ ൉ ሺX଴ െ 1 െ  ሻ  (4-6)ݏ

where k is the reaction rate constant. The integration of Equation (4-6) provides the 

following equation: s ൌ ሺX଴ െ 1ሻሺ1 െ expሺെ݇௫ ൉  ሻሻ  (4-7)ݐ

 

Combining Equations (4-7) and (4-5): α ൌ 1 െ expሺെ݇௫ ൉  ሻ  (4-8)ݐ

 

According to the definition of the number-average degree of polymerization: X௧ ൌ X଴/ሺݏ ൅ 1ሻ  (4-9) 

 

where Xt is the number-average degree of polymerization at time t. Combining 

Equations (4-7) and (4-9), and eliminating s, one arrives to: X௧ െ 1X௧ ൌ X଴ െ 1X௢ expሺെ݇௫ ൉  ሻݐ
(4-10) 

 

The logarithmic form of Equation (4-10) is given by: ln ቂଡ଼೟ିଵଡ଼೟ ቃ ൌ ln ቂଡ଼బିଵଡ଼೚ ቃ െ ݇௫ ൉  (11-4)  ݐ
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According to the property of logarithmic function 

ln ൤X௧ െ 1X௧ ൨ ൌ െ1X௧ െ ቀ 1X௧ቁଵଶ2 െ ⋯ െ ቀ 1X௧ቁଵ௡݊ െ ⋯ ൎ െ1X௧  
(4-12) 

 

if 1/X௧ ≪ 1, the previous equation can be simplified and the expression has the form 

of Equation (4-13): െ1X௧ ൅ 1X௢ ൌ െ݇௫ ൉  (13-4) ݐ

 

This expression represents a linear relation between 1/Xt and t. If both sides of the 

Equation (4-13) are multiplied by 1/W, where W is the molar mass of the repeating unit: 

െ 1W ൉ X௧ ൅ 1W ൉ X௢ ൌ െሺ݇௫ ൉ Wሻ(14-4) ݐ 

଴ܯ1  െ ௧ܯ1 ൌ െ݇ ൉ t  (4-15) 

 

where M0 and Mt are the molar mass of the polymer at time equal to 0 and at t, 

respectively, and k is the apparent rate constant. 

 

The application of the previous equations to the viscous molar mass of the thermal 

degraded samples, 1/Mv versus time, is displayed in Figure 4-6 where Mv0 is the initial 

molar mass of pellets.  
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Figure 4-6 1/Mv variation with degradation time (in minutes) for thermal degradation. 

 
The data properly fit to the 2nd order equation and the values obtained are displayed in 

Equation (4-16), with kTv, in mol/kg·min , (kTv, is the apparent rate constant for the thermally 

degraded samples calculated from the Mv). This trend is in agreement with that proposed by 

other authors [10]. 

 ૚࢜ࡹ ൌ ૚. ૟૟ ൉ ૚૙ି૝ܜ ൅ ૚૚ૢ૛. ૛  (4-16) 

 

The same experimental data can be fitted too using the Mn values (calculated from Mv 

=1.71·Mn), were the units of kTn=2.82·10-4 are mol/kg·min (kTn, is the apparent rate constant 

for the thermally degraded samples calculated from the Mn): 

 ૚ ࢔ࡹ ൌ ૛. ૡ૛ ൉ ૚૙ି૝ܜ ൅ ૚૚૚૛. ૟  (4-17) 

 
 

The previous results indicate that thermal degradation can be described by a single 

molecular process based on the ester bond breakage. 

 

In order to study the evolution of the molar mass for the bio and photodegradation, 

the values of Mn were plotted as a function of the degradation time in Figure 4-7.  
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Figure 4-7 Mn variation with degradation time for bio and photo degradation. 

 

The comparison between the curves indicates that photodegradation is faster than 

biodegradation, since provides lower values of Mn at a given time. Even though the non-

linear molar mass decay was apparently similar in the three degradation processes, the 

profiles shown during biodegradation were rather different than those given by thermal and 

photo degradation. 

The temporal variation of the molar mass of biodegraded specimens (up to 60 

months) followed an exponential model ሺ࢔ࡹ  ൌ ૙࢔ࡹ  ൉  typical of a 1st order ,( ࢚࡮࢑ିࢋ

degradation process, as can be seen in Figure 4-8, where ࢔ࡹ૙  is the initial molar mass of 

the plates, t the degradation time in months and kB the biodegradation rate constant in 

months-1. The same exponential temporal functionality was reported in hydrolysis and 

composting biodegradation studies, regardless of the different degradation conditions [11 

,12]. The calculated parameters, after fitting to the logarithm form, are shown in Equation 

(4-18):  

  ln ܯ௡  ൌ lnሺ73.2ሻ െ 0.021 ൉  (18-4) ݐ
 

 

0

10000

20000

30000

40000

50000

60000

70000

80000

0 10 20 30 40 50 60 70

M
n 

degradation time (t) (months)

Biodegradation

Photodegradation

Mn=73200·e-0,021·t



 

126 
 

 
Figure 4-8 ln (Mn ) variation with degradation time for biodegradation. 

 
Like for the thermally degraded samples, the photodegradation of polylactide follows 

a 2nd order equation, ଵெ೙బ െ ଵெ೙ ൌ െ݇௉ ൉  for the decrease of molar mass, as given in , ݐ

Figure 4-9, where Mn0 is initial molar mass of plates, ݇௉ is the rate constant for 

photodegradation in mol/kg·month and t is the time in months of outdoor sunlight 

exposure. The fitting parameters are displayed in Equation (4-19): 1 ܯ௡ ൌ 1.37 ൉ 10ିଷ ൉ t ൅ 173.2 (4-19) 

 
Figure 4-9  1/Mn variation with degradation time for photodegradation.  
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Equations (4-18) and (4-19) allow for the calculation of the molar masses of the rest 

of degraded samples at different times, which are shown in Table 4-5. 

 

Table 4-6 Mn of the rest of bio and photo degraded samples calculated by Equation (4-18) and 

Equation (4-19) respectively. 

 
 

 

 

 

 

 

 

 

 

 

 

The differences between the degradation mechanisms could be indicative of a change 

on the kinetic reaction order: 

 

• The mechanism of thermal degradation at 230 ° C is considered to occur mainly 

through a non-radical reaction mainly caused by intramolecular transesterification 

leading to cyclic oligomers, lactide, acetaldehyde and carbon monoxide [32,33] (see 

Figure 2-2 in Chapter 2) 

 

• Two different mechanisms were proposed for PLA hydrolysis: random intra-chain 

and one chain end reaction (see Figure 2-7 of Chapter 2). Some authors reported the 

chain-end cleavage as the predominant in acid medium [13,14]. Considering that 

this is the predominant mechanism, the majority random (intra-chain) ester groups 

would not be susceptible to rupture. 

 
• The photodegradation mechanism considers all the ester groups as labile to suffer 

cleavage, as shown in Figure 2-11 of Chapter 2. 

 

Biodegraded samples Mn 

5 m 65900 

10 m 59300 

20 m 48100 

30 m 39000 

35 m 35100 

Photodegraded samples  

800h -3.3m 55000 

1850h-7.7m 41300 

4100h-17.2m 26700 
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In thermal and photo degradation, all the ester groups of the polymer chain are 

randomly labile to undergo degradation, which could explain why these processes follow 

2nd order, in opposition to the 1st order observed for hydrolysis, which can involve selective 

breakage of ester groups, probably from the chain-ends as some authors reported as the 

predominant in the acidic media [13,14].  

 

Figure 4-10 collects the temporal evolution of molar mass (Mn) of the PLA samples 

submitted to thermal, bio and photo degradation. The different time-scales permit 

comparing the degradation time required to achieve a certain molar mass, by the three 

different degradation types. According to this plot, the thermal degradation at 220ºC 

(slightly higher than the processing temperatures) took place much faster than bio and 

photodegradation. For instance, exposing the PLA pellets to thermal degradation during 

~50 min would provide the same molar mass reduction as biodegradation after ~38 months 

or photodegradation after ~12 months of real exposure (3000 hours in sunlight radiation 

chamber). 

 

 
Figure 4-10 Mn versus time in the different scales studied, for thermal, bio and photo degradation. 
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As a summary, the equations with the evolution of the molar mass with time for all 

the degradation processes are now listed: 

 

• Thermal degradation 2nd order      

o ଵ ெೡ ൌ 1.66 ൉ 10ିସ ൉ t ൅ ଵଵଽଶ.ଶ 

o  ଵ   ெ೙ ൌ 2.82 ൉ 10ିସ ൉ t ൅ ଵଵଵଶ.଺ 

• Biodegradation 1st order:  ln ܯ௡  ൌ lnሺ73.2ሻ െ 0.021 ൉  ݐ

• Photodegradation 2nd order ଵ  ெ೙ ൌ 1.37 ൉ 10ିଷ ൉ t ൅ ଵ଻ଷ.ଶ 
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4.1.3 Literature data of molar mass decay due to degradation  

 

It is of interest to test if the functionality of the decay of Mv and Mn, which was 

modeled by the previous equations, represents a universal behavior. In other words, does 

literature data agree this functionality for similar or longer times? In order to assess its 

validity, several published experimental data regarding different degradation of PLA were 

fitted to the previous functions. 

 

a) Thermal degradation 

 

Figure 4-11 shows the molar mass decay profiles obtained during the thermal 

degradation, in comparison with those of obtained by Liu et al. [10] at different 

temperatures. The temporal units were given in hours due to the longer extend of the 

experimental conditions used in that work The data was successfully fitted to the 2nd order 

equation as Figure 4-11 shows. The values of the parameter kTv (in different units) obtained 

from Liu’s work are summarized in Table 4-7, together with those obtained from the 

experimental data of this current work.  

 
Figure 4-11 1/Mn versus thermal degradation time in hours for the experimental data and the data 

obtained in ref 10 the dotted lines are the fitted tendency with the 2nd order equation. 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 2 4 6 8 10 12 14 16 18 20

(1
/M

v 
)1

03

time (hours)

Liu et al. 160ºC
Liu et al. 170ºC
Liu et al. 180ºC
Liu et at 190ºC
Current work 220ºC



 4. Results and Discussion
 

131 
 

Table 4-7 Fitting parameters from the 2nd order equation.  
 

Reference 
Temperature 

(ºC) 
Mv0·10-3 

kTv, 
(mol/kg·hour) 

kTv, 
(mol/kg·min) 

Liu et al. [10] 

160 

220.6 

3.01·10-4 5.01·10-6 

170 5.81·10-4 9.68·10-6 

180 1.29·10-3 2.16·10-5 

190 2.72 10-3 4.53 10-5 

Current work 220 
192.2 

9.99 10-3 1.66 10-4 

 
 

Once the values of kTv were obtained, their dependence with the temperature was 

evaluated by means of Arrhenius plots and thus the experimental ln(kTv) values were 

plotted versus 1/T (K-1). Figure 4-12 evidences that the experimental points follow a linear 

trend, typical of Arrhenius behavior, kTv = kTvo ·exp(-EaA / RT), with kTvo is a pre-exponential 

factor and EaA the activation energy obtained from the Arrhenius plot.  

 
Figure 4-12 Plot of ln(kTv) versus 1/T (K-1) for the current data (220ºC) and data of ref. 10  (at 160, 170, 

180 and 190ºC).  
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The parameters of the Arrhenius equation were calculated and incorporated into the 

Mass decay second-order equation (4-16), giving the following expression Equation (4-20), 

that relates the molar mass with degradation and temperature. 1ܯ௩ ൌ ݁ሺିଵଶ.଺ସ் ାଶଵ.ଵହሻ ൉ t ൅ 1192.2  (4-20) 

 

The activation energy for the thermal degradation process, obtained in isothemal 

conditions in the 190 to 220ºC range, was calculated from the slope of the Arrhenius plot, 

providing a value of Ea,A= 105 kJ/mol. This value was in good agreement with the values of 

PLLA given for isothermal degradation in similar temperature conditions by Sodergard et 

al (~119 kJ/mol) and by Wachsen et al. for the decomposition step (~120 kJ/mol) [15,33]. 

A slightly higher value was also referred for PDLLA (~131 kJ/mol), obtained in similar 

conditions in the 160 to 190ºC range [10].  

 

b) Biodegradation 

 

The application of the model for molar mass decay to data obtained in biodegradation 

studies in the literature requires considering the different experimental conditions. In 

general, hydrolysis of amorphous PLA homopolymers, copolymers and blends follows an 

exponential behavior, while a linear trend is observed in the case of crystalline PLA 

without catalytic agents [16,17,18]. The hydrolysis of polylactide amorphous was faster 

than that of the crystalline polylactide [17,19,20,21]. In conditions of composting, an 

exponential behavior is been reported for amorphous PLA (4% D-lactide) [12].  

 

The functionality of the molar mass decrease of PLA was applied to the results 

reported in three different studies in the literature: one involving hydrolysis [11], 

considered the first step in biodegradation, another reporting degradation in soil up to 15 

months [22] and finally a composting study [12], which is considered the fastest 

biodegradation process. The characteristics of the materials used in such studies are 

summarized in Table 4-8. 

 

Figure 4-13 shows the molar mass decay profiles of the data in the cited studies, 

together with experimental results obtained in the current work. All data fit well to the 

exponential decay function ln (Mn )=ln (Mn0 )-k·t and the parameters calculated are 
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summarized in Table 4-8. The values of rate constant k confirm that composting is the 

fastest process, followed by pure hydrolysis and by degradation in soil. The resulting rate 

of biodegradation may then be a combination of several synergetic effects, including water 

content, the initial molar mass [23], thickness [24] and the microbiological activity and 

conditions of the soil [25,26] or the D- content [11]. 

Figure 4-13 Plot of ln (Mn) versus time (in days) for the current work and the literature references for 

biodegradation.

Table 4-8 Data summary from the literature of biodegradation of polylactide. 

Reference 
Amorphous 

PLA 

Thickness 

(mm) 
Mn0 10-3 Days of 

study 
kB

(days-1)
kB

(months-1)

Current work 60m-
soil 

T=28ºC & 
pH 4-5 

4%D 1 102.0 1800 7.12 10-4 2.10 10-3

15m-Soil 
T=28ºC & pH 7  

[ref. 22] 
    4%D       2   198.0      450    1.34 10-3 4.02·10-2

Hydrolysis  
T=37ºC & pH 7.4 

[ref. 11] 
1.2% D 0.25-0.1 122.6 415 2.29 10-3 6.87 10-2

Compost 
T=65.±5ºC & 
pH 8.5 ± 0.5 

[ref. 12]

4% D Around 1 115.9 31 1.50 10-1 4.50 
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c) Photodegradation 

 

The great variety of experimental conditions must be also taken into account when 

applying the model of molar mass decay for photodegradation. Tsuji et al observed an 

exponential tendency for the Mn decrease of polylactide submitted to UV radiation [27]. On 

the other hand, most of the studies performed in experimental conditions of high UV 

wavelengths similar to the present work, report data without any fitting. Janorkar et al 

found a 40% decrease in molar mass of a PLA sample with thickness of 0.125 mm after 12 

hours of UV exposition from 250 to 450 nm at 255 W/m2  [28]. Ikada reported a 97% 

decrease of the molar mass after 12 hours in a range of UV exposure from 200 to 600 nm in 

samples obtained by casting [29]. Other work performed by Zaidi et al in real outdoor 

exposure reported a molar mass decrease of about 40% after 130 days [30]. 

 

The work of Zaidi et al. [30] was the only one not performed in accelerate chamber, 

and to properly compare with the rest of the results, some suppositions were assumed: 

• Similar total minimum radiation per year for Algeria (location of the outdoor 

exposure) and Spain: 5000 MJ/m2.  

• The samples were exposed in the same chamber and submitted to the same 

radiation, 478 W/m2, as the present work 

 

Taking into account the previous considerations, the data adaptation for that particular 

reference can be seen in Table 4-9. 

Table 4-9 Adapted photodegradation data from ref. 30. 
 

Real days of 

outdoor 

exposure 

(from ref 30) 

years= 

 days/365 

Outdoor MJ/m2=  

(5000 MJ/m2  

per year) · 

(years) 

Outdoor J/m2 = 

Outdoor MJ/m2) 

·(1000000) 

Time in chamber  

(s):(Outdoor 

J/m2)/ 

(478 J/s·m2 ) 

Hours in the  

chamber *: 

s·3600 s/h 

0 2.74·10-8 1.37·10-4 1.37·102 0 0 

30 8.22·10-2 4.11·102 4.11·108 859747 239 

60 1.64·10-1 8.22·102 8.22·108 1719493 478 

130 3.56·10-1 1.78·103 1.78·109 3725569 1035 
*Theoretical time in the accelerated chamber correlated with the real days of exposure. 
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The experimental conditions of the photodegradation tests from the literature are 

summarized in Table 4-10.Several remarks should be made regarding the different 

experimental conditions: 

 

• The data from ref. 29 were obtained in wavelengths between 200 and 600 nm, 

but the maximum energy of the lamp corresponds to 300 nm, the same 

radiation was considered for all the lamps. 

• In the same ref. 29 the initial molar mass was higher than in the other studies.  

 

Figure 4-14 shows the mass decay of the photodegradation tests from the literature 

data together with the results obtained in the current work, with the exposure time 

expressed in hours. All the data were fitted successfully to the 2nd order law, according to 

Equation (4-15). The corresponding rate constants (kP) were calculated, and the results are 

shown in Table 4-10. 

 
 

Figure 4-14 Plot of 1/Mn versus time (in hours of chamber exposure) for the current work and 

the literature references for photodegradation. 

 
The results indicate considerable differences in the molar mass decay for the different 

systems, remarking the importance of the tests parameters on the photodegradability of 
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as a function of the sample thickness and initial molar mass in Figure 4-15 a and b, 

respectively. 

 
Table 4-10 Data summary from the literature data of photodegradation of polylactide. 

 

Reference Mn0 ·10-3 
Wavelengths 

(nm) 

thickness 

(mm) 
kP (mol/kg·h) 

29 645.3 >200 ≈0.05-0.15 3.63·10-3 

28 111.8 >254 0.125 1.81·10-2 

30 100.0 >295 0.05 8.94·10-6 

Current 

work 
73.2 >290 1 5.73 10-6 

 

    
Figure 4-15 kP versus the thickness a) and the Mn0 b) for the current work and the literature data. 

 

There is no apparent correlation between kP and neither the initial molar masses nor 

the thicknesses. Considering the results in Table 4-10, the differences in kP may be then 

attributed to the effect of radiation wavelength (200 – 400 nm). For samples submitted to 

wavelengths lower than 295 nm the order of magnitude of kP is three times lower than for 

samples exposed at 295 nm. This means that the effect of radiation is at least three times 

higher at low UV wavelengths.  
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4.2 Analysis of the chemical structure 

 

The study of the molar mass decay of PLA, by GPC and viscometry, suggested 

different functionalities depending on each degradation process. However, it is necessary to 

assess the changes in the PLA structure to determine the mechanism of each degradation 

type. 

 

The possible modifications on the PLA structure by the different types of degradation 

are explained in Chapter 2. The thermal degradation of polylactide below 270ºC is a non-

radical process mainly attributed to intramolecular transesterification and also to cis-

eliminations. The products are cyclic oligomers, lactide, acetaldehyde and carbon 

monoxide [31,32,33] and olefinic double bond plus a carboxyl group with acrylic acid [34]. 

The mechanism essentially leads to cyclic polylactide chains with lower molar mass. 

 

On the other hand, biodegradation of polylactide is a combination of two processes: 

abiotic hydrolysis followed by the action of enzymes and/or microorganisms (bacteria, 

fungi, etc.) or its secretion products [35,36]. After initial hydrolysis, the molar mass 

decreases and the material becomes bio-assimilable (<10000)[12]. Since PLA is 

hydrolyzed in acidic conditions, see Figure 4-16, the chain end reaction starts with the 

protonation of the hydroxyl end-group and the formation of an intramolecular hydrogen 

bond. The hydrolysis of the ester group releases a lactic acid molecule with a consequent 

decrease on the degree of polymerization. The mechanism can also proceed via intra-chain 

protonation of the carbon of one random ester group. In both cases, hydrolysis produces 

different fragments of lower molar mass [37]. Moreover, bulk hydrolysis of polylactide is 

considered heterogeneous, due to the autocatalytic character of the chain end groups and 

water transport effects [38,39]. The effect of hydrolysis during degradation in soil is 

expected to be less acute respect to pure hydrolysis or composting, mostly by lower water 

concentration.  
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Figure 4-16 Summarized mechanism of the acidic hydrolysis of PLA oligomers. 

 

Finally, UV photodegradation of pure poly (L-lactide) (PLLA) proceeds via the 

Norrish II mechanism and provokes chain cleavage with formation of C=C double bonds 

and carboxyl end groups [29], as seen in Figure 4-17. Other mechanisms propose the 

formation of diketone groups, which promote homolytic cleavage of the C-C bonds and 

ultimately activate new radical reactions [28]. Alternatively, a new mechanism applicable 

for outdoor conditions (sunlight) involves the formation anhydride groups, as described by 

Bocchini et al. [40] and represented in Figure 4-18. 

 

 
Figure 4-17 Photodegradation Norrish II mechanism of polylactide proposed in ref. 29.  
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Figure 4-18 Photodegradation mechanism of polylactide proposed in ref. 40. 

 

Fourier Transform Infrared Spectroscopy (FTIR) was used to study the changes on 

the PLA chemical structure due to the thermal, bio and photo degradation. Figure 4-19 

shows the PLA characteristic IR bands associated to its most representative groups [41]. 

This band assignation is also valid for the thermally, bio and photo degraded samples. Only 

in the case of pellets, an additional weak band is visible at 921 cm-1 representative of the 

PLA crystalline structure (Figure 4-20) [42] . 
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Figure 4-19 Characteristic IR bands of the polylactide plates. 
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Figure 4-20  1000-800 cm-1 region corresponding to PLA pellets (lower line) and plates (upper line).

The most representative bands are found in several IR regions:  

• 3600-3200 cm-1 region.

In this region a broad band related to the OH stretching vibration is usually expected 

(carboxyl acids and alcohols), although this band is not well-defined in the polylactide. 

• 3100-2800 cm-1 region.

Several overlapping bands are visible related to the stretching vibrations of the C-H 

bonds of the polymeric chain: 

ν = 2995 cm-1 stretching asymmetric vibration of CH from CH3.

ν = 2944 cm-1 stretching symmetric vibration of CH from CH3.

ν = 2922 cm-1 stretching asymmetric vibration of CH2.

ν = 2879 cm-1 weak CH stretching vibration. 

ν = 2850 cm-1 stretching symmetric vibration of CH2.

The bands at 2995, 2944 and 2980 cm-1 are attributed to the vibration of the CH and 

CH3 groups of PLA [31,40,43], while additional bands are also visible at 2922 cm-1and

2850 cm-1. Although the origin of these bands is yet unclear, other authors assigned them to 

CH2 groups from either impurities or sub-products of degradation, already existing in the 

raw materials. Due to the non-reproducibility of the bands in the samples, they were not 

studied in any of the degradation processes. 
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• 1600-1800 cm-1 region

A prominent band appears centered at ν=1754 cm-1 associated to the stretching 

vibration of the carbonyl group C=O in the ester linkage. 

• 1460-1300 cm-1

Several bands can be observed in this IR region which can be attributed to the 

vibration of the C-C bonds of the polymeric chain. 

ν= 1453 cm-1 asymmetric bending of the CH3.

ν= 1382 cm-1 symmetric bending of the CH3

ν= 1360 cm-1 related to the CH bending (wagging)  

• 1300-800 cm-1

In this region several bands related to st. C-O vibrations appear overlapped with 

contributions from the C-H bonds (rocking). In the case of PLA, the ester CO-O bond can 

be in resonance with the carbonyl group of the same ester (C-O ester)or with a neighboring 

ester group (C-O Cα-O ) (Figure 4-21), leading to different IR signals [44]: 

Figure 4-21 C-O vibration modes in PLA 

ν= 1266 cm-1 symmetric stretching vibration of the C-CO-O and stretching of 

CH. 

ν= 1208 cm- and ν= 1182 cm-1 asymmetric stretching vibration of the C-CO-

O and asymmetric rocking of CH3.

ν= 1130 cm-1 symmetric rocking of CH3.

ν= 1087 cm-1 related to the asymmetric stretching vibration of O-C-CO. 

ν=1045 cm-1 related to the stretching of C-CH3.

--CH-C-O-CH-C-O-
CH3 CH3

-

=

O

=

O

O-C-CO
1087 cm-1

C-O Cα-O

C-CO-O
1212-1182 cm-1

C-O ester
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ν=956 cm-1 C-C backbone stretching of C-CO-O and the CH3 rocking, (this 

band is in 921 cm-1 when sample has crystalline α(or α’) form with a 103 

helix conformation). 

ν= 868 cm-1, assigned to O–C–C in phase stretch which the –O– connected to 

H. 

ν= 756 and 706 cm-1 bending of CO. 

 
In all the degraded samples, the study has been focused on the evolution of selected 

IR bands related to some representative groups to monitor the changes than undergo during 

degradation. 

 

4.2.1 Thermal degradation 

 

Figure 4-22 displays the IR spectra of PLA samples thermally degraded at different 

times. Thermal degradation promotes the cyclation of the PLA molecules, and thus a 

decrease on the OH groups is expected. However, no significant changes were observed in 

the area or intensity of the corresponding OH st. band (>3000 cm-1). This fact can be 

explained by the high concentration of backbone groups of the samples compared to the 

chain end (-OH). For PLA degraded in similar circumstances, McNeill and Leiper detected 

the products of degradation by thermal volatilization analysis (TVA), but showed no 

evidence of the variation of -OH, -COOH or formation of new end structures by neither 

NMR nor FTIR[31]. Furthermore in a recent study by Carrasco et al. processed polylactide 

at 210ºC does not present modifications on the chemical composition studied by 1NMR and 
13 C NMR [43]. 

 
Figure 4-22 FTIR overlapped spectra of the thermally degraded samples. 
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On the other hand, there was no variation in the IR C=C stretching region (1620-1680 

cm-1), which indicates that the products of the cis-elimination (CH=CH2, acrylic end group 

at the end of the molecule) could not be detected. This result can be attributed to the 

absence of such mechanism in the thermal degradation of the current samples or to the low 

concentration of acrylic oligomers expected at such low temperatures (less than 5% of the 

total sub-product) [32]  

 

Figure 4-23 shows the 2000 – 600 cm-1 IR region with more detail. A deconvolution 

of the region was performed with the aim to follow the changes in the areas of C=O and C-

CO-O with degradation time (Figure 4-24). 

 
Figure 4-23 FTIR of the thermally degraded samples. 
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Figure 4-24 Deconvolution bands of the region 1400 to 900 cm-1 . 

 

No considerable variations were detected within this area after thermal degradation, 

and this was confirmed by the quantitative analyses of the relative intensities of the 

different individual bands. Cyclation of the PLA chains is expected to modify the relative 

contribution of ester groups in the samples. However, only the cyclation of short chains 

may produce enough new ester groups to be detected by IR, and this view is in coherence 

with the invariability of the IR OH band. 

 

4.2.2 Biodegradation 

 

The products expected by acidic hydrolysis (ester removal) are mainly shorter 

molecules of polylactide with the formation of new carboxylic acid groups. Thus the 

principally groups affected by hydrolysis are O-H (3600-3200 cm-1), C=O (1756 cm-1) and 

C-CO-O (1212-1182 cm-1). However, non-significant variations were observed in the OH 

bands of the biodegraded samples, maybe due to the high concentration of ester groups in 

the native molecules. 

The relative contribution of the OH groups to the PLA chains is important to 

determine the significance of the IR band in the spectra. It was considered that groups 

representing less than 1% of the mass of the polymer molecule will not be detected by 

FTIR. Considering that the molar mass of a polylactide repeating unit -O–CH-(-CH3)-CO- 

is 72, a polymer with 1 % of OH (wt.) in the chain should contain 200 repeating units and 

Mn = 14400. For instance, in the case of PLA plates, Mn = 73200 and thus there are two –
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OH ends in 1016 repeating units, representing around the 0.20% (mass) of the polymer 

chain.  

The percentage of molecules with lower sizes that Mn =14400 in the samples is 

defined by the integration of the molar mass distribution curve. Such percentages were 

0.2% for pellets, 0.8% for plates, 1.0% for 1 month sample, 1.6% for 15 months sample, 

3.3% for 24 months sample and 7.8% for 40 months sample. These low values explain the 

absence of changes in the OH bands. 

On the other hand, the C=O and CO stretching regions were studied in Figure 4-25 

with more detail.  

 
Figure 4-25 FTIR of the biodegraded samples. 
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Although no apparent changes are observed in the spectra at different biodegradation 

times, the relative absorbance (A) of the 1182 cm-1 (O-C-CO) and 1756 cm-1 (C=O) bands 

were further studied. The absorbance at 1360 cm-1 related to the CH bending was taken as a 

reference, due to its invariance with time: 
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The evolution of these ratios versus biodegradation time is shown in Figure 4-26 and 

Figure 4-27, without evidencing significant changes or tendencies. These results are in 

agreement with the previous calculations of the OH relative weight in the polymer chains, 

as the decreases in C-O and C=O concentrations may only be detected at very small molar 

masses. 

 
Figure 4-26 Plot of 

1

1

1360

1182
−

−

cm
cmA  versus the biodegradation time.  

 
Figure 4-27 Plot of 

1

1

1360

1756
−

−

cm
cmA  versus the biodegradation time.  
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4.2.3 Photodegradation 

 

The study of the possible mechanism of photodegradation of polylactide due to 

sunlight exposure was also followed by FTIR. The groups involved in the proposed 

mechanisms are OH (3600-3200 cm-1), C=C (1620-1680 cm-1), CH2 (2922-2850 cm-1) and 

anhydride (1845 cm-1) [28,40]. Figure 4-28 shows the spectra of all the photodegraded 

samples at the different photodegradation times. Only the bands in the 2000 to 400 cm-1 

region has been considered for study, since no significant changes were detected at higher 

wavenumbers (2800-3500 cm-1). 

 

Figure 4-28 FTIR of the photodegraded samples. 

 
No changes are observed in the OH or C=C groups after photodegradation, as it 

happened to the biodegraded samples. Following a similar discussion as for the OH groups 

in the case of biodegradation, the Mn threshold for IR determination of the C=C groups is 

7200 (only present in one end-chain). Taking into account the molar mass distributions, the 
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There was no evidence by FTIR of the formation of new groups in the case of thermal 

and biodegradation mechanisms, while anhydride groups were detected in photodegraded 

samples. This can be due to the random mechanism proposed by Bocchini et at., in 

opposition to the mechanisms involving end-chain cleavage. A more sensitive analysis 

requires the use of alternative techniques [40].  
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4.3 Thermal stability study 

4.3.1 Study of the temperature variation 
 

Thermogravimetry was applied to study how the structural changes promoted by 

degradation affect the thermal decomposition of polylactide. 

 
The thermograms (TG) and their first-order derivative curves (DTG) of the pellets 

and plates are shown in Figure 4-31 a and b, respectively, evidencing one solely 

decomposition process. 

 
Figure 4-31 TG and DTG curves at 10ºC/min for a) pellets and b) plates. 
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The thermograms corresponding to plates, obtained at different heating rates (β) are 

shown in Figure 4-32. As expected, the thermograms and DTG curves are shifted to higher 

temperatures at increasing β.  

 

 
 

Figure 4-32 a) TG in w(%) vs T(ºC) and b) DTG dw(%)/dT(ºC) vs. T(ºC) of the plates at different heating 
rates. 
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The corresponding decomposition onset and endset temperatures of the degradation 

step (To and Te, respectively) can be obtained by a tangential intercept method onto the TG 

curve, as indicated in Figure 4-33. The onset temperature (To  340-346ºC, at 10ºC/min) 

corresponds to a mass loss of 2-2.5%. Likewise, the minimum peak temperature of the 

DTG curve, which is related to the inflection temperature of the TG curve (Tp 365-

371ºC, at 10ºC/min) was also evaluated. The mass loss was around 98-99% in all the 

studied samples. 

Figure 4-33 Characteristic temperatures calculated form TG and DTG curves. 

Figure 4-34 a and b displays the TG and DTG curves, respectively, corresponding to 

the PLA samples submitted to the different degradation types during the maximum times. 

For the sake of comparison, the curves of the pellet and plates are also included.  
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Figure 4-34 a)TG and b) DTG curves at 10ºC/min for pellets, plates, thermal 330min, bio-60m and 

photo-5100h-21.4m. 
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obtained at β =10ºC/min were selected for comparing the results of the degraded samples, 

as this is commonly used in standard thermal analysis measurements. 

Table 4-11 Parameters from the TG and DTG curves for the plates at the different heating 
rates (β).

β
(ºC/min) 

Tp
(ºC) 

To
(ºC) 

Te
(ºC) 

Mass loss 
(%)

Residue 
(%)

5 355 339 362 99.4 0.6 
7 357 338 365 99.0 1.0 

10 371 347 377 98.0 2.0 
12 366 348 378 99.1 0.9 
15 374 358 386 98.4 1.6 
20 381 365 393 98.7 1.3 
25 375 360 389 99.1 0.9 
30 382 368 398 98.9 1.1 

Figure 4-35 Variation of temperatures for the biodegraded samples at different heating rates. 
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The characteristic temperatures, obtained at β=10ºC/min, were plotted versus time 

and versus molar mass to study their influence of each degradation process. 

 

The temperature results corresponding to the thermally degraded samples at 220ºC 

are plotted in Figure 4-36. All temperatures calculated from the TG and DTG curves 

undergo an increase after 30 minutes of thermal degradation at 220ºC, followed by a 

decrease (t = 62 min), reaching similar values as pellets at 330 min. 

 

 
Figure 4-36 Thermal stability versus time at 10ºC/min for the thermally degraded samples at 220ºC. 

 

The thermal parameters corresponding to the thermal decomposition of the 

biodegraded samples (including the plates and pellets) at 10ºC/min are plotted as a function 

of time in Figure 4-37. The degradation in soil did not provoke significant changes in the 

representative temperatures (ΔT ≤ 8ºC), although a sinusoidal tendency is observed, 

reaching a maximum at 15 months. It is worth noting that all these parameters show not 

very different values after 60 months of degradation, compared to the initial values (plates). 
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Figure 4-37 Thermal stability versus time for the biodegraded samples, pellets, and plates.  

 
 

Figure 4-38 shows the evolution of To, Tp and Te with the photodegradation time (at 

β=10ºC/min). The temperatures exhibit a sinusoidal trend with time and after 5 months of 

exposure a decrease in all the temperatures was observed. This fact was especially visible 

for To and Tp, which undergo decreases of 15ºC and 10ºC respect to the plates respectively.  

 
Figure 4-38 Thermal parameters versus time (β =10ºC/min) for the photodegraded samples, plates and 

pellets. 
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The temperatures related to the thermal decomposition of the degraded PLA samples 

showed sinusoidal behavior, and this was observed for all the types of degradation. This 

fact, which was especially visible in the To values of the photodegraded samples, was 

reported by other authors in the degradation studies of several polymers [45,46]. The 

results also suggest that photodegradation seems to cause the most marked effects on the 

thermal stability of PLA. 

 
The variation on the thermal decomposition parameters with the molar mass is now 

studied. The parameter To, Tp and Te (as obtained at β = 10ºC/min) are plotted as a function 

of the molar mass from Figure 4-38 to Figure 4-41. 

 
Figure 4-39 To vs. Mn at 10ºC/min for ( ) Pellets, ( ) Plates, ( ) Thermal degradation ( ) 

Biodegradation and ( ) Photodegradation. 
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Figure 4-40 Tp vs. Mn at 10ºC/min for ( ) Pellets, ( ) Plates, ( ) Thermal degradation ( ) 

Biodegradation and ( ) Photodegradation. 

 

 
Figure 4-41 Te vs. Mn at 10ºC/min for ( ) Pellets, ( ) Plates, ( ) Thermal degradation ( ) 

Biodegradation and ( ) Photodegradation. 
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In general, the profile of all the temperatures seems to follow a common pattern with 

molar mass regardless of the degradation process, with a maximum at around 60000. 

Temperature variations are in the ΔT = 10ºC range. However in the case of the thermal 

degraded samples is practically negligible. The minimum values are observed for To of 

photodegraded samples at small Mn, as Figure 4-39 showed.  

 

All these results suggest that the molar decay controls the thermal stability of the PLA 

samples, regardless of the degradation type. The results also indicate that any of the 

temperatures (To, Tp and Te) can be chosen as representative parameters of the thermal 

decomposition of the samples. 
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4.3.2 Kinetic analysis 

 
Further analysis was therefore carried out to establish good indicators which correlate 

the thermal decomposition behavior of PLA with the different degradation processes. 

 
Polylactide presents one single thermal decomposition process (see Figure 4-31) but 

is considered to involve several complex reactions [47]. Several kinetic models are 

available in the literature to describe the thermal decomposition of polymers. In general 

these models do not consider in-depth the description of the chemistry involved in the 

thermal decomposition and describe the process by rather simplified reaction pathways. 

The kinetic behavior is governed by the kinetic triplet (ln(A), Ea, f(α), see Chapter 3, The 

theoretical decomposition mechanisms and their mathematical models, the so-called kinetic 

functions f(α) were given in Table 3-1. 

 

The apparent activation energy (Ea) of the PLA thermal decomposition was assessed 

by the Kissinger (EaK), Friedman (EaF) and Flynn-Wall-Ozawa (EaFWO) methods, which 

do not require assumption of any conversion model. The analyses were focused in the 

conversion degree (α) range of 0.2 and 0.7, since the main mass loss decomposition 

process occurs in this range. 

 

The fit of the data to the different methods was very accurate and linear trends were 

obtained for all the samples under study, regardless of the particular degradation processes. 

Figure 4-42 and Figure 4-43 show the application of these methods to the pellets and 

plates, respectively. 
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Figure 4-42 Kinetic methods applied to pellets a) Kissinger, b) Friedman and c) Flynn-Wall-Ozawa. 

 

  

 
Figure 4-43 Kinetic methods applied to plates: a) Kissinger, b) Friedman and c) Flynn-Wall-Ozawa. 
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The application of the Kissinger, Friedman and Flynn-Wall-Ozawa methods provided 

good fits, in the case of all the PLA samples. For selected examples, samples submitted to 

each kind of degradation are plotted in Figures 4-44, 4-45 and 4-46 (thermally, bio and 

photo degraded samples, respectively). 
 

 

 

 
Figure 4-44 Kinetic methods applied to the 3 min sample a) Kissinger, b) Friedman and c) Flynn-Wall-

Ozawa. 
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Figure 4-45 Kinetic methods applied to the 35 m sample: a) Kissinger, b) Friedman  and c) Flynn-Wall-
Ozawa. 

 
 

 

 

Figure 4-46 Kinetic methods applied to the-400h-1.7m sample a) Kissinger, b) Friedman method and c) 
Flynn-Wall-Ozawa method.  
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The results of the apparent activation energy, Ea, obtained from these methods are 

displayed in Tables 4-12, 4-13 and 4-14 for the thermal, bio and photo degradation, 

respectively. 

 
Table 4-12 Apparent activation energies (EaF, EaFWO, EaK) for the thermally degraded 

samples. 

 Pellets 3 min 30 min 

 α 
EaF EaFWO EaK EaF EaFWO EaK EaF EaFWO EaK 

kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol 

0.2 210 201 

229 

182 168 

205 

219 181 

226 

0.3 207 214 186 173 216 185 

0.4 202 216 186 175 206 176 
0.5 205 197 188 176 198 179 

0.6 204 200 185 179 179 173 
0.7 210 202 181 178 156 - 

Average 206 205 185 175 196 179 

 
  62 min 120 min 330 min 

α 
EaF EaFWO EaK EaF EaFWO EaK EaF EaFWO EaK 

kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol 
0.2 182 168 

197 

155 - 

194 

164 153 

192 

0.3 186 172      169 169 172 161 
0.4 182 175 176 170 169 164 
0.5 179 176 180 173 163 165 
0.6 176 177 176 170 161 165 
0.7 170 177 170 171 154 165 

Average 179 174 171 171 164 162 
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Table 4-13 Apparent activation energies (EaF, EaFWO, EaK) for the biodegraded samples. 

  Plates 1 m 5 m 

α 
EaF EaFWO EaK EaF EaFWO EaK EaF EaFWO EaK 

kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol 

0.2 183 175 

197 

178 152 

192 

189 170 

204 

0.3 183 176 186 157 179 177 

0.4 194 184 183 160 199 179 
0.5 171 182 181 165 197 177 
0.6 175 185 173 167 194 180 
0.7 167 178 160 165 186 177 

Average 179 180 177 161 191 177 
 

  10 m 15 m 20 m 

α 
EaF EaFWO EaK EaF EaFWO EaK EaF EaFWO EaK 

kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol 
0.2 186 168 

215 

177 168 

174 

198 194 

195 

0.3 192 169 176 172 202 200 
0.4 197 173 173 174 206 204 
0.5 199 176 168 177 205 206 
0.6 197 180 161 177 210 209 
0.7 197 192 151 171 205 210 

Average 195 176 168 173 204 204 

 
  24 m 30 m 35 m 

α 
EaF EaFWO EaK EaF EaFWO EaK EaF EaFWO EaK 

kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol 

0.2 171 143 

190 

196 186 

219 

197 167 

211 

0.3 186 155 197 191 196 180 

0.4 175 158 204 195 190 181 

0.5 173 159 205 197 181 182 

0.6 172 160 207 201 197 181 

0.7 162 164 209 203 190 182 

Average 173 156 203 195 192 179 
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  40 m 60 m 

α 
EaF EaFWO EaK EaF EaFWO EaK 

kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol 
0.2 158 160 

198 

196 156 

232 

0.3 162 158 202 174 
0.4 159 157 204 180 
0.5 157 176 195 183 
0.6 161 179 198 189 
0.7 159 179 191 187 

Average 159 168 198 178 

 

 

Table 4-14 Apparent activation energies (EaF, EaFWO, EaK) for the photodegraded samples. 

 400h-1.7m 800h-3.3m 1850h-7.7m 

 α 
EaF EaFWO EaK EaF EaFWO EaK EaF EaFWO EaK 

kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol 
0.2 163 137 

185 

161 143 

163 

193 185 

184 

0.3 200 144 166 146 195 191 
0.4 209 153 169 151 155 192 
0.5 225 158 167 152 161 195 
0.6 199 162 165 155 194 190 
0.7 197 167 159 156 148 194 

Average 199 154 164 150 174 191 

 
  2250h-9.4m 3000h-12.6m 4100h-17.2m 

α 
EaF EaFWO EaK EaF EaFWO EaK EaF EaFWO EaK 

kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol 

0.2 191 184 

209 

179 162 

187 

131 - 

170 

0.3 188 189 191 168 146 122 
0.4 185  195 195 176 155 128 
0.5 183 190 196 180 163 133 
0.6 180 192 198 188 166 136 
0.7 170 187 192 186 171 142 

Average 183 189 192 177 155 132 
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Figures 4-47 to 4-49 show the dependence of the average apparent activation energy 

values, obtained by the different isoconversional methods (Tables 4-12 to 4-14), with the 

degradation time. The results corresponding to the PLA pellets and plates are also 

displayed. 

 
Figure 4-47 Plot of EaK and EaF, EaFWO versus time for the thermally degraded samples (pellets 

correspond to t = 0). 
 

 
Figure 4-48 Plot of EaK and EaF, EaFWO versus time for the biodegraded samples (plates correspond 

to t = 0) 
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Figure 4-49 Plot of EaK and EaF, EaFWO versus time for the photodegraded samples (plates 

correspond to t = 0). 

 

The three methods provide similar trends of Ea, and this is applicable to all the 

degradation types and samples, although the Kissinger values are usually higher than the 

others. Thermal degradation promotes a decrease in the apparent activation energies of 

PLA. This is visible by comparing the Ea values of pellets and plates, and also when the 

pellets are further degraded at different times (Figure 4-47). On the other hand, sinusoidal 

shapes of Ea are obtained in the bio and photo degraded samples. Taking the plates as the 

reference, biodegraded samples undergo a slight increase in Ea values after 60 months 

degradation, while the results for the photodegraded samples show no appreciable 

variations after 21 months of exposure. 

 
The same Ea results were evaluated respect to the molar mass decay. Since all the 

methods provide activation energy values following the same trend with degradation time, 

and the variations of Ea within different methods were not higher than 12%, an average 

apparent activation energy was calculated as ܽܧ௜௦௢ ൌ ሺܽܧ௄ ൅ ிܽܧ ൅  ிௐை ሻ/3. Theܽܧ

values of Eaiso and the corresponding standard deviations (SD) were summarized in Table 

4-15. 
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Table 4-15 Average apparent activation energies Eaiso 

 

Samples Ea iso kJ/mol SD 

Pellets 213 13 

Plates 185 10 

Thermally degraded 

3 min 188 15 

30 min 200 24 

62 min 183 12 

120 min 167 25 

330 min 173 17 

Biodegraded 

1 m 177 16 

5 m 190 13 

10 m 195 19 

15 m 172 4 

20 m 201 5 

24 m 176 17 

30 m 206 12 

35 m 194 16 

40 m 175 20 

60 m 203 23 

Photodegraded 

400h-1.7m 179 23 

800h-3.3m 159 8 

1850h-7.7m 183 9 

2250h-9.4m 193 6 

3000h-12.6m 185 8 

4100h-17.2m 152 19 

5100h-21.4m 178 22 

 

Figure 4-50 to 4-52 show the evolution of the average apparent activation energy for 

the thermally, bio and photo degraded PLA respectively, which ranged from 150 to 215 

kJ/mol. 
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Figure 4-50 Eaiso versus Mn  for the thermally degraded samples. 

 
Figure 4-51 Eaiso versus Mn  for the for the biodegraded samples, ( ) Pellets and ( ) Plates 

 

0

50

100

150

200

250

300

0 20000 40000 60000 80000 100000 120000 140000

Ea
is

o
(k

J/
m

ol
)

Mn

0

50

100

150

200

250

300

0 20000 40000 60000 80000 100000 120000 140000

Ea
iso

(k
J/

m
ol

)

Mn



 

172 
 

 
Figure 4-52 Eaiso versus Mn  for the photodegraded samples, ( ) Pellets and  ( ) Plates 

 

All the degradation processes promote a decrease in the Eaiso values, respect to the 

PLA pellets, and such reduction can be approached to a linear trend with Mn. This result is 

according to different previous studies in polylactide of thermally degraded samples 

[48,49,50]. Processing PLA plates (from pellets) provokes a reduction of 13 % on Eaiso and 

thermal degradation at long times promotes a further reduction in Eaiso of 19% (after 330 

min at 220ºC). On the other hand, less acute reductions in Eaiso are observed for samples 

submitted to photodegradation respect to plates (4%) and in the case of biodegradation, 

Eaiso show a slight increase (9%). 

 

The Eaiso values obtained for pellets and plates were 213 kJ/mol and 185 kJ/mol 

respectively. These activation energy values were compared with the 320 and 280 kJ/mol 

obtained from TG data for unprocessed and processed polylactide respectively and by 

using Kissinger method considering n=1 [50]. This latest value of 280 kJ/mol is 24% 

higher if comparing with Eaiso 213 kJ/mol from pellets (similar Mn) and  19 % higher of  

EaK ~ 229 kJ/mol obtained for pellets by Kissinger method. Similarly, other types of 

isoconversional kinetic models for non-isothermal TG data, Fan et al. obtained Ea ~ 176 

kJ/mol for comparable molar masses than plates [51,52].  
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In addition if comparing the Eaiso values with the obtained in the section 4.1 (Figure 

4-12) from the isothermal data, EaA ~105 kJ/mol is smaller than the obtained from 

thermogravimetric data (TG). These differences can be explained because the type of data 

analyzed. While a major decrease in chain length during thermal degradation of PLA is 

observed quickly after heating at relatively low temperatures, mass loss is not occurring till 

the temperature is greater than about 300°C. It is hence likely that to activate reactions 

favored at high temperatures that lead to volatile and small molecules requires much higher 

activation energy than for the ester cleavage and/or intramolecular esterification. 
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 Criado method for calculating the kinetic function 

The kinetic function, f (α), was evaluated by a methodology combining the Criado 

method [53], which compares the experimental data to theoretical reduced master-curves, 

and the Coats-Redfern [54] method, which gives a linear fitting for a given kinetic model 

function. This methodology results in the selection of the f (α) function and ultimately 

completion of the kinetic triplet (A, f (α) and Ea) of the thermal decomposition. 

The experimental normalized curve for the thermal decomposition of the PLA pellets 

is shown in Figure 4-53. 

Figure 4-53 Plot of the Criado model for the pellets experimental data. 

The theoretical curves, representing the different kinetic model functions, ,

were calculated as  , and are plotted versus α in Figure 4-54.
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Figure 4-54 Criado method plot for pellets data and some of the kinetic model functions. 

 

Four models were selected to fit with the experimental normalized curves of the pellets, 

and are shown in Table 4-17. The apparent activation energy for these models was 

calculated by the Coats-Redfern method (EaC). The A2 model provided most similar values 

for Eaiso and EaC, and thus it was selected as the most appropriate to describe the thermal 

decomposition of PLA pellets (Figure 4-55). 

 

Table 4-16 Results of kinetic methodology for pellets. 

 
Criado 

analysis Coats Redfern 
  Isoconversional 

analysis   

  f (α) scope 
reduction 

EaC ln (A) R2  Eaiso 
kJ/mol  (s-1) kJ/mol 

Pellets 

A2 200  39.8 0.998 

213 ± 13 
A3 97  12.9 0.996 

n0.7m0.3 200  33.7 0.997 
n=0.75 289 50.0 0.997 
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Figure 4-55 Criado plot for pellets and the selected kinetic function. 

 

This kinetic model is quite common in crystallization processes, but has been also 
reported in thermal decomposition of polymers and in polylactide [55,56,57,58]. The A2 

model suggests the presence of active zones (nuclei), more chemically liable to thermal 

decomposition [59].  Alternatively, when the Criado method is applied to plates, the results 

indicate the occurrence on an autocatalytic model (n = 0.65; m = 0.3), which has shown a 

better correlation with the experimental data than the A2 model (see Figure 4-56 and Table 

4-17). Other approaches suggested that the kinetic function of polylactides of Mn=69000 to 

43000 was ݂ሺߙሻ ൌ ሺ1 െ  ሻ௡  with an n varying from 0.63 to 1, depending on the methodߙ

used and the molar mass [50].  
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Figure 4-56 Criado plot for plates and some of the kinetic model functions. 

 

Table 4-17 Results of kinetic methodology for plates. 

 
Criado 

analysis Coats Redfern 
  Isoconversional 

analysis   

  f (α) scope 
reduction 

EaC ln (A) 
 R2 

Eaiso 
kJ/mol  (s-1) kJ/mol 

Plates 

n0.65m0.3 192 31.6 0.999 

185 ± 10 
n0.6m0.4 164 26.4 0.999 

n0.7m0.1 221 37.0 0.998 

A2 164 37.9 0.999 

 

 
Figure 4-57 Criado plot for plates data and the selected kinetic function. 
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Figure 4-58 shows the experimental normalized curves for all the biodegraded 

samples. As degradation time advances, the ୸ሺ஑ሻ୸ሺ଴.ହሻ curves take lower values when α<0.5 

(Figure 4-58 b) and higher when α>0.5  (Figure 4-58 c). 
 

 
Figure 4-58 Criado curves for the experimental data of the biodegraded samples: general (a); 

α<0.5 (b) and  α >0.5 (c) 

 

Due to the high influence of the n and m exponents on the autocatalytic function, prior 

to the study of the kinetic function, f(α), the effect of n and m on ݂ሺߙሻ ൌ ௠ሺ1ߙ െ  ሻ௡ wasߙ

evaluated. When m is equal to zero the evolution of the kinetic models with n is plotted in 

Figure 4-59. As n increases, the maximum of the curve is shifted to lower α values. 
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Figure 4-59 Variation of n-kinetic functions in the autocatalytic model. 

 

When fixing the n value and changing m, the variation is not so acute, so smaller 

changes are obtained leading to more accurate fits, as seen Figure 4-60. 

 
Figure 4-60 Variation of m-kinetic functions in the autocatalytic model. 

 

Finally, when fixing m≠ 0, changes in n leads to more pronounced variations, see 

Figure 4-61. The best fitting will be obtained by a combination of the two values. 
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Figure 4-61 Criado method applied to the autocatalytic function fixing m and varying n. 

 

Figure 4-62 shows the selected kinetic functions corresponding to experimental data 

of some biodegraded samples, and the resulting values of the kinetic triplet after 

application of the Criado/Coats Redfern methodology are depicted in Table 4-18. All 

samples follow an autocatalytic function, however at very high stages of degradation (60 

months), the mechanism cannot be explained by one solely model. 
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B-1m B-5m 

B-10m B-24m 

B-35m B-60m 

 

Figure 4-62 Criado plots for some of the biodegraded samples. 
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Table 4-18 Evolution of kinetic triplet of PLA thermal decomposition through the 
biodegradation process. 

Biodegraded 
samples 

Criado 
analysis 

Coats Redfern 
  Kinetic triplet. Decomposition 

function   

  f (α) scope 
reduction 

EaC ln (A) 
R2  

Eaiso f (α) 
ln (A) 

kJ/mol  (s-1) kJ/mol  (s-1) 

Pellets 

A2 196 39.5 0.998 

213± 13 A2 39.5 
A3 97 12.9 0.996 

n0.7m0.3 200 33.7 0.997 
N=0.75 289 50.0 0.997 

Plates 

n0.65m0.3 192 31.6 0.999 

185 ± 10 n0.65m0.3 31.6 
n0.6m0.4 164 26.4 0.999 
n0.7m0.1 221 37.0 0.998 

A2 164 37.9 0.999 

1 m 

n0.6m0.4 165 26.6 0.999 

177 ± 16 n0.6m0.4 26.6 
n0.6m0.1 240 40.6 0.998 
n0.6m0.3 190 31.3 0.999 
n0.7m0.1 223 37.4 0.999 

5 m 

n0.65m0.2 182 30.0 0.998 

190 ± 13 n0.6m0.2 29.2 
n0.75m0.2 185 30.6 0.999 
n0.6m0.2 178 29.2 0.999 
n0.6m0.4 134 21.0 0.996 

10 m 

n0.75m0.3 195 32.2 0.998 

195 ± 19 n0.75m0.3 32.2 
n0.65m0.1 240 40.5 0.999 
n0.9m0.4 182 30.0 0.999 
n0.6m0.4 163 26.1 0.999 

15 m 

n0.6m0.4 182 29.6 0.997 

172 ± 4 n0.6m0.4 29.6 
n0.55m0.4 178 29.0 0.997 
n0.7m0.3 216 36.1 0.997 

n0.65m0.3 212 35.4 0.997 

20 m 

n0.6m0.3 190 31.2 0.999 

201 ± 5 n0.6m0.3 31.2 
n0.7m0.2 222 37.2 0.999 

n0.65m0.7 97 14.0 0.999 
n0.5m0.1 233 39.0 0.999 

24 m 

n0.4m0.1 145 23.0 0.998 

176 ± 17 n0.5m0.1 25.0 
R2 167 26.5 0.987 

n1,1m0,3 133 37.0 0.993 
n0.5m0.1 157 25.0 0.998 

30 m 

n0.6m0.4 172 27.9 0.999 

206 ± 12 n0.5m0.3 31.4 
n0.5m0.3 191 31.4 0.999 

n0.65m0.4 175 28.6 0.999 
F2 174 28.7 0.999 

35 m 

n0.5m0.7 205 35.5 0.998 

194 ± 16 n0.65m0.1 31.1 
F2 151 24.6 0.929 

n0.65m0.1 186 31.1 0.998 
n0.55m0.6 136 32.4 0.996 

40 m 

n1.5m0.5 186 34.0 0.996 

175 ± 20 n0.6m0.3 29.2 
n0.6m0.4 153 28.8 0.995 

n0.75m0.25 198 29.6 0.993 
n0.6m0.3 169 29.2 0.998 

60 m 
α<0.5 

n=0 161 25.1 0.993 

203 ± 27 
R1 25.1 

R1 161 25.1 0.993 

α>0.5 
n0.6m0.1 193 31.9 0.986 

R3 34.9 
R3 215 34.9 0.996 
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The kinetic triplets of the photodegraded samples were analyzed following a similar 

procedure, and the results are shown in Figure 4-63 and 4-64, and summarized in Table 

4-19. Similarly to the biodegraded samples, the degradation follow an autocatalytic 

function, except at very high stages of degradation (17.2 months) where the mechanism 

cannot be explained by one solely model. 
 

 
Figure 4-63 Criado curves for the experimental data of the photodegraded samples general (a); 

α<0.5 (b) and  α >0.5 (c) 
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Figure 4-64 Criado plot for experimental and theoretical kinetic functions for some of the 

photodegraded samples. 
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Table 4-19 Kinetic triplet of PLA thermal decomposition thought the photodegradation 

process. 

Photodegraded 

samples 

Criado 

analysis 
Coats Redfern Kinetic triplet. Decomposition mechanism 

 
f (α) scope 
reduction 

EaC ln (A) 
R2 

Eaiso f (α) 
ln (A) 

kJ/mol (s-1) kJ/mol (s-1) 

400h-1.7m 

n0.65m0.1 200 36.4 0.996 

179 ±23 n0.65m0.1 36.4 
n0.7m0.3 165 28.3 0.990 
n0.7m0.4 163 26.0 0.997 
n0.8m0.1 222 37 0.994 

800h-3.3m 

R2 250 41.6 0.997 

159 ± 8 n0.7m0.4 41.6 
n0.7m0.2 200 33.0 0.995 
n0.7m0.3 180 29.3 0.997 
n0.7m0.4 168 27.1 0.997 

1850h-7.7m 

n0.6m0.2 209.6 34.7 0.998 

183 ± 9 n0.7m0.3 31.2 
n0.65m0.1 237.2 39.9 0.998 
n0.7m0.3 190.3 31.2 0.996 
n0.6m0.4 140.0 21.7 0.988 

2250h-9.4m 

n0.6m0.1 233.1 39.7 0.997 

193 ± 6 n=0.75m0.3 30.9 
n=0.75m0.3 186.1 30.9 0.995 
n0.75m0.25 207.1 35.0 0.997 
m0.65m0.2 212.3 35.9 0.997 

3000h-12.6m 

n0.65m0.1 175.5 28.7 0.997 

185 ± 8 n0.65m0.1 28.7 
n0.7m0.3 140.3 22.0 0.994 

R2 192.5 31.1 0.998 
n=0.25 178.0 28.8 0.998 

4100h-17.2 m 

F1 227.6 40.0 0.998 

152± 19 n=0.75 36.1 
n=0.75 165.0 36.1 0.998 

n0.7m0.3 149.5 28.2 0.998 
n0.65m0.1 186.8 31.0 0.999 

5100h-21.4m 

R2 183.7 29.3 0.998 

178 ± 22 n=0.25 27.2 R1 156.8 24.5 0.998 

n=0.25 169.8 27.2 0.998 

 
 

The same methodology was applied to the thermally degraded samples, being the 

results summarized in Figure 4-66 and Table 4-20. The thermally degraded samples cannot 

be fitted to one single process, even at low degradation times 

 

. 
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Figure 4-65 Criado plot for the experimental data of the thermally degraded samples, the insets 

represent the plots at α<0.5 and  α >0.5. 

 
 

This particular effect of thermal degradation on the kinetic profile was further 

investigated by studying each sample separately, in Figure 4-66 to 4-70, comprising 

degradation times from 3 to 330 minutes. All the figures suggest that, at low α values, the 

curves can be fitted to chemical reaction models, with n < 0.5. Moreover, the normalized 

curves deviate from the results corresponding to the pellets at increasing degradation times, 

which is also visible in Figure 4-65 b. 
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Figure 4-66 Criado plot for the experimental data of the thermally degraded sample at 3 min with some 

theoretical functions. 

 

 
Figure 4-67 Criado plot for the experimental data of the thermally degraded samples at 30 min with 

some theoretical functions. 
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Figure 4-68 Criado plot for the experimental data of the thermally degraded samples at 62 min a) some 

theoretical functions and b) the selected curves. 

 

 
Figure 4-69 Criado plot for the experimental data of the thermally degraded samples at 120 min with 

some theoretical functions. 
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Figure 4-70 Criado plot for the experimental data of the thermally degraded samples at 330 min with 

some theoretical functions. 

 

Table 4-20 Kinetic triplet of PLA thermal decomposition through the thermal degradation 
process. 

Thermally 

degraded samples 

Criado 

analysis 
Coats Redfern 

  Isoconversional 

analysis 
 

  

    
f (α) scope 

reduction 

EaC ln (A) 
R2 

Eaiso 

kJ/mol  (s-1) kJ/mol 

3 min 

α<0.5 
R1 

330 59.1 0.995 

188 ±15 

n=0 

α>0.5 

n=1.1m0.3 375 69.0 0.983 

n=1.1m=0.4 331 60.5 0.983 

n=1.2m=0.3 399 73.6 0.983 

30 min α=0.2−0.7 
R1 287 48.4 0.996 

199 ± 25 
n=0.25 289 42.1 0.991 

62 min 

α<0.5 
n=0.5 

256.1 41.5 0.998 

184 ± 12 
R=2 

α>0.5 
n0.6m0.4 165.3 24.5 0.998 

n0.7m0.2 213.0 33.6 0.997 

120 min α=0.2−0.7 
R1/n=0 129.6 19.4 0.999 

177 ± 13 
n=0.25 140.6 21.7 0.998 

330 min 
     

173 ± 17 
α>0.5 n=0.25 227.4 38.5 0.994 
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The application of the methodology has revealed that the kinetic function of the 

thermal decomposition of photo and biodegraded samples follows an autocatalytic model, 

in opposition to pellets, which exhibit an A2 model. Moreover, in samples submitted to 

very high times of bio (Mn ≤  20300) and photo (Mn ≤ 26700) degradation, the processes 

cannot be fitted to one solely mechanism. This happens occurs even at low degradation 

times in thermally degraded samples (Mn ≤ 102000). For these samples, while the curves 

can be fitted to autocatalytic processes at high conversion degrees, the process seems to be 

controlled by a chemical reaction model 

 

All these results obtained the by thermogravimetry indicate significant differences in 

the thermal decomposition kinetics of the PLA due to the different degradation types, 

probably by the presence of different subproducts, rather than to a mere molar mass decay. 

 

.  
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4.4 Surface effects of degradation 
 

The effect of the different types of degradation on the surface morphology was 

examined by scanning electron microscopy. The SEM micrographs corresponding to the 

different PLA samples submitted to photo and biodegradation are shown in Figures 4-71 to 

4-92. All the SEM observations were performed directly on the surfaces at different 

magnification.  

 

The results in this section have been organized as follows: 

 

• Figure 4-71 and 4-73 show the micrographs of the PLA plates. 

• Figures 4-74 to 4-83 show the micrographs of the biodegraded PLA 

samples. 

• Figures 4-84 to 4-92 show the micrographs of the photodegraded PLA 

samples. 
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Figure 4-71 SEM micrograph showing the surface of the 
plate sample (200x). 

 

Figure 4-72 SEM micrograph showing the surface of the 
plate sample (1500x). 

 

Figure 4-73 SEM micrograph showing the surface of the 
plate sample (200x). 
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Figure 4-74 SEM micrograph of the sample biodegraded 
during 10 months (1500x). 

 

Figure 4-75 SEM micrograph of the sample biodegraded 
during 10 months (3500x). 
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Figure 4-76 SEM micrograph of the sample biodegraded 
during 24 months (650x). 

 

Figure 4-77 SEM micrograph of the sample biodegraded 
during 24 months (2000x). 
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Figure 4-78 SEM micrograph of the sample biodegraded 
during 30 months (500x). 

 

Figure 4-79 SEM micrograph of the sample biodegraded 
during 30 months (1200x). 

 

Figure 4-80 SEM micrograph of the sample biodegraded 
during 30 months (2500x). 
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Figure 4-81 SEM micrograph of the sample 
biodegraded during 35 months (200x). 

Figure 4-82 SEM micrograph of the sample 
biodegraded during 35 months (500x). 

 

Figure 4-83 SEM micrograph of the sample 
biodegraded during 35 months (1500x). 
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Figure 4-84 SEM micrograph of the sample 

photodegraded during 400h-1.7m (500x). 

 

Figure 4-85 SEM micrograph of the sample 
photodegraded during 400h -1.7m (1500x). 
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Figure 4-86 SEM micrograph of the sample 
photodegraded during 1850 hours -7.7 months (350x). 

 

Figure 4-87  SEM micrograph of the sample 
photodegradedduring 1850 hours -7.7 months (500x). 
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Figure 4-88 SEM micrograph of the sample 
photodegraded during 2250h -9.4 m (200x). 

 

Figure 4-89 SEM micrograph of the sample 
photodegraded during 2250 hours -9.4 months (1000x). 

 

Figure 4-90 SEM micrograph of the sample 
photodegraded during 2250 hours -9.4 months (2500x). 

  



 

200 
 

 

Figure 4-91 SEM micrograph of the sample 
photodegraded during 4100 hours -17.2 months (500x). 

 

Figure 4-92 SEM micrograph of the sample 
photodegraded during 4100 hours -17.2 months (1500x). 
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Based on visual examination no cracks were found in PLA pellets, although some 

lines on the surfaces can be seen, probably attributed to material processing. 

 

There are no significant changes in the SEM micrographs of the PLA samples 

subjected to photodegradation, even at high exposure times, which suggests that the surface 

of the samples is not significantly modified. 

 

Contrarily, progressive changes were observed on the surface of the samples 

submitted to biodegradation. Such changes are first visible at low biodegradation times 

(t=10 months, Mn=59300). When passing 24 months (Mn=45600) some canals in the 

surface are observed and after 35 months (Mn=35100) the surface presents a particular view 

of canals and the deterioration is patent. This fact indicates that the surface of the materials 

is highly affected. The formation of these channels can be due to water transport to the core 

of the sample and to the diffusion to the media of small molar masses that can be bio 

assimilated, and reinforces the view of heterogeneous degradation. 
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4.5 Evaluation of the viscoelastic behavior 

4.5.1 Dynamic mechanical relaxation spectra 
 

The changes on the PLA structure may also have important effects on its thermal 

properties, and this was further evaluated by DMTA, DSC and OM. The dynamic-

mechanical spectra of the different samples were obtained in terms of the storage modulus 

(E’), delta tangent (tan δ) and loss modulus (E’’) versus temperature at different 

frequencies. As an example, Figures 4-93 and 4-94 show the results corresponding to the 

viscoelastic response of plates at 1 Hz. Since the values of tan δ and E’’ are related, all the 

results were discussed in terms of E’ and E’’, expressed in Pa units. 

 
Figure 4-93 log (E’) and tan δ versus temperature for plates. 

 
Figure 4-94 log (E’) and log (E’’) versus temperature for plates. 

 

0

0.5

1

1.5

2

2.5

3

3.5

6.50

7.00

7.50

8.00

8.50

9.00

9.50

35 45 55 65 75 85 95 105 115 125 135

lo
g 

(E
 ')

ta
n 
δ

Temperature (ºC)

6.00

6.50

7.00

7.50

8.00

8.50

9.00

6.50

7.00

7.50

8.00

8.50

9.00

9.50

35 45 55 65 75 85 95 105 115 125 135 145

lo
g(

E'
') 

lo
g(

E'
) 

Temperature(ºC)



 4. Results and Discussion
 

203 
 

The dependence of E’ and E’’ with the temperature and frequency is shown in Figure 

4-95 for the particular case of the 10 months biodegraded sample. As expected, the curves 

are displaced to higher temperatures at higher frequencies. 

 
Figure 4-95 a) log (E’) and b) log (E’’) versus temperature for the bio-10months (frequencies 

from 0.1 to 39 Hz) 

 

The dynamic-mechanical spectra show different relaxation zones (see Figure 4-96), 

which can be assigned at increasing temperatures to: a glass/rubber transition (T ≈ 55-

75ºC), a rubbery plateau (T ≈ 75-85ºC), crystallization (T ≈ 85-140ºC) and melting (from T 

≈ 140ºC) [60,61,62]. Similar regions are observed in the spectra of all samples under study. 
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In order to compare the effects of degradation on the viscoelastic response of the PLA 

samples, several parameters were calculated from the log(E’) and log(E’’) plots versus 

temperature (see Figures). The values of the storage and loss modulus in the glass state, 

log(Eg’) and log(Eg’’), and in the crystallization region, log(Ec’) and log(Ec’’), were 

obtained, all of them at f = 1 Hz. 

 

In the case of plates (Figure 4-94) a drop in E’ and E’’ is indicative of the glass-

rubber relaxation of PLA. E’ is about 2 GPa (log(Eg’) ~ 9.20) at room temperature, and 

decreases significantly to 2MPa (log(Eg’) ~ 8.00), at about 75ºC, these values are in good 

agreement with data in similar experimental conditions [63]. The increase in the E’ and E’’ 

values in the 85 to 125ºC region denotes higher polymer stiffness, caused by crystallization 

above the glass transition. 

 

The structural and morphological changes due to degradation may be reflected in the 

dynamic mechanical relaxation spectra of the bio and photo degraded PLA samples. 

 
Figure 4-96 Parameters of study from DMTA spectrum 

 

Figure 4-97 a and b show the storage and loss moduli spectra, respectively, of the 

samples submitted to biodegradation at different times. The parameters obtained from the 

spectra are displayed in Table 4-21. A slight increase in both Eg’ and Eg’’ is observed, 

compared to plates. Such increment is accompanied with increasing brittleness of the 

samples due to degradation. Indeed, after 35 months samples were too fragile and could not 

be measured by DMTA. Biodegradation also promotes changes in the depth and 

temperature range of the rubbery plateau, which is shifted to lower temperatures. These 

results, together with a slight variation on the Ec’ and Ec’’, are indicative of faster 

crystallization process. 
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Figure 4-97 a) log (E’) and  b) log (E’’) versus T for biodegradation at 1Hz. 

 

Table 4-21 E’ and E’’ in the glassy and crystalline state for the biodegraded samples. 

 

Biodegraded 

sample 
log(Eg') log(Eg'') log(Ec') log(Ec'' ) 

Plates  9.22 ± 0.10 7.45 ± 0.10  8.00 ± 0.15 6.92 ± 0.25  

1 m 9.30 ± 0.12 7.60 ± 0.14  8.48 ± 0.06 7.20 ± 0.33 

5 m 9.36 ± 0.12 7.61 ± 0.11 8.50 ± 0.13 7.32 ± 0.25 

10 m 9.35 ± 0.08 7.42 ± 0.18 8.50 ± 0.38 7.15± 0.16 

15 m 9.30 ± 0.12 7.43 ± 0.07 8.73 ± 0.27 7.53 ± 0.28 

24 m 9.40 ± 0.02 7.43 ± 0.06 8.70 ± 0.10 7.50± 0.20 

30 m 9.41 ± 0.13 7.30 ± 0.04 8.75± 0.31 7.63 ± 0.10 

35 m 9.45 ± 0.05 7.80 ± 0.05 8.00 ± 0.11 7.52 ± 0.34 
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The results of log(E’) and log(E’’) corresponding to the photodegraded samples are 

shown in Figure 4-98 a-b, respectively, and the values of the moduli in Table 4-21. The 

samples 3000h-12.6m and 4100h-17.7m were difficult to measure because of their high 

brittleness. Photodegradation promotes increases in log(Eg’’) and log(Eg’) and a 

displacement to lower temperatures of the crystallization process. In this case, a slightly 

reduction in Ec’ is observed, accompanied with higher Ec’’ values. 

 

 
Figure 4-98 a) log(E’) and b) log (E’’) versus T for the photodegraded samples at 1Hz. 

 
Table 4-22. E’ and E’’ in the glassy and crystalline state for the photodegraded samples 

 

Photodegraded 

sample 
log (Eg') log (Eg'') log (Ec') log (Ec'') 

400h-1.7m 9.10 ± 0.14 7.67 ± 0.08 7.90 ± 0.12 7.35 ± 0.50 

800h-3.3m 9.20 ± 0.15 7.5 ± 0.04 8.00 ± 0.13 8.11 ± 0.10 

1850h-7.7m 9.30 ± 0.12 7.6 ± 0.05 8.50 ±0.50 8.44 ±0.70 

3000h-12.6m 9.15± 0.06 7.5± 0.10 7.70 ±0.12 7.56 ±0.19  

4100h-17.2m 9.30± 0.09 7.8 ± 0.07 7.60 ±0.09 7.60 ±0.19 
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In general, the moduli corresponding to all the degraded samples fall in a narrow 

range. The two degradation processes increases the stiffness of PLA, as the values of Eg’ 

indicate. This is more visible in the case of the biodegraded samples, probably due to a 

more acute aging effect, which may also account for the more marked effect on the 

crystallization[64]. 
 

4.5.2	Modeling the relaxation spectra 

 
The study of the viscoelastic response was completed by analyzing the temperature 

dependence of the different regions: 

 

• Tmax was obtained from the log(E’’) plots, as a representative value of the glass 

transition. The maximum of tan δ appears a few degrees above the peak in log(E'') 

and closer to the inflection point of log(E'), while the maximum of log(E'') fits more 

to the beginning of the fall in log(E'). The maximum loss modulus, log(E''), seems 

to be more appropriate since in practice, the maximum operating temperature of 

many polymers amorphous is the "softening point", and the value given by the peak 

of tan δ exceeds this temperature [65]. 

 

• The crystallization temperature, Ton, is taken as the onset of the increase of log(E’) 

from the rubbery plateau, while the endset temperature, Tend, of the crystallization 

phenomenon is taken as the temperature when the increase in the storage modulus 

achieves a second plateau. 

 

Table 4-23 reports the Tmax values for the degraded samples, indicating the 

corresponding molar masses. These results are plotted versus the degradation time and the 

molar mass in Figure 4-99 a and b, respectively. 
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Table 4-23 Tmax values corresponding to the bio and photo degraded samples. 
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T m
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Degradation time (months)

Biodegraded sample Mn Tmax (ºC) 

Plates 73200 59.7 ± 0.6 

1 m 74600 60.1 ± 0.5 

5 m 65900 62.0 ± 0.7 

10 m 59300 61.1 ± 0.4 

15 m 60200 60.2 ± 0.6 

24 m 45600 59.4 ± 0.6 

30 m 39000 58.3 ± 0.5 

35 m 35100 58.1 ± 0.4 

Photodegraded samples Mn Tmax (ºC) 

400h-1.7m 56300 59.1 ± 0.6 

800h-3.3m 55000 59.4 ± 0.6 

1850h-7.7m 41300 59.2 ± 0.3 

3000h-12.6m 35100 58.0 ± 0.6 

4100h-17.2m 26700 57.7 ± 0.6 

a) 
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Figure 4-99 a) Tmax vs. degradation time and b) Tmax vs. Mn for ( ) Plates, ( ) Biodegradation and (  ) 

Photodegradation. 

 

While a sinusoidal trend of Tmax with time is observed for the biodegraded samples, 

photodegradation promotes slightly decreases in the values. The overall variations are not 

greater than 4ºC, and biodegraded samples exhibit higher Tmax at similar degradation times. 

 

The evolution of Tmax  with molar mass is consistent with the Fox-Flory 

equation, ௚ܶ,஽ெ்஺ஶ ൌ ௠ܶ௔௫ ൅ ௄ெ, where ௚ܶஶ is the glass transition temperature for a polymer 

sample of infinite molar mass, M is the molar mass and K is a constant [66]. The 

experimental results were fitted to plots of Tmax versus 1/ Mn, obtaining values of 

K=14.8·104 ºC/Da and ௚ܶ,஽ெ்஺ஶ  =62.7ºC.  

 

Free volume study 

 

The changes in the free volume occurring near the glass transition were evaluated by 

studying the relation between the temperature and the relaxation times, and ultimately 

calculating the thermal expansion coefficient (αf) (see Chapter 3). In a first approach, the 

value of αf was calculated using the Vogel-Fulcher-Tammann-Hesse equation, VFTH  

(Equation 3-74) 
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∞−
−=

TT
mAf vln  (3-74) 

where f is the frequency, 2CTT g −=∞ and vm  can be calculated from the experimental 

data at T= Tmax of the E’’ curve. The parameter vm  is inversely proportional to the free 

volume: 

f
g

g
v

BTTBCCm
αφ

=−== ∞ )(··3.2 21  (3-75) 

where fgg TT αφφ )·(0 −+== ∞∞  and 
v

f m
B=α   

The maxima of the relaxation processes of the samples under study were fitted using 

the Origin 7.5 software, following two suppositions. The first one is fitting Equation 3-74 

to three parameters A, mv and T∞ and obtaining the best approximation of the equation. 

Alternatively, ∞T  was fixed as Tmax - 51.6 K (taken from the universal value of C2), and 

then only mv and A were fitted.  

 

Figure 4-100 a and b shows the Arrhenius map corresponding to the bio and photo 

degradation data, respectively. The experimental data follow a typical behavior of a glass 

transition. 

 
Figure 4-100 Arrhenius maps for a) biodegradation and b) photodegradation using the data of the 

fitting to 3 parameters (A, mv and ∞T ). 
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The VFTH curves shift to lower temperatures at increasing biodegradation times, 

except in the case of 35 months a). The same decreasing trend is occurring for 

photodegradation b). Using 3 parameters provides the highest R2 values (≈ 1). The values 

obtained are shown in Table 4-24. 

 

Table 4-24 VFTH parameters from fitting the 3 parameters of the equation. 

 

Biodegraded 

samples 
A 

mv 

(K) 
T∞ (K) 

Photodegraded 

samples 
A 

mv 

(K) 
T∞ (K) 

Plates 26.6 683 306 Plates 26.6 683 306 

1 m 24.9 582 310 400h-1.7m 61.6 4713 255 

5 m 23.7 321 322 800h-3.3m 67.8 3667 278 

10 m 18.4 203 323 1850h-7.7m 96.1 3999 290 

15 m 16.0 161 325 3000h-12.6m 119.4 5298 287 

24 m 10.7 53 328 4100h-17.2m 125.1 6250 285 

30 m 6.0 11 332     

35 m 7.0 13 329     

 

Although comparison between the two types of degradation is difficult due to the 

different magnitude orders, opposite trends are observed for mv with degradation time for 

bio and photodegraded samples. On the other hand biodegraded samples show lower values 

of T∞ than the photodegraded ones. 

 

In order to obtain more comparable parameters, a second approach was applied to fit 

the experimental results, by fixing ∞T . The theoretical and experimental curves of the 

Arrhenius maps were plotted in Figure 4-101, and the corresponding parameters are 

summarized in Table 4-25.  
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Figure 4-101 Arrhenius maps for a) biodegradation and b) photodegradation using the data of the 

fitting to 2 parameters (A and mv). 

 

Table 4-25 VFTH parameters, fixing ∞T  and fitting 2 parameters (A and mv). 

Biodegraded 

samples 
A 

mv 

(K) 

T∞ 

(K) 

Photodegraded 

samples 
A 

mv 

(K) 

T∞ 

(K) 

Plates 51.8 2670 280 0-Plates 51.8 2670 280 

1 52.6 2750 282 400h-1.7m 41.6 2139 281 

5 43.2 2164 284 800h-3.3m 64.6 3328 281 

10 72.0 3699 283 1850h-7.7m 88.5 3300 281 

15 75.7 3985 283 3000h-12.6m 138.6 7150 280 

24 77.5 4054 281 4100h-17.2m 314 16461 279 

30 102.1 4501 280     

35 107.8 5632 280     

 

More comparable parameters are observed when fixing ∞T . After an initial slight 

decrease, the values of A and mv increases at long degradation times for photo and bio 

degraded samples. The values of fα  were calculated according to Equation 3-74, and 

considering B=1, and the results are shown in Figure 4-102 as a function of the degradation 

time.  
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Figure 4-102 fα vs. degradation time for ( ) Plates, ( ) Biodegradation and (  ) Photodegradation. 

 

The values of αf are in the 10-4 magnitude order, which is in agreement for most of 

the amorphous polymers [67,68], and decrease with bio and photo degradation time. The 

results are also depicted as a function of the molar mass in Figure 4-103. 

 
 

Figure 4-103 fα vs. molar mass for ( ) Plates, ( ) Biodegradation and (  ) Photodegradation 

 

αf decreases when decreasing molar mass for all the samples regardless of the type of 

degradation. However, at similar molar masses, αf is slightly smaller for the biodegraded 
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samples indicating less free volume. The distinct compaction of the samples, visible in the 

free volume effects, may account for differences in the crystallization processes in photo 

and bio degraded samples.  

 

Table 4-26 compares the Ton and Tend values obtained in the DMTA traces for the 

crystallization process, and the results are plotted in Figure 4-104 as a function of the 

degradation time. 

 

Table 4-26 Crystallization temperatures for the biodegraded samples. 

 

Biodegraded 

samples 
Ton (ºC) Tend (ºC) ΔT (ºC) 

0 85.0 ± 0.1 120.0±1.4 40.0 ± 1.5 

1 84.8± 0.2 114.2±1.0 29.4 ± 1.2 

5 85.1 ± 0.3 103.1±0.8 18.0 ± 1.1 

10 84.8± 0.2 103.8±0.5 19.0 ± 0.7 

15 84.0 ± 0.4 95.8 ± 0.7 11.8 ± 1.1 

24 80.6 ± 0.7 92.2 ± 0.2 11.6 ± 0.9 

30 78.0 ± 1.0 89.9 ± 0.9 11.9 ± 1.9 

35 79.0 ± 1.2 85.9 ± 0.4 6.0 ± 1.6 

 

Photodegraded 

samples 
Ton (ºC) Tend (ºC) ΔT(ºC) 

0 85.1 ± 0.1 120.0 ± 1.0 40.0 ±1.1 

400h-1.7m 86.9 ± 0.6 101.3 ± 1.1 14.4 ±1.7 

800h-3.3m 86.2 ± 1.0 103.1 ± 1.0 17.0 ±2.0 

1850h-7.7m 83.1 ± 0.8 102.1 ± 0.9 19.0 ±1.7 

3000h-12.6m 83.0 ± 1.3 93.9 ± 0.8 8.9 ±2.1 

4100h-17.2m 81.0 ± 1.2 92.0 ± 0.6 11.0 ±1.8 

 



 4. Results and Discussion
 

215 
 

 
Figure 4-104 Tonversus degradation time for ( ) Plates, ( ) Biodegradation and (  ) Photodegradation. 

 

Higher degradation times promote reductions of ΔT= Tend  -Ton and Ton, which are 

especially visible after15 months. The values of Ton are also plotted in Figure 4-105 as a 

function of the molar mass. 

 
Figure 4-105 To vs. molar mass for ( ) Plates, ( ) Biodegradation and (  ) Photodegradation. 

 

At similar molar masses, Ton is higher for the photodegraded samples than for the 

biodegraded ones, indicating an earlier start of the crystallization. Furthermore, this 

difference seems to be more acute at lower molar masses, following similar trend as for the 

free volume (Figure 4-103).  

 

70

72

74

76

78

80

82

84

86

88

90

0 5 10 15 20 25 30 35 40

T o
(º

C
)

Degradation time (months)

70

72

74

76

78

80

82

84

86

88

90

0 10000 20000 30000 40000 50000 60000 70000 80000

T o
(ºC

)

Mn



 

216 
 

These results suggest that the different degradation mechanism can influence the free 

volume and the crystallization processes of the degraded samples [69].These results should 

be study with further detail to elucidate the origin of the effects of each type of degradation 

on the crystallization temperature observed by DMTA. 
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4.6 Analysis of thermal transitions 

4.6.1 DSC thermograms for the thermally, bio and photo degraded samples 

 

In order to study the thermal transitions of polylactide, the pellets, plates and 

degraded PLA samples were analyzed by DSC, following heating and cooling scans at 

10ºC/min, as explained in Chapter 3. 

 

Figure 4-106 and Figure 4-107 show the DSC thermograms corresponding to pellets 

and plates, respectively. 

 
Figure 4-106 Calorimetric thermogram of pellets. 
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Figure 4-107 Calorimetric thermogram of plates. 

 

In the first heating scan, the structural relaxation is visible overlapped with the glass 

transition relaxation, in the vicinity of 60ºC for pellets and plates. In the case of plates, the 

cold crystallization exotherm is observed at higher temperature, with the onset at around 

Ton≈85ºC and the minimum at Tc≈121ºC. The last thermal transition is the melting situated 

around Tm=150ºC for pellets and plates. The absence of the cold crystallization in the 

pellets indicates that the sample was initially crystalline, while plates are amorphous and 

only crystallize during heating. In the cooling scan only the glass transition is visible at 

around Tg≈56ºC, which is also seen in subsequent heating scans, overlapped with the 

enthalpic relaxation. Tg is calculated from the cooling scan as the inflection point of the 

transition. As expected, the glass transition is smaller than the corresponding mechanical 

relaxation observed by DMTA.  

The first heating, the cooling and the second heating thermograms of some of the 

thermally, bio and photo degraded samples are shown in Figure 4-108 to 4-110 respective. 
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Figure 4-108 DSC first heating scans at 10ºC/min for the thermally, bio and photo degraded samples. 
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Figure 4-109 DSC cooling scans at 10ºC/min for the thermally, bio and photo degraded samples. 
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Figure 4-110 DSC second heating scans at 10ºC/min for the thermally, bio and photo degraded 

samples. 
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As degradation time advances more distinguishable crystallization and melting 

processes appear. In similar experimental conditions (10ºC/min from the glass), the 

thermally degraded samples exhibit lower crystallization than the rest of degraded samples  

 

4.6.2 Double melting behavior 
 

A double melting endotherm appeared when increasing degradation times for bio and 

photo degraded samples, contrarily to single crystallization processes exhibited by pellets 

and plates PLA. The origin of this phenomenon was investigated by studying the lower 

melting (1) and higher melting (2) endotherms. Several studies have reported the existence 

of double peak melting in several semicrystalline polymers [70,71]. This phenomenon has 

been explained by a melting-recrystallization-melting model. In melt-recrystallization a 

quantity of crystals previously formed, recrystallize after the first melting and melt again at 

higher temperatures. Under this view, the two melting peaks in a DSC thermogram 

correspond to: melting of some amount of the crystals formed during the crystallization 

process (low temperatures) and melting of the formed crystallites during the 

recrystallization (high temperatures). 

 

When increasing the heating rate, this phenomenon can be inhibited and only one 

peak may be observed. Contrarily, at slow rates, the second melting endotherm is more 

pronounced since most of the crystals have time to recrystallize. Yasuniwa et al studied the 

non-isothermally melt-crystallization of poly(L-lactide) (PLLA) at different heating and 

cooling rates [72]. They created a profile of the appearance of the double melting 

phenomenon, reported as melting-recrystallization-melting process  

 

In order to assess double melting in the degraded samples, isothermal crystallization 

experiments were performed at 130ºC, to ensure the formation of the crystal phase. 

Samples were heated at 5ºC/min from the glass to 130ºC, held during 5 min and heated to 

200ºC at different heating rates β = 2, 5, 10, 20, 30 and 40ºC/min (see Table 4-27) The 

experiments were conducted on two samples: polylactide Bio 24 months and Photo 21.4 

months. The two transitions were defined by the peak temperatures (Tm1 and Tm2), the 

enthalpy involved (ΔHm1 and ΔHm2) and the height of the endotherm (h1 and h2).  
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Table 4-27 Method for studying the double melting. 
 

First Heating Step Isothermal Crystallization Second Heating step 

45 to 130ºC at 5ºC/min 130ºC during 5 minutes 

130 to 200ºC at 2ºC/min 

130 to 200ºC at 5ºC/min 

130 to 200ºC at 10ºC/min 

130 to 200ºC at 20ºC/min 

130 to 200ºC at 30ºC/min 

130 to 200ºC at 40ºC/min 

 

Figure 4-111 shows the melting endotherms of the biodegraded sample at different 

heating rates, obtained during the second heating step. The individual enthalpies were 

calculated by separating the contribution of each peak by using Grams software. The results 

of Tm1, Tm2, ΔHm1, ΔHm2, h1 and h2 are shown in. 

 

 
 

Figure 4-111 Biodegraded sample at 24 months crystallized from glass and heating at different heating 
rates. 
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Table 4-28 Results of the double melting peaks study for the 24 months biodegraded sample. 

 
β 

(ºC/min 
Tm1(ºC) 

ΔHm 1 

(J/g) 

Height    

h1 
Tm2 (ºC) 

ΔHm 2 

(J/g) 

Height  

h2 

2 146 28.30 1.25 156 73.27 4.25 

5 146 23.02 1.30 155 38.45 3.00 

10 149 16.76 1.85 154 12.88 1.80 

20 152 8.40 1.85 155 5.88 1.45 

30 154 6.48 1.89 155 3.56 0.40 

40 153 4.47 1.92 155 2.55 0.28 

 

The influence of the heating rate on the relative magnitude of the two melting 

processes, the ratios of the enthalpies ∆ு೘మ∆ு೘భ and heights ௛మ௛భ were calculated and shown in 

Table 4-29. 

 

Table 4-29 Enthalpy  ∆࢓ࡴ૛∆࢓ࡴ૚ and the height ࢎ૛ࢎ૚ ratios for the 24 months biodegraded sample. 

 
β 

(ºC/min) 

 ௠ଵܪ∆௠ଶܪ∆
݄ଶ݄ଵ 

2 2.59 3.40 

5 1.67 2.31 

10 0.80 0.97 

20 0.70 0.78 

30 0.55 0.21 

40 0.57 0.14 

 

The same methodology was applied to the photodegraded sample under study (see 

Figure 4-112 and Table 4-30 to 4-31) 
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Figure 4-112 Photodegraded sample at 21.4 months crystallized from cooled and heating at different 
heating rates. 

 
 

Table 4-30 Results of the double melting peaks study for the 5100h-21.4m photodegraded 
sample. 

 
β 

(ºC/min 
Tm1(ºC) 

ΔHm 1 

(J/g) 

Height    

h1 
Tm2 (ºC) 

ΔHm 2 

(J/g) 

Height  

h2 

2 143 32.61 2.00 152 111.70 3.60 

5 143 21.63 2.20 152 37.24 2.80 

10 145 12.08 1.90 152 13.10 1.60 

20 145 11.93 2.40 151 4.15 1.40 

30 145 12.35 2.03 151 1.33 1.03 

40 148 19.66 2.50 153 1.21 0.90 

 

 
Table 4-31 Enthalpy ratio ∆࢓ࡴ૛∆࢓ࡴ૚ and the Height ratio ࢎ૛ࢎ૚ for the 5100h-21.4 m photodegraded 

sample. 
 

β 

(ºC/min) 

 ௠ଵܪ∆௠ଶܪ∆
݄ଶ݄ଵ 

2 3.43 1.80 

5 1.72 1.27 

10 1.08 0.84 

20 0.35 0.58 

30 0.11 0.51 

40 0.06 0.36 
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Figure 4-113 a and b shows the enthalpy and height ratios, respectively, for the two 

samples, showing a progressive decrease of the ratios at increasing heating rates. This 

indicates that the formation of crystals from the first melt is not fast enough to permit the 

recrystallization process (∆ܪ௠ଵ > ∆ܪ௠ଶ). These results evidence the occurrence of the 

melting-recrystallization-melting process in the PLA samples, which may be taken into 

account in further discussion of the calorimetric results, and also the possibility to inhibit it 

at high heating rates. 

 

Figure 4-113 a) Enthalpy ratio ∆࢓ࡴ૛∆࢓ࡴ૚ and b) height ratio ௛మ௛భ versus the heating rate for ( ) Bio 24 months 

and ( ) Photo 5100h-21.4 months. 
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4.6.3 Thermal parameters 

 
The influence of degradation on the glass transition (Tg), the crystallization (Tc) and 

the melting (Tm) temperatures was analyzed from the calorimetric thermograms of all the 

samples. The temperature values obtained from the first heating and cooling scans are 

listed in Table 4-32, while the values obtained from the second heating scan are displayed 

in Table 4-33. In samples showing double melting, the melting temperature listed, Tm, 

corresponds to the first endotherm (Tm1, lower temperature), as the second one corresponds 

to the melting of the previously recrystallized crystals. The experimental results were 

completed with data of biodegraded samples with higher molar masses from ref. 22, in 

order to investigate the influence of the molar mass on the PLA thermal properties.  

 

Table 4-32 Characteristic temperature values for the thermally, bio and photo degraded 

samples obtained from the 1st heating and cooling scan. 

 
Sample Name Tg (ºC) Tc (ºC) Tm (ºC) 

Pellets 57.0 ± 0.1 - 149.6 ± 0.7 

Plates 55.7 ± 0.4 121.6 ± 1.0 152.5 ± 1.1 

Thermally degraded   

3 min 56.4 ± 0.2 119.0 ± 0.2 148.1 ± 0.2 

30 min 56.0 ± 0.3 123.1 ± 1.5 150.9 ± 0.5 

62 min 55.6 ± 0.3 121.2 ± 0.4 151.6 ± 0.5 

120 min 55.1 ± 0.1 122.8 ± 0.5 146.6 ± 1.5 

330 min 53.0 ± 1.5 118.9 ± 0.7 147.9 ± 2.0 

Biodegradation ref. 22    

0 m 56.5 ± 1.0 123.0 ± 1.0 151.6 ± 2.0 

1 m 56.1 ± 0.8 119.0 ± 1.3 151.7 ± 0.8 

5 m 56.7 ± 1.0 125.2 ± 1.6 151.8 ± 1.6 

10 m 55.7 ± 0.7 123.2 ± 1.1 151.4 ± 1.2 

15 m 55.9 ± 0.6 119.7 ± 1.2 151.8 ± 1.3 
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Biodegraded-    

1 m 55.7 ± 0.3 120.5 ±1.5 150.5 ± 1.2 

5 m 56.0 ± 0.1 120.5 ± 0.9 150.6 ± 0.4 

10 m 56.4 ± 0.3 123.8 ± 0.6 153.7 ± 0.5 

15 m 56.8 ± 0.2 121.1 ± 1.0 151.3 ± 0.5 

20 m 56.0 ± 0.2 114.1 ± 0.1 150.0 ± 1.3 

24 m 57.1 ± 0.7 113.0 ± 3.0 148.7 ± 0.4 

30 m 56.1 ± 0.2 109.8 ± 0.8 148.8 ± 0.3 

35 m 56.1 ± 0.3 107.4 ± 0.3 147.7 ± 0.1 

40 m 56.5 ± 0.7 105.4 ± 0.1 145.6 ± 1.0 

60 m 50.0 ± 0.2 94.8 ± 0.3 140.8 ± 0.1 

Photodegradation    

400h-1.7 m 56.5 ± 0.2 121.5 ± 0.7 150.8 ±0.2 

800h-3.3 m 56.1 ± 0.2 124.9 ± 3.0 155.3 ± 0.6 

1850h-7.7 m 56.2 ± 0.2 121.9 ± 2.0 154.9 ± 0.1 

2250h-9.4 m 56.8 ± 0.1 121.5 +/ -1.5 148.2  ± 0.5 

3000h-12.6 m 55.4 ± 0.2 121.6 ± 1.3 148.0 ± 1.0 

4100h-17.2 m 54.9 ± 0.2 122.2 ± 1.2 147.5 ± 0.1 

5100h-21.4 m 55.6 ± 0.5 120.9 ± 2.0 147.1 ±  0.7 

 

 

Table 4-33 Characteristic temperature values for the thermally, bio and photo degraded 

samples obtained from the 2nd heating scan. 

 
Sample Name Tc (ºC) Tm (ºC) 

Plates *130.7 ± 2.3 *151.1 ± 0.7 

Thermally degraded   

3 min - - 

30 min *129.2 ± 0.5 *149.0 ± 0.8 

62 min 129.5 ± 0.4 148.1 ± 0.6 

120 min 123.8 ± 0.4 145.7 ± 0.6 

330 min 122.7 ± 0.4 143.1 ± 0.5 

Biodegradation ref. 22   

1 m 127.4 ± 2.0 150.7 ± 1.6 

5 m 124.6 ± 2.1 151.5 ± 2.6 

10 m 123.5 ± 1.9 149.8 ± 2.5 

15 m 124.3 ± 3.0 151.3 ± 1.8 
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Biodegraded   

1 m *126.1 ± 2.7 *148.7 ± 1.7 

15 m *126.6 ± 2.4 *151.6 ± 2.1 

24 m 127.9 ± 3.1 151.3 ± 2.5 

30 m 127.3 ± 0.2 151.9 ± 0.2 

35 m 127.2 ± 0.5 151.7 ± 0.2 

40 m 127.0± 1.9 151.4 ± 1.9 

60 m 123.2 ± 1.8 147.1 ± 1.0 

Photodegraded   

400h-1.7 m *127.2 ± 1.9 *149.2 ± 0.9 

1850h-7.7 m *127.1 ± 1.2 *150.7  ± 0.1 

2250h-9.4 m 123.7 ± -2.5 146.2  ± 1.4 

3000h-12.6 m 127.0 ± 1.8 150.1 ± 0.4 

4100h-17.2 m 126.1 ± 2.3 147.3 ± 0.7 

5100h-21.4 m 124.1 ± 2.0 145.8 ± 1.0 

*Temperatures obtained with a huge magnification of the spectra 

 

Figure 4-114 shows the evolution of the glass transition temperature, Tg, with the 

degradation time for all the degraded samples. 
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Figure 4-114 Tg vs. degradation time a) Thermal degradation and b) ( ) Pellets, ( ) Plates, ( ) 

Biodegradation, ( ) bio-ref. 22 and ( ) Photodegradation.  

 
The glass transition temperature slightly decreases upon thermal exposure at 220ºC 

while no significant decrease is observed by photodegradation. In the case of bio degraded 

samples, no apparent effects are observed at low-medium degradation times, while the 

sample degraded during 60 months exhibits a sudden drop in its Tg. 

 

Figure 4-115 shows the crystallization and melting temperatures versus degradation 

time for all degraded samples, obtained from the first heating scan. 
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Figure 4-115 Tc and Tm vs. degradation time for a) Thermal degradation and b) ( ) Pellets, ( ) Plates,    

( )Biodegradation, ( ) bio-ref. 22 and ( ) Photodegradation from the 1st heating scan. 
 

A slightly decrease is observed in the crystallization and melting temperatures with 

degradation time for the thermally and photo degraded samples. A more pronounced 

decrease occurs for samples biodegraded over 15 months in soil.  

 

The previous parameters were studied as a function of the molar mass, with the aim to 

compare the effect of each degradation type on the thermal behavior of polylactide. The 

experimental results are shown in Figure 4-116, which also includes the values reported in 

ref. 22. 
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Figure 4-116 a) Tg vs. Mn and b) Tc and Tm vs. Mn for ( ) Pellets, ( ) Plates, ( ) Thermal Degradation, (

) Biodegradation , ( )bio- ref. 22 and (  ) Photodegradation from the 1st heating scan 

 

The glass transition undergoes changes only at values of Mn  lower than 29000. The 

influence of the molar mass decay on Tg follows the Fox equation, ௚ܶஶ ൌ ௚ܶ ൅ ௄ெ೙, where 

௚ܶஶ is the glass transition temperature for a polymer sample of infinite molar mass and K is 

a constant [66]. Fitting the experimental Tg values to Fox equation provides values of 

K=4.7·104 and ௚ܶஶ =57 ºC. The corresponding law is also plotted in Figure 4-116 -a) as a 

dashed line, evidencing a good fit. This result is comparable to the values of K in the 

literature, K= 5.5· 104 and 7.3·104, for PLLA and PDLLA, respectively [20].  
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Representations of Tc and Tm vs Mn display similar decreasing patterns for all the 

degradation types above Mn=50000, when the tendency of Tc deviates by decreasing more 

drastically after biodegradation. This result implies differences in the morphological 

features controlling the crystallization above the glass transition, resulting from different 

degradation types. If the sub-products of all the degradation mechanisms had similar 

structures, the variation of the Tc with Mn would be very similar, due to the strong 

dependence of Tc on the molar mass. This supports the view of biodegradation lowering the 

crysallisation temperature at low molar masses, which was already seen by DMTA. On the 

other hand, the similar tendencies of Tm suggest the formation of similar crystal sizes, 

during cold crystallization, although it is worth remarking that usually the dependence of 

Tm with molar mass is not as sensible as Tc (differences are only detected below 29000).  

 

Results from the second heating were examined in order to remove the effect of the 

thermal history on the thermal parameters. The corresponding values of Tm and Tc are 

shown in Figure 4-117 as a function of degradation time, for plates and all the degraded 

samples. 
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Figure 4-117 Tc and Tm vs. degradation time from the 2nd  heating scan for (a) Thermal degradation 

and (b) ( ) Plates, ( ) Biodegradation and ( ) Photodegradation. 

 

The crystallization and melting temperatures slightly decreases with time, and the 

differences could fall within the experimental error. The same slightly decreasing trend in 

Tc and Tm is observed as a function of Mn, see Figure 4-118.  
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Figure 4-118 Tc and Tm vs. Mn for (( ) Plates, ( ) Thermal Degradation, ( ) ref. 22, ( ) Biodegradation 

and ( ) Photodegradation. 

 

The enthalpies involved in the transitions observed in the thermograms were also 

obtained and analyzed respect to time and molar mass. The structural relaxation enthalpy 

(ΔHs), the crystallization enthalpy (ΔHc) and the melting enthalpy (ΔHm ) were calculated 

from the first and second heating scans and the results shown in Table 4-34 and 3-35, 

respectively, for all the samples under study. In general, less degraded samples present a 

very small crystallization enthalpy, as the crystallization process is hindered at high molar 

masses.  
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Table 4-34. Characteristic enthalpy values obtained from the first heating for the thermally, 

bio and photo degraded samples. 

 
Sample Name ΔHs (J/g) ΔHc (J/g) ΔHm  (J/g) 

Pellets 3.16 ± 0.1 - 32.64 ± 0.7 

Plates 7.56 ± 0.4 4.68 ± 1.0 5.70 ± 1.1 

Thermally degraded   

3 min 4.00 ± 0.10 4.49 ± 2.15 2.00 ± 0.82 

30 min 4.29 ± 0.12 4.60 ± 1.89 4.25 ± 1.71 

62 min 5.98 ± 0.25 5.27 ± 1.37 2.42 ± 1.10 

120 min 6.40 ± 0.21 2.66 ± 0.54 1.92 ± 0.47 

330 min 7.00 ± 0.30 4.66 ± 1.73 2.37 ± 0.72 

Biodegraded- 

ref. 22 
   

0 m 5.70 ± 2.00 6.95  ± 0.32 7.27  ± 0.30 

1 m 5.92  ± 2.10 7.14  ± 0.39 8.61 ± 0.34 

5 m 6.55  ± 1.90 12.12  ± 0.51 13.90 ± 0.56 

10 m 6.60  ± 3.00 18.42  ± 0.69 18.50 ± 0.74 

15 m 8.90 ± 3.00 30.02± 1.15 30.70± 1.23 

Biodegraded    

1 m 7.86 ± 0.13 3.27 ± 0.02 4.05 ± 0.05 

5 m 8.28 ± 0.01 12.50 ± 0.10 13.00 ± 0.15 

10 m 8.16 ± 0.05 18.85 ± 0.40 18.90 ± 0.25 

15 m 8.46 ± 0.01 29.60 ± 0.10 25.00 ± 0.15 

20 m 8.34 ± 0.07 26.60 ± 0.05 27.45 ± 0.02 

24 m 8.25 ± 0.07 30.52 ± 0.05 30.70 ± 0.45 

30 m 11.26 ± 0.04 36.12 ± 0.20 33.20 ± 0.35 

35 m 10.44 ± 0.01 35.22 ± 0.13 35.90 ± 0.10 

40 m 11.64 ± 0.20 35.10 ± 0.40 34.00 ± 0.40 

60 m 11.82 ± 0.12 40.10 ± 0.15 40.00 ± 0.05 

Photodegraded    

400h-1.7 m 7.80 ± 0.13 7.15 ± 0.64 7.40 ±0.90 

800h-3.3 m 8.00 ± 0.32 9.30 ± 0.90 8.65 ±1.00 

1850h-7.7 m 8.30 ± 0.90 13.60 ± 1.30 11.15 ±1.80 

2250h-9.4 m 9.15 ± 0.01 13.40 ± 1.90 14.10 ±1.70 

3000h-12.6 m 9.30 ± 0.40 18.30 ± 0.13 17.00 ±0.30 

4100h-17.2 m 9.60 ± 0.20 28.40 ± 5.00 28.00 ±3.40 

5100h-21.4 m 11.15 ± 0.80 31.90 ± 3.50 32.10 ±5.10 
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Table 4-35 Characteristic enthalpy values from the second heating scan for the thermally, bio 

and photo degraded samples obtained. 

 
Sample Name ΔHs (J/g) ΔHc (J/g) ΔHm  (J/g) 

Pellets 2.44± 0.50 ~0 ~0 

Plates 1.56± 0.08 1.60 ± 0.50 1.58 ± 0.54 

Thermal degradation   

3 min 1.77 ± 0.20 ~0 ~0 

30 min 1.62 ± 0.26 ~0 ~0 

62 min 2.46 ± 0.54 0.85 ± 0.09 0.80 ± 0.09 

120 min 2.30 ± 0.38 1.45 ± 0.10 1.48 ± 0.10 

330 min 2.75 ±0.84 3.00  ± 0.15 3.10  ± 0.15 

Biodegradation- 

ref. 22 
   

0 m 1.60 ± 0.22 1.14  ± 0.11 1.21  ± 0.15 

1 m 1.42 ± 0.03 0.66 ± 0.10 0.70 ± 0.14 

5 m 1.65 ± 0.05 2.10  ± 0.21 2.00  ± 0.18 

10 m 1.68 ± 0.11 1.56  ± 0.16 1.62  ± 0.19 

15 m 1.90± 0.11 3.18 ± 0.33 3.10 ± 0.40 

Biodegraded    

1 m 1.62 ± 0.02 1.80 ± 0.10 2.2 ± 0.12 

15 m 1.38 ± 0.03 3.80 ± 0.17 3.75 ± 0.15 

24 m 1.32 ± 0.01 4.10 ± 0.20 4.00 ± 0.20 

30 m 1.94 ± 0.01 4.40 ± 0.15 4.43 ± 0.23 

35 m 1.89 ± 0.02 5.58 ± 0.08 5.68 ± 0.03 

40 m 1.74 ± 0.02 6.64 ± 0.17 6.22 ± 0.15 

60 m 1.92 ± 0.01 11.46 ± 0.22 11.40 ± 0.22 

Photodegradation    

400h-1.7 m      1.34 ± 0.11 1.65± 0.60 1.70 ± 0.70 

800h-3.3 m 1.60 ± 0.12 2.60 ± 0.47 1.80 ± 0.37 

1850h-7.7 m 2.34 ± 0.34 3.20 ± 0.60 3.13 ± 0.20 

2250h-9.4 m 1.71 ± 0.40 4.10 ± 1.20 4.10 ± 1.40 

3000h-12.6 m 1.82 ± 0.20 3.95 ± 0.30 3.24 ± 0.39 

4100h-17.2 m 1.94 ± 0.08 4.40 ± 1.00 3.66 ± 1.00 

*Enthalpies obtained with a high magnification of the spectra 
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Enthalpy relaxations occur when the samples are heated above the Tg after annealing 

in the glass stat [61,73,74,75,76,77,78]. Other authors correlated the changes in structural 

relaxation of glassy state of PET, this parameters was also studied for the degradation of 

PLA [79].  

 

Figure 4-119 and Figure 4-120 plot the structural relaxation enthalpy (ΔHs ) values, 

obtained from the 1st heating scan, versus time and molar mass, respectively, for all the 

samples under study. 

 
Figure 4-119 ΔHs vs. degradation time for a) Thermal degradation and b) ( ) Plates, ( ) 

Biodegradation, ( ) ref. 22 and ( ) Photodegradation. Data obtained from the 1st scan. 
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Figure 4-120 ΔHs vs. molar mass for ( ) Pellets , ( ) Plates, ( ) Thermal degradation ( ) 

Biodegradation, ( )ref. 22 and ( ) Photodegradation. Data obtained from the 1st scan. 

 

Figure 4-119 a and b shows slightly higher ΔHs values when increasing the 

degradation time. For the photo degraded samples, ΔHs increases faster with time, while the 

thermally and bio degraded samples present lower values. This can be probably attributed 

to different degradation temperatures.  

 

Figure 4-120 displays an increase in ΔHs with decreasing molar mass, in all the 

degraded samples. The values of ΔHs of the thermally degraded samples are lower and 

present more deviation than those obtained for the bio and photo degraded ones (these 

samples were melted during different times and directly analyzed by DSC). The values 

from all the biodegraded samples present a common trend versus molar mass. Moreover, 

below Mn=50000, a change of the trend is observed. 

 

PLA samples by studying the crystallization enthalpies obtained from the 1st heating 

scan (ΔHc). Figure 4-121 and Figure 4-122 show plots of ΔHc versus the degradation time 

and molar mass, respectively. The total melting enthalpy was not shown since the values 

and trends were nearly the same as those obtained for the crystallization enthalpy (Figure 

4-121). 
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Figure 4-121  ΔHc vs. degradation time for a) Thermal degradation and b) ( ) Plates, ( ) 

Biodegradation, ( ) ref. 22 and ( ) Photodegradation. Data obtained from the 1st scan. 
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Figure 4-122 ΔHc versus Mn for ( ) Plates, ( ) Thermal degradation ( ) Biodegradation, ( ) ref. 22 

and ( ) Photodegradation. Data obtained from the 1st scan. 

 

The values of crystallization enthalpy in Figure 4-121 a ) for the thermally degraded 

samples were considerably smaller than those obtained for the other degradations, see 

Figure 4-121 b). The amount of crystals formed during heating in the thermally degraded 

samples were very small, the crystallinity is about 5% in all the temperature range, taking 

=Δ 0H m 93 J/g as the melting enthalpy of totally crystallized PLA [80]. However for the bio 

and photo degraded samples a linear increasing trend for ΔHc with time was observed until 

24 months of biodegradation, where a change is detected. The crystallinity can reach values 

till 40% for bio and photodegraded samples. 

 

On the other hand Figure 4-122 evidences differences in the trends of ΔHc with Mn, 

depending on the degradation type. While the values corresponding to thermally degraded 

samples do not vary to a great extent, photodegradation and biodegradation show 

exponential and linear increments, respectively. These changes observed in ΔHc, due to the 

different degradation processes, can be related to the distinct crystallization of the sub-

products produced by different mechanisms. 
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The crystallization study was completed by analysis of the data from the 2nd heating 

scan, which is shown in Figure 4-123. 

 
 

Figure 4-123 ΔHc vs Mn ( ) Plates, ( ), Thermal degradation, ( ) Biodegradation, ( ) ref. 22 and ( ) 

Photodegradation 

 
Some remarks can be extracted from the ΔHc vs Mn plot: 

 

• The crystallization enthalpies are very small and the values of thermal 

degradation can present some uncertainty. 

• The crystallization enthalpy follows a common tendency with molar mass for 

both biodegradation processes.  

• Different influence on the crystallization processes due to thermal, bio and 

photo degradation is verified. The slowest crystallization process is occurring 

in the thermally degraded samples, followed by the photo and by the bio 

degraded samples. ΔHc vs Mn follow exponential behavior in thermal and 

biodegradation, and polynomial second order in photodegradation. 
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4.7 Kinetics of the crystallization from the melt 

4.7.1 Spherulitic Morphology 
 

The effect of degradation on the formation of crystalline structures in PLA was 

evaluated by studying the formation of spherulites during isothermal crystallization. 

 

With that purpose, thin films of PLA of 50 μm thickness of were crystallized 

isothermally at different temperatures, Tc, from the melt at 180ºC, and optical micrographs 

were obtained between crossed polarizers in an optical microscope. The spherulitic 

morphology was detected in all the films regardless Tc, although more open spherulites 

were presented at higher temperatures. The spherulites principally showed negative 

birefringence, as reported by many authors [81]. 
 

Non-significant differences were observed in the number of nuclei activated at each 

temperature between the samples, regardless of the degradation process. On the other hand, 

at lower molar mass different spherulites and dispersity on the growth rates were observed 

depending on the degradation type, especially visible in photodegradation.  

 

The micrographs showed higher nucleation at increasing molar masses, and vice-

versa, as can be seen in Figure 4-124. 

 
Figure 4-124 Micrographs at 116.5ºC for studying the effect of the molar mass on the nucleation and 

growth, rate for pellets and plates. 
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The influence of undercooling, ∆ܶ ൌ ሺ ௠ܶ଴ െ ௖ܶሻ in the crystallization rate, where ௠ܶ଴  

is the temperature at which a crystal without any surface would melt and Tc is the 

crystallization temperature, is this is visible in Figure 4-125, that shows that for high 

undercooling, the nucleation is the predominant effect, since the growth is enhanced with 

time for low undercooling. 

 

  
Tc_ =112.5ºC Mn=126800 

t= 27 min 
A lot of small nuclei and less 

growth 
 

Tc_=116.5C Mn =126800 
t= 90 min 

 

Tc_=136.5ºC Mn =126800 
t= 1111 min 

Less nuclei and more growth 

 
Figure 4-125 Micrographs for comparing the undercooling effect in polylactide for plates. 

 

The effect of each degradation type on the crystallization process of PLA was 

evaluated from the optical micrographs and the corresponding kinetic study. For selected 

examples, Figure 4-126 a and b show the micrographs for the pellets and the thermally 

degraded sample at 220ºC during 3 minutes (similar Mn) providing non-noticeable 

differences between them. The same can apply to Figure 4-126 c and d show, where the 

micrographs for lower molar mass samples: plates and the biodegraded sample at 1 month 

are shown. Thus, in general, non-appreciable effects on the spherulites micrographs were 

observed after degradation of PLA. 
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Figure 4-126 Micrographs at 121.5 ºC for a) Pellets, b)Thermal 3 min, c) Plates and d) Bio 1 month. 
 

A similar comparison was made between samples degraded by different degradation 

types, at different molar mass and at Tc =121.5ºC. At similar molar masses biodegradation 

lead to higher spherulites, being this effect particularly noticeable at Mn below 50000. 

These results indicated that the growth rate is higher in bio than in the thermally or photo 

degraded samples, even when nucleation is similar. The most significant can be seen below 

Mn =22000, as the micrograph from thermally degraded present some nuclei but very 

fuzzy. 

 

The information provided by the micrographs can give some insight on the DSC 

results. The thermally degraded samples barely presented a crystallization exotherm in the 

DSC heating scans from the glass (see Figure 4-110), in comparison to the bio and photo 

degraded samples. This could be then attributed to a lower spherulitic growth rate, although 

these results should be further analyzed by the assessment of the crystallization kinetics. 
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Thermal degradation Biodegradation Photodegradation 

 

 Bio 15m Photo 400h-1.7m 

  

Thermal 30min Bio 24m Photo 2250h-7.4m 

  

Thermal 62min Bio 40m Photo 3000h-12.6m 

  

Thermal 120min Bio 60m Photo 5100h-21.4m 

 
Figure 4-127 Micrographs at 121.5 ºC for thermal, bio and photo degraded samples with similar Mn . 
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4.7.2 Crystallization Kinetics 
 

The linear growth rates (G) of the all polylactide samples during isothermal 

crystallization from the melt were measured in the range of 110 to 140ºC. As expected, the 

variation of the radius with time was linear and G was obtained from the different slopes. A 

selected example from plates is given in Figure 4-128. The spherulites nucleation depends 

on the temperature, although all measurements of growth rate started in the first five 

minutes of experiment. 

 
 

Figure 4-128. Radius vs. time obtained for plates a) lower temperatures b) higher temperatures. 

 
Prior to the analysis of the growth rate, Table 4-36 and Figure 4-129 evidence the 

dispersity of some of the measurements of G for pellets (a), plates (b), 40 months bio (c) 

and 21.4 months photo (d), showing the average and representative standard deviation in 

measurements from 100 to 140ºC. It can be noticed that biodegraded samples, represented 

as (c), had less experimental uncertaties in G than in the photodegraded samples, (d). 

Pellets and plates exhibit relatively small standard deviation, rarely exceeding 4.5 % in 

spherulite size of pellets. On the other hand biodegraded samples yield a maximum of 

standard deviation of 7 % and photodegraded samples reach a maximum of 15 %. For the 

sake of clarity, the analysis of the G data will be based on the average G values hereinafter. 
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Table 4-36 Deviation of the measures of G for some crystallization temperatures 

Sample 
name Tc_iso (ºC) G (μm/min) Average SD % deviation 

Pellets 106.5 0.316 
0.324 0.320 0.003 0.87 

114.5 0.393 
0.342 
0.335 0.357 0.016 4.45 

116.5 0.346 
0.323 
0.369 0.346 0.011 3.29 

Plates 114.5 0.643 
0.615 0.629 0.010 1.57 

115.5 0.608 
0.683 0.646 0.027 4.12 

40 m 106.5 1.003 
0.947 0.975 0.020 2.06 

122.5 2.274 
2.118 2.196 0.055 2.52 

60 m 106.5 3.601 
3.004 3.303 0.211 6.39 

122.5 4.569 
3.831 4.200 0.261 6.21 

5100h-21.4m 110.5 1.999 
1.454 1.726 0.193 11.16 

113.5 1.741 
2.124 1.933 0.135 7.01 

116.5 1.911 
2.123 2.017 0.075 3.72 

 

 
Figure 4-129 Dispersity of the G experimental data. a) pellets, b) plates, c) 40 m and d) 5100h-21.4m. 
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The uncertainties may partially arise from the dependence of crystallization on the 

molar mass and the formation of new groups during degradation. This can explain the 

similar values of growth rate deviation observed for the PLA pellets and plates. In the case 

of photodegradation, the increasing deviation in G can be attributed to the evolution of 

more heterogeneous samples as degradation proceeds, in accordance to the higher FWHH 

values in the molar mass distribution. 

 

Plots of G versus temperature are shown in Figure 4-133, 4-134 and 4-315 for the 

thermal, bio and photo degraded samples, respectively. The results corresponding to the 

pellets and plates are also included. The growth rates exhibited one maximum at 

temperatures around 120ºC for all the samples except for pellets, which was observed at 

114ºC. 

 

The dependence of the growth rate on the crystallization temperature of PLLA was 

studied by some authors. In general, one single bell was observed in the G vs Tiso 

representations [81,82], although the existence of two bell-shaped curves was also reported 

[83,84]. This effect was assigned to crystallization following regimes II and III, and was 

related to a change in the isothermal thickening coefficient which favors an accelerated 

growth rate. It should be remarked that the transition from regime II to III is not 

accompanied with variations in spherulite morphology. Yasuniwa et al. claimed that the 

origin of the two different behaviors was polymorphism of the samples, changing from α 

form (T< 113ºC) to β form (T>130ºC) [85,86]. In previous results of PLA copolymers with 

less than 10% of D- content, only a single bell behavior for the growth rate versus the 

crystallization temperature was observed [83,87,88,108].  

 

PLLA can crystallize into various crystalline forms: α, β, and γ [82,89]. 

Crystallization from the melt or from solution leads to α form crystals, which is the most 

common polymorph form [90,91,92]. In the α form, two chains with 103 helical 

conformation are packed into an orthorhombic unit cell with dimensions: a = 10.7 Å, b = 

6.45 Å, and c =27.8 Å (fiber axis) [93]. A modification of the α-form, the so-called α’ 

form, can also be formed when PLLA is crystallized below 90ºC [94]. 
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In order to assess polymorphism, polylactide samples crystallized at 100ºC and 133ºC 

during 4 hours were analyzed by X-ray diffraction (Wide-angle X-ray diffractograms 

(WAXD) were collected at room temperature using a Bruker Nanostar diffractometer). The 

results are shown in Figure 4-130 and 4-133. Due to some overlapping, the X-ray data were 

analyzed after subtraction of the scattering pattern of the amorphous phase of PLA. 

 

 
Figure 4-130 X-ray diffraction pattern for isothermally crystallized plates at 100ºC 

 

 
Figure 4-131 X-ray diffraction pattern for isothermally crystallized plates at 133ºC 
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The diffraction maxima at 14.7 and 22.5 Å are presented in both samples in Figure 

4-132, indicating that the possible polymorphisms suggested by ref. 85 are not presented, 

and this is valid for all the PLA samples under study. 

  

Figure 4-132 Compared X-ray diffraction pattern from isothermally crystallized polylactide at 100ºC 

and 133ºC. 

 

The X-ray analysis confirms the absence of polymorphism and the existence of a 

single bell shape curve in plots of growth rate versus the crystallization temperature in the 

PLA samples under study. 

 

Figure 4-133, 4-136 and 4-137 show that the experimental data of G versus Tc for 

thermally, bio and photo degraded samples, respectively, fall in the nucleation and 

transport limited temperature ranges. The lines correspond to the fit of the experimental 

data according to secondary nucleation, which will be further discussed. It is well known 

that G decreases when increasing the molar mass. Differences in G found between pellets 

and melt-pressed plates indicate that thermal degradation confirming the chain excision. 

Figure 4-133 shows a progressive increase of G for the thermally degraded samples below 

120ºC, however G decreases for the 330 min sample regardless of the molar mass decrease, 

which is typical for polymers with very small Mn [95].  
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Figure 4-134 displays a slightly decrease in G for the 1 month biodegraded sample 

respect to plates. This decrease is reflected in a slightly increase of the molar mass also 

reported by other authors [22,12]. As degradation advances, G increases for the bio and 

photodegraded samples as Figure 4-135 indicates. 

 
Figure 4-133 Experimental data and fitting to the secondary nucleation theory of G vs Tc for thermally 

degraded samples. 

 
Figure 4-134 Experimental data and fitting to the secondary nucleation theory of G vs Tc for 

biodegraded samples. 
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Figure 4-135 Experimental data and fitting to the secondary nucleation theory of G vs Tc for 

photodegraded samples. 

 

Figure 4-136 shows the G vs.Tc plots for pellets, plates and two samples bio and 

photo degraded during similar degradation times. The results indicate that crystallization is 

faster for samples photodegraded than biodegraded.  

 
Figure 4-136 Data of G versus Tc for pellets, plates and  24m  and 5100h-21.4 samples. Comparing at 

similar time. 
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Figure 4-137 G versus Tc of pellets, plates and three samples thermal, bio and photo 

degraded with similar molar masses is displayed. 

 
Figure 4-137 Data of G versus Tc  for pellets, plates and 30 min, 24 m and 2250h-9.4m samples, with 

similar molar masses. 

 

At similar molar masses, the growth rates of biodegraded PLA were considerably 

faster than the G values of photo and thermally degraded samples, the difference increasing 

with decreasing molar mass. For example, at Tc=120º C and for Mn ~ 43000, the difference 

in the growth rate is only about 0.3 μm/min (1.1 to 1.4 μm/min) while for Mn ~ 21000 the 

difference in G increases to 2.2 μm/min (2.1 to 4.3 μm/min). In other words, at the lowest 

molar mass studied, the linear growth rates of photodegraded specimens were about half the 

value of equivalent chain length biodegraded specimens, thus corroborating the observed 

differences in cold crystallization during dynamic heating. The case of thermal and photo 

degradation basically kept the differences of growth rate during all the range of molar 

masses. 

 
Thermal degradation is the slowest process followed by photo and bio degradation. 

The slow rate of photodegradation can be explained by the additional groups that act as 

defects for crystallization (anhydrides) or some other new groups formed during 

degradation. The case of the thermal degradation is more unexpected, and the slow 

crystallization may be due to: 
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• Heterogeneity of the molar mass distribution due to increased number of chain ends 

because of the combination of different mechanisms. 

• The formation of other functional groups overlapped with the bands studied and not 

detectable in FTIR.  

• The influence of cyclic oligomers in the crystallization [96], as occurred for poly( -

caprolactone) in a determined range of molar masses or their combination with linear 

chains [97]. 

Figure 4-138 a), b) and c) shows the growth rate measured at 112.5ºC, 120.5ºC and 

126.5ºC versus time for thermal, bio and photo degradation respectively, in order to 

confirm the independence of Tc in the trend of G vs. time. 

Figure 4-138 Evolution of G vs time  a) thermal degradation b) biodegradation and c)

photodegradation at 110.5, 120.5 and 126.5 ºC. 
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The effect of molar mass on the growth rate, for the different degradation types, is 

given in Figure 4-139 at Tc = 120.5º C (at which Gmax  is detected). The dependence of Gmax 

with the molar mass has been described as a power law function, Mw
 α, for several 

crystalline polymers [82,98,99]. The value of α depends on the polymer and is strongly 

dependent on the degree of undercooling and on the molar mass [95]. Although the values 

of Mw from thermal degradation can present uncertainty due to the unknown molar mass 

distribution (and thus unknown polydispersity) they were also represented considering 

polydispersity = 1.82 (section 4.1- Figure 4-3). 

 
Figure 4-139 Plots of logarithm of the crystal growth rate at 120.5ºC against logarithm of the molar 

mass for ( ) pellets, ( ) plates, ( ) Thermal Degradation, ( ) Biodegradation and ( ) 

Photodegradation. 

 

Except for low molar masses, all data in Figure 4-139 decrease following a straight 

line with very similar exponents: -1.3 for bio, -1.1 for photo and -1.0 for thermal 

degradation. The dependence is in consonance with G ∝ Mα, inferred from models based 

on molecular reptation toward the growth front. Okui et al. [100] analyzed the G vs Mw 

dependence for a set of crystalline homopolymers, including PLLA data from 

Vasanthakumari and Pennings and Miyata and Masuko [82], and they found a unique 

dependence when the maximum value of G was used, Gmax α M-0.5 [101,102]. They 

reported that large undercooling, higher than 60ºC, provides α values close to -0.50, and 

these value increase when the undercooling is lower. At 130ºC a value of α= -0.766 was 
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reported for PLLA, which is slightly higher than the expected α=-0.5 [83]. The data for 

those copolymers lead to a higher negative slope, indicating a more pronounced effect of 

molar mass on G. It is well known the effect of D units in lowering the linear growth rates 

and overall crystallization rates of the PLLA chain [87,102]. The data of Figure 4-139 

demonstrate the values of G were systematically lower for photo and thermal samples at 

any fixed Tc. 

 
The lower values of G observed for the photodegraded samples compared to those 

from biodegraded specimens at similar molar masses cannot be attributed to differences in 

polydispersity, since all polydispersity indexes (Mw/Mn) are ~1.82 for all samples. The 

decrease in G must be associated with a change in the chemical structure intrinsically due to 

photodegradation. A signature of this type of degradation, not found in bio or thermal 

degradation, is the presence of anhydride groups in photodegraded specimens. These were 

most likely non-crystalline groups that act as defects retarding crystallization of PLA. The 

differences in crystallization rates between bio and photodegraded samples at similar molar 

masses give further support for the formation of non-crystallizable groups (such as the 

anhydride) during photo degradation.  

 

Although less G data were collected on thermally degraded PLA specimens, the 

trends with molar mass were similar to those of bio or photodegraded samples, except for 

the sample with the smallest molar mass. The crystallization of the thermally degraded 

sample during 330 min is unusual. This sample has the lowest molar mass (Mn=10300), yet 

the growth rate is not higher but about half the rate of the sample kept at the same 

temperature for 120 min (Mn =18700).  
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4.7.3 Analysis of temperature coefficient of the growth rate  
 

The temperature coefficient of the growth rate was analyzed according to the 

secondary nucleation theory described in detail in Chapter 2. Lauritzen, Hoffman and co-

workers proposed growth of primary nuclei as a sequence of two events with competitive 

rates [103]. One is formation of secondary nuclei on the growth front (at a rate i), and the 

second the lateral growth of these nuclei along the face (at rate, g). Three possible regimes 

were identified for the overall growth rate, in the high Tc range: Regime I, i<<g and G ∝ (i); 

Regime II, occurring as undercooling increases and i becomes comparable to g, and G is 

proportional to (i,g)1/2; Regime III, occurring at large undercoolings, when excessive 

surface nucleation leads to effectively zero spreading rates, and the overall G is again 

proportional to i. The temperature coefficient of G in Regimes I, II and III changes 

proportionally as a 1,1/2, 1 ratios. 

 

The experimental data of G were first analyzed according to the linear form in 

Equations (4-22) and (4-21). 
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Crystal melting is usually described by the Gibbs-Thomson equation, based on the 

correlation between lamellar thickness and crystal stability, providing a consistent 

estimation of ௠ܶ଴  of the lamellar crystals of sufficiently large lateral dimensions [104]. 

Baratian et al. have provided  ௠ܶ଴ = 202 ºC for a PLA copolymer with 6% D content [87]. 

 

The values of the parameters used were: 

=0
mT 202 ºC [87], =ρ 1.25 g/cm3 [80], =0b  0.517 nm [81], =σ 12 erg/cm2 [81], =k

1.38·10-23 J/K; =Δ 0H m 93 J/g [80] 
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Some investigations have studied the regimes in the growth rate of some polylactides 

by using the “universal” values of U*= 1500 cal/mol and C2 = 30 K. [105,106,107]. 

Applying these assumptions, the first term of Equation (4-22) is plotted against 1/TcΔ in 

Figure 4-140. The data of pellets do not follow any regime, as was also reported for PLLA 

in ref. 87. 

 
Figure 4-140 Plots of ln (G) + U*/R(Tc - T∞) against 1/Tc·ΔT for biodegraded PLA at different times 

(U*=1500 cal/mol and C2 =30 K). 
 

The other pair proposed in the literature is U*= 4200 cal/mol and C2= 51.6 K [108]. 

Although some points corresponding to the sample biodegraded during 24 months do not 

fall into the linear tendency, in general this pair of U* and C2 provide more uniform 

analysis of the data, see Figure 4-141. 
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Figure 4-141 Plots of ln (G) + U*/R(Tc - T∞) against 1/Tc·ΔT for biodegraded PLA at different times 

(U*=4200 cal/mol and C2= 51.6 K). 
 

The variability of U* with molar mass should be taken into account. Observation of 

the maximum in the G vs. cT  plots allowed reducing the degrees of freedom to two 

parameters, Kg and Go, and thus U* can be calculated [109]. At the maximum, dG/dTcmax 

= 0, U* can be expressed as Equation (4-23): 
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When fitting Kg and Go, no decreasing tendency for U* with molar mass was 

observed, for all the biodegraded samples. In that case the study was performed selecting 

U*= 4200 cal/mol, from pellets, and U*=3474 cal/mol, obtained for 40 m sample. These 

two values were plotted with the respective logarithm of the average-weight molar mass, 

see Figure 4-142. 

13

14

15

16

17

18

19

20

21

22

23

2.50E-05 2.80E-05 3.10E-05 3.40E-05 3.70E-05 4.00E-05 4.30E-05

Ln
 (G

)+
 U

*/
(R

·(
Tc

-T
∞

))
 

G
 in

 μ
m

/m
in

1/Tc ΔT

pellets
plates
1 month
15 months
24 months
40 months
60 months



 4. Results and Discussion
 

261 
 

 
Figure 4-142. Plot of log (Mw) versus U* for pellets and bio 40 months. 

 
From the equation in Figure 4-142, the values of U* were obtained at different Mw  for 

the degraded samples and the theoretical value of G was calculated using Equation (4-23), 

with C2 51.6 K. Figure 4-143 and Figure 4-144 show a linear trend when plotting ln(G)+ 

U*/R·(Tc-T∞) versus 1/ΤcΔΤ for bio and photo degradation, respectively. Table 4-37 show 

the parameters obtained from the linearization (Kg and ln(Go )). 

 

 
Figure 4-143 Plots of ln (G) + U*/R(Tc - T∞) against 1/Tc·ΔT for biodegraded PLA at different times (U* 

variable and C2= 51.6 K). 
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Figure 4-144 Plots of ln (G) + U*/R(Tc - T∞) against 1/Tc·ΔT for photodegraded PLA at different times. 
(U* variable and C2= 51.6 K). 

 
Table 4-37 Parameters for bio and photo degraded PLA determined through the secondary 

nucleation approach (U* variable and C2= 51.6 K). 
 

Sample name Mn Go  
(μm min-1) Kg (K2) U* 

(cal/mol) 
σe 

(erg/cm2) 
Pellets 126800 5.6E+15 6.2 E+05 4200 84 

Plates 73200 1.8 E+14 5.2 E+05 3938 70 

Biodegradation      

1 m 74600 2.3E+14 5.3 E+05 3944 71 

15 m 60200 3.4 E+13 4.6 E+05 3849 63 

24 m 45600 5.6 E+12 4.2E+05 3690 57 

40 m 29100 3.8 E+12 4.2 E+05 3474 57 

60 m 20300 1.1 E+13 4.6 E+05 3298 62 

Photodegradation      
1.7 m 56300 4.5 E+13 4.8 E+05 3803 65 
9.4 m 42600 1.9 E+13 4.7 E+05 3669 63 

12.6 m 35100 5.9 E+12 4.3 E+05 3565 58 
21.4 m 22200 2.2 E+12 4.2 E+05 3368 57 

 

The continuous lines plotted in Figure 4-134 and Figure 4-135 correspond to 

theoretical linearization using data from Table 4-37. Thus, it can be concluded that this 

approach provided a consistent fit of the experimental data. 
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In the case of the thermally degraded samples, Figure 4-145 displays plots of ln (G) + 

U*/R(Tc - T∞) versus 1/Tc·ΔT with U* calculated from the equation in Figure 4-142 and C2= 

51.6 K. 

 
Figure 4-145 Plots of ln (G) + U*/R(Tc - T∞) against 1/Tc·ΔT for thermally degraded PLA at different 

times. (U* variable and C2= 51.6 K). 
 

The results did not evidence any trend, probably due to the low number of 

experimental points. The results from the fitting of the thermal degradation data are 

displayed in Table 4-38 and Figure 4-146. 

 
Table 4-38 Parameters for thermally degraded PLA determined through the secondary 

nucleation approach (U* variable and C2= 51.6 K). 
 

Sample name 
Thermal 

degradation 
Mn Go 

(μm min-1) Kg (K2) U* 
(cal/mol) 

σe 
(erg/cm2) 

3 min 102600 1.4 E+15 5.7 E+05 4117 77 
30 min 49800 8.0 E+13 5.4 E+05 3707 74 
62 min 34200 6.1 E+13 5.2 E+05 3498 69 

120 min 18700 9.1 E+13 5.2 E+05 3152 71 
330 min 10200 5.0 E+11 4.6 E+05 2800 63 
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Figure 4-146 Experimental data and fitting to the secondary nucleation theory of G vs Tc for thermally 

degraded samples using a variable U* calculated from Figure 4-142 and C2= 51.6 K. 
 

Due to the deviation between the experimental and theoretical values, in thermal 

degradation U* could not be calculated from Figure 4-142. Alternatively, U*, Go and Kg 

were obtained by fitting Equation (4-21) and using (4-23). The values obtained from this fit 

are shown in Table 4-39, leading to satisfactory fit, as seen in Figure 4-133. 
 

Table 4-39 Parameters for thermally degraded PLA determined through the secondary nucleation 
approach fitting to Equation (4-23) 

 
Sample name 

 Mn Go 
(μm min-1) Kg (K2) U* 

(cal/mol) 
σe 

(erg/cm2) 
Pellets 126800 5.6 E+15 6.16 E+05 4200 84 

Thermal 
degradation     

3 min 102600 2.90 E+15 5.99 E+05 4064 81 
30 min 49800 2.75 E+13 5.16 E+05 3544 70 
62 min 34200 3.10 E+13 5.07 E+05 3412 69 

120 min 18700 5.82 E+15 5.82 E+05 3195 79 
330 min 10200 2.36 E+14 5.39 E+05 2723 73 

 

The value of U* decreases by about 1000 cal/mol in a Mn range from 126000 to 

25000, reflecting a favored activation for segmental transport due to the decrease in melt 

viscosity. The data of basal surface free energy (σe) were plotted against the number-

average molar mass in Figure 4-147. The value of the lowest molar masses for thermal and 

biodegradation do not fall in the decreasing tendency, probably due to the increase of 

chains end or the use of a non-appropriate       when the molar mass is very small. 
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Figure 4-147 ( ) pellets, ( ) plates, ( ) thermal degradation ( ) biodegradation and ( ) 

photodegradation using   = 202ºC for all the samples. 

 

It is well known that Tmº may decrease at lower molar mass. For the thermal degraded 

samples,  was calculated according to Mandelkern et al. [110]. This study considers that 

the  variation is related to the carbon units of the molecule of n-alkenes. In order to 

apply a similar procedure, and considering the molar mass of the polylactide repeating 

units, 72, the total carbons per repeating unit were calculated, and the results are shown in 

Table 4-40. 

 
Figure 4-148 PLA repeating unit (C3H4O2) 

 

Table 4-40 Calculus of the carbons in the molecule for 120 and 330 minutes thermally 
degraded samples. 

 

Thermally 
degraded samples 

Mv 
Mn Repetitive units 

Mn/72 

Total 
carbons: 3 C 
per repeating 

unit 

32000 18700 260 780 

17600 10300 143 429 
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The experimental data are out of range of the plot given in the reference, and thus the 

increment of ௠ܶ଴  could not be read for polylactide. Considering that in the case of n-alkenes 

with 200 carbons ௠ܶ଴  was around 125ºC and 135 ºC for 400 carbons, for samples degraded 

for 120 and 330 minutes, a correction of ௠ܶ଴ = 202ºC - 8 ºC was used for the calculation of 

σe.. Figure 4-149 shows the plot of σe versus Mn, using the new values for ௠ܶ଴ and these 

new σe values are shown in Table 4-41. 

 

 
Figure 4-149 ( ) pellets, ( ) plates, ( ) thermal Degradation ( ) biodegradation and ( ) 

photodegradation (using ௠ܶ଴  = 202 ºC -8ºC for thermally degraded samples during 120 and 330 min). 

 

 

Table 4-41 σe value for the 120 and 330 min samples taking ௠ܶ଴  = 202 ºC -8ºC 

 

Sample name Mw σe 
(erg/cm2) 

120 min 34000 48 
330 min 18700 58 

 

The results of σe do not follow a defined tendency neither in Figure 4-147 nor in 

Figure 4-149, considering the results of growth rate and the micrographs. The changes 

occurred at lower molar masses should be attributed to the increase in the chains end. 
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The values of σe decrease from about 85 to 55 erg/cm2 with decreasing molar mass 

for thermal, bio and photo degradation, permitting a favored folding of the shorter 

molecules. The change of σe with molar mass is also explained by an increasing 

crowdedness of entanglements and loops on the surface of the higher molar mass 

crystallites that make chain folding on the basal surface more impeded. The range of σe 

values obtained for pellets, plates and from exposure to soil or UV radiation, are similar to 

those reported in the literature [81,84]. Although Tsuji et al. did not report values for σe, 

the authors listed Kg values for the homopolymer and copolymers with increasing D 

content [83]. The corresponding σe value (75 erg/cm2) for a copolymer with Mn = 60000 is 

in good agreement with the experimental results obtained in the present work. 

 

Most literature works have analyzed the kinetics of the linear growth rates of PLA 

copolymers considering Regime II, with U* = 1500 cal/mol and C2 = 30 K. The present 

choice of Regime I was based on a better linearity and the fact that the actual Regime and 

expressions for the transport term are unknown. However, in order to compare the kinetics 

with other reported data, values of Kg and σe were also obtained from the linear portions of 

Figure 4-140. The values of σe obtained are 10 – 15 cal/mol higher than those listed in 

Table 4-41.  

 

The trends of σe versus molar mass for thermal degradation were very different 

respect to the other degradation processes, confirming slower rates of crystallization. In the 

case of bio and photo degraded specimens, the values of σe were closer at high molar 

masses and differ when increasing the degradation time. These results confirmed the 

different nature of the degradation mechanisms and their influence in crystallization. 
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5.1 Conclusions 

 
A complete degradation study of Polylactide (PLA) under different environments has 

been carried out. Samples of PLA have been subjected to thermal, bio and photo degradation 

at different times, with the aim to understand the effect of the different degradation agents on 

the polymer structure. A methodology was set up and successfully applied combining the use 

of several analytical techniques. Changes in molar mass were measured by Gel Permeation 

Chromatography and viscometry and the effect of degradation on the physical-chemical 

properties of the materials was assessed by using Fourier Transform Infrared Spectroscopy, 

Thermogravimetric Analysis, Scanning Electron Microscopy, Dynamic Mechanical Thermal 

Analysis, Differential Scanning Calorimetry and Optical Microscopy. The combination of the 

analytical techniques provided with selected parameters as reliable indicators useful to 

monitor the degradation process, evaluate each degradation effect on the polylactide 

characteristics and detect differences between the mechanisms. 

 

The conclusions of this thesis have been organized by first presenting the most relevant 

information provided by each technique, followed by the concluding remarks based on the 

combination of all the information. 

 

Temporal molar mass variation 
 

As expected, all the different degradation processes decreased the PLA molar mass with 

time, but at different rates. Thermal degradation at 220ºC was found to be the fastest in 

minutes scale, while in the case of long exposure (months scale) photodegradation is faster 

than biodegradation. Exposing the PLA pellets to thermal degradation during some minutes 

provides similar reductions in the molar mass as photodegradation in months and 

biodegradation in years. At equivalent degradation times, photo degraded specimens have 

about half the molar mass of soil degraded samples. 

 

The rate of molar mass decay by biodegradation follows a first order, while the decrease 

in thermal and photodegradation can be explained by second order processes. The difference 

of the kinetic order of the molar mass decay with time could be due to the fact that the 
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mechanism of hydrolysis is principally starting in the end chains of the molecules whereas for 

thermal and photo degradation the mechanism is randomly occurring in the ester groups. 

The equations modeling the trend of the molar mass with time for all the degradation 

processes are next listed: 

 

• Thermal degradation 2nd order   ଵ	ெೡ ൌ 9.99	 ൉ 10ିଷ	t ൅ ଵଵଽଶ.ଶ			 t in hours 

• Biodegradation 1st order: ln Mn= ln(73.2)-0.021·t    t in months 

• Photodegradation 2nd order ଵ		ெ೙ ൌ 1.37 ൉ 10ିଷ	t ൅ ଵ଻ଷ.ଶ  t in months 

 

These models were successfully applied in general terms to some literature results, 

confirming their broad range of application for each degradation type. Indeed an extended 

correlation of the thermal degradation law was correlated with literature data at different 

temperatures providing Arrhenius temperature dependence, T in K. 

 

• Thermal degradation ଵ	ெೡ ൌ ݁ିଵଶ.଺4൉/்ାଶଵ.ଵହ ൉ 	t ൅ ଵଵଽଶ.ଶ			t in hours 

 

The literature analysis remarked that degradation in soil is the slowest biodegradation 

processes in comparison to pure hydrolysis and composting that exhibited the fastest 

biodegradation rate. In the case of photodegradation, lower UV wavelengths of radiation 

exposure provoke a drastic acceleration of the degradation rate. 

 

Mechanisms of polylactide degradation 

 
Thermal degradation occurs via random cleavage of the ester bonds, via either 

transesterification or cis-elimination. In the case of the former, the formation of cyclic 

molecules and the consequent decrease in the OH groups could not be quantified by FTIR, 

since the concentration was below the threshold detectable. 

 

Hydrolysis is the central process in the biodegradation of PLA and the enzymatic 

activity of the microorganism can be developed after reaching a threshold at low molar 

masses. The polylactide hydrolysis can take place by random or end-chain cleavage of ester 
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groups, generating new carboxylic groups and thus increasing the OH concentration. 

According to the molar masses calculated during degradation, the percentage of molecules 

with OH groups was very low, and could not be measured by FTIR. 

 

Photodegradation of PLA follows a Norrish II mechanism, involving the random 

cleavage and the formation of carbonyl groups and vinyl end groups. An alternative 

mechanism for outdoor exposure has been recently proposed by Bocchini et al., involving the 

formation of anhydrides. Low intensity bands related to these groups were observed by FTIR 

following a linear increase with the degradation time, indicating the occurrence of the 

Bocchini mechanism, probably simultaneously with the Norrish II mechanism. 

 

Influence of the structure on the thermal decomposition 

 
Polylactide submitted to degradation followed a single thermal decomposition stage, 

and this occurs regardless of the degradation type. The onset (To ≈ 345ºC), endset (Te ≈ 

375ºC) and the peak decomposition (Tp ≈ 360ºC) temperatures can be chosen as 

representative parameters of the thermal decomposition of the degraded samples. 

 

The variation of these temperatures was not very acute but all of them exhibited a 

sinusoidal trend with degradation time. In general, the profile of all the temperatures seems to 

follow a common decreasing pattern with molar mass regardless of the degradation process, 

with temperature decreases in the ΔT ≈ 10ºC range. The minimum values are observed for To 

of photodegraded samples at small Mn. The molar decay controls the thermal stability of the 

PLA samples.  

 

The application of a kinetic analysis methodology described the influence of all types of 

degradation on the apparent activation energy of the thermal decomposition process of the 

degraded samples. A combination of five different methods was used, namely, Friedman, 

Flynn-Wall-Ozawa, Kissinger, Criado and Coats-Redfern, to determine the PLA kinetic 

triplet evolution throughout the degradation processes. The values of Ea calculated by the 

different methods follow the same trend. All the thermal degraded samples exhibit a linear 

decreasing trend for Ea with degradation time, while the variation of Ea for bio and photo is 

sinusoidal. The apparent activation energy from the (Ea) slightly decreases with decreasing 
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the molar mass and the values are ranging from 150 to 210 KJ/mol, being the results from the 

all isoconversional methods consistent. The decrease in Ea with molar presents a linear trend 

for the thermal degradation while bio and photodegradation present scattering probably due 

to the combination of processing degradation, followed by bio or photo degradation. 

 

The thermal decomposition can be described by an autocatalytic function in the case of 

samples submitted to bio and photo degradation. On the other hand, the thermal 

decomposition of thermally degraded samples is more complex and cannot be explained by 

one solely model. However, bio and photo degraded samples also reach this change in the 

mechanism at sufficient degradation times, following a chemical controlled process. This fact 

points out that the mechanism depends on the degradation state and justifies the presence of 

several models in the bibliography for the thermal decomposition of PLA. 

 

Influence of degradation on the surface of polylactide 
 

Visual changes caused by bio and photo degradation were also monitored by Scanning 

Electron Microscopy (SEM). No significant changes were observed on the surface of the 

photodegraded samples, while biodegradation promotes fast appearance of formations and 

rough surfaces. After 24 months in soil, some canals were observed on the surface of samples 

with Mn of about 45600. Such changes may enhance water access to the core of the sample 

and also the diffusion to the media of small molar masses, which can be easily bio 

assimilated.  

 

Influence of the viscoelastic behavior on the samples 
 

The viscoelastic response of all the degraded samples was monitored by the storage 

modulus (E’) and loss modulus (E’’) versus the temperature and frequency. The spectra 

showed a unique relaxation related to the glass transition, followed by an increase in the 

moduli due to the crystallization of the PLA. 

 

Photo and bio degradation promotes the increase of the stiffness in the glassy and 

crystalline regions, accompanied with an increase of the samples brittleness. Both types of 

degradation also promote changes in the depth and temperature range of the rubbery plateau, 

which is shifted to lower temperatures, indicating a faster crystallization process. 
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Crystallization is a slower process for bio than for photo degradation as the higher values of 

crystallization onset temperature show. 

 

The maximum temperature of E’’ for bio and photo degraded samples followed similar 

trends with molar mass, obeying the Fox-Flory equation and the maximum temperature 

drastically changes for Mn values below 28000. 

 

The evolution of the free volume was monitored through the thermal expansion 

coefficient, αf, which was calculated taking T∞ = Tg - 51.6ºC to enable a comparison between 

the bio and photo degraded samples. The free volume decreases at decreasing molar mass, 

and such reduction is more acute for biodegraded samples than for photodegraded ones, at 

equivalent molar masses. 

 

Thermal transitions and crystallization from the glass 
 

The thermal transitions were studied with detail by DSC. The glass transition, the 

crystallization and melting processes of the different degraded samples yielded valuable 

information regarding the different degradation processes. All the degraded samples undergo 

melting-recrystallization-melting phenomenon at low molar masses. 

 

The evolution of the crystallization temperature before erasing the thermal history 

showed differences between bio and photo degradation, in coherence with the DMTA results. 

Further analysis of the enthalpies revealed different rates of crystallization from the glass, 

depending on the degradation process. It was found that thermal degradation provokes the 

slowest rate of crystallization followed by photodegradation and biodegradation. The effect 

of the sub products of each degradation process has a marked influence on the crystallization 

phenomenon. The potential presence of cyclic molecules could account for the reduction on 

the crystallization rate in thermal degraded samples. Other potential inhibition agents of 

crystallization are intramolecular groups formed by photodegradation, such as anhydrides, 

that would act as defects in the crystalline lattice. 
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Crystallization kinetics from the melt 

 
The comparison between the effect of the thermal, biological and photodegradation on 

the isothermal crystallization from the melt of polylactide was completed with a kinetic study 

of the degraded samples, correlating the results with the molar mass reduction. Processing 

from pellets to melt-pressed plates causes an abrupt variation in the crystalline grow rate 

promoted by the decrease in molar mass, indicating significant chain excision due to thermal 

degradation. The crystallization growth rate (G) of the photo and bio degraded samples also 

increases at decreasing molar mass, according to: biodegraded > photodegraded > 

thermally degraded samples, at comparable molar masses. This can be explained by the 

formation of cyclic molecules and additional anhydride groups by thermal and 

photodegradation, respectively, acting as defects in the crystallization process. 

 

Plots of log(G) was plotted versus log(Mw) at the temperature of the maximum growth 

rate (120.5ºC) showed that the effect of the different degradation processes on G is only 

noticeable above Mw ≈103000 (Mn~80000). Approximately straight lines have been obtained 

for each degradation type, with G proportional to Mw
a, with a = -1.3, -1.1 and -1.0 for bio, 

photo and thermal degradation, respectively. At sufficient low molar masses the presence of 

chain ends or defects may modify the trend in the crystallization process. 

 

In addition, the analysis of the kinetic data according to the secondary nucleation theory 

has been performed. The temperature coefficient of the growth rate, analyzed according to 

secondary nucleation, leads to linear dependence following Regime I for both bio and photo 

degraded specimens. 

 

The values of surface free energy (σe) and segmental transport (U*) decrease with the 

molar mass of PLA submitted to thermal, bio and photo degradation. The reduction in σe 

(which occurs in general from 85 to 55 erg/cm2) is more acute for the biodegraded samples, 

followed by the photo and finally the thermal degraded samples, in accordance with the 

growth rate results. The decreasing infers an energetically favored folding in shorter PLA 

molecules. 
 
  



 
  5. Conclusions 

 

285 
 

Final remarks 

 
Several parameters have been monitored as indicators of the degradation processes of 

PLA: the molar mass decay, the chemical structure, the surface morphology, thermal 

transitions, the characteristic temperatures and enthalpies, the decomposition kinetics or 

crystallization phenomena. The combination of molar mass characterization, FTIR, SEM and 

Thermal Analysis has proved as a useful strategy to assess and discriminate macroscopic 

changes on PLA structure induced by different types of degradation. More precisely, the 

work performed during this PhD thesis has underlined the importance of the crystalline phase 

formed as an indicator of the degradation degree and as a distinctive characteristic for each 

degradation process. 

 

The main features of each degradation type are summarized as follows: 

 

• Thermal degradation. This degradation is remarkably fast in time (hours), reaching a 

90% molar mass decrease after 330 min at 220ºC, and following a 2nd order equation (kT= 

9.99 10-3 mol/kg·hour). The sub products of thermal degradation could not be detected 

properly by FTIR, and the kinetic function of the thermal decomposition is complex and 

cannot be explained by one solely model, involving chemical controlled processes. The main 

particularity of this type of degradation is that crystallization of the molecules exhibited the 

slowest rate, resulting in smaller sized spherulites respect to bio and photodegraded samples, 

at equivalent molar masses. 

 

• Biodegradation. Hydrolysis plays a central role in soil degradation, since bio 

assimilation is only feasible at molar masses (<10000). Thus, this process can be considered 

as a synergetic combination of hydrolysis of high molar mass molecules and bio assimilation 

of smaller ones. The temporal molar mass decay yields a 1st order model with time 

(exponential) having a rate constant of kB = 0.021 months-1. The acidic hydrolytic mechanism 

is considered to start at the chains ends of the molecules, accounting for the origin of the 1st 

order model. The experimental FTIR spectra do not exhibit significant changes in the 

characteristic bands of PLA for a quantitative analysis. Other important feature is that thermal 

decomposition of the degraded polylactide followed an autocatalytic model, with the 
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activation energy, Ea, ranging from 185 to 200 kJ/mol. Hydrolysis and deterioration of the 

surface permit the migration of the low molar masses and the penetration of water. This fact 

is observed after 24 months of exposure, according to SEM observation. Regarding the 

crystallization from the glass and the melt, biodegraded samples undergo the fastest 

crystallization processes, exhibiting the lowest σe. 

 

• Photodegradation. The molar mass decay due to this process follows a 2nd order 

equation (kP = 1.37 ൉ 10ିଷ	mol/kg·months), being faster than biodegradation in comparable 

time scales. Photodegraded polylactide followed an autocatalytic model, with the activation 

energy, Ea, ranging from 178 to 185 kJ/mol. FTIR confirmed the presence of anhydride 

groups, which may be affecting the crystallization from the glass and the crystallization 

kinetics from the melt of photodegraded samples. 

 

The results obtained in this thesis have established an equivalent molar mass reduction 

at different times depending on the degradation process. The synergies between the 

techniques used, and specially the characterization of the crystallization processes, have 

stated that the degradation of polylactide cannot be explained by a mere process of chain 

excision. Furthermore, the sub products of each degradation differ and influence the different 

thermal, viscoelastic and physical properties of the polylactide. 

 

All these results can be especially useful in order to select disposal management 

processes to control the residue volume. Considering radiation conditions characteristic of 

Spain, the sunlight exposition could be more effective to eliminate polylactide disposal than 

degradation in soil, avoiding the drawbacks related to thermal treatment. 
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5.2 Future Research  
 

The protocol created for the study of PLA can be applied to compare the degradation of 

several polymers or to study the synergetic effect of different degradations in one polymer. 

Furthermore, the protocol could be complemented by implementing alternative techniques. 

 

Several possible strategies to continue and broaden this research line can be focused on 

studying the synergetic effect of different degradation types, on characterizing the resulting 

chemical structure and determining the effects on morphology. 

 

More concretely: 

 

• To study the synergetic effect of photo and bio degradation in order to simulate initial 

exposure of polylactide to sunlight followed by further deposition in soil. To characterize the 

effects of both degradations on the molecule structure following the methodology protocol of 

this thesis. 

• To study the synergetic effect of thermal and photo degradation, in order to simulate 

the effect of initial recycling and further sunlight exposure after deposition. To characterize 

the effects of both degradations on the molecule structure following the methodology 

protocol of this thesis. 

• To extend the study varying different parameters, such as changing the wavelength 

range in photodegradation or increasing the temperatures in thermal degradation. 

• To quantify the extent of the cyclic molecules formed during thermal degradation at 

different temperatures. 

• To use other analytical techniques to detect further degradation products to determine 

the degradation mechanism (chromatography, MALDI-TOF, NMR…) 

• To analyze the effect of ageing on the resulting morphology and its effect on the 

structural relaxation and crystallization of PLA. 

• To extend the degradation study to other polymers. 
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Abstract 

The influence of an accelerated hygrothermal ageing simulation test on a commercial PLA and its 

three subsequent mechanically-reprocessed materials was studied. The analysis was focused on the 

water diffusion kinetics and the physico-chemical changes induced by the hygrothermal 

degradation. Water diffusion proceeded faster than chain relaxation processes, as defined by a Case 

II absorption model. It was proved that the water diffusion rate decreased with subsequent 

reprocessing cycles and increased with higher hygrothermal ageing temperatures. Hydrolytic chain 

scission provoked significant molar mass decays and consequent general losses of thermal and 

mechanical performance. The rearrangement into crystalline fractions of shorter chains provoked by 

hygrothermal ageing was qualitatively and quantitatively followed by both Fourier-Transform 

Infrared Spectroscopy and Differential Scanning Calorimetry. The microstructural changes were 

monitored by the cold-crystallization temperature, the crystallinity degree XC and the absorbance 

intensity ratio I921/I955. A Weibull model showed that the crystallites were formed faster at higher 

reprocessing cycles and at lower hygrothermal ageing temperatures. All these effects were 

particularly significant for PLA reprocessed more than one time. 
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The combustion process of virgin and reprocessed polylactide (PLA) was simulated by multi-rate linear
non-isothermal thermogravimetric experiments under O2. A complete methodology that accounted on
the thermal stability and emission of gases was thoroughly developed. A new model, Thermal Decompo-
sition Behavior, and novel parameters, the Zero-Decomposition Temperatures, were used to test the ther-
mal stability of the materials under any linear heating rate. The release of gases was monitored by
Evolved Gas Analysis with in-line FT-IR analysis. In addition, a kinetic analysis methodology that
accounted for variable activation parameters showed that the decomposition process could be driven
by the formation of bubbles in the melt. It was found that the combustion technologies for virgin PLA
could be transferred for the energetic valorization of its recyclates. Combustion was pointed out as appro-
priate for the energetic valorization of PLA submitted to more than three successive reprocessing cycles.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The research in the packaging industry within a framework of
sustainable development is focused on the use of bio-based
materials which accomplish the benefit of coming from renewable
resources, and being biodegradable once discarded, within a ra-
tional time. In this sense, polylactide (PLA) is an aliphatic polyester
that can be obtained from agricultural resources, and reintroduced
into the carbon cycle after being used. The increasing know-how in
the technology of production of PLA (Gupta and Kumar, 2007)
enhances its performance as suitable candidate for replacing
commodities at the packaging sector.

Despite the potential of PLA for being treated by biological val-
orization in composting facilities, the foreseeable high amount of
plastic waste invites to diversify and combine the available tech-
nologies of valorization. Among current procedures, material valo-
rization by mechanical recycling is widely established (Vilaplana
and Karlsson, 2008). It mainly consists in recovery, washing, dry-
ing, shredding and processing by means of extrusion or injection.
The inherent thermo–mechanical degradation may modify the
polymeric structure (Badia et al., 2009, 2011a) and consequently
affect the thermal, rheological and mechanical properties (Ström-
berg and Karlsson, 2009; Badia et al., 2012a), thus reducing the
performance rates of recycled goods.

A viable solution to manage bio-based recycled plastics waste,
when no better performance can be guaranteed, could be the
ll rights reserved.

.

application of thermally-induced valorization technologies, such
as pyrolysis and combustion (Al-Salem et al., 2009).

The application of these thermal operations must be carefully
handled by technologists during the design of energetic valoriza-
tion facilities, taking into account the knowledge of the thermal
stability and the detection of emitted gases. As well, the character-
ization of the decomposition kinetics should be considered.

Thermogravimetric analysis (TGA) is a widely used technique to
assess the thermal stability and reaction kinetics of biomass
(Barneto et al., 2010) and bio-based polymers (Carrasco et al.,
2010). On the other hand, detection techniques such as Fourier
transform-infrared spectroscopy (FT-IR) are widely used hyphen-
ated to TGA for gas detection (Materazzi and Vecchio, 2010).

The majority of current studies on the combustion behavior of
PLA are reported from the point of view of the flame retardancy
(Bourbigot and Fontaine, 2010), but not approached from the point
of view of the management of their wastes. The aim of this work
was thus to assess the behavior of mechanically-recycled polylac-
tide submitted to a combustion process, with the purpose of assur-
ing the performance of energetic valorization processes as a
contribution for further plastic waste management solutions.
2. Experimental procedure

2.1. Reprocessing simulation and sample preparation

Polylactide (PLA) 2002D is a thermo-forming grade PLA ob-
tained from NatureWorks LLC (Minnetonka, MN) in the form of
pellets. Prior to processing, virgin PLA (VPLA) pellets were dried
during 2 h at 80 �C in a dehumidifier Conair Micro-D FCO 1500/3

http://dx.doi.org/10.1016/j.biortech.2012.02.128
mailto:aribes@ter.upv.es
http://dx.doi.org/10.1016/j.biortech.2012.02.128
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech


List of abbreviations

a degree of conversion
A pre-exponential factor
AIC Advanced Isoconversional Method
b TGA heating rate
DTG first-derivative thermogravimetric curve
Ea activation energy
Eaa apparent Ea at a fixed a
EGA Evolved Gas Analysis
f(a) kinetic function
FT-IR Fourier transform-infrared spectroscopy
FWO Flynn–Wall–Ozawa
KAS Kissinger–Akahira–Sunose

MP master-plots
n order in kinetic functions f(a)
nb n averaged from experiments at different b
n0 n averaged from nb

n00 n averaged from the n obtained analytically–Eq. (4)
p power
RPLA-i reprocessed polylactide
TDB Thermal Decomposition Behavior
TG thermogravimetric curve
TGA thermogravimetric analysis
VPLA virgin polylactide
ZDT Zero-Decomposition Temperature

J.D. Badia et al. / Bioresource Technology 114 (2012) 622–628 623
(UK), in order to remove as much humidity as possible from PLA
flakes. Afterward, samples were processed by means of injection
molding with an Arburg 420 C 1000–350 (Germany) injector, sin-
gle-screw model (diameter U = 35 mm, length/U = 23). Successive
processing steps were applied under the same conditions (temper-
ature gradient set from hopper to die: 160, 170, 190, 200 and
190 �C; molds set at 15 �C; cooling time residence �40 s and total
residence time �60 s). Samples were dried before each processing
cycle. After injection, a fraction of the samples were kept as test
specimens and the rest was ground by means of a cutting mill Rets-
ch SM2000 (UK), which provide pellets of size d < 20 mm to be fed
back into the recirculation process. Up to five processing cycles
were applied to obtain the different testing specimens of repro-
cessed PLA (RPLA-i, with i: 1–5).

2.2. Thermogravimetric experiments

Multi-rate linear non-isothermal thermogravimetric experi-
ments were carried out in a Mettler–Toledo TGA/SDTA 851
(Columbus, OH). Samples weighing �5 mg were heated in an alu-
mina holder with capacity for 70 lL. Experiments were performed
from 25 to 750 �C at different heating rates (b = 2, 5, 7, 10, 12,
15 �C min�1), under constant flow of 50 mL min�1 of oxygen.
Experiments were repeated at least three times, and the averages
were considered as representative values. The assessment was per-
formed with the help of the software STARe 9.10 from Mettler–
Toledo.

Results are plotted in terms of {average, devmax, devmin}, where
devmax = max (data)�average (data), and devmin = average (da-
ta)�min (data). Tabulated errors were obtained by dividing the
standard deviation by the average of data.

2.3. Evolved Gas Analysis

Evolved Gas Analysis (EGA) was applied to fumes released by
combustion by means of coupled TGA/FT-IR. In this case, the TGA
analysis was focused on a temperature range in which the main
decomposition range of PLA occurred, from 180 to 500 �C, by
means of a heating rate of 1 �C min�1. Samples weighing �40 mg
were heated in an alumina holder with capacity for 900 lL. The
flow rate of the oxygen was set to 25 mL min�1, according to tech-
nical specifications. FT-IR gas-phase spectra were collected by a
previously calibrated Thermo Nicolet 5700 FT-IR Spectrometer
(MA, USA), from 4000 to 600 cm�1 of wavenumber, at a resolution
of 4 cm�1. Both transfer line and gas cell were kept at 250 �C to pre-
vent gas condensation. Sixteen co-added spectra were recorded
every 30 s to assure accuracy of the temperature scanning. The
Gram–Schmidt plots as well as its corresponding 3D FT-IR spectra
were analyzed with the help of software OMNIC 7.0. 2D-IR correla-
tion spectroscopy was performed by means of the software 2D
Shige (Morita, 2005).

3. Results and discussion

The potential of the use multi-rate thermogravimetric analysis,
coupled to FT-IR, to approach the behavior of PLA and its subse-
quent recyclates under a thermo-oxidative decomposition process
is discussed in detail in this section. The assessment comprises (i)
the description of the decomposition profiles; (ii) the use of a novel
model to functionalize the thermal stability at different heating
rates; (iii) the application of a thorough kinetic strategy pursued
for ascertaining the kinetics of decomposition accounting for vari-
able activation parameters and (iv) the detection of gases evolved
during the decomposition.

3.1. Description of the thermo-oxidative decomposition profiles

Fig. 1a shows the thermogravimetric curve at the heating rate
b = 5 �C min�1 of virgin and fifth reprocessed PLAs. The rest of
reprocessed materials showed intermediate profiles. As expected,
higher b led to shift the thermograms towards higher tempera-
tures, but the graphs have not been shown for the sake of clarity.
The thermo-oxidative decomposition took place through a two-
stage profile. The first mass-loss took place from 250 to 370 �C,
consuming nearly 96–98% of the material, which can be addressed
to the decomposition of the backbone. Immediately afterward, the
second step appeared from 370 to 400 �C, eliminating 4–2% of the
polymer, without presence of char, as can be seen in the inset of
Fig. 1a. As expected, lower temperatures than those used in inert
conditions (Badia et al., 2012c) were necessary under an oxidizing
environment. For further calculations, the second step under O2

was considered negligible if compared with the main decomposi-
tion and therefore the study was focused on the first mass-loss
region.

A complete description of the thermo-oxidative decomposition
of PLA recyclates is given in terms of thermal stability, decomposi-
tion kinetics, and detection of evolved gases, as the first approach
to be used in combustion facilities.

3.2. On the use of the TDB model to describe the thermal stability of
PLA under any linear heating rate

With the aim of assessing the thermal stability of PLA and its
further recyclates, the corresponding decomposition onset T0 and
endset Te temperatures were obtained by a tangential intercept
method onto the thermogravimetric curves for the whole process.



Fig. 1. (a) Mass-loss profiles of virgin PLA and PLA reprocessed five times. Inset: detail of onset and endset of decomposition. (b) Application of the TDB model to fit the
evolution of the characteristic thermogravimetric temperatures (0: onset, p: peak, e: endset), for the case of virgin PLA.

Table 1
Results of fitting T0 = f(b) to Eq. (1), along with the onset Zero-Decomposition
Temperature obtained by extrapolating Eq. (1) to b ? 0.

Material T0 Value e (%) Value e (%) Value e (%) R2 (%) ZDT0 (�C)

TDB fitting values for T0

a b k

VPLA 340.9 1.45 0.34 0.53 0.22 2.76 99.7 254.4
RPLA-1 345.4 0.63 0.35 0.34 0.19 0.10 99.3 255.8
RPLA-2 362.5 2.89 0.26 0.35 0.09 3.17 99.8 287.7
RPLA-3 337.3 0.08 0.45 1.02 0.49 0.99 99.8 232.6
RPLA-4 340.1 0.92 0.36 1.38 0.31 2.36 92.9 250.1
RPLA-5 339.2 1.12 0.40 2.03 0.26 2.07 96.5 242.3
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Likewise, the temperature at the maximum decomposition rate, i.e.
the peak temperature Tp of the differential thermogravimetric
curve was also considered for all applied heating rates b. To help
enhance the analysis of the influence of the b on the characteristic
decomposition temperatures and functionalize the thermal stabil-
ity of PLA under combustion processes, the so-called Thermal
Decomposition Behavior TDB model given in Eq. (1) was proposed.
An example of its validity1 is shown in Fig. 1b for the case of VPLA.

TDBðbÞ ¼ a � ð1þ b � e�k�bÞ�1 ð1Þ

In order to evaluate the differences in thermal stability under
combustion conditions due to reprocessing, instead of choosing
the experimental temperatures obtained at a specific b, the so-
called onset Zero-Decomposition Temperature ZDT0 was used,
since this parameter is related to the trigger of the decomposition,
and was obtained by extrapolating the TDB fitting of T0 to infinitely
low b (Badia et al., 2012c). Table 1 shows the results of the pro-
posed procedure. A sharp increase in ZDT0 of �30 �C was registered
from virgin PLA up to the second recyclate, dropping �50 �C when
passed the third recyclate. A previous study by means of Differen-
tial Scanning Calorimetry (Badia et al., 2012b) showed that the
influence of reprocessing on PLA structure formed shorter chains
up to the third recyclate. Thus the apparition of new sites liable
to O2 in the PLA structure may promote faster decomposition at
lower temperatures at high reprocessing cycles, which may need
lower temperatures to start their decompositions.
1 See results of fitting in the Supplementary material.
3.3. Studies on the kinetics of thermo-oxidative decomposition

The intrinsic kinetics of solid-state decompositions, are usually
described by a simplified reaction pathway in terms of three
parameters: apparent activation energy Ea, pre-exponential factor
A and kinetic function f(a) with reaction order n, conforming the
so-called kinetic triplet. In this section, the results of the applica-
tion of a detailed strategy are shown, according to the following
steps: (i) the application of isoconversional methods to assess the
evolution of the apparent activation energy, along with the pro-
posal of a novel model to mathematically describe this evolution;
(ii) the evaluation of the kinetic model, in terms of variable appar-
ent activation energy and reaction order; (iii) the assessment of the
variation of the pre-exponential factor, in order to complete the ki-
netic triplet. As a result, instead of a kinetic triplet comprised by
three constant parameters, this methodology provides the varia-
tion of the kinetic triplet along the decomposition process. Finally,
the differences between the decomposition of virgin PLA and its
recyclates are discussed.

3.3.1. Evolution of the apparent activation energy
A significant variation in activation energy (Eaa) along the con-

version range a (a = (m0�mt)/(m0�m1), where m was the mass and
subscripts 0, t and 1 stand for initial, actual and final, respec-
tively), was found, as shown in Fig. 2. This variation was detected
by the application of three suitable integral isoconversional meth-
ods, namely linear Flynn–Wall–Ozawa (FWO) (Flynn and Wall,
1966) (Ozawa, 1970), linear Kissinger–Akahira–Sunose (KAS) (Kis-
singer, 1957) (Akahira and Sunose, 1971), and nonlinear Advanced
Isoconversional Method (AIC) (Vyazovkin, 1997). As can be seen in
Fig. 2a, the three methods offered similar Eaa values for the assess-
ment of virgin PLA, showing a good coincidence along the decom-
position reaction, as also obtained for the rest of reprocessed
materials. Fig. 2b and c show the evolution of the Eaa averaged
from the application of the three isoconversional methods at each
a, while Table 2 gathers the averaged Ea values obtained by each
method averaged along the whole a range. The Eaa behaved
increasing from values �40–60 kJ mol�1 at low conversions a to
values �150–170 kJ mol�1 at the end of the decomposition. It
should be pointed out that the large obtained deviation values (e,
18–40%) did not permit to apply a simplified kinetic triplet (Badia
et al., 2012c) that is, with constant activation parameters, and
therefore the variation of Ea, A and n in f(a) was considered.

The physical meaning underlying the evolution of the apparent
activation energy has been a matter of profuse debate (Galwey,



Fig. 2. (a) Apparent Ea obtained for VPLA by means of FWO, KAS and AIC methods;
(b) average isoconversional activation energy of VPLA, RPLA-1 and RPLA-2 and (c)
evolution of average isoconversional activation energy for RPLA-3, RPLA-4 and
RPLA-5.

Table 2
Average activation energy along the thermo-oxidative decomposition process, as
obtained by different isoconversional methods.

Material Activation energy averaged from the a range

FWO KAS AIC

Ea
(kJ mol�1)

e (%) Ea
(kJ mol�1)

e (%) Ea
(kJ mol�1)

e (%)

VPLA 101 30.7 96 31.2 112 25.0
RPLA-1 106 19.8 102 21.5 97 23.7
RPLA-2 127 30.6 123 33.3 120 31.0
RPLA-3 114 29.8 116 28.4 103 27.3
RPLA-4 121 21.8 119 19.6 114 18.5
RPLA-5 97 27.8 92 30.4 89 39.3
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2003) (Vyazovkin, 2003). It seems reliable to understand that the
increase of Eaa is consistent with the decomposition of the residual
material which is becoming more refractory as temperature in-
creases (Vyazovkin et al., 2011). In any case, the mathematical
characterization of its evolution may help to control its kinetics.
In order to define the evolution of Eaa throughout the thermo-oxi-
dative decomposition process, a powered equation was chosen,
based on the Freundlich model (Freundlich, 1928) for growing
behaviors, according to Eq. (2):

EaðaÞ ¼ Ea�0 þ
P

i
bi � api ð2Þ

where i was the number of slopes in the curve, Ea�0 a fictive acti-
vation energy at a = 0, b a fitting parameter and p a power that ac-
counted for the shape of the curve; whether p < 1, the increase is
decelerative, and if p > 1, the increase is accelerative. Table 3 shows
the powers resulted from the fitting of Eq. (2) to the Eaa evolution
of all materials. Generally, two slopes could be considered, as de-
scribed by Eaa in Fig. 2b and c, and thus i = 1, 2 in Eq. (2). As can
be seen, virgin PLA only showed a decelerative curve, while the
recyclates started with a decelerative trend and presented a
change in tendency at advanced conversions, rapidly increasing
its Eaa in an accelerative fashion. Accordingly, it can be also ob-
served how the smaller p1 the faster initial increases and vice ver-
sa, as clearly happened from VPLA to RPLA-2; on the other hand,
the smaller p2, the brusquer changes in tendency to faster Eaa in-
creases along the reaction, as shown for RPLA-3–5. The functionali-
zing of Eaa will be useful for further analysis in which the variation
of the activation energy is considered.

3.3.2. How to obtain the kinetic model with varying Ea?
The next step in order to complete the kinetic triplet was to

achieve the mathematical model of the decomposition that should
best describe the combustion process along the valorization pro-
cess. Thus, the kinetic function f(a) was approached by the use of
reduced differential Master-Plots MPfe (Gotor et al., 2000). Eq. (3)
was thus used for determining which family of theoretical curves
MPft, namely, nucleation and growth (An), n-order reaction (Fn),
reaction-controlled (Rn) and diffusion-controlled (Dn) – see
description elsewhere (Khawan and Flanagan, 2006) – was more
suitable to describe the experimental behavior of virgin and repro-
cessed PLAs facing combustion.

Uðf ;aÞ ¼
P
b

P1
a¼0
½MPftðaÞ �MPfeðaÞ�2

� �
; Da ¼ 0:025; 8f ð3Þ

The minimization of U in Eq. (3) was achieved by the model An,
with n ranging from 2 to 4 depending on the heating rate b of the
analysis, as shown in Table 4. Fig. 3 shows the abacus of the theo-
retical differential master plots in comparison with those experi-
mental for VPLA and RPLA-1, as an example of the accuracy of
this methodology to predict the model of decomposition.

The next step consisted in determining the value of n for each
conversion degree a, which was achieved by the minimization of
n in Eq. (4), being i the counter of the h experiments carried out
at different heating rates b. This equation compared the Eaa ob-
tained by the isoconversional methods to the Ea given by the
Coats–Redfern (Coats and Redfern, 1964) method in Eq. (5), using
the mathematical expression of the kinetic model An, and took into
account the Perez-Maqueda et al. criterion (Pérez-Maqueda et al.,
2002); that is, the independence of the activation parameters on
b. Since the analysis was performed at particular a values, consid-
ering all results obtained at all b, the analysis could be considered
also isoconversional.

nðn;aÞ ¼
Ph

i
ð�RÞ � d

dt

ln bi � T�2ð�lnð1� aÞÞ
1
n

� �
T�1

0
@

1
A� Eaa

������
������ ð4Þ

Fig. 4 shows the evolution of n along the a range, which could
be assumed to be almost constant within a confidence margin low-
er than 7%, as shown by n00 in Table 3. Therefore, the suitability of



Table 3
Results of fitting of Ea and lnA to Eq. (2).

Material Activation energy/Ea Pre-exponential factor/lnA

p1 p2 R2 (%) p1 p2 R2 (%)

Value e (%) Value e (%) Value e (%) Value e (%)

VPLA 0.791 2.61 – – 99.82 0.746 2.82 – – 99.64
RPLA-1 0.591 6.39 9.352 7.81 99.85 0.672 7.99 9.467 8.30 99.80
RPLA-2 0.413 2.46 11.783 2.89 99.06 0.399 7.22 10.63 4.11 99.64
RPLA-3 0.746 6.55 5.737 8.40 99.82 0.712 7.86 5.732 8.51 99.79
RPLA-4 0.357 8.40 8.294 3.96 99.81 0.342 7.08 10.47 4.23 99.68
RPLA-5 0.807 6.93 7.545 6.10 99.79 0.775 7.65 7.377 6.52 99.69

Table 4
nb: values of n of the An model found for the thermo-oxidative decomposition of PLA
and its recyclates at different b; n0: average of nb; n00: values obtained from the
minimization method, using Eq. (4).

Material nb n0 n00

b (�C min�1)

2 5 7 10 12 15 Average e (%)

VPLA 2.0 2.5 2.5 2.5 3.0 3.0 2.58 2.65 6.2
RPLA-1 2.0 2.0 2.5 2.5 3.0 3.0 2.50 2.41 6.9
RPLA-2 2.0 2.0 2.5 2.5 2.5 3.0 2.41 2.26 6.5
RPLA-3 2.0 2.5 2.5 2.5 3.0 4.0 2.76 2.76 5.3
RPLA-4 3.0 3.0 3.0 4.0 3.5 4.0 3.40 3.49 6.8
RPLA-5 2.5 2.5 3.0 4.0 4.0 4.0 3.33 3.38 6.4

Fig. 3. Master plots based on the differential form of the general kinetic law
compared to experimental data obtained for thermo-oxidative decomposition of
VPLA (hollow circles) and RPLA-1 (full circle). Kinetic models: An (nucleation and
growth, solid black lines), Fn (n-order reactions, solid gray lines), Rn (reaction-
controlled, pointed lines), Dn (diffusion-controlled, dashed lines).
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the model An was strengthened. In addition, the possibility of using
n0 (average of nb, those are, the n individually obtained for each
material at each heating rate b) was remarked, since closer values
to those given by the analytical procedure (n00) were obtained, thus
permitting to continue the calculations with less time-consuming
computations.

3.3.3. Closing the kinetic triplet: pre-exponential factor
Finally, the evolution of the pre-exponential factor along the a

decomposition range (lnAa) was also isoconversionally obtained
from the intercept at the origin in Eq. (5), considering the data at
all heating rates b.

ln
b � ð�lnð1� aÞÞ

1
nja

T2

" #
y

¼ ln
Aa � R
Eaa

þ Eaa

R
� 1

T

� �
x

ð5Þ
Fig. 5a shows the evolution of lnAa for VPLA and RPLA-2 as
example. The rest are not presented to prevent overlapping curves.
It can be seen how lnAa was strongly connected to the behavior of
Eaa, since both presented similar profiles along the a range. There-
fore, one may suggest that the application of Eq. (2) might also be
suitable for fitting the experimental data and thus provide a math-
ematical description of lnAa evolution. The accuracy of the fitting
can be seen at Fig. 5a and assessed at Table 2. The powers p1
and p2 were of the same order than those obtained for Eaa, thus
permitting the use of the powers previously obtained for Eaa as ini-
tialization values in the iteration process of the fitting of lnAa.

Finally, the kinetic triplet was completed and the mathematical
description of the combustion process of PLA and its recyclates was
resolved. Fig. 5b shows for virgin PLA the comparison between the
experimental points of the differential thermogravimetric curve in
terms of conversion degree, and the mathematical description ob-
tained by the kinetic analysis for variable activation parameters.
Similar results were found for the rest of recyclates. The proposed
methodology thus stands out as a suitable and effective tool to
model the kinetic behavior of virgin and reprocessed PLA under
thermally-induced energetic valorizations.
3.3.4. Effects of reprocessing on the decomposition kinetics of PLA
Results concluded that virgin PLA and its recyclates followed an

An kinetic model (growth of previously formed nuclei) during their
combustion. This kind of kinetic model is scarcely reported in stud-
ies dealing with thermal decomposition processes of polymers -see
discussion elsewhere (Badia et al., 2010)-. However, the model An

indicates the presence of active zones more chemically liable to
thermo-oxidative decomposition, which activate the formation
and growth of gas bubbles in the polymer melt.

With regards to the evolution of the apparent activation energy,
as expected, the Eaa needed to trigger the decomposition under
oxidative conditions was lower than under inert conditions, i.e.
pyrolysis (Badia et al., 2012c), since the reactions were enhanced
by oxidation processes which led to the formation of radical spe-
cies such as carboxylic-ended species that accelerated the decom-
position (Bikiaris and Karayannidis, 1999) (Liu et al., 2006).
Concerning the differences in Eaa among virgin material and recyc-
lates facing the thermo-oxidative decomposition, it was assessed
in terms of the apparent activation energy at the initial stages of
combustion. For instance, selecting the Eaa at a conversion rate
of 0.2 (that is, Ea0.2), a similar profile than that shown by the onset
Zero-Decomposition Temperature ZDT0 at the studies of thermal
stability was found. An increase up to the second recyclate was
registered, which was not followed by the successive reprocessed
materials, which kept their Ea0.2 at lower values. Thus the appari-
tion of reaction sites liable to O2 in the PLA structure promoted the
decomposition with less demanded energy from the third repro-
cessing cycle on, also pointing out the feasibility of combustion
to valorize highly reprocessed polylactide.



Fig. 4. Evolution of n in the An model of thermo-oxidative decomposition of virgin PLA and its successive recyclates. The number is the average of data (n00 in Table 3).

Fig. 5. (a) lnA evolution given for VPLA and RPLA-2 as an example of the goodness of fitting of Eq. (2) to explain its behavior along the a range. Hollow symbols: obtained lnAa

values; dashed lines: computed fittings. (b) Comparison of experimental DTG curves (symbols) to compute kinetic functions (dashed lines) obtained from the kinetic
methodology.
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3.4. Evolved Gas Analysis by in-line FT-IR

Finally, to exploit the potential of TGA to simulate the thermo-
oxidative decomposition of PLA under combustion conditions, the
emission of gases was monitored by in-line FT-IR analysis. Main
detected evolved species were: carbon dioxide [2349 cm�1

tas(O@C@O)]; carbon monoxide [2174/2116 cm�1 t(C„O)]; acet-
aldehyde [2968 cm�1 t(CH3), 2740 cm�1 t(CHO), 1762 cm�1

t(C@O), 1414/1371 cm�1 d(CH3) and 1127 cm�1 t(CAO)] and ace-
tic acid [3586 cm�1 t(HAO), 1778 cm�1 t(C@O)], which may be
formed by oxidation of acetaldehyde; short-chain acids and their
dimers and trimers [3589 cm�1 t(OH), 2952 cm�1 t(CH2),
2816 cm�1 t(CH), 1778 cm�1 t(C@O), and 1164/1107 cm�1

t(CAO)] (Vogel and Siesler, 2008) and traces of lactide
[3008 cm�1 t(CH), 2952 cm�1 tas(CH3), 2893 cm�1 ts(CH3),
1796 cm�1 t(C@O), 1365 cm�1 d(CH3), 1248/1108 cm�1 t(CAOAC)
and 932 cm�1 corresponding to the ring skeletal vibration] and
water [3900–3400 cm�1 t(HAO), 1800–1300 cm�1 d(HAO)].The
gases were similar to those obtained during the pyrolysis (Badia
et al., 2012c). As main differences, carbon mono- and di-oxides
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evolved with bigger intensity, due to the combustion processes
were enhanced; the bands of acetaldehyde decreased, and those
related to acetic acid slightly increased, due to the oxidation effect
of O2; as well, lactide still appeared, but its bands were overlapped
along with those corresponding to short-chain acids and their di-
mers and trimers and thus a finer identification was complicated.
The application of 2D-correlation spectra (Noda, 1990) gave an
asynchronous spectrum, where positive cross-peaks at (2378,
1796) and (2316, 1796) and a negative cross-peak at (2116,
1796), which exposed that CO2 was evolved before the main
decomposition products with t(C@O) vibrations, while CO was re-
leased afterward.

After mechanical reprocessing, the chemical nature of polylac-
tide was essentially the same (Badia et al., 2011b), though shorter
chains can be obtained (Badia et al., 2012b), and thus no differ-
ences were found at the IR spectra of the evolved gases of repro-
cessed PLAs. The necessary facilities for detecting the emission of
evolved gases from the combustion of reprocessed PLAs could thus
be the same than those needed for virgin PLA, which may reduce
costs of investing and implementation in new technologies.

4. Conclusions

Multi-rate linear-non-isothermal thermogravimetric (TGA)
experiments under oxidative (O2) conditions, coupled to FT-IR
analysis for gas detection, were suitable to simulate the thermal
behavior of virgin and multiple-injected PLA facing combustion.
A kinetic methodology was applied accounting for the evolution
of the activation parameters along the decomposition. A powered
equation was used to explain the variations of activation energy
and pre-exponential factor along the decomposition process. A
nucleation and growth model which gave importance to the for-
mation of gas bubbles in the polymer melt was valid for all mate-
rials. Reprocessed PLA did not modify the profile of evolved gases.
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a b s t r a c t

The energetic valorization process of bio-based polymers is addressed in this study, taking polylactide
(PLA) as model. The pyrolysis of virgin and multiple-injected PLA was simulated by means of multi-rate
linear-non-isothermal thermogravimetric experiments. A complete methodology, involving control of
gases, thermal stability and thermal decomposition kinetics was proposed. The release of gases was mon-
itored by Evolved Gas Analysis of the fumes of pyrolysis, by in-line FT-IR, with the aid of 2D-correlation IR
characterization. A novel model to establish the thermal stability of PLAs under any linear heating profile
was proposed. A kinetic strategy was methodically applied to assess the thermal decomposition in terms
of activation energy and kinetic model. It was found that the pyrolysis technologies for virgin PLA could
be straightforwardly transferred for the valorization of its recyclates.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The packaging industry is a highly important economic sector
that involves big quantities of plastic materials. The current re-
search is focused on bio-based polymers which accomplish the
double benefit of coming from renewable resources, and being bio-
degradable once discarded, within a rational time. Polylactide
(PLA) was used in this study as polymer model due to its good pro-
cessability, mechanical properties, thermal stability and low envi-
ronmental impact (Gupta and Kumar, 2007), which enhance its
performance as suitable candidate for replacing commodities at
the packaging sector. However, adding another material into the
market chain will imply a new source of polymeric waste, which
will have to be managed. Despite its potential of compostability,
it would be advisable to explore the possibilities of extending its

use during service life, recovering it and obtaining an added value
from its discard. Among all recovery methods, material valoriza-
tion by mechanical recycling is widely established (Vilaplana and
Karlsson, 2008; Badia et al., 2011a), but the performance of recyc-
lates may arrive to a threshold (Strömberg and Karlsson, 2009; Ba-
dia et al., 2009, 2012), when no suitable properties can be
guaranteed. Then, a viable solution to manage recycled plastics
waste is the application of thermally-induced recovery technolo-
gies, such as pyrolysis, gasification or combustion (Al-Salem
et al., 2009). The application of these thermo-chemical operations
must be carefully tackled by technologists when designing ener-
getic valorization facilities, taking into account three basic pillars.
Firstly, healthy and environmental issues must be addressed, and
thus the management of emitted gases should be guaranteed. Pre-
vious lab-scale experiments such as Evolved Gas Analysis (EGA)
permits testing the hazard of the released fumes, as well as helps
identify the order of emitted compounds, which is related to the
thermal decomposition mechanism. Secondly, the stability of the
material under a specific heating profile should be known, in order
to delimit the temperature ranges where the efficiency of the ther-
mal process is improved. Finally, the thermal performance in terms
of decomposition kinetics should be handled, with the aim of
understanding the behavior of the polymer under the thermo-
chemical process, and thus selecting the proper operational param-
eters for the correct performance of the valorization. Thermogravi-
metric analysis (TGA) is a widely used technique to assess the
thermal stability and reaction kinetics of biomass (Barneto et al.,
2010) and bio-based polymers (Carrasco et al., 2010). As well,
detection techniques such as Fourier Transform-InfraRed Spectros-
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copy (FT-IR) can be hyphenated to TGA for the gas identification
(Materazzi and Vecchio, 2010).

The pyrolysis process of PLA is addressed in this study. Current
related studies report the impact of zeolites (Yuzay et al., 2010),
hydrolytic fillers (Liu et al., 2010) or burial in soil (Badia et al.,
2010) on PLA decomposition kinetics during pyrolysis. Concerning
the assessment of the pyrolysis of mechanically reprocessed PLA,
the literature describes the influence of several extrusion cycles
on the thermal stability ( _Zenkiewicz et al., 2009) and the effect
of one stage of extrusion, injection and annealing on the thermal
decomposition kinetics (Carrasco et al., 2010), but no studies have
been found reporting the pyrolytic process of multi-injected PLA.

Thus, the aim of this work was to define a suitable methodology
to assess the pyrolysis on mechanically reprocessed PLA in terms of
(i) emitted gases, (ii) thermal stability, and (iii) thermal decompo-
sition kinetics, as a contribution to further plastic waste manage-
ment solutions.

2. Methods

2.1. Reprocessing simulation and sample preparation

Polylactide (PLA) 2002D was a thermo-forming grade PLA ob-
tained from Natureworks LLC (Minnetonka, MN) in the form of pel-
lets. Prior to processing, virgin PLA (VPLA) pellets were dried
during 2 h at 80 �C in a dehumidifier Conair Micro-D FCO 1500/3
(UK), in order to remove as much humidity as possible from PLA
flakes. Afterwards, samples were processed by means of injection
molding by means of an Arburg 420 C 1000-350 (Germany) injec-
tor, single-screw model (diameter U = 35 mm, length/U = 23). Suc-
cessive processing steps were applied under the same conditions
(temperature gradient set from hopper to die: 160, 170, 190, 200
and 190 �C; moulds set at 15 �C; cooling time residence �40 s
and total residence time �60 s). Samples were dried before each
processing cycle. After injection, a fraction of the samples was kept
as test specimen and the rest was ground by means of a cutting
mill Retsch SM2000 (UK), which provided pellets of size lower than
20 mm to be fed back into the recirculation process. Up to five pro-
cessing cycles were applied to obtain the different testing speci-
mens of reprocessed PLA (RPLA-i, with i: 1–5).

2.2. Thermogravimetric experiments

Multi-rate linear non-isothermal thermogravimetric experi-
ments were carried out in a Mettler-Toledo TGA/SDTA 851 (Colum-
bus, OH). Samples weighing �5 mg were heated in an alumina
holder with capacity for 70 lL. Experiments were performed from
25 to 750 �C at different heating rates (b = 2, 5, 7, 10, 12,
15 �C min�1), under constant flow of 50 mL min�1 of Argon to en-
sure inert conditions. Experiments were repeated at least three
times, and the averages were considered as representative values.
Characterization was assessed with the aid of the software STARe

9.10 from Mettler-Toledo.

2.3. Evolved Gas Analysis

Evolved Gas Analysis (EGA) was applied to the fumes released
by pyrolysis by means of coupling Fourier-Transform Infrared
Analysis to the TGA (TGA/FT-IR). In this case, the TGA analysis
was focused on a temperature range in which the main decompo-
sition range of PLA occurred, from 180 to 500 �C, by means of a
heating rate of 1 �C min�1. Samples weighing �40 mg were heated
in an alumina holder with capacity for 900 lL. The flow rate of the
carrier gas was set to 25 mL min�1, according to technical specifi-
cations. FT-IR gas-phase spectra were collected by a previously cal-
ibrated Thermo Nicolet 5700 FT-IR Spectrometer (MA, USA), from

4000 to 600 cm�1 of wavenumber, at a resolution of 4 cm�1. Both
transfer line and gas cell were kept at 250 �C to prevent gas con-
densation. 16 co-added spectra were recorded every 30 s to assure
accuracy of the temperature scanning. The Gram-Schmidt plots as
well as its corresponding 3D and 2D FT-IR spectra at different con-
stant temperatures were analyzed with the help of software OM-
NIC 7.0. In addition, 2D-correlation spectroscopy was performed
by means of the software 2Dshige (Morita, 2005).

3. Results and discussion

The thermal decomposition of virgin PLA took place through a
single-step process between 250 �C and 370 �C, consuming nearly
98–99% of mass when the polymeric chains broke down to evolve
to the gaseous phase, as shown elsewhere (Badia et al., 2010). The
formation of char was thus negligible, which pointed out the suit-
ability of PLA wastes to be used in pyrolysis facilities due to the high
efficiency of conversion. The thermogravimetric curves of PLA recyc-
lates showed a similar mass-loss profile. A thorough analysis of their
suitability in terms of evolved gases, thermal stability and decompo-
sition kinetics is given hereafter in order to consider if the same
operating conditions for VPLA could be assimilated for RPLA-i.

3.1. Evolved Gases Analysis

The FT-IR analysis of the evolved gases from the thermal
decomposition of PLA showed that the main detected species were
lactide, acetaldehyde, carbon monoxide and, in traces, carbon diox-
ide, water, and acetic acid. The vibration and wavenumbers of the
corresponding functional groups are gathered in Table 1. It is
known that the thermolysis of PLA occurs through a predominant
pathway in which intramolecular hydroxyl end-initiated transe-
sterifications of PLA mainly give rise to the formation of cyclic olig-
omers of lactic acid and lactide. Simultaneously, b-elimination,
recombination of cyclic oligomers with linear polyesters through
insertion reactions, hydrolytic reactions, or other radical degrada-
tion reactions may occur, giving rise to the release of the aforemen-
tioned gaseous species (Mc Neill and Leiper, 1985;Kopinke and
Mackenzie, 1997). Accordingly, different mechanisms might take
place in the formation of each compound: acetaldehyde might
have been formed by homolytic reactions, along with CO, whereas
lactide might have been formed by transesterification and/or by
chain homolysis of PLA.

In order to offer deeper information, 2D-correlation spectros-
copy (hereafter 2D-IR) was applied. Basically, in 2D-IR, a spectrum
is obtained as a function of two independent IR wavenumbers t1

and t2, due to the application of an external perturbation, such
as temperature. These measurements provide information that
cannot be drawn from conventional one-dimensional IR spectra
(Noda, 1990). The synchronous spectra u(t1,t2) reflect the correla-
tion of simultaneously variation of spectral intensity, whereas on
the other hand the asynchronous spectra w(t1,t2) reflect the non-
comparability of spectral intensity variations, being both signals
out-of-phase. The discussion of both types of graphs is given in
terms of auto and cross-peaks. The auto-peaks (t1,t1), (t2,t2) in
synchronous spectra rely on a diagonal line and their intensities re-
flect the influence of the external perturbation on the molecular
groups of wavenumbers t1 and t2. The asynchronous spectrum
has not auto-peaks by definition. The cross-peaks (t1,t2), (t2,t1)
are located off-diagonal, and represent the synchronicity of groups
corresponding to wavenumbers t1 and t2, highlighting the strong
cooperation or interaction between their different molecular
groups. A positive cross-peak thus describes the increase or de-
crease of the intensities of both t1 and t2, while a negative cross-
peak indicates an increase in the intensity of t1 during a decrease
of t2, or vice versa. The cross-peaks in this case represent the
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sequential changes of the spectral intensities t1 and t2 due to the
asynchrony of the variations in their intensities. This characteristic
is also very useful for distinguishing between overlapped bands
that arise from different spectral variations.

The rules for determination of the sequence of spectral intensity
changes are determined according to the sign of the peaks at the
synchronous spectrum, which can be positive (u(t1,t2) > 0), or
negative (u(t1,t2) < 0).

If the sign in the synchronous spectrum is positive
(u(t1,t2) > 0), a positive cross-peak in the asynchronous spectrum
(w(t1,t2) > 0) states that the change in intensity of t1 occurs before
the change in t2, whereas a negative cross-peak in the asynchro-
nous spectrum (w(t1,t2) < 0) states that the change in intensity
of t2 occurs before the change in t1.

If the sign in the synchronous spectrum is negative
(u(t1,t2) < 0), the abovementioned rules are reversed.

Fig. 1 shows the synchronous and asynchronous spectra at dif-
ferent infrared regions, for the study of the thermal decomposition
of VPLA. Note that negative cross-peaks are grey-shadowed. In the
2400–1600 cm�1 region, the synchronous spectrum shows (Fig. 1a)
a wide positive auto-peak corresponding to the t(C@O) region,
which reflects the strong influence of the temperature on this spec-
tral vibration. In the 1600–800 cm�1 region (Fig. 1c), two positive
auto-peaks (1371,1371), (1127,1127) for acetaldehyde and a posi-
tive auto-peak (1248,1248) for lactide were detected. The asyn-
chronous spectra (Fig. 1b, d, e) completed the information, taking
into account positive and negative cross-peaks. Lactide evolved be-
fore acetaldehyde, as can be guessed from fthe positive cross-peaks
at (1248,1127)-Fig. 1d and (1795,1762)-Fig. 1e, and negative
cross-peaks at (1414,1248)-Fig. 1d and (1376,1248)-Fig. 1d. Car-
bon dioxide traces evolved before acetaldehyde and lactide, as
drawn from positive cross-peaks at (2349,1795)-Fig. 1b, and
(2349,1762)-Fig. 1b. Carbon monoxide evolved before lactide, as
shown by the negative cross-peak at (2116,1795)-Fig. 1b.
Summing up, the emission profile followed the sequence: CO,
CO2, lactide, acetaldehyde, due to different mechanisms, as intro-
duced above.

After reprocessing, the gas emission profile gave similar IR spec-
tra. Since the chemical nature of polylactide was essentially the

same (Badia et al., 2011b) when it comes to the evolved gases,
no differences were likely to be found. The necessary facilities for
controlling the emission of evolved gases from reprocessed PLAs
could thus be the same than those needed for VPLA, which may re-
duce costs of investing and implementation in new technologies.

3.2. Studies on the thermal stability

In order to assess the thermal stability of PLA and its further
recyclates, the corresponding decomposition onset T0 and endset
Te temperatures were initially obtained by a tangential intercept
method onto the thermogravimetric curves TG for the whole pro-
cess. Likewise, the temperature at the maximum decomposition
rate, i.e. the peak temperature Tp of the differential thermogravi-
metric curve DTG, which is related to the inflection temperature
of the TG curve, was also considered. Technologists may be
interested in finding the relationship between the influence of
the heating rate b and the characteristic decomposition tempera-
tures (T0,Te,Tp) to model the thermal stability behavior of bio-based
plastics in thermo-chemical processes. Despite other authors have
proposed linear relationships to describe the evolution of the ther-
mogravimetric characteristic temperatures with b (Liu et al., 2003),
Fig. 2a clearly shows for VPLA that, when considering lower b, the
linear assumption may not be operative. Therefore, other models
must be used in order to functionalize this evolution under any
b. The exponential relationship shown in Eq. (1), named thermal
decomposition behavior (TDB), where a, b and k are parameters
of the fitting, was proposed and successfully applied for this
purpose1.

TDBðbÞ ¼ a � ð1þ b � expð�k � bÞÞ�1 ð1Þ

In order to evaluate the influence of multiple reprocessing on
PLA’s thermal stability in terms of its characteristic temperatures,
instead of choosing the experimental temperatures (T0, Te, or Tp)
obtained at one specific b, which can be locally affected by both
experimental errors and misleading calculation assumptions (i.e.
the tangent slope is strongly dependent on the points chosen for
drawing), the so-called Zero-Decomposition Temperatures ZDT,
those are, the values obtained when the heating rate tends to zero
(TDB(b ? 0)) were proposed, due to the fitting of TDB smoothens
the possible variations in local temperatures. Fig. 2b shows the
evolution of the Zero-Decomposition Temperatures along the
reprocessing cycles, for onset (ZDT0), peak (ZDTp) and endset
(ZDTe). As well, the evolution of DZDT (ZDTe�ZDT0) is also depicted.

ZDT0 showed a �10 �C increase up to the third recyclate,
whereas ZDTp and ZDTe showed a small decrease. Afterwards, all
ZDTs followed the same steady trend, slightly decreasing the DZDT,
as a consequence of the diminution of thermal stability. These re-
sults are in agreement to the conclusions given in a previous study
(Badia et al., 2011b) in which a significant increase of methoxyl-
terminated linear species was found, specially up to the third
recyclate, accompanied by a decrease of initially predominant cyc-
lic species, as well as a diminution of hydroxyl/carboxyl termi-
nated linear species. Despite the chemical nature of polylactide
did not essentially change, these variations in the oligomeric distri-
bution affected to the heterogeneity of the material, weakening its
polymeric structure. Thus the increase of ZDT0 may be assigned to
the disappearance of cyclic structures, which possess latent ring
tension and need less temperature to depolymerize than the new
methoxyl-terminated linear species. When operating the pyrolysis
of reprocessed PLA, higher initial decomposition temperatures
should then be used.

The changes in thermal stability of virgin and reprocessed PLA
were governed by modifications in their thermal decomposition

Table 1
IR absorption bands of evolved gases from thermal decomposition of PLA.

Compound Wavenumber
(cm�1)

Vibrationsa

Acetaldehyde 3475 2 X t(C@O)
2968 t(CH3)
2740 t(CHO)
1762 t(C@O)
1414 + 1371 d(CH3)
1127 t(C–O)

Lactide 3008 t(CH3)
2952 tas(CH3)
2893 ts(CH3)
1795 t(C@O)
1365 d(CH3)
1248 + 1108 t(C–O–C)

Short-chain acids + their dimers and
trimers

3589 t(H–O)
2952 t(CH2)
2816 t(CH)
1778 t(C@O)
1164 + 1107 t(C–O)

CO2 2349 tas(O@C@O)

CO 2174 + 2116 t(C�O)

H2O 3900–3400 + 1800–
1300

t(H–
O) + d(H–O)

t, stretching; d, in-plane bending; s, symmetric; as, asymmetric.
a Notation on vibrations.

1 See results of fitting in the supplementary material.
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behavior. Subsequent analysis was therefore needed to establish a
suitable methodology to model their pyrolysis for full-scale ener-
getic valorization facilities.

3.3. Assessment of the thermal decomposition kinetics

The thermo-chemical transformation of solid raw materials to
diverse gaseous products is highly dependent on the kinetic rates
of the pyrolytic reactions, and thus accurate kinetic models are
needed to design the pyrolysis process in the best conditions. Mac-
roscopic solid-state kinetics is complex, since it might give infor-

mation about multiple steps taking place simultaneously. In the
attempt to develop a model for plastic thermal behavior in full-
scale systems, the main purpose is to describe the thermal decom-
position in terms of an intrinsic kinetics, without taking into ac-
count the rigorous chemistry of decomposition, thus describing
the process by means of a simplified reaction pathway, representa-
tive of a complex network of reactions. Literature indicates that
different researchers use different kinetic models and diverse ki-
netic methodologies to perform their studies. This fact often pro-
vokes confusion concerning which model is more suitable and
therefore should be used to best represent the system under study.

Fig. 1. 2D correlation spectra of VPLA under inert conditions at different wavenumber ranges. Negative cross-points are grey-shadowed.
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With the aim of shedding light on this matter, a detailed method-
ology is presented in this work.

3.3.1. Description of the kinetic triplet
The intrinsic kinetics of solid-state decompositions are usually

described by three parameters: activation energy (Ea), pre-expo-
nential factor (A/lnA) and kinetic function (f(a)), conforming the
so-called kinetic triplet. These kinetic functions mathematically
express different physical kinetic models. The relationship be-
tween the theoretical decomposition mechanisms and their math-
ematical models can be found in literature (Khawan and Flanagan,
2006). These reaction models may adopt various expressions,
based on nucleation and nuclei growth, phase boundary reactions,
diffusion or order reactions2. The kinetic analysis of non-isothermal
processes is generally performed by using a single step kinetic
equation:

da
dt
� b � da

dt
¼ A � f ðaÞ � kðTÞ ¼ A � f ðaÞ � e� Ea

R�T ; ð2Þ

where t is the time (s), T is the temperature (K), a is the conversion
degree and R is the ideal gas constant (8.31 J mol�1 K�1). For ther-
mogravimetric experiments, a = (m0�mt)/(m0�m1), where m
stands for mass (g), and subscripts 0,1 and t respond to initial, final
and actual mass values. The integration of Eq. (2), after rearranging,
leads to:

gðaÞ ¼
Z a

0

da
f ðaÞ ¼

A � Ea
b � R �

Z 1

0

e�x

x2 ¼
A � Ea
R � T � pðxÞ; x ¼ Ea

R � T ; ð3Þ

where g(a) is the inverse integral kinetic function. Under linear
heating rate program, Eq. (3) has not an exact analytical solution
to the temperature integral p(x) and therefore a vast number of
publications have performed approximated equations to approach
the best values within the lowest error margin (Pérez-Maqueda
et al., 2005). In this work, the Senum-Yang approximation shown
at Eq. (4) truncated at its fifth term was used, since it gives devia-
tions lower than 10�8% from the exact value of the temperature
integral for x > 10 (Pérez-Maqueda and Criado, 2000), which per-
mits its application in solid-state decomposition reactions, where
x is usually higher.

pðxÞ ¼ e�x

x2 �
X

n

n � ð1� nÞ
xþ 2 � ðnþ 1Þ ð4Þ

3.3.2. Assessment of the activation energy
The first step in the study of decomposition kinetics is the

assessment of the evolution of the apparent activation energy
(Eaa). It should be noted that solid-state kinetics adopted the the-
ory for reaction kinetics in homogeneous systems (i.e. gases and
liquids), and it is generally assumed that the Eaa and the pre-expo-
nential factor (A) remain constant. However, it has been proved
that these kinetic parameters may vary with the progress of the
decomposition. This variation can be detected by isoconversional
methods, which use data from different multi-linear non-isother-
mal experiments and do not take modelistic assumptions for the
analysis, main source of error of simpler model-fitting methods.
The most broadly used isoconversional methods are those integral
linear methods developed by Flynn–Wall–Ozawa (FWO) (Flynn and
Wall, 1966; Ozawa, 1970) (supported on Doyle’s integral approxi-
mation (Doyle, 1965) and Kissinger–Akahira–Sunose (KAS) (Kis-
singer, 1957; Akahira and Sunose,1971), which are represented at
Eqs. (5) and (6), respectively. These methods give rise to linear
functions from which slopes the Eaa at a fixed decomposition de-
gree a are obtained.

½logðbÞ�y ¼ log
Aa � Eaa

R � gðaÞ

� �
� 2:315� 0:457 � Eaa

R
� 1

Ta

� �
1

ð5Þ

ln
b

T2

� �� �
y

¼ ln
Aa � R

Eaa � gðaÞ

� �
� Eaa

R
� 1

Ta

� �
x

ð6Þ

The results were compared to those obtained by the non-linear
Advanced Isoconversional method (AIC) (Vyazovkin, 1997), in or-
der to test the consistency of the results. This method, which ac-
counts for variable b and systematic errors in the Eaa, is given at
Eq. (7)

X ¼
Xh

i¼1

Xh

j–i

JðEaa; TiðtaÞÞ
JðEaa; TjðtaÞÞ

�����
�����: JðEaa; TðtÞÞ ¼

Z ta

ta�Da
e�

Eaa
R�TðtÞ � dt; ð7Þ

where i and j are counters through the h experiments performed at
b,T(t) = T0 + b�t, where T0 is the initial temperature, and Da = (m�1),
with m = 40, the number of a segments chosen for integration. The
integral J(Eaa, T(t)) was numerically evaluated by the Simpson 1/3
method. The Eaa was the value that minimized X at Eq. (7) for a
particular a. This method required the tool Solver of MS Excel soft-
ware, by applying the Newton method with progressive derivatives,
setting an accuracy of 10�6 and a tolerance of 10�4. Kinetic analyses
were carried out in the conversion degree a range from 0,1 to 0,8
since the main reaction took place in this region. In order to check
the suitability of using a constant value for the activation energy,
the averages of those obtained by FWO, KAS and AIC methods are
gathered at Table 2. The average values (Eaav) lay within coincident
values among all methods, with low dispersion values. Therefore, it
was assumed that the average isoconversional energy (Eaiso = aver-

Fig. 2. Thermal stability results. (a) Fittings applied to the evolution of the
characteristic TGA temperatures for VPLA (dashed line: linear regression; solid line:
regression applied according to TDB. (b) Evolution of zero-decomposition temper-
atures along the reprocessing cycles.

2 See the expressions of the different kinetic models in the supplementary material.
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age of Eaav, given in Table 3) may be used as constant, i.e.
Eaa � Eaiso, throughout the decomposition process for the following
calculations.

The Eaiso of virgin PLA gave out a value of 152 kJ�mol�1, which
was comparable to the values reported in different studies for
PLA grades in the same order of molecular weight (Li et al., 2009;
Zhou and Xanthos,2009). After the first reprocessing step, a sharp
26.5% increase was registered up to 207 kJ�mol�1, keeping this or-
der of value within a 5% margin along the successive recyclates. In
accordance to the results found for the thermal stability, this
change can be related to the presence of more linear methoxyl- ter-
minated species in the oligomeric distribution of PLA recyclates, to
a detriment of mainly predominant cyclic species in virgin PLA (Ba-
dia et al., 2011b), which may vary the principal thermal decompo-
sition mechanisms.

3.3.3. The use of master-plots for determining the kinetic model
To achieve the mathematical decomposition model will help

design the proper pyrolysis systems, regardless the specific decom-
position pathway. Thus, the kinetic function f(a) was approached
for virgin and reprocessed PLA by the use of reduced Master-Plots
(MP) which are reference theoretical curves dependent on the ki-
netic model, but generally independent of the kinetic parameters
of the process. The comparison of the experimental with the theo-
retical master curves, i.e. MPe �MPt, allows for the selection of the
appropriate kinetic model of the process under investigation or, at
least, reducing the span of suitable kinetic models (Gotor et al.,
2000). There exist three main types of MPt, those based on the dif-
ferential form (MPf) of the generalized kinetic equation, Eq. (2);
those based on the integral form (MPg), according to Eq. (3); and
the most common one that combines both differential and integral
forms (MPfg), that are usually reduced at a = 0.5 for better visuali-
zation. The mathematical description of each curve can be found
elsewhere (Gotor et al., 2000). They are described after the intro-
duction of the so-called generalized time h, which denotes the
reaction time taken at a particular conversion degree a at infinite
temperature, defined as:

h ¼
Z t

0
e�

Ea
R�T � dt; ð8Þ

which differentiation in combination with Eq. (2), one obtains:

da
dh
¼ A � f ðaÞ ¼ da

dt
� eEa

R�T ð9Þ

Therefore, assuming A and Ea constant, due to interdependence
of kinetic parameters, and using a reference point at a = 0.5, the
theoretical MPf and MPg and the expression for their corresponding
reduced form of the experimental data can be drawn from the fol-
lowing expressions:

da
dh

da
dh j0:5

¼ f ðaÞ
f ð0:5Þ ¼ MPt � MPe ¼

da
dt � ex

da
dt j0:5 � ex0:5

ð10Þ

h
h0:5
¼ gðaÞ

gð0:5Þ ¼ MPt � MPe ¼
pðxÞ

pðx0:5Þ
ð11Þ

The advantage of using MPf and MPg is that the former clearly
disperse among different f(a) in the range a < 0.5 while the latter
disperse for a > 0.5 and therefore permits a straightforward identi-
fication. Contrarily, the use of the common MPfg tends to produce
confusion due to the coincidence of different kinetic models under
the same line. In order to select the best kinetic model, the condi-
tion of minimization of U in Eq. (12) was applied, taking into ac-
count experiments performed at all heating rates:

/ðft;gt;aÞ¼
X

b

X0:5
a¼0

½MPftðaÞ�MPfeðaÞ�2
 

þ
X1

a¼0:5

½MPgtðaÞ�MPgeðaÞ�
2

!
; Da¼0:025; 8ft ;gt ; ð12Þ

where MPft and MPgt are the theoretical differential and integral
forms of the kinetic models and MPfe and MPge the experimental
form of the reduced curves given by the right-hand part of Eqs.
(10) and (11), respectively. Fig. 3 shows as an example the compar-
ison of the experimental master curves of RPLA-2 at b = 5 �C min�1

with the differential (Fig. 3a) and integral (Fig. 3b) abaci. Similar
plots were obtained for the rest of characterized materials. Results
conclude that virgin PLA and its recyclates followed an An kinetic
model, ascribed to a model of growth of previously formed nuclei,
with n close to 1.5. This kind of kinetic model is quite common in
crystallization processes, though scarcely reported in studies deal-
ing with thermal decomposition processes of polymers, as dis-
cussed elsewhere (Badia et al., 2010), where the controversy of
the relationship between the mathematical models and the physical
mechanisms was addressed. The model An indicates the presence of
active zones more chemically liable to thermal decomposition,
which activate the formation and growth of gas bubbles in the poly-
mer melt.

3.3.4. Determination of the pre-exponential factor
In order to complete the kinetic triplet and thus obtain a full

mathematical description of the kinetics of pyrolysis, the pre-expo-
nential factor A had to be found, along with the n of the kinetic
model. Taking into account that a suitable kinetic triplet should
fulfill the Perez-Maqueda et al. criterion (Pérez-Maqueda
et al.,2002); that is, the independence of the activation parameters
Ea. A on the heating rate b, the minimization of n in Eq. (13) pro-
vided the best n for the model, and thereafter endowed with the
most accurate A, by averaging the Ab obtained from the intercept

Table 2
Ea averages (Eaav) of the thermal decompositions obtained by the isoconversional
methods (FWO: Flynn–Wall–Ozawa, KAS: Kissinger–Akahira–Sunose, AIC: Advanced
Iso-Conversional).

Material Isoconversional methods

FWO KAS AIC

Eaav(kJ mol�1) e
(%)

Eaav

(kJ mol�1)
e
(%)

Eaav

(kJ mol�1)
e
(%)

VPLA 153 6.3 151 6.9 152 7.1
RPLA-1 208 1.2 208 1.3 205 1.9
RPLA-2 202 2.9 202 3.1 198 6.0
RPLA-3 219 6.1 220 6.3 213 6.7
RPLA-4 205 4.7 207 4.9 202 5.8
RPLA-5 216 1.1 216 1.2 205 2.1

Table 3
Simplified kinetic triplet for virgin PLA and its subsequent recyclates.

Material Kinetic triplet

Model Activation energy Pre-exponential
factor

Function n Eaiso (kJ mol�1) e (%) lnA (s�1) e (%)

VPLA An 1.611 153 6.1 24.4 5.2
RPLA-1 1.354 207 2.5 34.7 2.7
RPLA-2 1.510 201 4.3 32.6 4.1
RPLA-3 1.231 217 1.5 40.1 6.1
RPLA-4 1.529 204 6.0 33.7 5.6
RPLA-5 1.346 212 3.9 35.7 4.1
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at y = 0 of Coats–Redfern (Coats and Redfern 1964) equation (Eq.
(14)) at each experiment with different heating rates b:

nðn;aÞ ¼
Xh

i

ð�RÞ � d
dt

ln bi � T�2ð� lnð1� aÞÞ
1
n

� �
T�1

0
@

1
A� Eaiso

������
������ ð13Þ

ln
b � ð� lnð1� aÞÞ

1
n

T2

" #
y

¼ ln
A � b
Eab
þ Eab

R
� 1

T

� �
x

ð14Þ

Table 3 shows the results obtained by this methodology
completing the kinetic triplet of the thermal decomposition of
virgin and reprocessed PLA. Fig. 4 shows the fulfillment of the
Perez-Maqueda criterion by virgin and all subsequent reprocessed
materials as a proof of the goodness of the fitting procedure. It is
important to notice that technologist may use the same experi-
mental settings for the pyrolysis of PLA to the rest of its recyclates,
by only smoothly adjusting three parameters, since the thermal
behavior of the materials was essentially the same after recycling.

Fig. 3. Master plots based on the differential (a) and integral (b) forms of the general kinetic law compared to experimental data obtained for thermal decomposition of RPLA-
2 (hollow circles). (Black solid lines: nucleation; grey solid lines: n-order; dashed grey lines: diffusion, pointed black lines: reaction.)

Fig. 4. Application of Perez-Maqueda et al. criterion to virgin PLA and subsequent recyclates. Symbols correspond to experiments at different heating rates (�C min�1): h-2,
j-5, D-7, N-10, s-12, d-15.
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4. Conclusions

A complete methodology in terms of gas control, thermal stabil-
ity and decomposition kinetics, was thoroughly applied.

The gas control facilities could be transferable to reprocessed
PLA.

A new model (TDB) and novel parameters (ZDT) to test the ther-
mal stability of the materials was useful.

An increase in the trigger of the thermal decomposition as well
as in the average activation energy indicated was found up to the
third recyclate.

Similar experimental settings for the pyrolysis of virgin PLA
could be applied for the valorization of reprocessed PLA with min-
imum corrections in the initial decomposition stages.
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a b s t r a c t

An accelerated soil burial test has been performed on a commercial polylactide (PLA) for simulating
non-controlled disposal. Degradation in soil promotes physical and chemical changes in polylactide
properties, which can be characterized by Thermal Analysis techniques. Physical changes occurred in
polylactide due to the degradation in soil were evaluated by correlating their calorimetric and visco-
elastic properties. It is highly remarkable that each calorimetric scan offers specific and enlightening
information. Degradation in soil affects the polylactide chains reorganization. A multimodal melting
behavior is observed for buried PLA, degradation in soil also promotes the enlarging the lamellar
thickness distribution of the population with bigger average size. Morphological changes due to
degradation in soil lead to an increase in the free volume of the polylactide chains in the amorphous
phase that highly affected the bulk properties. Thermal Analysis techniques provide reliable indicators of
the degradation stage of polylactide induced by degradation in soil, as corroborated by molecular weight
analysis.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polylactide (PLA) is an aliphatic, biodegradable, and compo-
stable polyester which can be easily processed with standard
equipment to yield articles that can be used in many applications
such as in industrial packaging, in the building area, in medical,
agriculture and textile field, etc [1e3]. Initially, polylactide products
were produced for biomedical purposes and thus their hydrolysis
processes captured the whole research attention [4,5]. Studies
performed in neutral media such as phosphate-buffered solution,
in vivo solution and water, have been extensively analyzed in order
to determine the hydrolytic degradation mechanism [6e10].
Nowadays PLA stands out as a reliable alternative to commodities
in packaging applications. This solution will therefore imply an
increase of a new source of plastic waste. Hence, to correctly
manage the PLA disposal, its biodegradability performance has
been studied in several environmental conditions, such as com-
posting, microbiological cultures, biological degradation and
disposal in soil [11e14].

Extensive work has been performed by several researchers for
understanding the degradation in soil of polymers. Former PLA
.

All rights reserved.
biodegradation studies stated that hydrolytic reactions seem to act
in the initial stage of the overall PLA biodegradation, proceeding by
chain-end scission in the PLA matrix, which eases the successive
biotic assimilation [11,15e17]. A biotic environment implies chain
scissions and the physical and chemical properties of the polymer
can be severely modified. Thus, the common characterization is
mainly carried out by means of the measurement of the molecular
weight or the weight loss changes. Ho et al. found that about 20% of
a PLA film was mineralised to CO2 after 182 days in a laboratory
respirometer charged with soil at 28 �C [18]. Calmon et al. found
that PLA films had weight losses varying from 0 to 100% after burial
in soil for 24 months depending on PLA type and location [19]; in
contrast Urayama et al. only found a decrease of a 20% in molecular
weight of PLA (100% L) plates after 20 months in soil [14]. In
addition, it has been suggested that traditional techniques as the
measurement of the weight loss changes for studying polymer
biodegradation have some limitations especially after 3 months,
because of the adhesion of soil and fungi to the polymer, which can
mask real results and thus induce misleading information
[14,20,21]. Fast, cost-effective and reliable characterization proce-
dures for testing the biodegradation effects on polymers should be
developed and implemented. Thermal Analysis techniques have
been successfully applied in our research group to monitor and
control the degradation effects on the macroscopic properties of
polymers submitted to different degradative environments since

mailto:aribes@ter.upv.es
www.sciencedirect.com/science/journal/01413910
http://www.elsevier.com/locate/polydegstab
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they offer a huge amount of parameters that can act as indicators of
the extent of degradation [22e26]. Fig. 1 summarizes the Thermal
Analysis techniques proposed for the study of the extent of
degradation on PLA: Thermogravimetry (TGA), Differential Scan-
ning Calorimetry (DSC) and Dynamic-Mechanical-Thermal Analysis
(DMTA), as well as the principal parameters selected for the study.
The first paper is focused on the DSC and DMTA study, whereas
a forthcoming second paper will report on TGA data.

The aim of this work is to simulate the degradation in the
environmental conditions that PLA is subjected during non-
controlled disposal. In this set of papers, the physical changes
occurred to polylactide properties throughout the degradation in
soil process are analyzed by Thermal Analysis, making efforts on
establishing new insights in studying the degradation in soil
process on polymers. The study is complemented with the analysis
of the evolution of the average molecular weight in number and
weight by Gel Permeation Chromatography, aiming to test the
reliability and consistency of the techniques proposed in the
assessment of degradation in soil effects on PLA.
2. Experimental section

2.1. Material and sample preparation

A commercial polylactide (PLA), obtained from renewable
resources by ring opening polymerization supplied by Natureworks
(Minnetonka, USA) was used in this study. This PLA is a commercial
resinwith 3.8%meso-lactide and with a number-averagemolecular
weight of 102.230 g/mol, as measured by Gel Permeation
Chromatography.

PLA pellets were previously dried with demoisturized air
at 80 �C during 4 h. Rectangular plates were prepared by melt
compression in a Collin PCS-GA Type Press 800 (GA, USA) at an
initial temperature of the hot plates of 195 �C and a final temper-
ature of 60 �C. Five pressure steps were performed as follows
starting with an 5 min at 6 bar, 8 min at 75 bar, 8 min at 155 bar,
4 min at 215 bar, and 11 min at 45 bar. Specimens of
145 � 10 � 2 mm were cut from the melt-pressed plates for the
degradation in soil tests. Since this work approaches the degrada-
tion in soil of non-controlled landfilling of consumer goods, which
are obtained bymeans of, at least, one processing step, “non-buried
PLA” has been considered the reference material of the study.
Fig. 1. Summary of parameters used to assess the
2.2. 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 ISO 846-1997 International Norm, method D [27].
Samples were buried in biologically active soil and kept in a Her-
aeus 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). Microbial activity of soil was monitored with
cotton along the extension of the experiment. The soil was main-
tained at approximately pH 7 and a relative humidity of 0.87 g
water/g wet soil. To ensure the oxygenation of the soil, a protocol of
periodical air oxygen supply was followed. 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.
2.3. Analytic procedures

Samples were thermally characterized by means of Differential
Scanning Calorimetry (Mettler Toledo DSC822, Columbus, OH,
USA). The calibration of the DSC was previously checked by In and
Zn standards. Three calorimetric scans were performed to each
sample at a heating/cooling rate of 10 �C/min. Samples of around
4 mg were introduced in a pierced aluminium crucible, with
capacity for 40 mL. The first heating scan, in which the thermal
history is suppressed, was performed from 0 to 200 �C; the cooling
scan went from 200 �C to 0� and the third heating scan from 0 to
200 �C. All experiments were performed under N2 dry gas as
protective gas (50 ml/min) to avoid the water condensation in the
equipment and purged with N2 (200 ml/min) in the furnace.

The mechanical and viscoelastic properties were assessed by
means of a Rheometric Scientifics Dynamic-Mechanical-Thermal
Analyser Mark IV (USA). The deformation force was set at 0.01 N.
The displacement was checked before each experiment. Experi-
ments were performed by using dual cantilever clamping in
bending mode. Specimens of 40 � 10 � 2 mmwere heated from 35
to 150 �C in iso-step mode every 2 �C in the frequency (f) range
from 0.1 to 39 Hz measuring 5 points per decade.

In order to correlate the results obtained by Thermal Analysis
with the molecular weight changes, the number and weight
average molecular weights (Mn and Mw respectively) of the
extent of degradation in soil on polylactide.
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samples were evaluated in tetrahydrofuran (THF) at 25 �C bymeans
of a GPC Agilent 1100 Series, using a PL Gel 5 mm 104 Å column,
of 300 � 7.5 mm, from Polymer Laboratories.

3. Results and discussion

The extent of biodegradation of polylactide (PLA) has been
deeply characterized bymeans of Differential Scanning Calorimetry
(DSC) and Dynamic-Mechanical-Thermal Analysis (DMTA) experi-
ments. A parallel DSC/DMTA results interpretation along the study
will thus provide specific indicators to monitor the extent of
degradation, by understanding the role of both amorphous and
crystalline fractions of PLA. Furthermore, these results have been
associated with the average molecular weight evolution in order to
validate the suitability of Thermal Analysis techniques for moni-
toring degradation in soil on PLA.

Fig. 2a and b show the calorimetric thermogram and the
mechanical relaxation spectrum of non-buried PLA, respectively. In
the Fig. 2a, the three calorimetric (heating, cooling, and second
heating) scans are plotted. From the first heating scan, the degrada-
tion in soil effect on PLAwas assessed, since it represents the current
status of the buried polymer and because the second cooling scan
does not offer information. The following transitions are observed
along the increasing temperature-axis: glass transition (between
40 �C and 75 �C), cold crystallization (between 90 �C and 140 �C) and
melting process (between140 �C and 160 �C). Fromeach calorimetric
transition, sensitive indicators were studied to evaluate degradation.
The cooling DSC scan only shows the glass transition and the second
DSC heating scan shows the glass transition, overlapped with the
structural relaxation. In the second heating scan, the PLA amorphous
phase does not crystallize at 10 �C/min.
Fig. 2. Calorimetric and viscoelastic behavior of non-buried polylactide (a) calori-
metric thermogram and (b) log (E’) and log (E’’) versus temperature.
In the Fig. 2b the storage (E’) and loss (E’’) moduli versus
temperature at the commonly used frequency of 1 Hz are plotted.
Similar curves are obtained for all the other frequencies between
0.1 and 39 Hz, but are not displayed for the sake of clarity. The
mechanical relaxation spectra show different relaxation zones
which can be assigned to the calorimetric transitions along the
increasing temperature-axis: glass/rubber transition (55e75 �C),
rubbery plateau (75e90 �C), crystallization (90e140 �C).

Fig. 3 shows the effect of degradation in soil on the first DSC
heating scan. The effect of the degradation in soil is basically
appreciate in the changes on the crystallization transition and
consequently in the melting. The degradation in soil modifies the
storage and loss moduli spectra as can be seen at Fig. 4a and b,
respectively. Taking into account that the first calorimetric ther-
mogram (first DSC scan) and the mechanical relaxation spectrum
(DMTA scan) are directly related; the discussion of the results is
focused in the three important transitions observed in the first
calorimetric thermogram and the corresponding mechanical
relaxation spectrum.

3.1. Glass transition assessment

The study of the glass transition region from the calorimetric
and the mechanical techniques enables analyzing the effect of
degradation on the amorphous molecular chains. At the first calo-
rimetric scan (Fig. 2) an endothermic phenomenon, the structural
relaxation, overlapped to the glass transition relaxation, is observed
Fig. 3. Comparative first scan of the calorimetric thermograms at different degradation
times.



Fig. 4. (a) Effect of degradation in soil on log E’ vs. temperature. (b) Effect of degra-
dation in soil of polylactide on log E’’ vs. temperature. (a. 0 days; b. 30 days; c. 150 days;
d. 300 days; e. 450 days).
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at 61 �C. In order to assess this phenomenon, the relative structural
relaxation enthalpy (DHR) is proposed as indicator. The enthalpies
were calculated by the specific area (J/g) of the consequent endo-
therm using a spline baseline. The relative structural relaxation
enthalpy (DHR) is obtained by the subtraction of the structural
relaxation enthalpy of the first scan (DHR1) to the one related
obtained in the second heating scan (DHR3). It is provided in relative
terms with regards to the non-buried sample (sample“o”) to study
the “i” times of degradation in soil DHRi ¼ (DHR1i�DHR3i)/
(DHR1o�DHR3o). Table 1 shows the changes of DHR. It can be seen
that when the soil burial test advances, there is an increasing
tendency of this indicator reaching a 70% increase at 450 days.

The glass transition temperature (Tg) is obtained from the
second heating DSC scan in which this is the only phenomenon
shown, due to the applied cooling rate does not allow crystalliza-
tion. The Tg is calculated as the temperature at the inflection point
of the phenomenon, and for non-buried PLA it is located around
56 �C.

The glass-rubber relaxation of PLA appears in DMTA as a drop of
E’ to very low values. The peak temperature (Tmax) taken from the
Table 1
Calorimetric and viscoelastic parameters related to the glass transition relaxation.

Time in
soil (days)

DSC DMTA

Tg (�C) DHR1 (J/g)eDHR3 (J/g) DHR (J/g) Tmax (�C)

0 56.5 � 1.0 4.3 � 0.1 1.0 � 0.02 60.9 � 0.5
30 56.1 � 0.8 4.7 � 0.1 1.1 � 0.02 60.9 � 0.3
150 56.7 � 1.0 5.2 � 0.2 1.2 � 0.04 62.0 � 0.7
300 55.7 � 0.7 6.0 � 0.3 1.4 � 0.07 60.7 � 0.2
450 55.9 � 0.6 7.3 � 0.3 1.7 � 0.04 60.8 � 0.7
maximum of E’’ related to the glass transition gives a value of
approx. 60 �C at the frequency of 1 Hz. As was expected, the
temperature related to the glass-rubber relaxation is higher than
the calorimetric glass transition temperature.

The values of Tg and Tmax obtained for PLA submitted to degra-
dation in soil are shown at Table 1. These parameters do not offer
significant changes with burial, because are sensitive to large-scale
morphological changes. With the aim of assessing the morpho-
logical rearrangements of PLA amorphous chains, a closer inspec-
tion has been carried out.

The calculation of the Arrhenius maps has thus been performed
(Fig. 5) in order to predict the influence of the degradation in soil on
the viscoelastic performance of PLA. As expected, the relationship
of ln (f) and T�1max can be fitted to the Vogel-Fulcher-Tamman-Hesse
(VFTH) equation (1) for obtaining the thermal expansion coefficient
[28]:

lnf ¼ A�mv,
1

Tmax � TN
(1)

where f represent the selected frequencies in Hz, Tmax in K, is the
temperature obtained at the maximum value of E00,mv¼ B/af, being
af the thermal expansion coefficient and By1, TN, is the temper-
ature at which the free volume would be zero and A is a pre-
exponential factor. The thermal expansion coefficient trend during
the degradation in soil for all samples is shown in Fig. 6. The
thermal expansion coefficient presents an increasing tendency
when degradation time becomes longer. The increase is more
noticeable from 300 days on.

Therefore, the free volume existing among the amorphous
chains is higher as the extent of degradation rises up. This may be
a direct consequence of chain cleavages in the amorphous phase,
caused by degradation in soil agents (water and microorganisms)
on the PLA matrix. Specifically in the presence of water it has been
found to proceed through two alternative mechanisms: surface or
heterogeneous, and bulky or homogeneous erosion [29]. The free
volume of the studied PLA arises with degradation in soil
strengthening the suggestion of easy molecular motions as degra-
dation in soil advances.
3.2. Cold-crystallization evaluation

When the glass transition relaxation is overcome other
phenomenon very significant presented by PLA is the cold crys-
tallization. In the first heating DSC scan, the cold crystallization is
observed in an onset (T0n) around 85 �C (Fig. 2 and Table 2), since
the chains which were constrained have the condition to freely
Fig. 5. Arrhenius Maps obtained from multi-frequency DMTA analysis.



Fig. 6. Thermal expansion coefficient vs. degradation time. Fig. 7. Crystallization and melting enthalpies vs. degradation time.
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crystallize and at around 123 �C the exothermic peak (Tc) is situ-
ated. The mechanical relaxation spectrum shows that the storage
modulus increases again after the glass transition, at a determined
temperature named onset crystallization temperature (To), around
85 �C (Fig. 4 and Table 2), which is in good agreement with the DSC
results. The endset temperature (Te) of the crystallization
phenomenon is taken as the temperature reached when the
increase in both viscoelastic modulus achieve a second plateau,
being for the non-buried sample around 125 �C. This increase in the
storage modulus indicates an increase of the rigidity of the mate-
rial. The slow heating rate enhances the crystallization process
during the DMTA measurement and the development of spheru-
lites as other authors have confirmed using Thermal Optical Anal-
ysis and X-Ray Diffraction methods [30].

Significant changes due to the degradation in soil are observed
by both techniques. The principal parameters evaluated for the
analysis of the cold crystallization are listed in Table 2. Degradation
in soil principally modifies the magnitude of the cold crystallization
exotherm (DHC), especially from 300 days of burying in soil on. The
increase of this parameter indicates the presence of more poly-
meric chains involved in the crystallization process as the degra-
dation time is higher, thus strengthening the hypothesis of
morphological changes previously drawn from the glass transition
assessment.

Changes are also observed in themechanical spectra; the rubbery
plateau is narrower as samples are more degraded, since the crys-
tallization ends at lower temperatures. These results may suggest
that the effect of degradation in soil on the amorphous regions is
forming shorter chains that easily rearrange in spherulites, since the
mobility is enhanced by the availability of more free volume.
3.3. Melting characterization

The study of the PLA melting process allows the determination
of new parameters that will reinforce the knowledge of the
Table 2
Calorimetric and viscoelastic parameters related to the cold crystallization.

Cold Crystallization

DSC DMTA

Time in soil (days) T0n (�C) Tc (�C) log E0 (Pa) To (�C) Te (�C)

0 84.9 � 1.5 123.0 � 1.0 7.9 � 0.2 85.5 � 1.0 125.3 � 1.0
30 84.3 � 1.0 119.0 � 1.3 7.8 � 0.3 85.1 � 1.0 125.4 � 1.4
150 86.6 � 1.8 125.2 � 1.6 7.9 � 0.2 85.0 � 0.8 99.5 � 1.0
300 84.3 � 1.6 123.2 � 1.1 7.8 � 0.3 85.1 � 0.9 95.6 � 0.6
450 89.9 � 1.3 119.7 � 1.2 7.7 � 0.1 85.0 � 0.7 93.6 � 1.2
degradation in soil effects on PLA morphology and thermal prop-
erties. The melting process of non-buried PLA has been analyzed by
the deconvolution of the melting endotherms that represent two
different crystalline distributions. The lowest melting temperature
peak, corresponding to the population with lower size (peak 1) is
located at 151 �C and the highest, corresponding to crystalline
conformations with larger size (peak 2), appears at 155 �C, (Tm1)
and (Tm2) respectively. Fig. 7 represents the evolution of both
melting (DHm) and cold crystallization (DHc) enthalpies along the
degradation test. It is obtained that the melting enthalpy slightly
differs from the immediately previous cold-crystallization enthalpy
regardless the time of the experiment, confirming that PLA is
initially amorphous. Higher degradation time leads to equally
increase both enthalpies: as can be seen, the initially melting
enthalpy was around 7 J/g and at 300 days it reached 18 J/g but it is
up to this time when the increase is more significant, achieving at
450 days, 30 J/g.

Nonetheless, it has been considered interesting to perform an
accurate study of the morphology of the coldly obtained crystal-
lites. Hence, from the obtained results of themelting process during
the first scan, the lamellar thickness distribution “lc” in Ǻmströngs
(1 Ǻ ¼ 10�10 m) of the newly grown crystallites was calculated by
means of Thompson equation.

lc ¼
2,se

DhNm
�
1� T

To
m

� (2)

where: T¼ observed melting temperature (K), To
m ¼ equilibrium

melting temperatureðKÞ, se ¼ free surface energyof the basalplane
ðJ m�2Þ and DhNm ¼ melting enthalpy per volume unit for a
crystalline phase ðJ m�3Þ. For PLA the values used for calculating
the lamellar thickness are, T0

m ¼ 480 K, se¼ 60.89$10�3 Jm�2, and
DhNm ¼ 111:083� 108J m�3 [31]. According to the Thompson
equation, Eder assumes that at a given temperature for a sample of
molten polymer, the rate of heat consumption is proportional to the
fraction of lamellar which thickness is lc [32]. The plot has been
done subtracting the baseline of the endotherm and normalized to
the maximum value of the enthalpy. For the non-buried material, lc
relays between 75 and 115 Ǻ. The influence of degradation in soil on
the lamellar thickness of the crystallites is shown at Fig. 8. The plots
slightly shift to higher lc values with longer degradation in soil,
showing the continuous formation of crystalline zones with higher
lamellar size. The lamellar thickness distribution is splitting into
two different shoulders. A multimodal endothermic behavior,
attributed to segregation into two main populations can be
observed. A deconvolution procedure was applied to the melting
thermograms in order to individually characterize the behavior of
each population and their contribution to the overall effect using



Fig. 8. Influence of degradation in soil on the lamellar thickness distribution of pol-
ylactide. ( ) overall endotherm, (d) 1st deconvoluted lamellar thickness distri-
bution with lower crystalline sizes and (—) 2nd deconvoluted lamellar thickness
distribution with higher crystalline sizes.

T
C

Fig. 9. Mnand Mw evolution calculated by GPC.
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a partial areas study [33]. The following expression was employed
as deconvolution.

yi ¼ y0þA$
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@ 1

1þexp
��ðx�xcþw1

2 Þ
w2
Þ
1
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0
@1� 1

1þexp
�
�ðx�xcþ

w1
2 Þ

w3

�
1
A

(3)

where yi is the normalized heat flow for each deconvoluted curve, x
are the lc values, xc is a position parameter related to maximum
value of the curve (lc max), A is an amplification parameter and w1,
w2, w3 describe the dispersion and symmetry of the curve.
able 3
alorimetric parameters related to the melting transition.

Melting parameters

Time in soil (days) Tm1 (�C) lcmax1 (Ǻ) Area1
(% Are

0 151.6 � 2.0 93.7 � 1.2 61
30 151.7 � 1.8 94.5 � 0.8 56
150 151.8 � 1.6 94.4 � 1.0 49
300 151.4 � 1.2 92.8 � 1.2 46
450 151.8 � 1.3 95.9 � 0.8 37
The curve of the normalized heat flow is expressed as y ¼ y0 þPn
i¼1 yi where y0 is the y value of the baseline of the curve and n is

the number of deconvoluted curves. Deconvoluted peak tempera-
tures, as well as the lamellar thickness at the maximum of both
populations are gathered at Table 3. As can be seen, Tm1 remains
almost constant and Tm2 slightly increases with degradation. The
integration of the individual curves have been calculated from lc =
75 to 115 Å (Fig. 8) and the values obtained are named Area1 and
Area2, corresponding to the curves with a maximum in Tm1 and Tm2

respectively. The values are expressed in % percentage respect the
total integration value (Areatotal) and are listed at Table 3, indicating
that degradation in soil promotes the growing of the lamellar
distributionwith higher crystalline sizes. These results indicate that
as a consequence of the degradation, the heterogeneity of this
material increase. Both techniques indicate that the crystallization
process as an important indicator of the samples degradation.

Summing up, the increase of the relative structural relaxation
enthalpy and the thermal expansion coefficient manifest the chain
cleavages induced by degradation in soil of PLA. The increased free
volume between the molecular chains that form the amorphous
phase allows a major mobility of the free chains. The apparition of
shorter chains is monitored by the continuous increase in the cold-
crystallization enthalpy, especially after 300 days of burying. The
raise of crystallization is confirmed by the increase of the relative
area of the melting endotherm related to the coldly-formed crys-
talline population with higher lamellar thickness.

Results provided by Thermal Analysis have been correlated with
the obtained by directly measuring the molecular weight. Fig. 9
shows the behavior of average molecular weight in number and
weight ðMn andMw; respectivelyÞ as a function of the days in soil.
A slight increase in the molecular weight after 30 days due to the
rearrangements that PLA underwent in contact with water and soil
is shown [34]. The molecular weight continuously decreases from
30 days on and it specially drops after 300 days, reaching a 50%
decrease of the initial molecular weigh of PLA at 450 days.
atotal)
Tm2 (�C) l cmax2 (Ǻ) Area2

(% Areatotal)

154.9 � 2.0 101.3 � 1.4 39
155.1 � 1.4 101.6 � 1.2 44
155.6 � 1.7 102.7 � 1.1 51
154.9 � 2.0 102.6 � 0.8 54
156.9 � 1.3 104.5 � 0.9 63
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The correlation of Thermal Analysis assessment with the
molecular weight characterization has been therefore shown to be
complementary and interesting, since the stage of degradation can
be effectively examined by both types of analysis. DSC and
DMTA techniques are very sensitive to study the molecular rear-
rangements occurring before large-scale degradation processes,
and therefore capable of explaining the morphological changes
induced during degradation in soil. Likewise, Thermal Analysis
techniques have effectively monitored the effects of burial when
the molecular weight experiences a remarkable decrease, thus
confirming the suitability of these techniques for understanding
the influence of degradation in soil on polylactide.

4. Conclusions

Polylactide was buried in active soil in order to simulate its
disposal stage following an international standard, and the changes
in their physical properties were assessed by Differential Scanning
Calorimetry and Dynamic Mechanical Thermal Analysis.

Along thedegradation insoilprocess, indicators suchastherelative
structural relaxation enthalpy and the thermal expansion coefficient
have given an idea about the free volume generated within the
amorphous matrix. Onset, endset and peak cold crystallization
temperatures and enthalpies showed the variation of the crystalline
phase, due to the liability of shorter chains to rearrange in spherulites
after cleavages inducedbydegradation in soil. Themelting behaviorof
the crystalline fraction formed, especially after 300 days of burial,
show that the lamellar thickness distribution experiences a change
towards higher sizes, coinciding with the molecular weight decrease.
These facts stress the relation between the heterogeneity acquired by
PLA after chain scissions and the notable change of properties, also
corroborated by molecular weight reduction.

The combination of both Thermal Analysis and Molecular
Weight Characterization stands out as a very interesting option for
assessing not only the macroscopic changes on PLA structure
induced by degradation in soil, but also for establishing new
insights on the morphological rearrangements involved during the
whole process.
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a b s t r a c t

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 dynamicemechanicalethermal results, presented in the Part I of
the study [1].

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the significant impact of plastic waste on the environ-
ment, 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 [2e12], 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 PLAmust be assessed, with the aim of
ensuring the completion of its life cycle.

The necessity of developing and implementing fast, cost-effec-
tive 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 appro-
priate and reliable methodologies to monitor and control the
influence of several degradation phenomena on biodegradable
.

All rights reserved.
polymers, such as hydrolysis, photo-oxidation, swelling, or degra-
dation in soil [13e15]. Chain cleavage processes induce morpho-
logical and mechanical changes, as observed by Differential
Scanning Calorimetry and Dynamical Mechanical Thermal Analysis
[1]. These morphological changes may alter the thermal decom-
position process of the bulk PLA and thus its characterizationwould
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 atmo-
sphere also contain acetaldehyde, carbonmonoxide, 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-iso-
conversional 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.

mailto:aribes@ter.upv.es
www.sciencedirect.com/science/journal/01413910
http://www.elsevier.com/locate/polydegstab
http://dx.doi.org/10.1016/j.polymdegradstab.2010.06.002
http://dx.doi.org/10.1016/j.polymdegradstab.2010.06.002
http://dx.doi.org/10.1016/j.polymdegradstab.2010.06.002
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The aim of this work is to test by thermal Analysis techniques
the thermal changes that PLA suffers through degradation in soil. 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 (a), 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 (a)
applied to polymers is given at Table 1.

Macroscopic kinetics are complex since they might give infor-
mation about multiple steps simultaneously occurring, and there-
fore induce to misleading results [23]. Some investigations have
been hence carried out in order to focus on the challenge of clari-
fying the interpretation of macroscopic kinetics; and have settled
isoconversional methods as suitable analysis procedures to eval-
uate 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 da/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-deriv-
ative thermogravimetric curve and the heating rate employed in
the experiment.
Table 1
List of common kinetic functions to explain the thermal decomposition mechanisms
in bulk polymers.

model Differential
form f (a) ¼ 1/k$da/dt

Integral form
g(a) ¼ k$t

Nucleation models
AvramieErofeyev (A2) 2,ð1� aÞ½�lnð1� aÞ�1=2 ½�lnð1� aÞ�1=2

AvramieErofeyev (A3) 3,ð1� aÞ½�lnð1� aÞ�2=3 ½�lnð1� aÞ�1=3

AvramieErofeyev (A4) 4,ð1� aÞ½�lnð1� aÞ�3=4 ½�lnð1� aÞ�1=4

Geometrical contraction models
Contracting area (R2) 2,ð1� aÞ1=2 1� ð1� aÞ1=2

Contracting volume (R3) 3,ð1� aÞ1=3 1� ð1� aÞ1=3

Reaction-order models
Zero-order (F0/R1/n ¼ 0) 1 a

First-order (F1, n ¼ 1) ð1� aÞ �lnð1� aÞ
Second-order (F2, n ¼ 2) ð1� aÞ2 1

1�a� 1
Third-order (F3, n ¼ 3) ð1� aÞ3 1=2,½ 1

ð1�aÞ2
� 1�
Regarding the kinetic function f (a) evaluation, themost 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 func-
tions 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 (a)
with the average apparent activation energy given by the Friedman,
Flynn-Wall-Ozawa and Kissinger methods Eaiso 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, Fig. 1 schematically represents the theoretical
description of these methods and the kinetic strategy followed at
this paper.

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 h. Rectangular bars were prepared by compression moulding in
a Collin PCS-GAType 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 min at 6 bar, 8 min at 75 bar,
8 min at 155 bar, 4 min at 215 bar, and 11 min at 45 bar. Test spec-
imens were presented as bars of (145�10� 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 ISO 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 micro-organisms 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 ¼ 5,
10, 15, 20, 25, 30 �C/min), under constant flow of 50 mL/min of
Argon atmosphere.



Fig. 1. Methodology applied for the characterisation of the thermal decomposition kinetics of PLA submitted to degradation in soil.

J.D. Badía et al. / Polymer Degradation and Stability 95 (2010) 2192e21992194
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
physicalechemical 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



Fig. 3. Effect of degradation in soil on the thermal stability temperatures obtained
from TGA experiments at 5 �C/min.
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derivative (DTG) curves for samples extracted at 30, 150, 300 and
450 of burying have been analyzed at different heating rates and
compared to the TG and DTG curves of the non-buried PLA. Fig. 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.

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
b employed for the thermogravimetric analysis. The mass loss was
around 98e99% in all cases. The corresponding decomposition onset
and endset temperatures (Ton, Tend) were obtained by a tangential
interceptmethod 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. Fig. 3 displays the Ton, Tend and
TP evolution along the degradation in soil process at the experiment
of lower b (5 �Cmin�1), 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 PLAmatrix. 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.

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, inwhich
heat and mass transfer limitations are not included. Generally,
kinetic models are proposed in literature for plastics and biomasses.
Fig. 2. Comparison of the conversion degree evolution and its first-derivative ther-
mogravimetric curve plot for non-degraded PLA and PLA buried during 450 days.
These models do not take into account the rigorous and exhaustive
description of the chemistry of thermal decomposition of polymers
and describe the process bymeans 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 kineticmethodology formerly proposed in Fig.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.
Fig. 4 (a, b, c) shows the application of these methods to the non-
buried PLA.

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 a 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
Eaa 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 Eaiso
value has been taken. Fig. 5 represents the Eaiso 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 Eaiso tendency is similar to the evolution described
by all the characteristic thermal stability temperatures and molec-
ular weights [1]. In a first stage, a slight increase inmolecular weight
(Mn¼ 1.02�105 gmol�1 at 0 days and1.08� 105 gmol�1 at 30 days)
strengthens the suggestion previously drawn on molecular recom-
binations 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 Eaiso, since more energy is needed to trigger
the thermal decomposition. Later on, the Eaiso continuously
decreases, which indicates a progressive weakening of the PLA
structure, related to a continuous decrease in molecular weight
(Mn ¼ 9.1 �104 g mol�1 at 150 days, 7.6 � 104 g mol�1 at 300 days,
and5�104 gmol�1 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.



Fig. 4. Kinetic methods applied to non-degraded PLA. a) Friedman method; b) Flynn-Wall-Ozawa method. c) Kissinger method. d) Criado method.
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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
(a) related at Table 1. Fig. 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�1), which are supposed to offer more accurate results
[23]. This method allows for the discrimination of themost 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 (a). Among the different methods that calculate
the Ea from a given f (a), Coats-Redfern method has been demon-
strated 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
Table 2
Apparent activation energies values obtained by the Friedman (EaF), Flynn-Wall-Ozawa

PLA_0 days PLA_30 days PLA_150 days

a EaF
(kJ mol�1)

EaFWO

(kJ mol�1)
EaK
(kJ mol�1)

EaF
(kJ mol�1)

EaFWO

(kJ mol�1)
EaK
(kJ mol�1)

EaF
(kJ mol�1)

EaFWO

(kJ m
0.2 205.5 206.0

206.7

235.7 260.9

259.7

217.7 233.0
0.3 207.6 212.4 259.8 261.3 224.3 241.7
0.4 208.0 202.5 271.8 265.9 229.1 238.9
0.5 206.1 202.7 283.9 272.0 231.6 237.4
0.6 205.4 197.0 274.8 263.9 233.9 240.3
0.7 204.1 191.8 252.7 261.7 235.7 235.7
degradation process at any time of the soil burial experiment.
As can be seen at Fig. 6, the theoretical kinetic models drawn from
the analysis to all samples perfectly fit to the thermogravimetric
experimental data.

The kinetic analysis methodology has permitted to accurately
model the thermal decomposition process along the degradation
in soil test. The kinetic 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 [36e42]. 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
(EaFWO) and Kissinger (EaK) methods.

PLA_300 days PLA_450 days

ol�1)
EaK
(kJ mol�1)

EaF
(kJ mol�1)

EaFWO

(kJ mol�1)
EaK
(kJ mol�1)

EaF
(kJ mol�1)

EaFWO

(kJ mol�1)
EaK
(kJ mol�1)

239.0

180.5 215.3

214.3

195.2 222.6

199.7

201.7 218.8 199.2 214.3
211.7 217.2 201.7 203.3
219.8 207.1 199.3 193.2
222.5 202.5 194.8 179.7
222.9 186.0 193.6 176.4



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

Fig. 6. Comparison of experimental TG curves (symbols) to fitted kinetic functions
(solid lines) obtained from the kinetic methodology.
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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 [43e46]. In this first stage, humidity may
affect the PLA structure and the effect of ingestion and coales-
cence 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 an R3 model but, due to the continuous interaction between
the polymer and the degrading environment, low molecular
Table 3
Results of kinetic methodology. Evolution of kinetic triplet of PLA thermal decompositio

PLA degradation in soil

Burial in soil Criado analysis Coats-Redfern analysis

Time (days) f (a) scope reduction Ea (kJ mol�1) lnA (s�1) R2

0 n ¼ 1 378.7 67.4 0.9
A2 205.1 46.1 0.9
R2 318.9 55.0 0.9
R3 337.7 58.3 0.9

30 n ¼ 1 300.3 50.3 0.9
A2 161.1 37.4 0.9
R2 244.9 40.6 0.9
R3 259.3 43.0 0.9

150 n ¼ 1 240.4 40.2 0.9
A2 135.7 32.2 0.9
R2 224.7 36.3 0.9
R3 229.8 36.9 0.9

300 n ¼ 1 253.9 43.5 0.9
A2 142.4 33.6 0.9
R2 227.0 36.9 0.9
R3 214.6 34.8 0.9

450 n ¼ 1 354.7 62.1 0.9
A2 193.2 43.1 0.9
weight compounds might be released. Hence, the characteristic
temperatures and the Eaiso 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.
n throughout the degradation in soil process.

Isoconversional analysis Kinetic triplet
Decomposition mechanism

Average Ea (kJ mol�1) f (a) Ea (kJ mol�1) lnA (s�1)

98 205.0 A2 205.0 46.1
99 Nucleation
97
98
98 262.4 R3 262.4 43.0
95 Reaction

Contracting volume98
99
56 232.5 R3 232.5 36.9
49 Reaction

Contracting volume69
75
85 210.7 R3 210.7 34.8

Reaction
Contracting volume

87
93
96
97 198.4 A2 198.4 43.1
97 Nucleation
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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 exper-
iments 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 PLA
degraded in soil 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 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 this case the difference between both stages more
noticeable. The correlation of these parameters to the evolution
observed for the molecular weight strengthens the usefulness of
thermogravimetry as a means for monitoring the influence of
degradation on polymers.

A kinetic analysis methodology, consisting in the combination of
five different methods (namely Friedman, Flynn-Wall-Ozawa, Kis-
singer, Criado and Coats-Redfern) has been successfully applied and
has allowed the determination of the PLA kinetic triplet evolution
throughout the degradation in soil process. The PLA thermal
decompositionmechanism is influenced, since it can be described by
two competitive different decompositionmodels: on the one hand, a
Nucleation model (A2), which gives importance to specific decom-
position 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 decom-
position model at each degradation stage has permitted to interpret
from a macroscopic point of view the degradation in soil conse-
quences on PLA bulk morphology.
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A Thermogravimetric Approach to Study the

Influence of a Biodegradation in Soil Test to

a Poly(lactic acid)

J. D. Badı́a, 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.
Keywords: activation energy; biodegradation in soil; kinetics (polim.); poly(lactic acid);

thermogravimetry analysis (TGA)
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.[1] 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.[2] 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.[6–8] 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)þC(g), the decomposition rate for
, Weinheim
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A(s) can be defined as follows:

da

dt
¼ kðTÞ � f ðaÞ (1)

where a is the conversion degree of A(s) at

time t (further defined for thermogravi-

metric analyses); f(a) is a temperature-

independent function of conversion (kinetic

model); and k(T) is a temperature-dependent

function assumed as an Arrhenius equa-

tion:

kðTÞ ¼ A � exp �Ea
R � T

� �
(2)

where A is the frequency factor (also called

pre-exponential factor); R is the ideal gases

constant (8.31 J �mol�1 �K�1); T is the

temperature; and Ea is the activation

energy of the equation. Substituting the

Arrhenius equation into Equation (1), we

obtain:

da

dt
¼ A � exp �Ea

R � T

� �
� f ðaÞ (3)

If the temperature of a sample varies as a

function of a controlled and constant value

of heating rate b (b¼ dT/dt), the decom-

position rate can be expressed as a function

of the temperature:

da

dT
¼ A

b
� exp �Ea

R � T

� �
� f ðaÞ (4)

Separating variables, rearranging and

integrating Equation (4), we obtain:

gðaÞ ¼
Zaf
a0

da

f ðaÞ

¼ A

b
�
ZTf

T0

exp
�Ea
R � T

� �
� dT (5)

For thermogravimetric experiments, the

conversion degree is defined as:

a ¼ m0 �m

m0 �mf
(6)

where m is the mass of the sample at time t;

and 0 and f represent the initial and final

times, respectively.

In this article, several fitting methods

have been employed, which are described
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
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[9]

Assuming f(a)¼ (1–a)n, being n the reac-

tion order into Equation (3), rearranging

and taking logarithms, Chang proposed the

following differential model:

ln
da
dt

ð1� aÞn
� �

¼ lnA� Ea

R�T (7)

Broido Method[10]

This method is valid for n¼ 1 and employs

the following model:

ln ln
1

1� a

� �� �

¼ �Ea
R�T þ ln

R�C
Ea � b � T

2
m

� �
(8)

where C is an integration constant and Tm
the temperature of the maximum reaction

velocity.

Coats-Redfern Method[11]

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,[12] and taking

natural logarithms, the model adopts the

following form:

ln
gðaÞ
T2
¼ ln

A�R
b�Ea

� �
� Ea

R�T (9)

Criado Method[13]

By combining Equation (3) and (9) without

logarithms, Criado described the obtaining

of reduced master curves of the type:

zðaÞ
zð0:5Þ ¼

f ðaÞ�gðaÞ
f ð0:5Þ�gð0:5Þ

¼ T

T0:5

� �2

�
da=dt

� �
da=dt

� �
0:5

(10)

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
, Weinheim www.ms-journal.de
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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
Figure 1.

TG (a) and DTG (b) curves of PLA thermal degradation.

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
Heraeus 12 at 28� 0.58C during 450 days

following the DIN 53739 standard.[14]

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 8C at a heating rate of 20 8C/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
, Weinheim www.ms-journal.de
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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 (Tonset) and endset (Tendset), as well

as the temperature range between Tonset

and Tendset (DTdeg), 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 Tonset evolu-

tion presents a slight overall decrease.

Regarding the Tendset tendency, an approx.

8 8C 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.[15] 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.[15] The

characterization of the thermal decomposi-

tion mechanism is hence complicated, due

to the relative action of all the competitive

reactions above mentioned.
Table 1.
Thermal stability parameter of PLA submitted to soil b

Burial in soil time (days) Tonset (8C)

0 360,4
30 358,0
150 356,4
300 356,4
450 358,9

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
Nonetheless, it is generally possible to

mathematically study the overall decom-

position process kinetics from the TG-DTG

data of polymers [16]. 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, Tpeak) is 0.6, all

kinetic measurements have been per-

formed in the interval a e (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)¼ (1–a)n 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 n¼ 1 or n¼ 1.5 to

describe the thermodegradation mechan-

ism at each degradation time studied, the

kinetic methods developed by Broido (for

n¼ 1) and Chang (for n¼ 1 and n¼ 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.[16–18] Table 2 lists the Ea

values obtained by all methods and reaction
urial test.

Tendset (8C) Tpeak (8C) DTdeg (8C)

415,0 373,6 54,5
412,9 373,2 54,8
411,0 374,5 54,6

407,8 373,8 51,4
407,8 373,6 48,4

, Weinheim www.ms-journal.de



Figure 2.

Comparison of the experimental data of virgin (X) and 450 days (^) buried PLA with the theoretical master

curves.
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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

n¼ 1 and n¼ 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.[16] 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.
Activation energies obtained by the Broido, Chang and
times analyzed.

Burial in soil
time (days)

n¼ 1

Ea (Broido)
(kJ/mol)

Ea (Chang)
(kJ/mol)

Ea (Co

0 387 315
30 379 352
150 313 236
300 311 275
450 336 241

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
Ea calculated by Coats-Redfern method. It

could be hence solved that to approach the

reaction order to n¼ 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,[3] the Ea

evolution evidences a behaviour by stages,

with an underlying overall 20% decrease.
Coats-Redfern methods for PLA at all exposure in soil

n¼ 1.5

ats-Redfern)
(kJ/mol)

Ea (Chang)
(kJ/mol)

Ea (Coats-Redfern)
(kJ/mol)

324 318 344
317 332 337
262 239 278
266 284 281
279 244 295

, Weinheim www.ms-journal.de



Figure 3.

Ea evolution shown by the different kinetic methodologies (Coats-Redfern: –; Broido: -^-; Chang with n¼ 1: *,

and with n¼ 1.5: *).

Macromol. Symp. 2008, 272, 93–9998
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)¼ (1–a)n 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.

Acknowledgements: The authors would like to
acknowledge the Ministerio de Educación y
Ciencia (Spanish Government) and the Eur-
opean Regional Development Fund for the
economical support through the Project
CTM2004-04977/TECNO and for the concession
of the pre-doctoral grants through the pro-
grammes FPI and FPU.

[1] H. Tsuji, Polylactides, Biopolymers. in: Polyesteres

III. Applications and Commercial Products, Y. S. Doi, A.,

Eds., Wiley-VCH, Weinheim 2002, p. 129–177.
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
[2] N. H. Naitove, Plast. Tech. 1998, 44, 13.

[3] L. Santonja-Blasco, et al. Thermal characterization

of polyethylene blends with a biodegradable master-

bach subjected to thermo-oxidative treatment and

subsequent soil burial test. Journal of Applied Polymer

Science, 2007, Pendent of publication.

[4] L. Contat-Rodrigo, A. Ribes-Greus, Thermal and

Viscoelastic Properties of some commercial Starch

products. Journal of Applied Polymer Science 2003,

88, 1242–1251.

[5] L. Contat-Rodrigo, A. Ribes-Greus, Biodegradation

Studies of LDPE Filled with Biodegradable Additives:

Morphological Changes. I. Journal of Applied Polymer

Science 2002, 83, 1683–1691.

[6] F. Vilaplana, A. Ribes-Greus, S. Karlsson, Degra-

dation of recycled high-impact polystyrene. Simula-

tion by reprocessing and thermo-oxidation. Polymer

Degradation and Stability 2006, 91(9), 2163–2170.

[7] F. Vilaplana, A. Ribes-Greus, S. Karlsson, Analytical

strategies for the quality assessment of recycled high-

impact polystyrene: A combination of thermal

analysis, vibrational spectroscopy, and chromato-

graphy. Analytical Chimica Acta, Available online 27

April 2007, In Press, Corrected Proof.

[8] L. Contat-Rodrigo, A. Ribes-Greus, C. T. Imrie,

Thermal Analysis of High-Density Polyethylene and

Low-Density Polyethylene with Enhanced Bio-

degradability. Journal of Applied Polymer Science

2002, 86, 764–772.

[9] W. L. Chang, J. of Apply. Polym. Sci. 1994, 53, 1759.

[10] A. Broido, A simple, sensitive graphical method of

treating thermogravimetric analysis data. Journal of Poly-

mer Science Part A-2: Polymer Physics 1969, 7(10), 1761–1773.

[11] A. Coats, A. Redfern, Nature 1964, 68(201), 4914.

[12] C. D. Doyle, Nature 1965, 207, 290.

[13] J. M. Criado, Kinetic Analysis of DTG data from

master curves. Thermochimica Acta 1978, 24, 186–189.
, Weinheim www.ms-journal.de



Macromol. Symp. 2008, 272, 93–99 99
[14] DIN 53739. Testing of Plastics. Influence of fungi

and bacteria. Visual Evaluation. Change in Mass and

Physical Properties. 1984.

[15] F. D. Kopinke,, et al. Thermal decomposition of

biodegradable polyesters–II. Poly(lactic acid). Polymer

Degradation and Stability 1996, 53(3), 329–342.

[16] M. Brown, Introduction to Thermal Analysis. Second

Edition. Techniques and Applicattions, Kluwer Aca-

demic Publishers, Secaucus, NJ, USA 2001.
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
[17] X. C. Ramis, A. Salla, J. M. Morancho, A. Vallés, L.

Contat, A. Ribes, Thermal Degradation of Polypropylene/

starch-based materials with enhanced biodegradability.

Polymer Degradation & Stability 2004, 86, 483–491.

[18] B. Z. Liu, X. Wang, F. Wang, Thermal Degradation

Kinetics of Poly(propylene carbonate) Obtained from

the Copolymerization of Carbon Dioxide and Propy-

lene Oxide. J. of Apply. Polym. Sci. 2003, 90, 947–

953.
, Weinheim www.ms-journal.de



 



Thermal Characterisation of Photo-Oxidized
HDPE/Mater-BI and LDPE/Mater-BI Blends
Buried in Soil
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ABSTRACT: Blends of high and low density polyethylene
with a commercial biodegradable material (Mater-Bi) were
subjected to an accelerated soil burial test. A set of samples
was previously photo-oxidized to evaluate the effects of
UV-irradiation on the degradation in soil process of these
blends. Thermogravimetric as well as calorimetric analysis
were performed to study the biodegradation, photo-degra-
dation and their synergetic effects. Differential scanning cal-
orimetry was carried out to analyze the morphological
changes as a consequence of the photo-oxidation process.
UV-irradiation slightly modifies the crystalline content of
HDPE/Mater-Bi blends, increasing the heterogeneity of this
blend. Criado master curves were plotted to analyses the
degradation kinetic model. Broido and Coats-Redfern meth-

ods have been used for calculating the Ea of the thermal
decomposition mechanisms. Thermogravimetric results
reveal that noncomplexed starch is more affected by biode-
gradation than the polyethylene matrix and the starch/
EVOH complexes chains from Mater-Bi. However, the effects
of both photo-oxidation and biodegradation processes on
the thermal decomposition of Mater-Bi is influenced by the
polymeric matrix used. Previous photo-oxidation finds to
slow down the degradative effects caused by the soil bur-
ial test on the HDPE/Mater-Bi blends. � 2008 Wiley Periodi-
cals, Inc. J Appl Polym Sci 109: 1177–1188, 2008

Key words: thermogravimetric analysis; polyethylene;
Mater-Bi; biodegradation; photo-oxidation

INTRODUCTION

The increasing problems posed by plastics waste
management have stimulated the interest in develop-
ing different strategies to find out a solution to this
environmental problem.1–3 Among them, many
efforts have been made these last years in promoting
the development of degradable materials that could
replace conventional synthetic polymers.4–13 Although
the contribution of such biodegradable polymers to
the reduction of plastics waste is obvious, nowadays
these materials still cannot compete from an eco-
nomical point of view with conventional polymers.

A viable solution, already employed by producers,
is to combine the different features and benefits of
both synthetic and biodegradable materials to pro-
duce blends fulfilling the requirements of both good
cost-performance ratio as well as being environmen-
tally-friendly. This is the case of polyolefins that are
still considered as one of the most important plastic
materials due to their good mechanical properties

and low cost but as it is well-known, they are resist-
ant to microbial attack. Thus, blends of polyolefins
with other commercial biodegradable polymers con-
tain parts that may enhance their sensitivity to degra-
dation. To assess the potential applications of these
blends, their characterization, as well as the study of
their degradation process must be performed. As
it has already been shown in previous works.14–17

Thermal Analysis can provide useful information
about the irreversible changes in the properties of
polymers caused by degradation in soil of polymeric
materials.

In this study, blends of high and low density poly-
ethylene with a commercial biodegradable material
containing thermoplastic starch and ethylene vinyl
alcohol were analyzed. Such blends were exposed to
a soil burial test to study their degradation and to
investigate the influence of the polyolefinic matrix.
Some of these blends were subjected to photo-oxida-
tion before the soil burial test to evaluate the effects
of UV-irradiation on this biodegradation process.
Thermogravimetric and calorimetric methods were
used for this purpose, since they provide qualitative
and quantitative information about the degradation
processes of these materials. Biodegradation exhibits
a complex mechanism, so that the interaction of dif-
ferent oxidative processes may produce a synergetic
effect that may modify the biodegradation rate.

Correspondence to: Ribes-Greus (aribes@ter.upv.es).
Contract grant sponsor: Ministerio de Educación y Cien-

cia of Spain; contract grant number: CTM2004-04977/
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EXPERIMENTAL

Materials

Low-density polyethylene (LDPE 710) and high-den-
sity polyethylene (HDPE 10062) from Dow Chemical
(Spain) were used as polymeric matrices. These
polyolefins were blended with a commercial biode-
gradable material, Mater-Bi AF05H, supplied by
Novamont North America (USA). This starch-based
material contains about 60% of maize starch and
natural additives, and 40% of [40/60 (mol/mol)]
ethylene-vinyl alcohol copolymer (EVOH).18

Samples preparation

Homogeneous blends of 50/50 wt % of the corre-
sponding polyethylene (LDPE 710 or HDPE 10062)
and Mater-Bi AF05H were prepared from the molten
state in a Brabender Plasti-Corder PL 2100 rheome-
ter. The HDPE/Mater-Bi blends were processed at
1708C and the LDPE/Mater-Bi blends at 1508C. The
processing time was 7 min for all the blends.

The samples for the burial test were prepared
from the blends by compression molding with a Car-
ver M press. The compression program consisted on
decreasing temperature steps from 160 to 1008C for
the LDPE 710/Mater-Bi blends, and from 125 to
908C for the HDPE 10062/Mater-Bi blends. When
the blends reached the final temperature a pressure
step of 14 atm was applied. The resulting sheets
were then submerged into cool water. Pure HDPE
and LDPE samples were used as references. Finally
all the samples were cut into rectangular bars with
dimensions 68 3 12 3 1.8 mm3.

Photo-oxidation test

A set of samples was subjected to an accelerated
photo-oxidation test before the soil burial test. Pure
and blended samples were irradiated in an Atlas
XLS1 Suntest with UV-radiation. Samples were
exposed to a total radiation of 138,000 kJ/m2 during
98.7 h, while they were submerged in water at 388C,
continuously pumped around in close circuit.

Soil burial test

According to the DIN 53739 international Norm,19

samples were buried in active soil contained in plas-
tic rectangular boxes. The soil burial test was carried
out during 6 months, periodically controlling the hu-
midity, pH and temperature of the soil. Samples
were taking out after different periods of time:
20 days, 2 months, 4 months, and 6 months. Pure
samples were only removed at the end of the test.
Once removed, samples were washed with a soap
solution to stop the degradation process.

TGA measurements

Thermogravimetric measurements were performed
using a Mettler Toledo TGA/SDTA 851 analyzer.
Dynamic measurements were carried out from 25 to
6008C, at a heating rate of 108C/min under Argon
atmosphere with a flow rate of 200 mL/min. The ini-
tial sample mass was between 10 and 12 mg.

Differential scanning calorimetry measurements

The DSC measurements were carried out in a Per-
kin–Elmer DSC-4 Calorimeter (Norwalk, CT), previ-
ously calibrated with indium standard. Samples of
6–7 mg were placed in standard aluminum pans that
were sealed, pierced and scanned from 0 to 2008C,
at a heating rate of 108C/min under nitrogen atmos-
phere. Measurements were repeated to limit errors
to 6 0.018C for the melting temperature and 6 0.05%
for the crystalline content.

RESULTS AND DISCUSSION

Samples have been initially characterized by ther-
mogravimetric analysis. Figures 1 and 2 show the
differential thermogravimetric curves of pure HDPE
and LDPE, respectively. The thermograms of both
pure polyethylenes display a single weight-loss
zone, centered at 486.78C for HDPE and 483.58C for
LDPE.

As it has been previously mentioned, Mater-Bi
AF05H is a starch-based material that contains
starch and poly(ethylene-vinyl alcohol) copolymers
(EVOH). This material is a blend with complex inter-
actions between its components.18 Because of the

Figure 1 Differential thermogravimetric curves of pure
HDPE, pure Mater-Bi AF05H, HDPE/Mater-Bi blend, and
the photo-oxidized HDPE/Mater-Bi blend.
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reported hydrophobic and hydrophilic interactions
within starch, ethylene, and vinyl alcohol,11,18 the
differential thermogravimetric curve of this pure
Mater-Bi displays multiple degradation zones (Figs. 1
and 2).

The first weight-loss region appears around 1558C
and displays a mass loss of 4.6%. Such region can be
attributed to the loss of low molecular weight mole-
cules, like water absorbed by the starch or other
compounds included in the Mater-Bi formula-
tion.4,10,20

The second weight-loss zone appears around 260–
3608C, with a peak at 331.18C and a mass loss of
47.7%. This peak can be attributed to the pyrolysis
of the starch present in the Mater-Bi, since this
native polysaccharide shows a complex degradation
in this temperature interval.4,5,21,22

The third weight-loss region is a complex zone
with overlapped mechanisms that take place
between 390 and 5008C. The main peak of this
region appears around 4558C with a mass loss of
22.7%. Other authors related this peak to the pyroly-
sis of the synthetic component in Mater-Bi.21,23,24

According to its formulation, Mater-Bi AF05H con-
tains 60% starch and 40% EVOH.18 However, the ex-
perimental weight losses determined for these two
components are inferior to those expected. A closer
inspection of the differential thermogravimetric
curve of pure Mater-Bi revealed the presence of vari-
ous small shoulders overlapped to the second and
third decomposition peaks, previously assigned to
starch and to the synthetic component, respectively.
To characterize this overlapped weight-loss region,
a deconvolution method has been applied. Each
individual contribution of the differential thermogra-
vimetric curve has been fitted to the following
equation:

yi ¼ A
1

1þ exp
�ðx�xcþw1

2 Þ
w2

� �
0
B@

1
CA 1� 1

1þ exp
�ðx�xcþw1

2 Þ
w3

� �
0
B@

1
CA

where xc is a position parameter related to the curve
maximum, A is an amplification parameter and w1,
w2, w3 describe the dispersion and symmetry of the
curve.

This proposed deconvolution model considers that
the measured value of (dw(%)/dT) 5 y is equivalent

to y ¼ y0 þ
Pn
i¼1

yi, where y0 is the onset of each differ-

ential thermogravimetric curve and n is the total
number of deconvoluted peaks.

Figure 3 shows the application of this deconvolu-
tion method for the differential thermogravimetric
curve of pure Mater-Bi. Besides from displaying the
two prominent peaks centered at 3358C and 4558C,
which have been previously related to the pyrolysis
of starch and the ethylene chains from the synthetic
component (EVOH), the deconvolution also shows
two small peaks at 3938C and 4218C. These small
peaks may be assigned to the pyrolysis of the rest of
more thermally stable starch chains and the vinyl
alcohol chains, since literature shows that pure
EVOH undergoes a complex thermal degradation
under inert atmosphere.25 EVOH pyrolysis consists
of two partially overlapped peaks: the first peak that
can be associated to the thermal degradation of vinyl
alcohol chains appears in the 390–4108C interval at a
heating rate of 108C/min; the second peak at higher
temperatures (450–4558C) can be assigned to thermal
degradation of the ethylene chains. Thus, as the deg-
radation in soil process undergoes and certain chain
scission of starch occurs, the evolution of these small
peaks (between 390 and 4508C) may be observed.

Figure 2 Differential thermogravimetric curves of pure
LDPE, pure Mater-Bi AF05H, LDPE/Mater-Bi blend, and
the photo-oxidized LDPE/Mater-Bi blend.

Figure 3 Deconvolution of the differential thermogravi-
metric curve of Mater-Bi AF05H.
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Figures 1 and 2 also show the differential thermog-
ravimetric curves of HDPE/Mater-Bi and LDPE/
Mater-Bi blends that display several decomposition
regions, which can consequently be attributed to
both PE and Mater-Bi components.

As in pure Mater-Bi, the first weight loss region
(around 1408C), can be assigned to the thermal
decomposition of the low molecular weight com-
pounds present in this material.

The second weight-loss (between 2758C and
4358C) is a complex region also associated to Mater-
Bi contributions. For the differential thermogravimet-
ric curves of LDPE/Mater-Bi blends only one peak
centered at 3288C can be distinguished. For the
HDPE/Mater-Bi blends, two peaks can be observed
in this region. The first one (275–3608C) is a promi-
nent peak, which can be attributed to the thermal
degradation of most part of the starch. The second
peak (360–4358C) appears as a very small shoulder
that may have the origin in the pyrolysis of the
more thermally stable starch chains and the vinyl
alcohol chains.

The third weight-loss is located between 435 and
5308C and is the main decomposition region. Since
differential thermogravimetric curves of both
HDPE/Mater-Bi and LDPE/Mater-Bi blends display
a single peak in this region, they must include two
contributions overlapped; one of them assigned to
the thermal decomposition the backbones chains of
pure polyethylenes and the other to ethylene chains
of Mater-Bi.

Thermogravimetric parameters of these blends are
summarized in Tables I and II, respectively. The
blending process does not modify the thermogravi-

metric parameters of both pure components. This
may be an indication of the heterogeneity of poly-
ethylenes/Mater-Bi blends.

Figures 1 and 2 also show the differential ther-
mogravimetrics curves of photo-oxidized HDPE/
Mater-Bi and LDPE/Mater-Bi blends. The thermog-
ravimetric parameters of these photo-oxidized
blends are summarized in Tables III and IV, respec-
tively. These results show that photo-oxidation does
not modify the initial weight loss region, which has
been associated to the thermal decomposition of the
low molecular weight compounds. However, photo-
oxidation affects the pyrolysis of both Mater-Bi and
the polyethylene components of the blends.

When HDPE/Mater-Bi and LDPE/Mater-Bi blends
are subjected to photo-oxidation, the main thermog-
ravimetric peak overlaps with the small shoulders at
360–4358C related to the more thermally stable starch
and vinyl alcohol chains. Furthermore, an increase of
the thermal stability of both blends types has been
observed. In contrast, the thermal stability of the
starch slightly decreases for the HDPE/Mater-Bi
blend, and remains unmodified for the LDPE/
Mater-Bi. These results suggest that the behavior of
the starch during photo-oxidation depends on the
polyolefinic matrix used.

On the other hand, derivative thermogravimetric
curves of the HDPE/Mater-Bi blends and the
LDPE/Mater-Bi blends subjected to the soil burial
test are plotted in Figures 4 and 5. Substantial modi-
fications appeared in the region associated to Mater-
Bi (275–4358C). Thus, a careful study of the degrada-
tion in soil of pure Mater-Bi is very important to
understand the degradation in soil of these blends.

TABLE I
Thermogravimetric Parameters of the HDPE/Mater-Bi Blends as a Function of the Exposure Time in Soil

HDPE/Mater-Bi blends

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

0 days 2.0 142.0 24.7 328.0 6.6 398.0 66.0 489.0
20 days – – 13.0 324.0 8.7 396.0 70.0 490.0
2 months – – 6.0 320.0 14.7 391.0 75.1 489.0
4 months – – – – 18.0 392.6 77.0 489.0
6 months – – – – 18.0 392.0 77.2 487.2

TABLE II
Thermogravimetric Parameters of the LDPE/Mater-Bi Blends as a Function of the Exposure Time in Soil

LDPE/Mater-Bi blends

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

0 days 2.3 125.3 22.2 325.0 – – 64.5 485.6
20 days 1.0 125.0 14.0 325.0 10.0 399.0 69.2 486.0
2 months 0.8 125.0 8.0 327.0 13.0 397.0 75.0 485.3
4 months 0.9 121.5 8.1 323.4 13.0 397.6 75.0 485.3
6 months 0.8 120.2 8.2 324.0 13.0 397.5 75.1 486.7
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Figure 6 shows differential thermogravimetric
curve of the pure Mater-Bi submitted to the burial
soil test. Table V displays the thermogravimetric
parameters related to the decomposition zones of
pure Mater-Bi. These plots show that substantial
changes are related to the thermal decomposition of
starch.

Figure 6 also displays the deconvolution method
of the differential thermogravimetric curves of the
biodegraded Mater-Bi, to characterize this complex
zone. The original contribution at 3318C, attributed
to thermal degradation of starch chains, is continu-
ously reduced as the degradation time increases.

These results confirm the degradation of most of
starch by the biodegradation process in soil.

Furthermore, as the degradation test in soil pro-
gresses, the small shoulders in the 360–4358C inter-
val that above have been related to the remaining
more thermally stable starch chains and vinyl alco-
hol chains, considerably develop into a single and
main contribution. After 20 days of exposure time in
soil, this single contribution is centered at 3918C. As
the degradation time increases, this peak slightly
shifts towards lower temperatures (3868C).

Figure 6 also displays that the weight-loss peak
associated with the ethylene chains of poly(vinyl

TABLE III
Thermogravimetric Parameters of the Photo-Oxidized HDPE/Mater-Bi Blends as a Function of the Exposure

Time in Soil

Photo-oxidized HDPE/Mater-Bi blends

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

0 days 1.0 142.1 21.3 325.6 – – 69.5 493.0
20 days 1.0 141.0 13.0 322.5 8.0 388.0 70.9 495.0
2 months 0.2 142.6 7.0 322.5 12.0 385.6 73.6 492.5
4 months – – – – 20.0 387.0 75.6 493.2
6 months – – – – 20.2 389.2 75.0 494.5

TABLE IV
Thermogravimetric Parameters of the Photo-Oxidized LDPE/Mater-Bi Blends as a Function of the Exposure

Time in Soil

Photo-oxidized LDPE/Mater-Bi blends

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

0 days 1.8 125.0 24.3 324.7 – – 66.0 489.0
20 days 1.2 123.5 17.8 319.4 – – 74.0 493.2
2 months 0.2 126.7 7.9 327.0 14.0 400,0 71.5 492.7
4 months 0.1 127.0 5.7 323.5 16.6 402,4 72.4 492.4
6 months 0.4 128.0 6.7 320.4 14.0 401,7 73.1 493.9

Figure 4 Differential thermogravimetric curves of the
HDPE/Mater-Bi blends as a function of the exposure time
in soil.

Figure 5 Differential thermogravimetric curves of the
LDPE/Mater-Bi blends as a function of the exposure time
in soil.
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alcohol) is not significantly modified as a result of
the biodegradation process in soil; a shift of that
peak towards higher temperatures (4688C) is only
noted as the degradation time increases.

These results seem to indicate that the starch
chains exhibit diverse behavior when Mater-Bi is

subjected to degradation in soil. Most of the more la-
bile, easily accessible and biodegradable starch
chains in Mater-Bi, disappear. The rest of the more
thermally stable and/or less accessible starch
remains, probably for the influence of the vinyl alco-
hol.26 These results may be understood taking into

Figure 6 Differential thermogravimetric curves of Mater-Bi AF05H as a function of the exposure time in soil. (A) decon-
volution of the DTG curve of Mater-Bi AF05H (B) deconvolution of the DTG curve after 20 days and (C) after 82 days of
exposure time in soil.

TABLE V
Thermogravimetric Parameters of Mater-Bi AF05H as a Function of the Exposure Time in Soil

Mater-Bi AF05H

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

Weight
loss (%)

T Peak
(8C)

0 days 4.6 155.0 47.7 331.1 – – 22.7 456.5
20 days 1.6 176.5 35.0 325.6 35.0 391.2 24.7 453.7
80 days – – – – 55.5 385.5 24.5 469.7
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consideration previous studies made by Bastioli
et al.11,18; they have proposed a model considering
large individual amylopectine molecules, intercon-
nected at several points per molecule, as a result of
hydrogen bonds and entanglements, by chains of
amylose/EVOH complexes. Thus, Mater-Bi AF05H
adopts a complex droplet structure, with a core of
an almost amorphous amylopectine surrounded by
amylose/EVOH complexes that make amylopectine
unsoluble. The droplets can interact by means of
hydrogen bonds, producing a gel-like structural skel-
eton. During the soil burial test, the droplets struc-
ture core and the ethylene chains of Mater-Bi should
be degraded slower than the noncomplexed starch.27

For the HDPE/Mater-Bi and LDPE/Mater-Bi
blends submitted to degradation in soil, the same
behavior as the one described for the pure Mater-Bi
is observed in the region between 275 and 4358C.
The thermogravimetric parameters are showed at
Tables I–IV from both kinds of blends.

Derivative thermogravimetric curves of the
HDPE/Mater-Bi and LDPE/Mater-Bi blends sub-
jected to both the photo-oxidation and the soil burial
tests are displayed in Figures 7 and 8. Their parame-
ters are also showed at Tables I–IV. As it has been
previously stated, the small shoulders in the 360–
4358C interval, which may be related to the core of
droplets structure, cannot be identified when these
blends are photo-oxidized, since they overlap with
the main decomposition zone associated to polyeth-
ylene chains. However, as the exposure time in soil
increases, the main peak becomes narrower, and the
development of small shoulder associated to Mater-
Bi can be distinguished.

To analyze in more detail the thermogravimetric
results and assessed the mechanisms involved, the
kinetic behavior of all the blends has been studied.
Criado method28 was employed to analyze the

decomposition mechanism of the ethylene chains in
the HDPE/Mater-Bi and LDPE/Mater-Bi blends.
Criado equation allows obtaining reduced master
curves, which are used to assess the kinetic model
that describes the studied thermal decomposition
process.

zðaÞ
zð0; 5Þ ¼

f ðaÞgðaÞ
f ð0; 5Þgð0; 5Þ ¼

T

T0;5

� �2 da=dtð Þ
ðda=dtÞ0;5

where da
dt is the rate equation, T is the absolute tem-

perature, a is the degree of degradation or conver-
sion, f(a) is the differential conversion function and
g(a) is the integral conversion function.

The left side of this equation is a reduced theoretical
curve, where the digit 0.5 refers to the conversion of
0.5. This side of equation is characteristic for each
reaction mechanism, whereas the right side of the
equation can be obtained from experimental data. Dif-
ferent algebraic expressions for f(a) and g(a) have
been used to describe the employed kinetics models.29

Figure 9 displays the reduced master curves of
HDPE/Mater-Bi and LDPE/Mater-Bi blends, prov-
ing that the thermodegradation mechanism of the
ethylene chains of the blends follows a kinetic model
of f(a) 5 (12a)n, being n 5 1.

The Broido method30 has also been used for the
kinetic analysis of the main thermal decomposition
process for the both kind of blends as has already
been successfully applied in previous works for
polyolefins.15–17 Broido equation could be used to
calculate the activation energy.

ln ln
1

x

� �
ffi � Ea

RT
þ constant

where R is the gas constant, T is the absolute tem-
perature, Ea is the activation energy and x is the

Figure 7 Differential thermogravimetric curves of the
photo-oxidized HDPE/Mater-Bi blends as a function of
exposure time in soil.

Figure 8 Differential thermogravimetric curves of the
photo-oxidized LDPE/Mater-Bi blends as a function of
exposure time in soil.
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residual fraction, calculated as (w2w‘)/(w02w‘),
where w0 is the initial mass, w is the sample mass at
time t and w‘ is the final mass.

The activation energy values of the pyrolysis pro-
cess of the ethylene chains as a function of the soil
burial time can be observed in Table VI. Similar acti-
vation energy values have been obtained for the
HDPE/Mater-Bi and LDPE/Mater-Bi blends in the
same temperature interval. It is noted that the activa-
tion energy increases in both types of blends with
the exposure time in soil, but the increase is higher
in the HDPE/Mater-Bi blend (85 kJ/mol) than in the
LDPE/Mater-Bi blend (54 kJ/mol).

Photo-oxidation leads to the decrease of the activa-
tion energies for both polyethylenes/Mater-Bi
blends. This decrease in the activation energy af-
fects to a higher extent the HDPE/Mater-Bi blends
(42 kJ/mol) than the LDPE/Mater-Bi blends (17 kJ/
mol). When these previous photo-oxided blends
were submitted to soil burial test, the activation
energy values of the pyrolysis process of the ethyl-
ene chains also increase, but the effects caused by
the soil burial test are slowed down. These results

may indicate that some changes in the morphology
of these blends may be produced during the photo-
oxidative process.31

To analyze these possible morphological changes
as a consequence of both the photo-oxidative treat-
ment and the degradation process in soil, calorimet-
ric measurements have also been performed. In
previous studies,16,17,32 the melting temperature
were directly determined from the thermogram as
the value of the maximum of each endothermic
peak. Pure polyethylenes showed their typical ther-
mogram, with a main endothermic peak around
1138C for LDPE and 1308C for HDPE. Two endother-
mic peaks around 133 and 1568C can be observed in
the DSC thermogram of pure Mater-Bi: the low tem-
perature peak is associated to the crystalline phase
of starch and the high temperature peak is related to
the crystalline phase of EVOH.

Figures 10 and 11 display the calorimetric thermo-
grams of HDPE/Mater-Bi and LDPE/Mater-Bi
blends, respectively. The synergetic effects caused by
the previous photo-oxidation process on the calori-
metric thermograms have also displayed in the same

Figure 9 Reduced master curves of different kinetic models and experimental data for the main thermal decomposition
processes of the (l) HDPE/Mater-Bi and the (^) LDPE/Mater-Bi blends.

TABLE VI
Activation Energies of the HDPE/Mater-Bi and LDPE/Mater-Bi Blends as a Function of the Exposure Time in Soil

Calculated Using Broido Method

HDPE/Mater-Bi blends LDPE/Mater-Bi blends

Non photo-oxidized Photo-oxidized Non photo-oxidized Photo-oxidized

Ea (kJ/mol) 475–4908C Ea (kJ/mol) 475–4908C Ea (kJ/mol) 475–4908C Ea (kJ/mol) 475–4888C

0 days 218 176 222 205
20 days 254 189 240 181
2 months 277 202 261 202
4 months 297 195 278 202
6 months 304 201 277 196
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figures. The calorimetric thermograms of HDPE/
Mater-Bi blends exhibit a prominent endothermic
peak assigned to the polyethylene chains. Other

small endothermic peaks associated to the Mater-Bi
components cannot be distinguished, probably due
to their overlapping with the ethylene contribution.

Figure 10 (A) DSC thermograms of the HDPE/Mater-Bi blend as a function of the exposure time in soil. (B) DSC thermo-
grams of the photo-oxidized HDPE/Mater-Bi blend as a function of the exposure time in soil.

Figure 11 (A) DSC thermograms of the LDPE/Mater-Bi blend as a function of the exposure time in soil. (B) DSC thermo-
grams of the photo-oxidized LDPE/Mater-Bi blend as a function of the exposure time in soil.
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However, LDPE/Mater-Bi blends exhibited three
peeks, which could be assigned to both polyethylene
and Mater-Bi components.

The photo-oxidative treatment modifies more the
calorimetric thermograms of the HDPE/Mater-Bi
(Fig. 10) than the LDPE/Mater-Bi blends (Fig. 11).
The endothermic peaks assigned to Mater-Bi in the
HDPE/Mater-Bi blends appear as a small and a
broad peak separated by the ethylene contribution.
This fact suggests that photo-oxidative treatment
may cause chain scission, enhancing the crystalliza-
tion and segregation of the different components of
the HDPE/Mater-Bi blends, and thus increasing the
heterogeneity of these blends. These calorimetric
results are in agreement with the activation energy
values determined for the thermal decomposition
process of the ethylene chain. In general, photo-oxi-
dation enhances the degradation in soil by means of
chain scission reactions, but at the same time crystal-
lization processes may be caused, which slow down
the biodegradation effects caused by the soil burial
test.

No significant changes can be observed in the
endotherms associated with the Mater-Bi. Thus, a
careful analysis of this region in the derivative ther-
mogram by means of kinetic analysis is very impor-
tant to understand the degradation of this Mater-Bi
in the blends.

In previous studies,33 the decomposition mecha-
nisms of the different thermal degradation processes
of pure Mater-Bi were calculated using Criado
method. It has been assessed that at least two mech-
anisms coexist, and the main thermal decomposition
processes follow an Rn type mechanism, being the
algebraic expression f ðaÞ ¼ 3ð1� aÞ2=3. The activa-

tion energies of the two main thermal decomposition
processes of pure Mater-Bi could not be calculated
by Broido method, since this method is proposed for
reaction order equal to one. Thus, they were calcu-
lated using Coats-Redfern method.34

Table VII shows also the activation energy values
for degraded pure Mater-Bi as the degradation pro-
cess in soil undergoes. Two different behaviors have
been observed when the exposure time in soil
increases: (i) the activation energy of the thermal
decomposition of the noncomplex starch and more
accessible and biodegradable starch diminishes and
(ii) the activation energy related to the less accessible
to microorganisms complex starch with vinyl alcohol
(complex droplet structure) increases. Moreover, the
activation energy associated to the thermal decompo-
sition of ethylene chains scarcely is modified. These
results agree with the biodegradation mechanisms
suggested by Bastioli et al.,11 who proposed that
starch is first hydrolyzed by extracellular enzymes,
whereas the synthetic component is biodegraded by
surface erosion by the microorganisms. This surface
adsorption is enhanced by the increase of available
surface area during the hydrolysis of the natural
component.

Tables VIII and IX show the activation energy val-
ues of thermal decomposition of noncomplex and
more accessible starch, the complex starch with vinyl
alcohol chains of HDPE/Mater-Bi, LDPE/Mater-Bi
blends and the previous photo-oxidized blends,
respectively, as a function of the soil burial time.

The differences obtained between the activation
energy values from both kinds of PE/Mater-Bi
blends suggest that the degradation in soil of Mater-
Bi can be conditioned by the matrix used. In the

TABLE VII
Activation Energies of Mater-Bi as a Function of the Exposure Time in Soil

Mater-Bi AF05H

T (8C) Ea (kJ/mol) T (8C) Ea (kJ/mol) T (8C) E (kJ/mol)

0 days 300–360 65 – – 450–490 50
20 days 285–335 72 350–420 45 450–490 51
82 days 285–335 49 365–402 114 450–490 55

TABLE VIII
Activation Energies of the HDPE/Mater-Bi Blends as a Function of the Exposure Time in Soil Using

Coats-Redfern Method

HDPE/Mater-Bi blends

Non photo-oxidized Photo-oxidized

T (8C) Ea (kJ/mol) T (8C) Ea (kJ/mol) T (8C) Ea (kJ/mol) T (8C) Ea (kJ/mol)

0 days 296–321 69 – – 280–341 102 – –
20 days 290–328 173 – – 250–320 117 – –
2 months 315–328 185 354–390 73 283–321 120 350–410 48
4 months – – 350–390 111 – – 350–410 75
6 months – – 349–392 117 – – 350–410 75
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HDPE/Mater-Bi blends, the noncomplex starch dis-
appears in less time than in the LDPE/Mater-Bi
blends. When PE/Mater-Bi blends are submitted to
both degradation in soil and photo-oxidation, differ-
ences in the activation energy profiles can be
observe. In the HDPE/Mater-Bi blends, kinetic pa-
rameters seem to indicate that photo-oxidation slows
down the changes caused during the soil burial
test. In the LDPE/Mater-Bi blends, photo-oxidation
faintly modifies the activation energy during biode-
gradation.

CONCLUSIONS

The thermal decomposition process of blends of
polyolefins (HDPE and LDPE) and Mater-Bi AF05H,
a starch-based material that contains starch and
poly(ethylene-vinyl alcohol) copolymers is a complex
degradation that results from its complex structure.
Several decomposition regions are displayed in the
differential thermogravimetric curves of HDPE/
Mater-Bi and LDPE/Mater-Bi blends display, which
can therefore be attributed to both PE and Mater-Bi
components.

A deconvolution method has been applied to char-
acterize each individual contribution from the differ-
ential thermogravimetric curves of all the studied
samples. The thermal decomposition mechanism of
the ethylene chains of HDPE/Mater-Bi and LDPE/
Mater-Bi blends was proved to follow a kinetic func-
tion of order 1 f ðaÞ ¼ ð1� aÞ. On the other hand, the
two main thermal decomposition mechanisms of
pure Mater-Bi were proved to follow a Rn type ki-
netic model mechanism, f ðaÞ ¼ 3ð1� aÞ2=3.

Photo-oxidized blends of HDPE/Mater-Bi and
LDPE/Mater-Bi exhibit the same weight-loss regions
than non photo-oxidized blends. Previous photo-oxi-
dation enhances the thermal stability and decrease
the activation energy of the pyrolysis process of the
ethylene chains in both types of blends. However,
the effect of the photo-oxidation on the thermal
decomposition of the starch chains depends on the
polyolefinic matrix used. HDPE/Mater-Bi blends are

more affected by photo-oxidation than LDPE/Mater-
Bi blends.

Degradation in soil, on the other hand, mainly
affects the noncomplexed starch in both blends; eth-
ylene chains from Mater-Bi and polyethylene prove
to be more resistant to biodegradation. The behavior
of noncomplexed starch in the blends during the soil
burial test is influenced by the used polymeric ma-
trix, being faster in HDPE/Mater-Bi blends than in
the LDPE/Mater-Bi blends.

The synergetic effects caused by both degradation
processes, the photo-oxidation and the degradation
in soil on both types of PE/Mater-Bi blends can be
monitorized by the activation energy parameters. In
the HDPE/Mater-bi blends seems that the previous
photo-oxidation slow down the effects caused by the
soil burial test in all thermal decomposition regions.
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Instituto de Tecnologı́a de Materiales, Escuela Técnica Superior de Ingenierı́a del Diseño,
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ABSTRACT: The viability of producing environment-
friendly blends of HDPE and LDPE with a commercial
biodegradable masterbatch containing starch and polyeth-
ylene was studied. The service life of these blends was
simulated by means of a thermo-oxidative treatment, and
their further disposal in landfill was modeled using an
accelerated soil burial test. Characterization was carried
out in terms of their calorimetric and thermogravimetric
properties. Thermo-oxidative treatment causes an increase
in the crystalline content of both components of the
blends, and promotes a segregation of the crystallite sizes
of polyethylene. The soil burial test leads to changes in the
crystalline content of the biodegradable material, which is
influenced by the polyolefinic matrix used. The kinetics of
the thermal decomposition of these blends was studied

using the Hirata and the Broido models. Thermogravimet-
ric results reveal that the thermo-oxidative treatment
causes a decrease in the activation energy of the thermal
decomposition process of both components in the blends,
regardless of the type of polyethylene used. The thermo-
oxidative treatment mainly modifies the thermal properties
of starch during the degradation process in soil, especially
in the LDPE blends. Synergetic degradation of these
blends is a complex process that is dependent on the poly-
olefinic matrix used and mainly causes morphological
changes. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106:
2218–2230, 2007

Key words: calorimetric analysis; thermogravimetric anal-
ysis; polyethylene; degradation; thermo-oxidation

INTRODUCTION

It is well-known that plastics disposal has become a
very important environmental problem. The devel-
opment of degradable polymers offers an effective
approach for minimizing plastics wastes.1,2 Nowa-
days, most interest is focused on the use of degrad-
able materials that can replace conventional synthetic
polymeric materials, both in terms of the production
cost and performance. In this sense, a viable solution
that has been already employed by producers is to
combine the different features and benefits of materi-
als from both petroleum and natural resources, to
produce useful blends that may satisfy both econom-
ical and environmental requirements.3

Conventional plastics like polyolefins are slowly
degraded by the environment. However, their sensi-

tivity to degradation can be enhanced by blending
them with different commercial biodegradable mas-
terbatches.4–9 Such blends should be designed to
guarantee suitable performance during service life
and short degradation times during further disposal.
Only an accurate characterization of the degradation
process of these blends can validate their future
applications.

The aim of this work is to simulate the service life
and further disposal of high and low density poly-
ethylene (LDPE) blends with a biodegradable mas-
terbatch, to study their viability for future applica-
tions. Simulation of the degradative conditions,
under which polymeric materials are exposed during
their service life, can be done using many proce-
dures, depending on the application of the studied
material. These include reprocessing and thermo-oxi-
dative treatments, among others.10,11 In this work,
the service life was modeled by means of a previous
thermo-oxidative treatment in air atmosphere, and
further disposal in landfill was simulated using an
accelerated soil burial test.

In previous works, the biodegradation process
under soil burial conditions of different polyolefin
blends with commercial starch products has been
characterized.12,13 The important effect of a previous
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thermo-oxidative treatment on the biodegradation
process of polyethylene blends with enhanced biode-
gradability has also been reported in terms of their
morphological changes.14 As a continuation of the
aforementioned studies, this work is focused on the
assessment of the effect that different polyethylene
types may have on the degradation process of these
blends.

It is well-established that thermal analysis allows
the characterization of the degradation effects on the
structure and on other important properties of the
polymers. In this work, morphological changes of
the different components of the blends have been
monitored by Differential Scanning Calorimetry
(DSC). Thermogravimetric analysis has been selected
to provide information about the thermal stability
and the kinetic parameters of the thermal decompo-
sition process of these materials. These parameters
are related to the breakdown of the molecular
chains, as a result of degradation. Thus, the influ-
ence of both the thermo-oxidative treatment and the
soil burial test on the properties loss of each type of
polyethylene blends was able to be analyzed by
means of these thermal analysis techniques.

MATERIALS AND METHODS

Materials

LDPE 710 and high density polyethylene 10,062
(HDPE) supplied by Dow Chemical (Spain) were
used as polymeric matrices.

Cornplast, produced by the National Corn Grower
Association (USA), is a commercial biodegradable
material with 20% of polyethylene and 80% of a pro-
moter of biodegradation containing starch.

Samples

Two types of blends were prepared, consisting of a
mixture of 50/50% by weight of polymeric matrix
(either HDPE or LDPE) and Cornplast. The blends
were prepared from the melt in a Brabender Plastic-
Corder PL 2100 rheometer (Druisburg, Germany).
The mixture was cut as nut coal and thereafter proc-
essed by compression molding into rectangular sam-
ples (68 mm 3 12 mm 3 1.8 mm), using a Carver M
press (Wabash, IN).

Figure 1 DSC thermograms of (a) LDPE, (b) Cornplast,
(c) LDPE/Cornplast blend, and (d) LDPE/Cornplast blend
subjected to thermo-oxidative treatment.

Figure 2 DSC thermograms of (a) HDPE, (b) Cornplast,
(c) HDPE Cornplast blend, and (d) HDPE/Cornplast blend
subjected to thermo-oxidative treatment.
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Thermo-oxidative treatment

A set of samples was subjected to a thermo-oxidative
treatment, prior to the soil burial test. This was car-
ried out in a Heraeus UT 6060 oven (Germany) at
(100 6 1)8C during 360 h in air atmosphere. Samples
were then immediately quenched in a water and ice
bath at 08C.

Soil burial test

All samples (previously submitted to the thermo-oxi-
dative treatment or not) were subjected to an acceler-
ated soil burial test according to the DIN 53,739
standard norm.15 Samples were buried for 6 months
in biologically active soil in a plastic container,
which was kept opened to ensure a fresh oxygen
supply. The soil burial test was performed in a Her-
aeus B12 culture oven (Germany) at a constant tem-
perature of (28 6 0.5)8C. The soil was a 50/50% by
weight mixture of a soil extract from a cultivated
field and a soil typically used in pine tree nurseries.
The pH of the soil measured in water was 6.75. Sam-
ples were removed periodically, cleaned with a soap
solution, and dried, to stop the degradation process.

Differential scanning calorimetry

The DSC measurements were carried out in a Per-
kin–Elmer DSC-4 Calorimeter (Norwalk, CT), previ-
ously calibrated with indium standard. Samples of
6–7 mg were placed in standard aluminum pans that
were sealed, pierced, and scanned from 0 to 2008C,
at a heating rate of 108C/min under nitrogen atmos-
phere. Measurements were repeated to limit errors
to 60.018C for the melting temperature and 60.05%
for the crystalline content.

Thermogravimetric analysis

Changes in the thermal properties of the samples
were studied by Thermogravimetric Analysis (TGA).
Measurements were carried out in a Mettler-Toledo

TGA/SDTA 851 module (Switzerland). Dynamic
measurements were performed from 25 to 6008C at a
heating rate of 108C/min, under argon atmosphere
(flow rate of 200 mL/min). Measurements were
repeated to limit errors to 60.018C for the peak tem-
peratures.

RESULTS AND DISCUSSION

Calorimetric results

Calorimetric analysis was performed to study the
morphological changes of the samples, as a conse-
quence of the thermo-oxidative treatment and the
degradation process in soil. The melting tempera-
ture, the total and partial crystalline contents, and
the lamellar thickness distribution were analyzed.

Figures 1 and 2 show the DSC thermograms of
pure LDPE, HDPE, and Cornplast, and their blends.
The DSC thermogram of pure polyethylene consists
of a main endotherm with a maximum around
1138C for LDPE and 1308C for HDPE. On the other
hand, three endothermic peaks can be observed in
the DSC thermogram of pure Cornplast. The first
endotherm (around 1088C) could be assigned to the
polyethylene present in the composition of this prod-
uct. Cornplast also displays other overlapped peaks
at higher temperatures: A broad peak located at
about 1228C, and a narrower peak centered at 1638C,
which can be associated to the starch present in
Cornplast.16,17 Different types of morphological
structures have been proposed to describe the crys-
talline zone of starch,18 basically organized as highly
crystalline lamellae intermitted by less perfect crys-
talline regions, which could explain this complex
melting behavior of starch.

The DSC thermogram of the LDPE/Cornplast
blend shows three peaks that can be related to the
two components of the blend (Fig. 1). The first one is
a main peak around 1128C that can be originated
by the carbonated chains of both the LDPE and the
polyethylene contained in Cornplast. This thermo-

TABLE I
Melting Temperatures of the Main Endotherm of the

LDPE/Cornplast Blends

Exposure
time in soil

LDPE/Cornplast
blends

LDPE/Cornplast
blends with

thermo-oxidative
treatment

Tm (8C) Tm (8C)

0 Days 112.3 117.0
20 Days 112.6 116.5
2 Months 113.0 115.0
4 Months 112.0 116.1
6 Months 113.7 116.4

TABLE II
Melting Temperatures of the Main Endotherm of the

HDPE/Cornplast Blends

Exposure
time in soil

HDPE/Cornplast
blends

HDPE/Cornplast
blends with

thermo-oxidative
treatment

Tm (8C) Tm (8C)

0 Days 134.7 132.5
20 Days 133.1 133.6
2 Months 132.3 133.9
4 Months 134.1 133.6
6 Months 131.6 133.1
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gram also clearly displays two small peaks at 122
and 1638C, which have already been observed in
pure Cornplast. These two endotherms can therefore
be related to the biodegradable material. Thus, the
blending process does not seem to produce any
interaction between the two components of the
blend, since the different characteristic peaks of
the blend correspond to the endothermic peaks of
the pure components.

Unlike the LDPE/Cornplast blend, the DSC ther-
mogram of the HDPE/Cornplast blend exhibits only
two peaks (Fig. 2). The main peak (around 1308C) is
associated to the melting of the polyethylene chains.
Concerning the Cornplast component, only its peak
around 1638C can be observed. The other small
peaks (around 108 and 1228C) cannot be distin-
guished, probably due to overlap with the polyethyl-
ene contribution.

The thermo-oxidative treatment modifies the DSC
thermogram of the LDPE/Cornplast blend (Fig. 1).
The endotherm assigned to the ethylene chains is di-
vided into two peaks, suggesting a possible segrega-
tion of the crystalline zones. Furthermore, the endo-
therms related to starch develops into a single peak
at 1648C. It has been reported for dry starch that a
broad endotherm with a peak around 1638C is attrib-
uted to both the melting and recrystallization of the
amylase and amylopectin components of starch.19

The thermo-oxidative treatment has different
effects on the morphological behavior of both com-
ponents of the HDPE/Cornplast blend, as compared

with the LDPE blend (Fig. 2). The main endotherm
related to the ethylene chains shifts slightly to lower
temperatures. Moreover, several small peaks related
to the biodegradable material now can be distin-
guished. Thus, the thermo-oxidative treatment seems
to provoke a diffusion of the molecular chains and a
subsequent separation of the different heterogeneous
components of the HDPE/Cornplast blend, high-
lighting the heterogeneity of this blend.

The main melting temperature of all the samples
during the soil burial test is summarized in Tables I
and II. This parameter scarcely changes with the ex-
posure time in soil. Therefore, a study of the crystal-
line content and the lamellar thickness distribution
has been performed as well, to more accurately char-
acterize the degradation process of these blends.

Crystalline content

The total crystalline content of pure polyethylenes
has been obtained using the equation:

X ¼ ðHa �HcÞ
Hm

where Ha and Hc are the enthalpies in the melt state
and the crystalline state, respectively. Their differ-
ence is directly obtained from the thermogram. Hm

is the change in the melting enthalpy of a perfect

TABLE IV
Calorimetric Parameters of HDPE Blends

Exposure
time in soil

HDPE/Cornplast blends LDPE/Cornplast blends with thermo-oxidative treatment

Area
HDPE

Area
cornplast lmáx (Å)

Area 1
HDPE

Area 2
HDPE

Area
cornplast lmáx (Å)

0 Days 1.00 1.00 272 1.00 1.00 1.00 196
20 Days 1.07 2.09 211 0.75 2.00 0.46 228
2 Months 1.38 2.95 196 1.05 2.71 1.49 228
4 Months 1.19 2.00 248 0.78 0.29 1.05 228
6 Months 1.54 3.32 183 1.08 0.43 1.21 211

lmáx, relative partial areas and average lamellar thickness.

TABLE III
Calorimetric Parameters of the LDPE/Cornplast Blends

Exposure
time in soil

LDPE/Cornplast blends LDPE/Cornplast blends with thermo-oxidative treatment

Area
LDPE

Area
cornplast lmáx (Å)

Area 1
HDPE

Area 2
LDPE

Area
cornplast lmáx (Å)

0 Days 1.00 1.00 61 1.00 1.00 1.00 71
20 Days 0.84 – 61 1.06 2.01 – 70
2 Months 1.08 1.47 62 1.05 1.84 0.29 66
4 Months 0.93 1.06 59 1.08 2.00 0.20 70
6 Months 1.86 1.47 63 1.09 1.89 0.00 70

lmáx, relative partial areas and average lamellar thickness.
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crystal of infinite size. For polyethylene, Hm 5 290.3 J/
g.20 Crystalline contents of 0.48 for pure LDPE and 0.75
for pure HDPE have been found.

To study the evolution of the crystalline content of
the blends during the soil burial test, a calculation
method of partial areas has been used, which was al-
ready developed in previous works.21,22 This method
is based on the determination of the area of the
main peaks, and the later subtraction of all the other
contributions. After the peak separation, the area of
each peak is calculated. This area is directly propor-
tional to the necessary heat flow for the melting of
this crystalline fraction. It can also be assumed that
this heat flow is in turn directly proportional to the
crystalline content. To obtain the relative partial
area, the area of the corresponding peak of the origi-
nal sample divides this area.

For the studied LDPE/Cornplast and HDPE/
Cornplast blends, the area related to polyethylene
has been evaluated, together with the area of the
endotherm at higher temperatures assigned to the
starch in Cornplast, because these are the endother-
mic peaks that persist in time. Tables III and IV list
the values of the relative partial areas of all the
samples.

A common increase of the areas of the two compo-
nents can be observed for both blends after the
thermo-oxidative treatment performed for the simu-
lation of their service life. Thus, such treatment
seems to lead to a recrystallization process, which
results in an increase in the crystalline content. The
area related to the starch in the LDPE/Cornplast
blend exhibits the most significant increase. Concern-
ing polyethylene, a segregation of its crystalline
zones is observed in both types of polyethylene
blends.

To simulate the further disposal of the LDPE/
Cornplast and HDPE/Cornplast blends, these were
submitted to a soil burial test. The area related to
the biodegradable material of the LDPE/Cornplast
blend under soil burial conditions does not change
significantly (Table III). In contrast, the area related
to polyethylene increases with the exposure time in
soil.

In the LDPE/Cornplast blend subjected to both
the thermo-oxidative treatment and the soil burial
test, the area associated to the biodegradable mate-
rial tends to disappear as the exposure time in soil
increases (Table III). Moreover, both areas related to
polyethylene increase with the degradation time in

Figure 3 Evolution with the exposure time of the lamellar thickness distribution of the (a) LDPE/Cornplast blends and
(b) LDPE/Cornplast blends subjected to thermo-oxidative treatment.
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soil. These results may indicate that the thermo-oxi-
dative treatment mainly modifies the degradation
process in soil of the starch.

On the other hand, for the HDPE/Cornplast
blends that were submitted to the burial soil test, it
has been found that the areas related to both the bio-
degradable material and polyethylene increase with
the exposure time in soil (Table IV).

Concerning the HDPE/Cornplast blends subjected
to both the thermo-oxidative treatment and the soil
burial test, a similar evolution of the two poly-
ethylene areas and the Cornplast area is observed
(Table IV). This consists of an initial increase followed
by a later decrease of these areas as a function of the ex-
posure time in soil. Comparing with the HDPE blends
directly buried in soil, these results suggest that the
thermo-oxidative treatment accelerates the degrada-
tion process in soil. This could be probably due to the
fact that the thermo-oxidative treatment has promoted
heterogeneity of these blends.

Thus, from the analysis of the crystalline content it
can be stated that the thermo-oxidative treatment
has a different effect on both types of blends.
Whereas in the LDPE/Cornplast blends, starch is
affected to a greater extent, in the HDPE/Cornplast
blends both components are significantly modified
by such treatment.

These results reveal that degradation is a complex
process into which a great variety of molecular
mechanisms are involved, such as crystallization and
segregation processes. To analyze in more detail the
changes taking place in the crystalline zone, the la-
mellar thickness distributions of the polyethylene
contributions have also been calculated.

Lamellar thickness distribution

The lamellar thickness distribution of polyethylene
was determined for each sample, using the method
proposed by Wlochowicz and Eder,23 based on the
Thompson equation:

Tm ¼ T0
m 1� 2re

Dhml

� �

where Tm is the observed melting point of lamellae
of thickness l, re is the surface free energy of the ba-
sal plane, Dhm is the melting enthalpy per unit vol-
ume, and T0

m is the equilibrium melting point of an
infinite crystal. These parameters have the following
values for polyethylene: T0

m5 414.6 K,23, re 5 60.9
3 1023 J/m2,24 and Dhm 5 2.88 3 108 J/m3.24

The lamella thickness corresponding to each melt-
ing temperature can be calculated by means of the

Figure 4 Evolution with the exposure time of the lamellar thickness distribution of the (a) HDPE/Cornplast blends and
(b) HDPE/Cornplast blends subjected to thermo-oxidative treatment.
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Thomson equation and the earlier parameters. This
method leads to the distribution curves of lamellae
thicknesses. The lamellar thickness distribution of all
the samples is plotted in Figures 3 and 4. The aver-
age lamellar values, corresponding to the maximum
of each distribution, are listed in Tables III and IV.

The thermo-oxidative treatment leads to a shift
towards higher values of the average lamellar thick-
ness of the LDPE/Cornplast blends. Furthermore, a
segregation of lamellae with very small thicknesses
is also observed (Fig. 3).

Figure 3 reveals that the previous thermo-oxida-
tive treatment leads to a different evolution of the la-
mellar thickness distribution of the LDPE/Cornplast
blends during the soil burial test. The blends that
were not subjected to the thermo-oxidative treatment
exhibit two evolution stages as a function of the ex-

posure time in soil. In a first stage, the distribution
tends to become more homogeneous. In a second
stage, a segregation of the crystallite sizes is
observed. This phenomenon indicates a rearrange-
ment of the crystalline phase, maybe promoted by
the diffusion of the chains of the interspherulitic
zone to the crystalline region. However, in the
LDPE/Cornplast blends previously subjected to the
thermo-oxidative treatment, the shape of their distri-
bution does not change with the exposure time in
soil. A slight decrease of the average lamellar thick-
ness can also be observed in these blends (Table III).

The morphological behavior of the HDPE/Corn-
plast blends is different from that observed for the
LDPE/Cornplast blends, regardless if they were
subjected to the thermo-oxidative treatment or not
(Fig. 4). For the HDPE/Cornplast blends directly
buried in soil, the average lamellar thickness shifts
to lower values with the exposure time in soil (Table
IV). However, the average lamellar thickness of the
HDPE/Cornplast blends subjected to the thermo-oxi-
dative treatment first increases and finally tends to
decrease with the exposure time in soil.

The lamellar thickness distribution of the HDPE/
Cornplast blends that were directly buried in soil
tends to become more homogeneous as the exposure
time in soil increases. In contrast, in the HDPE
blends that were previously subjected to the thermo-
oxidative treatment, a broadening of their lamellar
thickness distribution can be noted as a function of
the exposure time in soil. This could probably be
due to the heterogeneity promoted by the thermo-
oxidative treatment in the HDPE/Cornplast blend.

These results confirm that degradation of the stud-
ied blends is a complex process involving various
molecular mechanisms, such as homogeneity and
segregation of the crystalline sizes. These are com-
petitive processes that can occur simultaneously dur-
ing degradation. Many factors like moisture, mor-
phology of the blends, etc., may provoke one process
prevailing over the others.

Thus, the thermal treatment leads to different mor-
phological effects on the studied blends, depending
on the polyethylene type. In the LDPE/Cornplast
blends, the thermo-oxidative treatment promotes the
degradation in soil of the biodegradable material,
but it increases the crystalline zone of polyethylene
and apparently hinders the degradation in soil of

Figure 5 DTG thermograms of pure components. (a)
LDPE, (b) HDPE, and (c) Cornplast.

TABLE V
Thermogravimetric Parameters of Pure LDPE, HDPE, and Cornplast

Exposure
time in soil

LDPE HDPE CORNPLAST

T peak
(8C)

Residue
(%)

T peak
(8C)

Residue
(%)

T peak
starch (8C)

T peak carbonated
chains (8C) Residue (%)

0 Days 483.5 1.6 486.7 0.36 322.0 484.0 7.0
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this component. In contrast, in the HDPE blends, the
main modification is observed in the crystalline zone
related to polyethylene. The thermo-oxidative treat-
ment enhances the segregation of different lamellar
thickness under soil burial conditions.

To analyze the occurrence of possible scissions of
the molecular chains as result of the degradation
process, and to confirm the different behavior of
both polyethylene types, thermogravimetric meas-
urements have also been performed.

TGA results

All the samples have been analyzed using TGA to
study their thermal stability and to obtain their ki-
netic parameters. The latter allows the characteriza-
tion of the thermal decomposition process of these
blends, since these parameters may reveal the
changes that occur in the molecular chains as a
result of the degradation process.

The thermogram of pure polyethylenes can be
observed in Figure 5. It displays a single degradation
zone, which appears at 4838C for LDPE and 4878C

for HDPE. These values agree with those reported in
the literature for the thermal decomposition of the
carbonated chains of these types of polyethy-
lenes.25,26 The amount of residue for both polyethy-
lenes is less than 2% (Table V).

The thermogram of pure Cornplast displays two
degradation steps (Fig. 5). The first one that appears
at 3218C has been associated with the pyrolysis of
starch.27,28 The second step is centered on 4828C,
and appears in the same temperature range as pure
LDPE. Thus, this step has been related to the ther-
mal decomposition of the polyethylene present in
Cornplast. The amount of residue for pure Cornplast
is 7% (Table V).

The thermograms of the LDPE/Cornplast and
HDPE/Cornplast blends are displayed in Figures 6
and 7, respectively. The values of the residue and
the peak temperature, corresponding to the tempera-
ture of the maximum rate of the thermal decomposi-
tion, are reported for these blends in Tables VI and
VII, respectively. Three well-defined mass loss stages
can be observed in both types of blends. The first
mass loss is located around 1308C. It is well-known

Figure 6 DTG thermograms of (a) LDPE/Cornplast blend
and (b) LDPE/Cornplast blend subjected to thermo-oxida-
tive treatment.

Figure 7 Thermograms of (a) HDPE/Cornplast blend and
(b) HDPE/Cornplast blend subjected to thermo-oxidative
treatment.
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that the loss of water retained by starch takes place
in this temperature range. Thus, this stage can be
attributed to the water absorbed by the starch pres-
ent in Cornplast. This mass loss does not represent
in any case more than 2%.7

The second mass loss appears around 3238C,
regardless of the polyolefinic matrix used. Because
this peak does not appear in the thermograms of pure
LDPE and HDPE, it can be assigned to the thermal
decomposition of Cornplast. Moreover, because the
thermogram of pure Cornplast exhibits the pyrolysis
of starch in this temperature interval, this stage can be
associated with the thermal decomposition of the
starch present in this biodegradable product.

The third mass loss corresponds to the main stage,
which appears at 4868C for LDPE and at 4898C for
HDPE, and can be associated to the overlapped ther-
mal decomposition of the carbonated chains of both
polyethylene and Cornplast. The temperature of this
peak increases slightly as compared with their corre-
sponding pure polyethylenes. This suggests that
these blends have a thermal stability similar to that
of pure polyethylene.

Regardless of the polyethylene used, all blends ex-
hibit a similar amount of residue (6%). The fact that the
residue of pure LDPE and HDPE is less than 2% and
that of Cornplast is 7%, indicates that the origin of the
residue in the blendsmay bemainly due to Cornplast.

To simulate the service life of the LDPE/Cornplast
and HDPE/Cornplast blends, they were submitted

to a previous thermo-oxidative treatment. The ther-
mograms of these blends are displayed in Figures 6
and 7, and their thermogravimetric parameters are
summarized in Tables VI and VII. It can be observed
that the thermo-oxidative treatment causes a slight
decrease of the peak temperature of starch in both
types of blends. However, the peak temperature
of the polyethylene chains changes slightly as a
consequence of the thermo-oxidative treatment.
These thermogravimetric results also show that the
thermo-oxidative treatment increases the residue
percentage in the same proportion for both types of
blends.

The further disposal in landfill of the LDPE/Corn-
plast and HDPE/Cornplast blends was modeled
with a soil burial test. It is observed for both blends
that the peak temperature of the polyethylene back-
bones does not change significantly with the expo-
sure time in soil, regardless of whether the blends
were previously subjected to the thermo-oxidative
treatment or not (Figs. 6 and 7). This indicates that
the polyethylene chains of all the components of the
blends are basically not modified during the degra-
dation process in soil, regardless of thermo-oxidative
treatment. However, a slight increase in the peak
temperature of starch is noted, regardless of the pol-
ymeric matrix used.

Furthermore, the soil burial test leads to a slight
decrease in the amount of residue in both blends,
regardless of thermo-oxidative treatment (Tables VI

TABLE VI
Thermogravimetric Parameters of the LDPE/Cornplast Blends

Exposure
time in soil

LDPE/Cornplast blends
LDPE/Cornplast blends with
thermo-oxidative treatment

T peak
secondary
stage (8C)

T peak
main stage

(8C)
Residue

(%)

T peak
secondary
stage (8C)

T peak
main stage

(8C) Residue (%)

0 Days 324.1 485.6 5.3 316.0 481.3 6.2
20 Days 324.4 485.7 5.4 318.0 482.0 6.3
2 Months 326.2 485.9 4.7 317.0 481.2 6.1
4 Months 327.0 485.2 5.5 318.0 482.0 6.1
6 Months 329.6 485.5 4.9 319.0 482.0 6.0

TABLE VII
Thermogravimetric Parameters of the HDPE/Cornplast Blends

Exposure
time in soil

HDPE/Cornplast blends
HDPE/Cornplast blends with
thermo-oxidative treatment

T peak
secondary
stage (8C)

T peak
main

stage (8C) Residue (%)

T peak
secondary
stage (8C)

T peak
main

stage (8C) Residue (%)

0 Days 328.3 488.6 5.5 322.0 485.6 6.6
20 Days 324.1 488.5 5.4 323.0 486.4 6.0
2 Months 324.5 488.7 4.4 324.9 485.2 6.2
4 Months 329.0 488.0 4.6 325.7 486.4 6.3
6 Months 331.4 488.7 5.4 326.0 486.0 6.1
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and VII). Because the residue has been attributed to
the presence of Cornplast, this decrease in the
amount of residue may indicate the degradation of
Cornplast. As Cornplast is mainly made up of starch
and this degradation is expected to be related to the
degradation of the starch.

Because the temperature of the maximum rate of
the thermal decomposition scarcely changes, a ki-
netic analysis was performed as well. This has
allowed the calculation of the activation energy, to
more accurately characterize the degradation process.

The activation energies of all thermal decomposi-
tion zones have been determined using the Broido
integral method and the Hirata differential method.
In previous works, it was concluded that the integral
methods seem to better define the thermal decompo-
sition stages at high temperatures when there are
several overlapped processes, because these methods
provide an average activation energy value.13 On the
other hand, the differential methods seem to better
describe the low-temperature stages, since they
allow the identification of different stages taking
place in the same thermal decomposition process.

The Broido model29 is based on the equation:

ln ln
1

x

� �
¼ � Ea

RT
þ const

where R is the gas constant, T is the absolute tem-
perature, Ea is the activation energy, and x is the re-

sidual fraction defined as x ¼ x0�x
x0�x1

, where x0, x1,
and x are the initial, residual, and actual mass,
respectively.

The activation energy values estimated with the
Broido model for the different processes involved in
the thermal decomposition of all the samples are
shown in Tables VIII, IX, and XI.

The Hirata model30 is directly deduced from a ki-
netic function in its derivative form. This method
describes the kinetics of a system undergoing chemi-
cal changes in terms of the weight of the sample x
at time t. The Hirata model is based on the equation:

ln � dx
dt

� �
� lnðxÞ ¼ ln A� Ea

RT

where A is the pre-exponential factor. R is the gas
constant, T is the absolute temperature, and Ea is the
activation energy.

The activation energies calculated with the Hirata
model for the pure components and their blends are
summarized in Tables VIII, X, and XII.

The results obtained with the Broido and the Hir-
ata methods lead to the same decomposition stages.
Nevertheless, the Hirata method allows the identifi-
cation of more differences between the activation
energy associated with each type of degradation.

As it has been previously mentioned, the thermal
decomposition of pure LDPE and HDPE takes place
in a single stage, which can be associated to the

TABLE IX
Activation Energies (Ea) of the LDPE/Cornplast Blends Calculated with the

Broido Model

Exposure time
in soil

LDPE/Cornplast blends
LDPE/Cornplast blends with
thermo-oxidative treatment

Ea (kJ/mol) Ea (kJ/mol)

P2a P1b P2a P1b

(300–3308C) (475–5058C) (290–3308C) (475–5058C)

0 Days 118.8 297.4 118.8 255.2
20 Days 131.7 297.4 92.8 261.5
2 Months 117.9 304.6 88.2 268.6
4 Months 123.0 300.8 82.8 274.0
6 Months 112.1 302.0 84.5 271.1

a Related to the starch.
b Related to the carbonated chains.

TABLE VIII
Activation Energies (Ea) of Pure LDPE, HDPE, and Cornplast

Exposure time
in soil

LDPE HDPE CORNPLAST

Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol)

Broido Hirata Broido Hirata Broido Hirata

(475–5058C) (450–4858C) (475–5058C) (450–4858C) (300–3308C) (475–4858C) (290–3158C) (450–4858C)

0 Days 399.5 405.8 518.8 502.0 132.2 199.1 214.2 265.6
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decomposition of their carbonated chains. Table VIII
displays the activation energies assigned to this
stage, calculated according to the Broido and the
Hirata methods. It is well-known that the activation
energy of the thermal decomposition process of
LDPE is lower than that of HDPE.

The characteristic activation energies of the ther-
mal decomposition process of pure Cornplast have
also been determined (Table VIII). These correspond
to the two thermal decomposition processes that
were previously identified, related to starch and the
polyethylene chains in the biodegradable material.

Activation energies for the LDPE/Cornplast and
the HDPE/Cornplast blends are shown in Tables IX
and X, and Tables XI and XII (where P2 is related to
the starch and P1 to the carbonated chain), respec-
tively. In general, kinetic results show that the
LDPE/Cornplast blends have slightly lower activa-
tion energy values for all the thermal decomposition
stages than the HDPE/Cornplast blends.

In contrast, the thermo-oxidative treatment causes a
decrease in the activation energies of the thermal
decomposition process of both the starch and the car-
bonated chains, regardless of the polyethylene type.
However, this effect is more pronounced for the
decomposition process of the polyethylene chains.

Therefore, it can be established that the thermo-oxida-
tive treatment affects the carbonated chains of poly-
ethylenes to a greater extent. These results are in good
agreement with the previous calorimetric results.

Concerning the LDPE/Cornplast and HDPE/
Cornplast blends subjected to the soil burial test, a
slight decrease of the activation energy of the starch
has been noted, and is most significant in the
HDPE/Cornplast blends. In contrast, the activation
energy of both polyolefins tends to increase slightly
with the exposure time in soil. Hence, degradation
in soil affects the starch more significantly than the
polyethylene chains. Moreover, the starch seems to
degrade faster in the HDPE/Cornplast blends.

Finally, it can also be observed that the thermo-
oxidative treatment accelerates the decrease of the
activation energy of the decomposition of starch,
when the blends are later submitted to the soil burial
test. Furthermore, this effect is more significant in
the LDPE/Cornplast blends, in contrast to what was
noted in the LDPE blends directly buried in soil.
These results are also in good agreement with the
calorimetric results that have shown that in the
LDPE/Cornplast blends, the area associated with
the biodegradable material tends to disappear with
the exposure time in soil. On the other hand, the

TABLE XI
Activation Energies (Ea) of the HDPE/Cornplast Blends Calculated with the

Broido Model

Exposure time
in soil

HDPE/Cornplast blends
HDPE/Cornplast blends with
thermo-oxidative treatment

Ea (kJ/mol) Ea (kJ/mol)

P2 P1 P2 P1

(300–3308C) (475–4908C) (290–3308C) (470–5058C)

0 Days 149.3 305.4 216.0 256.4
20 Days 128.8 310.8 121.3 261.9
2 Months 115.0 330.1 126.7 266.5
4 Months 115.4 336.3 117.1 264.8
6 Months 140.5 324.2 112.9 273.6

TABLE X
Activation Energies (Ea) of the LDPE/Cornplast Blends Calculated with the

Hirata Model

Exposure time
in soil

LDPE/Cornplast blends
LDPE/Cornplast blends with
thermo-oxidative treatment

Ea (kJ/mol) Ea (kJ/mol)

P2 P1 P2 P1

(290–3158C) (450–4858C) (290–3158C) (450–4808C)

0 Days 200.8 389.1 178.6 300.4
20 Days 196.6 401.6 131.3 301.2
2 Months 193.0 402.2 119.2 306.2
4 Months 184.0 414.6 99.1 309.6
6 Months 167.3 408.7 107.9 313.8
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thermo-oxidative treatment does not seem to affect
significantly the thermal behavior of the polyethyl-
ene chains under soil burial conditions.

It could then be suggested that the thermo-oxida-
tive treatment accelerates the degradation process in
soil of the starch, especially in the LDPE/Cornplast
blends. However, degradation in soil of the polyeth-
ylene chains seems not to be so influenced by the
thermo-oxidative treatment.

CONCLUSIONS

Mixtures of high and LDPEs and a commercial bio-
degradable masterbatch containing starch (Corn-
plast) allow the production of heterogeneous blends
with high thermal stability. The heterogeneity of the
LDPE/Cornplast and HDPE/Cornplast blends has
been demonstrated in the DSC thermograms where
it is possible to distinguish the endotherm attributed
to polyethylene from those associated with Corn-
plast.

For both types of blends, the thermo-oxidative
treatment mainly affects the morphological and ther-
mal properties of polyethylene. However, the degra-
dation process in soil modifies to a greater extent the
morphological and thermal behavior of the starch
contained in the biodegradable material, which
seems to degrade faster in the HDPE/Cornplast
blends.

Synergetic degradation of the LDPE/Cornplast
and HDPE/Cornplast blends has proved to be a
complex process, in which a great variety of compet-
itive processes are involved that mainly originate
morphological changes in both components, espe-
cially in polyethylene. During the degradation pro-
cess of these blends, a simultaneous tendency
towards homogeneity and segregation of the crystal-
lite sizes of polyethylene takes place.

In the LDPE/Cornplast blends, the thermo-oxida-
tive treatment promotes the degradation of the bio-
degradable material under soil burial conditions.
However, it also increases the crystalline zone of

polyethylene, which apparently hinders its degrada-
tion in soil.

In the HDPE/Cornplast blends, the thermo-oxida-
tive treatment promotes its heterogeneity and mainly
modifies the crystalline zone of polyethylene. As a
consequence, the segregation of different lamellar
thicknesses of polyethylene during the soil burial
test is enhanced.
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