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Strategies and analytical procedures for a sustainable plastic waste management. 

An application to poly (ethylene terephthalate) and polylactide in the packaging 

sector. 

 

Abstract 

The purpose of this Ph.D. Thesis was to assess the influence of different waste management 

processes such as material, energetic and biological valorisations on two key polyesters of the 

packaging industry, the current non-renewable poly (ethylene terephthalate) (PET) and the 

potential candidate to replace it in a near future, the bio-based polylactide (PLA). For that 

reason, several pilot plants were used to simulate the degradation conditions undergone by PET 

and PLA under mechanical recycling, pyrolysis, combustion and burial in soil. The changes 

were monitored by Differential Scanning Calorimetry (DSC), Dynamic-Mechanical-Thermal 

Analysis (DMTA), Thermogravimetric analysis (TGA), Fourier-Transform Infrared 

Spectrometry (FTIR), 2D-IR correlation spectroscopy for Evolved Gas Analysis (EGA), 

MALDI-TOF Mass Spectrometry, Scanning Electron Microscopy (SEM), Melt-Flow Rate 

(MFR), Tensile and Charpy testing, and Viscosimetry. Some strategies and analytical 

procedures were proposed, developed and applied to establish reliable specific parameters to be 

used as indicators of degradation and thus monitor the influence of each valorisation process on 

the quality of the material. The behaviour of mechanically recycled PET and PLA was assessed 

in terms of chemical, microstructural, thermal and mechanical properties. A general loss of 

performance was shown for PET and PLA reprocessed once and twice respectively. Afterwards, 

the properties of PLA recyclates were better in relative terms than those of PET recyclates. The 

thermal and thermo-oxidative decompositions caused by pyrolysis and combustion processes 

were evaluated concerning the thermal stability, evolved gases and kinetics of decomposition. 

The use of controlled combustion was stressed for both polymers since less energy was 

necessary to trigger the decomposition, and the mixture of evolved gases was more 

homogeneous. Finally, the use of combined thermal analysis techniques was proven as a reliable 

procedure to monitor the degradation subjected by PLA under burial in soil. The replacement of 

PET by PLA remains therefore as a suitable option from the point of view of the plastic waste 

management, since PLA offers better performance after reprocessing than PET, and its energetic 

valorisation - provided the biological valorisation cannot fulfil the demand - is possible and 

effective. 

 

  



 



Estrategias y procedimientos analíticos para una gestión sostenible de residuos 

plásticos. Una aplicación en el caso del poli(tereftalato de etileno) y la polilactida 

en el sector del envase y embalaje. 

 

Resumen 

El propósito de esta tesis doctoral fue evaluar la influencia de los diferentes procesos de gestión 

de residuos, tales como la valorización material, energética y biológica de dos poliésteres clave 

de la industria del embalaje: el actual no-renovable poli (tereftalato de etileno) (PET) y el 

potencial candidato para sustituirlo en un futuro próximo, la polilactida (PLA) de base 

renovable. Se utilizaron diversas plantas piloto para simular las condiciones de la degradación 

sufrida por PET y PLA en el reciclado mecánico, la pirólisis, la combustión y el enterramiento 

en suelo. Los cambios fueron monitorizados por calorimetría diferencial de barrido (DSC), 

análisis dinámico-mecánico-térmico (DMTA), análisis termogravimétrico (TGA), 

espectrometría infrarroja con transformada de Fourier (FTIR), espectroscopia de correlación 

2D-IR para el análisis de gases (EGA),  espectrometría de masas MALDI-TOF, microscopía 

electrónica de barrido (SEM), índice de fluidez de masa fundida (MFR), ensayos de tracción e 

impacto Charpy y viscosimetría. Se han propuesto, desarrollado y aplicado diversas estrategias 

y procedimientos analíticos para establecer parámetros fiables para ser utilizados como 

indicadores de la degradación y por tanto controlar la influencia de cada proceso de valorización 

en la calidad del material. El comportamiento de PET y PLA reciclados mecánicamente se 

evaluó en base a sus propiedades químicas, microestructurales, mecánicas y térmicas. Se 

observó una pérdida general de prestaciones de PET y PLA reprocesado una vez y dos veces, 

respectivamente. Además, las propiedades de los materiales reciclados de PLA fueron mejores 

en términos relativos a los productos reciclados de PET. Las descomposiciones térmica y termo-

oxidativa causadas por los procesos de pirolisis y combustión se evaluaron sobre la estabilidad 

térmica, gases emitidos y cinéticas de descomposición. Se destaca el uso de la combustión 

controlada para ambos polímeros, ya que se necesita menos energía para iniciar la 

descomposición, y la mezcla de gases que se desprenden es más homogénea. Por último, el uso 

combinado de técnicas de análisis térmico se demostró como un procedimiento fiable para 

monitorizar la degradación sufrida por el PLA en condiciones de enterramiento en suelo. La 

sustitución de PET por PLA, por tanto, se establece como una opción adecuada desde el punto 

de vista de la gestión de los residuos plásticos, ya que el PLA ofrece mejores prestaciones 

después del reprocesamiento que el PET, y su valorización energética - siempre que la 

valoración biológica no puede satisfacer la demanda - es factible y eficaz. 



 

 



Estratègies i procediments analítics per a una gestió sostenible dels residus plàstics. 

Una aplicació en el cas del poli (tereftalat d’ etilè) i la polilactida al sector de l’ 

envàs i l’ embalatge. 

 

Resum 

El propòsit d'aquesta tesi doctoral va ser avaluar la influència dels diferents processos de gestió 

de residus, com ara la valorització material, energètica i biològica de dos polièsters clau a la 

indústria de l'embalatge: l'actual no-renovable poli (tereftalat d'etilè) ( PET) i el potencial 

candidat per substituir-lo en un futur proper, la polilactida (PLA), de base renovable. Es van 

utilitzar diverses plantes pilot per simular les condicions de la degradació patida per PET i PLA 

en el reciclatge mecànic, la piròlisi, la combustió i l'enterrament. Els canvis van ser 

monitoritzats per calorimetria diferencial de rastreig (DSC), anàlisi dinàmic-mecànic-tèrmic 

(DMTA), anàlisi termogravimètric (TGA), espectrometria infrarroja amb transformada de 

Fourier (FTIR), espectroscòpia de correlació 2D-IR per a l'anàlisi de gasos  (EGA), 

espectrometria de masses MALDI-TOF, microscòpia electrònica de rastreig (SEM), índex de 

fluïdesa de massa fosa (MFR), assaigs de tracció i impacte Charpy i viscosimetria. S'han 

proposat, desenvolupat i aplicat diverses estratègies i procediments analítics per establir 

paràmetres fiables per ser utilitzats com a indicadors de la degradació i per tant controlar la 

influència de cada procés de valorització en la qualitat del material. El comportament de PET i 

PLA reciclats mecànicament es va avaluar en base a les seves propietats químiques, 

microestructurals, mecàniques i tèrmiques. Es va observar una pèrdua general de prestacions de 

PET i PLA reprocessat una i dues vegades, respectivament. A més, les propietats dels materials 

reciclats de PLA van ser millors en termes relatius als productes reciclats de PET. La 

descomposició tèrmica i termo-oxidativa causades pels processos de piròlisi i combustió es van 

avaluar sobre l'estabilitat tèrmica, gasos emesos i cinètiques de descomposició. Es destaca l'ús 

de la combustió controlada per ambdós polímers, ja que es necessita menys energia per 

provocar la descomposició, i la barreja de gasos que es desprèn és més homogènia. Finalment, 

l'ús combinat de tècniques d'anàlisi tèrmic es va demostrar com un procediment fiable per 

monitoritzar la degradació patida pel PLA en condicions d'enterrament. La substitució de PET 

per PLA, per tant, s'estableix com una opció adequada des del punt de vista de la gestió dels 

residus plàstics, ja que el PLA ofereix millors prestacions després del reprocessament que el 

PET, i la seua valorització energètica - sempre que la valoració biològica no puga satisfer la 

demanda - és factible i eficaç. 

 



 



Strategier och analysförfaranden för en hållbar avfallshantering av plast. En 

tillämpning av polyetentereftalat  och polylaktid i förpackningssektorn. 

 

Sammanfattning 

Syftet med denna avhandling var att bedöma inverkan av olika processer för avfallshantering 

såsom materiella, energirika och biologiska värderingar på två viktiga polyestrar inom 

förpackningsindustrin. Den nuvarande icke-förnybara Polyetentereftalat (PET)  samt, den 

potentiella kandidaten att ersätta den inom en snar framtid, den biobaserade polylaktid (PLA). 

Av den anledningen användes flera pilotanläggningar för att simulera de nedbrytningsvillkor 

som PET och PLA genomgår under mekanisk återvinning, pyrolys, förbränning och 

nedgrävning i jord. Strategier och analysmetoder har föreslagits, utvecklats och tillämpats för att 

fastställa tillförlitliga, specifika parametrar att använda som indikatorer för nedbrytning och 

därmed övervaka inverkan av varje valorisationsprocess på materialets kvalitet. Den termo-

mekaniska nedbrytningen, framkallad av mekanisk återvinning bedömdes för PET och PLA i 

form av mikrostrukturella förändringar och korrelerades med deras termiska och mekaniska 

prestanda. En generell förlust av egenskaper visades för både PET och PLA som upparbetats en 

respektive två gånger. Efteråt var egenskaperna hos återvunnet PLA-material relativt sett bättre 

än de hos återvunnet PET-material. Det termiska och termo-oxidativa sönderfall som orsakades 

av pyrolys och förbränningsprocesser utvärderades avseende termisk stabilitet, utvecklade gaser 

och nedbrytningens kinetik. Användningen av kontrollerad förbränning betonades för båda 

polymererna eftersom denna krävde mindre energi för att sätta igång nedbrytningen, samt att 

blandningen av avgivna gaser var mer homogen. Slutligen visade sig användningen av 

kombinerade termiska analysmetoder vara ett tillförlitligt förfarande för att övervaka 

nedbrytning av PLA-material som begravts i jord. Avseende plastavfallshantering är det därför 

fortfarande ett lämpligt alternativ att byta ut PET mot PLA, eftersom PLA ger bättre egenskaper 

efter återanvändning än PET, och för att dess energiska värden - förutsatt att det biologiska 

värdet inte kan uppfylla efterfrågan - är möjliga och effektiva. 



 



Aim of the study 

 

The aim of this doctoral thesis was to contribute to the study of the influence of 

different plastic waste management valorisation processes on the chemical and physical 

properties of two key polyesters in the packaging industry, the current widely used 

synthetic one, poly (ethylene terephthalate) (PET) and the bio-based  polylactide (PLA), 

likely candidate to replace PET in the packaging sector.  

The procedure followed to achieve this purpose is shown in the Figure below. In a first 

step, several pilot plants were used for simulation of the degradation suffered by both 

polymers under several waste management procedures, and their combinations thereof. 

Material valorisation was simulated by mechanical recycling, energetic valorisation by 

pyrolysis and combustion, and biological valorisation by burial in soil tests. To achieve 

the purpose, several models and analytical strategies were proposed to apply a suitable 

quality assessment of the materials, highlighting specific parameters reliable to be used 

as indicators of degradation and thus for monitoring the quality of the material in each 

case. Finally, the performance of both polymers facing the proposed valorisations was 

assessed.   

 

 



Structure of the thesis 

The text is structured under the following topics: 

Firstly, two background chapters are focused on the materials and the analytical 

strategies followed in the study: 

Chapter I. Plastics for packaging.  

Chapter II. Experimental procedures and analytical methods 

Afterwards, three chapters gathering the results of the application of each valorisation 

process and the subsequent discussion are shown. Each chapter is structured according 

to the following scheme: (1) short introduction specially addressing the state of the art 

of the valorisation process and its application on the polymers under consideration; (2) 

contributions of this thesis; and (3) a summary of the remarkable results in the field. 

These chapters are: 

Chapter III. Material valorisation. Studies of mechanical recycling on PET and PLA. 

Chapter IV. Energetic valorisation. Modelling the thermal behaviour of PET and PLA 

for pyrolysis and combustion systems. 

Chapter V. Biological valorisation. Performance of Thermal Analysis Techniques for 

monitoring the biodegradation in soil process on PLA. 

Finally, the conclusions are gathered and rephrased in the last chapter where the main 

results are highlighted. As well, several future lines of study are suggested. 

Chapter VI. Conclusions  

 

 

 

 

  



Contributions of this thesis 

The most remarkable results of this thesis are gathered in the following contributions, 

shown along the text for the different fields: 

 

Material valorisation (Chapter III) 

CONTRIBUTION III-A: Thermal analysis as a quality tool for assessing the influence of 
thermo-mechanical degradation on recycled poly(ethylene terephthalate) 

CONTRIBUTION III-B: A statistical design of experiments for optimizing the MALDI-
TOF-MS sample preparation of polymers. An application in the assessment of the 
thermo-mechanical degradation mechanisms of poly (ethylene terephthalate).  

CONTRIBUTION III-C: The role of crystalline, mobile amorphous and rigid amorphous 
fractions on the performance of recycled poly (ethylene terephthalate) (PET) 

CONTRIBUTION III-D: Assessing the MALDI-TOF MS sample preparation procedure 
to analyze the influence of thermo-oxidative ageing and thermo-mechanical degradation 
on poly (lactide).  

CONTRIBUTION III-E: Material valorisation of amorphous polylactide. Influence of 
thermo-mechanical degradation on the morphology, segmental dynamics, thermal and 
mechanical performance 

 

Energetic valorisation (Chapter IV) 

CONTRIBUTION IV-A: Detailed methodology to assess the thermal stability and 
kinetics of thermal and thermo-oxidative decomposition behaviours of reprocessed poly 
(ethylene terephthalate) 

CONTRIBUTION IV-B: Assessing the thermal stability and kinetics of thermal and 
thermo-oxidative decompositions of reprocessed polylactide 

 

 

Biological valorisation (Chapter V) 

CONTRIBUTION V-A: Thermal analysis applied to the characterization of degradation 
in soil of polylactide: I. Calorimetric and viscoelastic analyses 

CONTRIBUTION V-B: Thermal analysis applied to the characterization of degradation 
in soil of polylactide: II. On the thermal stability and thermal decomposition kinetics 
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 I. PLASTICS FOR PACKAGING 

 
37 

 
 

1. FEATURES OF PACKAGING 

 

The polymer industry is normally made up of a large number of companies and agents 

that operate plastics during their service lives and further disposal. The activities or func-

tions of these companies are not mutually exclusive; indeed, they frequently overlap. In 

any case, the structure of the polymer industry can be divided essentially into the fol-

lowing categories (1): manufacturers (of monomers, chemicals, additives, modifiers…), 

compounders, processors, fabricators and finishers. After the conversion of the polymer 

into a plastic, other agents like distributors, sellers, customers, waste recoverers and waste 

managers, are involved. 

The world of polymers thus represents a key sector in the global economy. Actually, only 

the European plastics industry produces 55 million tonnes (Mt) of polymeric materials per 

year, representing 24% of the global plastics production, according to data from Plas-

ticsEurope (2). However, global plastics production fell back from 245 Mt in 2008 to 230 

Mt in 2009 as a consequence of the continued economic slowdown. 

 

Figure 1. 1. World plastics production in 2009.Adapted from PlasticsEurope – report 2010 (2) 
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Plastic production facilities are well placed across Europe. Germany is the major pro-

ducer, accounting for 7,5% of global production, followed by the Benelux (4.5%), France 

(3%), Italy (2%), and the UK and Spain (1.5%), as shown in Figure 1. 1.  Concerning the 

demand of plastics by converters in Europe, it was 48,5 Mt in 2008, which fell to 40,5 Mt 

in 2009. The major countries are Germany and Italy, together accounting for around 40% 

of the European conversion to plastic products.  

In a general view, packaging is the science, art and technology of enclosing or protecting 

products for distribution, storage, sale, and use. It also refers to the process of design, 

evaluation, and production of packages (3).  

The different types of packages can be classified according to different features (4): 

 intended customer: for example, a transport package or distribution package can 

be the shipping container used to ship, store, and handle the product or inner 

packages. Some identify a consumer package as one which is directed toward a 

consumer or household. 

 type of product being packaged: medical, chemical ,  food …  

 by layer or function:  

o Primary packaging is the material that first envelops the product and holds 

it. This usually is the smallest unit of distribution or use and is the package 

which is in direct contact with the contents. 

o Secondary packaging is outside the primary packaging used to group pri-

mary packages together. 

o Tertiary packaging is used for bulk handling, warehouse storage 

and transport shipping.  

Packaging , as well as package labeling have several objectives (5): 

 Physical protection - The objects enclosed in the package may require protection 

from, among other things, mechanical shock, vibration, electrostatic discharge, 

compression or temperature. 

 Barrier protection - Permeation is a critical factor in design. A barrier 

from oxygen, water vapor, dust, etc., is often required in order to keep the con-

tents clean, fresh, sterile and safe for the intended service life. 
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 Containment or agglomeration - Small objects are typically grouped together in 

one package for reasons of efficiency. It is the case of liquids, powders, 

and granular materials. As well, single serving or single dosage packaging has a 

precise amount of contents to control usage. 

 Information transmission - Packages and labels communicate how to use, trans-

port, recycle, or dispose of the package or product.  

 Marketing - Marketing communications and graphic design are applied to the 

surface of the package. 

As shown in Fig 1.2, packaging is the largest end use market segment with a 40.1% of 

share. This is followed by building and construction (20.4%), automotive (7.0%) and 

electrical and electronic equipment (5.6%). Others include different small segments like 

sport, leisure, agriculture or machinery engineering (2). The most common used polymers 

are low and high density polyethylene (LDPE, and HDPE, respectively), polypropylene 

(PP), poly (ethylene terephthalate) (PET), polystyrene (PS) and poly (vinyl chloride) 

(PVC).  LDPE and HDPE are used as bottles for milk, water, juice, cosmetics, shampoo, 

dish and laundry detergents, and household cleaners, bags for groceries and retail pur-

chases, cereal box liners, or reusable shipping containers. PP may be used as container for 

yogurt, margarine, take-out meals, and deli foods, medicine bottles, bottle caps and clo-

sures and bottles for catsup and syrup. PET is used for plastic bottles for soft drinks, wa-

ter, juice, sports drinks, beer, mouthwash, catsup and salad dressing, food jars for peanut 

butter, jelly, jam and pickles, as well as ovenable film and microwavable food container. 

PS products are food service items, such as cups, plates,  bowls, cutlery, meat and  poul-

try trays, and rigid food containers such as for yoghourts. It is also used as protective 

foam packaging for furniture, electronics and other delicate items. In addition, compact 

disc cases and aspirin bottles can also be produced. PVC is used in rigid packaging appli-

cations including blister packs and clamshells. Flexible packaging uses include bags for 

bedding and medical or shrink wrap.  

It can be seen that the use of poly (ethylene terephthalate) (PET) is significantly directed 

to the packaging sector and thus was chosen as model synthetic polymer in this thesis. 

However, the use of petroleum-based plastics is being reduced for environmental and 

economical reasons. In this sense, the current introduction of bio-based polymers is 
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winning market share and thus opens new alternatives to current applications. In the 

following lines, a short overview of bio-based polymers is given, in order to introduce the 

polymer used in this thesis: polylactide. 

 

 

Figure 1. 2. Percentages of European plastic demand in 2009 by segments (commodities + technical poly-

mers). Total demand: 45 Mt. Adapted from PlasticsEurope – report 2010 (2) 
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2. BIO-BASED POLYMERS 

 

The interest in environmentally degradable polymers began more than thirty years ago, 

when it was first recognized that the commonly used commodity packaging plastics were 

accumulating in the environments in which they were discarded after use, since these 

polymers were developed for their resistance properties, being unmanageable in landfills 

and as litter when disposed of in a negligent manner. More recently, the problem of 

polymer accumulation in the environment has been recognized as more general than 

packaging plastics, extending to recalcitrant water-soluble and other specialty polymers 

and plastics such as poly(acry1ic acid), poly (vinyl alcohol), poly(acryl amide), 

poly(a1kylene oxides), and even some modified natural polymers, such as celluloses. 

These polymers are widely used in applications like permanent and temporary coatings, 

pigment dispersants, mining, detergents or water treatment; and all are potential contribu-

tors to environmental problems and, therefore, targets for replacement with environmen-

tally degradable substitutes (6). With growing concerns for the environment and limited 

fossil reserves, the investigation on biodegradable polymers becomes a global priority (7). 

The use of long-lasting polymers as packaging materials for short application is not fur-

ther justified, also because mechanical recycling of these materials is often impractical 

due to food contamination (8).  

Bio-based polymers abound in nature. Wood, leaves, fruits, seeds and animal furs all con-

tain natural polymers. Bio-based polymers have been used for food, furniture and clothing 

for thousands of years. Every year about 170·103 Mt of biomass are produced by nature, 

of which only 3,5% (6·103 Mt) are utilised by mankind, as shown in Fig. 1.3. Most of 

these are used for food, about 1/3 is used for energy, paper, furniture and construction, 

and only 5% (300 million tonnes) are consumed for other non-food purposes such as 

chemicals and clothing (9).  Research and development in the field of bio-based plastics is 

making significant advancements towards creating compounds that represent an eco-

nomically viable and environmentally friendly alternative to traditional petroleum-based 

plastics (7).  
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polymers since the 1950s. Due to the shocking of prices of oil price during the 1970s, the 

interest in the possibilities offered by non-petrochemical feedstock was renewed. Based 

on some first attempts in the 1980s, interest rose again in the 1990s and broad attention 

was paid to bio-based chemistry in general and bio-based and biodegradable plastics in 

particular since the early 2000s. One of the main drivers especially in the 1990s was the 

goal to provide the market with plastics that are biodegradable, in order to solve the prob-

lem of rapidly increasingly amounts of waste and limited landfill capacities (10). A short 

description of the technical potential for the market of bio-based polymers is given here-

after. 

 

2.1. FIGURES AND PERSPECTIVES  

As shortly introduced above, the development of plastics depends on many factors, 

among them world economic growth and the affordability and supply security of 

resources. For fossil fuels and feedstock, the affordability and supply clearly depend on 

geopolitical developments, oil production and processing capacities or the demand in 

developing countries. These factors are reflected in the price levels of crude oil and 

natural gas, which are likely to strongly influence the further development of fossil fuel-

based polymers (10).  

Another potentially important determining factor for the future of the polymer industry is 

the climate policy. In the last few years, an increasing apparent coupling of the prices of 

fossil fuels and agricultural products has been observed (10) . There are different views 

about whether this is primarily a consequence of the use of biomass for energy purposes 

(primarily biofuels) or whether other reasons are equally or even more important (11). 

Among the other reasons quoted are droughts, increased prices of energy and fertilizers, 

declining global stocks due to changed policies or the increased demand from the 

developing world and speculation. Until recently, the Organisation for Economic Co-

operation and Development (OECD) and other organizations assigned a modest influence 

to biofuels (12). However, a World Bank report concluded that the large increase in 

biofuels production in Europe and the USA is indeed the most important reason for the 

rising food grain prices (13).  
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 Investment risks. 

 Fiscal policy measures (e.g. to support processes with minimal greenhouse gas 

emissions). 

 Economic competitiveness compared to other locations. 

 Availability of capital, interest rate. 

Technology 

 Reliability of new technology, acceptable downtimes. 

 Speed of technology development. 

 Patent situation. 

 Availability of trained personnel. 

Interaction with other sectors and other plants 

 Collaboration with companies from the agroindustry chain. 

 Availability of raw materials. 

 Usefulness of co-products, integration into site. 

Regulation 

 Non-fiscal policy measures (e.g., voluntary agreements or labelling). 

 Public procurement. 

Market pull 

 Demand for bio-based products by retailers and producers of consumer goods. 

 Attitude of final consumers and other stakeholders (acceptance or rejection). 

 Existence of operational old plants versus growth of the chemical industry. 

 

2.2. CLASSIFICATION AND PROPERTIES OF BIODE-

GRADABLE PLASTICS 

Biodegradable polymers can be classified according to different criteria. They can be 

sorted according to their chemical composition, synthesis method, processing method, 
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economic importance, application, etc. Each of these classifications provides different 

and useful information (14).  

According to their origin two groups can be considered:  

 natural polymers, coming from natural resources, which include six sub-groups: 

o polysaccharides (starch, cellulose, lignin, chitin). 

o proteins (gelatine, casein, wheat gluten, silk and wool). 

o lipids (plant oils including castor oil and animal fats). 

o polyesters produced by micro-organism or by plants (polyhydroxy-alcanoates, 

poly-3-hydroxybutyrate). 

o polyesters synthesised from bio-derived monomers (poly(lactic acid) or poly-

lactide). 

o miscellaneous (natural rubbers, composites). 

 

 synthetic polymers, synthesised from crude oil, where the following sub-groups 

can be found: 

o aliphatic polyesters (polyglycolic acid, polybutylene succinate, polycaprolac-

tone).  

o aromatic polyesters or blends of the two types (polybutylene succinate 

terephthalate).  

o polyvinylalcohols. 

o modified polyolefins (polyethylene or polypropylene with specific agents sen-

sitive to temperature or light). 

Concerning the biodegradability, a very broad range of plastics can be produced fully or 

partially from biomass and that these plastics can be tailored to be fully or partially bio-

degradable, as shown in Fig 1.6. 

Table 1. 1 gives a comparison of the typical properties of biodegradable polymers with 

those of commodities. Their mechanical properties can be comparable with those of con-

ventional polymers in specific applications with different features (15) . There are flexible 

materials with medium service temperature like PE, relatively stiff materials with medium 

service temperature like PS and stiff materials with a high service temperature like PET.  

The performance expected from bio-based plastic materials used in food packaging ap-
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3. PLASTIC WASTE MANAGEMENT 

 

The sustainable development (SD) is defined as “development that meets the needs of 

the present generation without compromising the ability of future generations to meet 

their own needs”, which is adopted in many confederations and countries, as well as it has 

also become a central notion for many companies, business councils, political parties, 

NGOs, etc. In general, the field of SD is subdivided into three areas: economic, environ-

mental, and social. These so-called pillars or dimensions of sustainability need to be ad-

dressed in assessing the sustainability of a project, policy, etc. A popular way of express-

ing the three pillars of SD is known as People, Planet, Profit (or PPP or P3), where People 

represents the social pillar, Planet the environmental pillar, and Profit the economic pillar. 

At the World Summit on Sustainable Development in Johannesburg, 2002, this was modi-

fied into People, Planet, Prosperity, where the change of Profit into Prosperity was sup-

posed to reflect the fact that the economic dimension covers more than company profit 

(17). Policy principles require that a sustainability analysis may be part of the justification 

for actions like adopting a policy, implementing a particular technology or purchasing a 

specific product.  

One of the factors that determine the sustainability of a country is the prevention proce-

dures and waste management processes of its residues. In the context referred in this 

thesis, a short review of the managing options for plastic waste is addressed. 

 

3.1. PLASTIC RESIDUES AND PREVENTION  

The general waste and packaging waste in particular, have significantly grown in recent 

decades, so that different stakeholders have directed their efforts to identify the most ap-

propriate mechanisms to reduce their impact on the environment. In this context, preven-

tion is a priority as far as helps reduce waste generation and involves a saving of raw ma-

terials and energy (18).  
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In preventing the increase in packaging waste, an overall approach must be adopted, try-

ing to act on the different aspects that minimize their impact throughout its life cycle. 

This requires analyzing the different areas to work on prevention, from identifying oppor-

tunities for improvement in the packaging and production processes to the effective man-

agement of packaging waste. At the same time, it should be noted that the container is not 

an element that exists in isolation but is part of the product offered to the consumer.  

The causes of the increase in the generation of packaging waste respond to numerous 

economic, social and cultural reasons. Changes in economic and social model are re-

flected in many ways such as increased purchasing power of households, increased con-

sumption, increased life expectancy or families with few members. According to a report 

by Ecoembes (18), the profile of the average consumer of the XXI century is that of a per-

son who has little free time, therefore, places a high value and preferably dedicated to 

leisure activities. This situation has a negative impact on the time citizens spend on 

household tasks, going shopping or cooking. The main reflection of the changes in our 

society are on the shopping cart: shopping frequency has decreased dramatically and just 

packaged products are purchased as one of the main values that provides the package is 

that it ensures sanitary conditions of products over time. Another phenomenon that also 

results in increased waste generation is the demand for packaged products tailored to con-

sumer needs. Single-person households demand products fractionated into smaller por-

tions to avoid waste of resources (expired products) and minimize the space required for 

storage. The clearest examples of this reduction in size of packaging formats are given in 

the fields of nutrition, hygiene and beauty. This division requires proportionally more 

packaging than larger formats. Consequently, the consumption per capita of packaging in 

small households is higher than in households with more members. This trend has re-

sulted in a growing generation of waste, thus requiring the implementation of measures to 

minimize their environmental impact.  

Prevention requires the active involvement of all actors from government, the manufac-

turers for raw material, packers and distributors to consumers of the product packaging. 

Thus, only through a set of measures that combine quantitative and qualitative prevention 

systems which are designed to recover the value of the waste, the objective will be 

achieved. In this context, the industry is undergoing a process of continuous improvement 

affecting the packaged goods and manufacturing processes, while ensuring that the con-

tainers meet its core functions.  
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Prevention must take into account the packaging system as a whole, comprising the pri-

mary container, the grouping and transport. Current prevention measures aimed at reduc-

ing the weight of the container are especially representative of those related to the im-

provement of containers by design changes and technological improvements of the mate-

rials. Additionally, other preventive measures implemented have been the elimination of 

elements of packaging and the use of containers of greater capacity, especially in the in-

dustrial field. With regard to preventive measures aimed at increasing the reuse of pack-

aging, include the replacement of single-use containers for reusable, and the second use 

of packaging from suppliers that otherwise would have resulted in waste. These actions 

are common practice in industry. Regarding preventive measures to minimize the envi-

ronmental impact of packaging waste generated, the trend is the reduction of printed sur-

faces, with the use of containers made of compatible elements for recycling.  

 

3.2. RECOVERING PROCEDURES 

Increasing cost and decreasing space of landfills are forcing considerations of alternative 

options for plastics solid waste (PSW) disposal (19). Years of research, study and testing 

have resulted in a number of treatment and recovery methods for PSW that can be eco-

nomically and environmentally viable (20).  

Different classifications can be found in literature for the recovery procedures (21- 22). For 

example, PSW treatment and recycling processes could be allocated to four major catego-

ries:  re-extrusion (primary), mechanical (secondary), chemical (tertiary) and energy re-

covery (quarternary). Each method provides a unique set of advantages that make it par-

ticularly beneficial for specific locations, applications or requirements. Mechanical recy-

cling (i.e. secondary or material recycling) involves physical treatment as shown in Chap-

ter IV, while chemical recycling and treatment (i.e. tertiary encompassing feedstock recy-

cling) produces feedstock chemicals for the chemical industry. Energy recovery involves 

complete or partial oxidation of the material, producing heat, power and/or gaseous fuels, 

oils and chars besides by-products that must be disposed of, such as ash. This classifica-

tion does not consider the biological assimilation of biodegradable polymers, since the 

industry of bio-based polymers was not established a decade ago. In order to offer a com-

plete view of the treatment processes, the scheme shown in Fig. 1.7. has been arranged. 
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The subjacent idea is to recover and valorise the plastic goods, as much as possible. Thus, 

once fulfilled their intended / designed service lives, which do not necessarily coincide 

with their performance lives (those respectively are, the durability period designed, and 

the period the good could really offer good properties), the items should be recovered, not 

disposed. As well, the combination of processes should be intensively stressed, adapting 

to each case. 

 

 

Figure 1. 7. General scheme of plastics life-recover-disposal cycle 

 

The continued development of recovery technologies, investment in infrastructure, the 

establishment of viable markets and participation by industry, government and consumers 
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are all considered priorities of the highest order (23). A life cycle assessment (LCA) ap-

proach to Municipal Solid Waste (MSW) technologies will assist in identifying environ-

mental impacts associated with the alternatives in a ‘cradle to grave’ fashion identifying 

the most sustainable options. It is essential to integrate waste management (IWM) 

schemes in the production cycle of plastics and treatment schemes of PSW. LCA schemes 

aid in the selection, application of suitable techniques, technologies and management 

programs to achieve specific waste management objectives and goals. IWM target is to 

control the waste generation from processes to meet the needs of a society at minimal 

environmental impact and at an efficient resource usage by activating the potentials of 

waste prevention, re-use and recycling (21). The IWM cycle can be grouped into six cate-

gories, namely:  

 waste generation. 

 waste handling, sorting and processing at the source. 

 collection. 

 separation and processing. 

 transfer station handling and waste transport. 

 disposal.  

 

3.3. RECYCLING FIGURES IN EUROPE  

According to the 2010 report of PlasticsEurope (2), the European plastic converters used 

55 Mt of plastics in 2009. Of all plastics used by consumers, 24.3 Mt ended up as post-

consumer waste. Of this, 11.2 Mt were disposed of and 13.1 Mt were recovered. Overall 

this represents an increase of 2.5% in total recovered quantity over 2008, which was 

21,3%. Mechanical recycling quantity increased by 3.1% because of stronger activities of 

some packaging collecting and recycling systems as well as through stronger exports out-

side of Europe for recycling purposes. Energy recovery quantity increased 2.2% mainly 

because of stronger usage of post consumer plastic waste as alternative fuel in special 

power plants and cement kilns.  
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3.4. BIO-PLASTICS: A NEW SOURCE OF WASTE 

With the incoming appearance of bio-based polymers into the plastic market, several con-

siderations should be taken into account in order to prevent the management of this new 

source of waste. Indeed, biodegradable polymers broaden the range of waste management 

treatment options over traditional plastics. Biodegradable packaging is most suitable for 

domestic and/or municipal composting and should be separated from and other non-

biodegradable packaging and collected with organic waste at household level for com-

posting (24).  

Biodegradable packaging is generally inappropriate for landfill because of their propen-

sity to release methane under anaerobic conditions. By using local or regional composting 

facilities, the total waste to landfill could be reduced, in addition to the reduction of trans-

port cost and associated emissions. To facilitate composting, infrastructure must be estab-

lished to certify biodegradable packaging materials and to collect biodegradable packag-

ing with organic waste. According to Davies and Song (24) there is no reason why biode-

gradable packaging materials cannot be collected with other plastic packaging for incin-

eration, since generally no hazardous compounds may be released.   

As a drawback, the growth in biodegradable plastics could weaken the already stressed 

plastics recycling industry by complicating the identification and sorting processes. To 

ensure that this does not become the case, strong clear labelling is required so that such 

products can be easily identified and separated.  

Despite widespread public awareness of the material and effective infrastructure for rig-

orous control of certification, collection, separation and compositing are crucial to mate-

rialize the fully benefits (24), biodegradable polymers can make significant contributions to 

material recovery, reduction of landfill and utilisation of renewable resources.  
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4. POLYMERS UNDER STUDY 

 

In this section, poly(ethylene terephthalate) (PET), synthetic polyester coming from non-

renewable petroleum-based sources, and polylactide (PLA), bio-based polyester coming 

from renewable resources, are shortly introduced. 

 

4.1. POLY (ETHYLENE TEREPHTHALATE) 

Polyethylene terephthalate (PET) was first patented by J. Fiber R. Whinfield and 

J.T. Dickson in 1941, by means of transesterification of DMT (dimethyl terephthalate) 

and glycol in a 1:2:4 ratio, distilling the methanol released in the reaction mixture as the 

synthesis took place in the presence of a catalyst SbO3. Later, the contribution of 

W.K. W. Birtwhistle and C.G.Ritchiethey led them to launch the first commercial fibre: 

the terylene, which became the first production of the Imperial Chemical Industries. The 

second was the polyester fibre from DuPont Dacron. Since then, the PET has presented a 

continuous technological development to achieve a high level of sophistication based on 

growth in demand for the product worldwide and diversification of its potential use. From 

1976, PET has been used to manufacture light packaging, transparent and tough mainly 

for drink storage. Over the 20 years on the market, PET has diversified into many sectors 

replacing traditional materials implanted or raising new packaging alternatives which 

have resulted in a tremendous growth in consumption. Presently, it remains the packaging 

material which currently offers the best prospects for growth worldwide (25).  

 

4.1.1. SYNTHESIS AND PROPERTIES OF PET 

The process of synthesis follows a condensation polymerization, which involves an con-

densation reaction in which two functional groups of the initial monomers react with each 

other to remove a small neutral molecule, usually water (methanol molecules can also 

condense in this case). The polyethylene terephthalate (PET) is a polyester that can be 

obtained based on the schedule shown in Fig 1.9. Obtaining is driven by three reactions. 
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The first two reactions are an esterification and a transesterification. The esterification 

reaction is between ethylene glycol (EG) and terephthalic acid (TPA) and the transesteri-

fication is between dimethyl terephthalate (DMT) and ethylene glycol.  The third reaction 

is the polycondensation process (25).  

The PET process is usually transformed by injection-stretch blowing in order to produce 

hollow bodies or by thermoforming processes if foils are prepared. To a lesser extent, 

PET can also be subjected to extrusion and injection in these cases requiring pure varie-

ties usually chemically modified PET. During these processes, the polymer molecules bi-

orient in two different directions. In the case of packaging, orientation takes place accord-

ing to a longitudinal direction parallel to the axis of the container, and in a direction 

transverse to it. It is precisely this property, known as bi-orientation, which confers high 

mechanical strength PET, which together with its transparency, makes it an ideal material 

for packaging liquid products. In the case of containers obtained by thermoforming, the 

film presents an almost perfect lattice structure in addition to its strength and low per-

meability, and provides the package of a highly transparency. In fact, carbonated soft 

drinks can generate pressure inside the bottle reaching 6 bar (25).  

The characteristics of the materials are intimately linked to the process of transformation 

to which they have been submitted. PET belongs to the thermoplastic family. The poly-

mer may exists as an amorphous (transparent - bottle grade) and semicrystalline (opaque 

and white). Crystalline region in semicrystalline PET is developed during the crystalliza-

tion process where the crystalline regions become in their equilibrium state.  During the 

process, the crystallite size and shape can be changed with the moulding process (26). 

Amorphous PET, A-PET, is quenched from its melt and becomes in a non-equilibrium 

state, where the chains have not aligned among themselves (27). Semicrystalline, S-PET, is 

very sensitive towards physical aging when it is stored below its glass transition tempera-

ture. Furthermore, A- PET can become S-PET, through drawing and annealing (26).  

The annealing processes allow the chains to rearrange among themselves into more equi-

librium states in which they become crystalline.  Depending on the end-use of the plastic 

it is good to have the option to choose between A- PET and S- PET. 

  



 
 

    
 

 

Figure 1. 9.Chemical routes for the polymerization of PET 
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PET has a wide variety of properties which makes it very versatile. PET has good me-

chanical, chemical and barrier properties (26). Due to its gloss, transparency, low per-

meability to gases, PET is used in bottles, electronic application, sports, and household 

tools and also as isolator (28).  

 Nevertheless, PET has some drawbacks to overcome, such as its sensitivity towards the 

chemical and mechanical degradation occurring during reprocessing and humidity. There-

fore, it is unavoidable that the process must be performed with caution  (28). PET is most 

sensitive to moisture at temperature near its glass transition. Moisture affects the amor-

phous region to mobilize and realign, not the crystalline region due to they are in its equi-

librium and is permeable  (28). This phenomenon is called chemi-crystallization in which 

the crystallinity of the polymer will rise. Another phenomenon which can be caused by 

the moisture content is the chain-scission where a degradation of mainly the ester-bond 

occurs. Chain-scission usually degrades the ester-bonds into a hydroxyl group and a 

carboxyl group. Due to chain-scission, it is mostly certain that the end-groups rearrange 

and form new structures. Depending on the formation the composition becomes more or 

less amorphous or crystalline. The change in composition affects PET properties  (28) and 

therefore it is essential to dry PET during the process to achieve the best results and prop-

erties. As well, PET storage must be controlled in order to prevent that moisture penetrate 

into its surface.  

 

4.1.2. APPLICATIONS AND MARKET OF PET 

The production of PET is continuously increasing. In Fig 1.10, the market data on the 

supply and demands of PET both in Europe (Western Europe) and in the world are gath-

ered, according to available facts published by PlasticsEurope (2). The PET produced in 

Europe does not accomplish the demand from manufacturers, which is completed by the 

importations from the rest of the countries in the World. The application market of PET is 

large. The largest area is the fibre sector, which can be further produced as clothes, bags 

or toys which can be seen in Fig 1.11. The areas for sheets, strapping and bottle are 

nearby equally.  
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4.2.1. SYNTHESIS AND PROPERTIES OF PLA 

A. The monomers 

Lactic acid is a compound that plays a key role in several biochemical processes. For in-

stance, lactate is constantly produced and eliminated during normal metabolism and 

physical exercise. Lactic acid has been produced on an industrial scale in the food indus-

try as an acidity regulator, or in cosmetics, pharmaceuticals and animal feed. It can be 

obtained either by carbohydrate fermentation or by common chemical synthesis. The lac-

tic acid is the simplest hydroxyl acid with an asymmetric carbon atom and two optically 

active configurations, namely the L- and D- isomers (Fig 1.12), which can be produced in 

bacterial systems, whereas mammalian organisms only produce the L- isomer, which is 

easily assimilated during metabolism (31). 

 

 

Figure 1. 12. Stereoisomers of lactic acid. (left): L(+), (right): D(-) 

 

Lactic acid is mainly prepared in large quantities (around 200 kt per year) by the bacterial 

fermentation of carbohydrates, which can be classified according to the type of bacteria 

used: 

Hetero-fermentative method 

It produces less than 1.8 mol of lactic acid per mole of hexose, with other metabolites in 

significant quantities, such as acetic acid, ethanol, glycerol, mannitol and carbon dioxide.  

Homo-fermentative method 

It leads to larger yields of lactic acid and lower levels of by-products, and is mainly used 

in industrial processes (32) . The conversion yield from glucose to lactic acid is higher than 

90 %. The majority of the fermentation processes use species of Lactobacilli which give 

high yields of lactic acid. Some organisms predominantly produce the L- isomer, such as 
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ture and content of catalyst (32). A key point in most of the processes is the separation be-

tween each stereoisomer to control the final PLA structure (such as vacuum distillation) 

which is based on the boiling point differences between the meso- and the L- or D- lac-

tide. 

 

Figure 1. 14. Different structures of lactide 

 

B. Polymerization processes 

The synthesis of PLA is a multistep process which starts from the production of lactic 

acid and ends with its polymerization (32)  . An intermediate step is often the formation of 

the lactide. Fig 1.15 shows that the synthesis of PLA can be driven by three main routes:  

 Lactic acid is polymerized by condensation to yield a low molecular weight, brit-

tle polymer, which, for the most part, is unusable, unless external coupling agents 

are employed to increase its chains length. 

 Second route is the azeotropic dehydrative condensation of lactic acid. It can yield 

high molecular weight PLA without the use of chain extenders or special adju-

vants 

 The third and main process is ring-opening polymerization (ROP) of lactide to 

obtain high molecular weight PLA, patented by Cargill (US) in 1992 (34) .  
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Figure 1. 15. Synthesis methods for obtaining high molecular weight PLA, reproduced from Hartmann (32) 
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In general, a polymer prepared by ROP and built of L-stereoisomer elements is referred to 

as poly(L-lactide) (PLLA), and, accordingly, a polymer containing both D- and L-

stereoisomer elements is referred to as poly(DL- lactide) (PDLLA). The two different 

stereoforms provide a tool for varying the polymer properties to a certain extent without 

using additives or comonomers  (35). The L-stereoisomer constitutes the main fraction of 

PLA derived from renewable sources since the majority of lactic acid from biological 

sources exists in this form. Depending on the composition of the optically active enanti-

omers, PLA can crystallize in three forms (α, β and γ), which affects the structural, ther-

mal, barrier and mechanical properties of the polymer (36). In general terms, PLA poly-

mers with a L-content greater than 90% tend to be crystalline while those with lower op-

tical purity are amorphous. Note that the general term polylactide (PLA) is used when the 

type of isomer is not specified. For polylactides prepared by polycondensation the name 

poly(lactic acid) is preferred  (35). 

The lactide method is the only procedure for producing pure high molecular weight PLA 

(Mw ~ 100000 Da). The ROP of lactide was first demonstrated by Carothers in 1932, but 

high molecular weights were not obtained until improved lactide purification techniques 

were developed by DuPont in 1954. This polymerization has been successfully carried 

out calling upon various methods, such as solution, bulk, melt or suspension process. The 

mechanism involved in ROP can be ionic (anionic or cationic) or coordination–insertion, 

depending on the catalytic system (31).  

 

Figure 1. 16. Industrial production of PLA by NatureworksTM as reproduced from ref (33) 
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The role of the racemization and the extent of transesterification in the homo or copoly-

merization, are also decisive for the enantiomeric purity and chain architecture of the re-

sulting macromolecules, conforming the different available PLA grades (31). Each grade is 

optimized for both processing and end use performance in its intended application. There-

fore, the related properties may vary from one grade to another. 

 

4.2.2. APPLICATIONS AND MARKET OF PLA 

PLA is commercially and available in large-scale production for a wide range of grades. It 

has a reasonable price and some remarkable properties to fulfil different applications. For 

instance, the PLA production capacity of Cargill (USA) in 2006 was 1,4·105 t per year at 

2–5 €/kg (37), which has currently decreased to nearly  1,6 €/kg. The main concern of PLA 

is the price of this polymer. On an industrial scale, the manufacturing cost of lactic acid 

monomer will be targeted to less than 0,6 €/kg because the selling price of PLA should 

decrease roughly by half from its present price. There are several issues that need to be 

addressed for the biotechnological production of lactic acid, such as the development of 

high-performance lactic acid-producing microorganisms and the lowering of the costs of 

raw materials and fermentation processes (38). According to different sources, the con-

sumption of PLA in 2006 was only about 6·105 t per year and nowadays only ~30 % of 

lactic acid is used for PLA production (31). To date, PLA is relatively more expensive than 

most of the petroleum based polymers. Nonetheless, increasing oil prices and the imple-

mentation of environmental policies from the government, such as “green taxes” in coun-

tries like Germany or Japan, and mandatory use of compostable polymers for packaging 

by some large corporations, will create a push to expand the use of PLA (36). As the uses 

for PLA continue to increase, the demand for the agricultural feedstock for PLA produc-

tion (mainly corn today), will increase as well. To overcome the potential competitive 

issues of raw materials with human and livestock food supply chains, innovations involv-

ing the use of alternative starch and sugar sources, including biomass and other low value 

by-product wastes are expected to take place. 

At present, PLA-based materials are mainly found in three different markets, namely, the 

biomedical (initial market), agricultural and the packaging (mainly food-contact applica-

tions). In order to arrive to a larger market, some PLA drawbacks must be overcome, such 
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as its limited mechanical and barrier properties and heat resistance, and, in order to meet 

market expectations, the world production of PLA must be substantially increased. 

Biomedical applications 

PLA has been widely studied for use in medical applications because of its bioresorbabil-

ity and biocompatibility properties in the human body. The literature reports examples on 

medical or biomedical products are fracture fixation devices like screws, sutures, delivery 

systems and micro-titration plates (34). 

Agricultural applications 

Since PLA is an environmentally friendly polymer that can be designed to controllably 

biodegrade, it is ideally suited for many applications in the environment where recovery 

of the product is not practical, such as agricultural mulch films and bags.  

Packaging applications 

Commercially available PLA packaging can provide better mechanical properties than 

polystyrene and have properties more or less comparable to those of PET (30) (34). Market 

studies show that PLA is an economically feasible material for packaging. With its cur-

rent consumption, it is at the present the most important market in volume for biodegrad-

able packaging (30) (34) .For instance, reported types of manufactured products are blow-

moulded bottles, injection-moulded cups, spoons and forks, thermoformed cups and trays, 

paper coatings, fibres for textile industry or sutures, films and various moulded articles  

(34). 
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1. MATERIALS AND REAGENTS 

 

1.1. POLYMERS 

Virgin poly(ethylene terephthalate) (PET), commercially labelled as Laser+ Melinar (1), 

AdvanSa Limited (United Kingdom) and virgin  poly (ethylene terephthalate) (PET) 

SEDAPET SP04 (2) obtained from Catalana de Polimers S.A., Grup LaSeda (Barcelona, 

Spain) in the form of pellets were bottle-grade resins used to simulate thermo-mechanical 

degradation due to successive extrusion and injection cycles, respectively.  

Virgin polylactide (PLA) 2002D was a thermo-forming grade PLA (3) obtained from 

Natureworks LLC (Minnetonka, MN) in the form of pellets, and submitted to multiple 

injection cycles and biodegradation tests. 

 

Figure 2. 1. Raw pellets of PET (left) and PLA (right)  

 

1.2. MALDI REAGENTS 

MALDI matrixes, namely 1,8,9-anthracenetriol (dithranol), 2-(4-hydroxyphenylazo) 

benzoic acid (HABA), trans-3-indoleacrylic acid (IAA), 2,4,6-trihydroxy acetophenone 

(THA), ferulic acid (FA), 2,5-dihydroxybenzoic acid (DHB) were purchased from Sigma-

Aldrich (Stockholm, Sweden). 
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The cationization agent, sodium trifluoroacetate (NaTFA), was also purchased from 

Sigma-Aldrich (Stockholm, Sweden). 

1.3. SOLVENTS 

1.1,1,3,3,3-hexafluoro-2-propanol (HFIP) and dichloromethane (CH2Cl2) were purchased 

from VWR (Sweden), and tetrahydrofurane (THF) was purchased from VWR (Sweden) 

for MALDI sample preparation of PLA. 

Tetrahydrofurane, phenol and 1,1,2,2-tetracholoethane were purchased from Sigma-

Aldrich Química SA (Spain) for viscosimetric analysis. 
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2. PILOT PLANTS FOR DEGRADATION 

 

In order to understand the influence of each type of valorisation procedure, in terms of 

polymeric degradation, several pilot plants were used in this study, as summarized in Fig 

2.2.  For the purpose of studying thermo-mechanical degradation induced by material 

valorisation techniques, two processing facilities, namely extrusion and injection 

moulding, were used. In addition, with the aim of analyzing the effect of thermal and 

thermo-oxidative degradations provoked by energetic valorisations such as pyrolysis and 

combustion, the thermal reactor of a thermogravimetric analyzer was chosen. Finally, to 

study the biodegradation due to biological valorisation a burial chamber was employed.   

 

Figure 2. 2. Schematic relation between valorisation techniques, degradation induced and  pilot 
plants needed and applied for simulation. 

 

In this section, the experimental conditions of the different degradation techniques are 

given, along with specific sample preparation procedures. 
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2.1. PROCESSING FACILITIES 

 

2.1.1. MULTIPLE EXTRUSIONS 

Preliminary studies on virgin PET were performed in Kungliga Tekniska Högskolan KTH 

(Royal Institute of technology), Stockholm, Sweden. Mechanical recycling was simulated 

by multiple extrusion up to six times employing a Brabender Plasticorder PL2000 co-

rotating twin-screw (see Fig 2.3.) extruder with 2.2 cm diameter and a L/D ratio of 16 

(C.W. Brabender Instruments, Inc., NJ). The temperature profile at the extruder was 250-

260-270 ºC from the feeder to the mouth of the extruder. After each reprocessing step, the 

material was cooled by air, ground, and sieved by means of a Moretto ML 18110 C 

Animex Plant granulator. Some material was sorted as sample and kept again in a 

desiccator to prevent it from hydrolysis caused by environmental humidity until further 

analysis; the rest was reintroduced at the mechanical recycling simulation process. 

   

 

 

 

 

 

Figure 2. 3. Extrusion machine and detail of die, respectively 

 

2.1.2. MULTIPLE INJECTIONS 

Pellets were processed by technicians of AIMPLAS (Technological Institute of Plastic), 

in Paterna, Valencia, Spain. The reprocessing procedure, to which samples were 

subjected, is shown in the chart-flow depicted in Fig 2.4 by means of the machinery 

shown in Fig 2.5. Prior to processing, virgin materials (VPET and VPLA) pellets were 

dried in a dehumidifier Conair Micro-D FCO 1500/3 (UK), in order to remove as much 
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humidity (4) as possible from the flakes (during 5 h at 160 ºC for PET and during 2 h at 80 

ºC in the case of PLA) . Afterwards, samples were processed by means of injection 

moulding through an Arburg 420 C 1000-350 (Germany) injector, single-screw model 

(diameter Φ=35 mm, length/Φ=23). 

 

Figure 2. 4. Schematic reprocessing simulation cycle 

Successive processing steps were applied under the same conditions, obtaining dumbbell 

samples following ISO 527-2 (type 1A) (5). Temperature gradient set from hopper to die 

was 270, 275, 280, 285 and 280ºC for PET; and 160, 170, 190, 200 and 190ºC in the case 

of PLA. Moulds were set at 15 ºC. Cooling time residence was 40 s and total residence 

time ca. 60s. 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 d< 20 mm to feed into the 

recirculation process. Up to five processing cycles were applied to obtain the different 

testing specimens of reprocessed PET (RPET-i or RPLA-i, with i: 1-5).  

 

 

 

 

Figure 2. 5. Machinery employed for simulation of reprocessing for both PET and PLA. From left 

to right: dehumidifier, injector, cutting mill. 
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2.2. COMPRESSION MOULDING  

Rectangular plates of 1mm thick of VPET and RPET-i were arranged by melt 

compression in a Collin PCS-GA Type Press 800 (GA, USA) preset at 260 0C by 

technicians of AIMPLAS. Five pressure steps were performed as follows :5 minutes at 4 

bar, 3 minutes at 100 bar, 1 minutes at 80 bar, 5 minutes at 180 bar, and 15 minutes at 75 

bar.  

In the case of VPLA and RPLA-i, similar plates were prepared by melt compression in 

the same press at an initial temperature of the hot plates of 195ºC and final temperature of 

60ºC. Five pressure steps were performed as follows: 5 minutes at 6 bar, 8 minutes at 75 

bar, 8 minutes at 155 bar, 4 minutes at 215 bar, and 11 minutes at 45 bar.  

These samples were used for viscoelastic characterization by Dynamical Thermal 

Mechanical Analysis, as explained afterwards. 

 

2.3. REACTOR FOR ENERGETIC VALORIZATION  

Energetic valorisation through pyrolysis and combustion processes was carried out by 

means of the tubular reactor (Fig 2.6) of a Thermogravimetric analyzer Mettler-Toledo 

TGA/SDTA 851 (Columbus, OH). An inert Ar atmosphere was used for assessing the 

thermal decomposition behaviour, whereas an O2 reactive atmosphere was applied for 

characterizing the thermo-oxidative decomposition processes of PET and PLA and their 

recyclates.  

 

2.4. BIODEGRADATION CHAMBERS 

Specimens of 145 x 10 x 1 mm3 were cut from the melt-pressed plates for the degradation 

in soil tests. PLA plates were subjected to a controlled degradation in soil test under 

controlled conditions (temperature, water content and pH), following the ISO 846-1997 
(6). Shortly, the specimens were buried in biologically active soil and kept in a Heraeus 

B12 (Hanau, Germany) culture oven at 28 ºC, as shown in Fig 2.7. To ensure the 

oxygenation of the soil, a protocol of periodical air oxygen supply was followed. Test 
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specimens were extracted at 0, 30, 150, 300 and 450 days, cleaned and kept in a 

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

 

 

Figure 2. 6. Tubular reactor of the thermogravimetric analyzer (7). Legend: 1) baffles, 2) reactive gas 

capillarity, 3) gas outlet  , 4) temperature sensor, 5) furnace header, 6) furnace temperature sensor, 7) 

adjustment ring weights, 8) protective and purge gas connector, 9) thermostated balance chamber 

 

 

 

 

 

 

Figure 2. 7. Bio-degradation in soil test. (left): oven; (centre): chamber; (right): detail of buried 

specimens 
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3. ANALYTICAL TECHNIQUES AND 

CALCULATION METHODS 

 

A short description of the basics of each analytical technique, along with the experimental 

parameters and calculation methods is given. The analytical techniques used respond to 

the query of offering a complete analysis of the degradation effects in terms of 

morphological, structural, mechanical, thermal and viscoelastic properties, as shown in 

Fig 2.8. 

 

Figure 2. 8. Summary of techniques applied, in connection with the analyzed properties 

The experiments were carried out at the Laboratories of the Research Group of 

Degradation and recycling of Polymeric Materials of the Technological Institute of 

Materials of the Polytechnic University of Valencia, and the Polymer and Fibre 

Technology Department of the School of Chemical Science and Engineering of the Royal 

Institute of Technology of Stockholm, Sweden. 
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3.1. CAPILLARY VISCOSIMETRY 

3.1.1. FUNDAMENTALS (8) 

The viscosity of a polymer solution depends on concentration and size (i.e., molar mass) 

of the dissolved polymer, and thus both features are correlated. Viscosity techniques are 

very useful because they are experimentally simple. However, they are less accurate and 

the determined viscosity average molar mass MV is less precise than those obtained by 

other techniques like Steric Exclusion Chromatography (SEC). For example, MV depends 

on a parameter which depends on the solvent used to measure the viscosity. Therefore the 

measured molar mass is influenced by the solvent used. Despite these drawbacks, 

viscosity techniques are very valuable. Fig 2.9 shows a piece of a liquid moving at a 

strain rate γ̇  under an applied shear stress of τ=F·A-1. 

 

Figure 2. 9. A liquid moving at shear rate under an applied stress τ 

 

The viscosity of a liquid is the ratio η of the applied shear stress τ to the resulting strain 

rate γ̇  (or equivalently, the ratio of the shear stress required to move the solution at a 

fixed strain rate to that shear strain): 

γ =
𝑑𝑢
𝑑𝑦

 

, were u is the displacement in the direction of the flowing. The strain rate can be 

therefore drawn from: 

γ̇ =
𝑑
𝑑𝑡
𝑑𝑢
𝑑𝑦

=
𝑑
𝑑𝑦

𝑑𝑢
𝑑𝑡

=
𝑑𝑣𝑥
𝑑𝑦

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2. 1) 

 

 

 

(2. 2) 
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, where vx represents the longitudinal speed of flowing. Then, the relationship between 

the experimental variables is: 

η =
τ
γ̇
 

A Newtonian fluid is one in which the viscosity is independent of the shear rate, that is, 

in a plot of shear stress versus shear strain rate is linear with slopeη. In Newtonian fluids 

all the energy goes into sliding molecules by each other. In non-Newtonian fluids, the 

shear stress/strain rate relation is not linear. Typically the viscosity drops at high shear 

rates. Plots of shear force vs. shear rate for Newtonian and non-Newtonian fluids are 

given in Fig 2. 10. 

 

Figure 2. 10. Schematic plots of Newtonian and Non-Newtonian behaviours 

 

Considering η0 as the viscosity of the pure solvent and η  the viscosity of a solution using 

that solvent, several methods exist for characterizing the solution viscosity, or more 

specifically, the capacity of the solute to increase the viscosity of the solution. That 

capacity is quantified by using one of several different measures of solution viscosity 

corresponding to solutions at different concentrations c. The most common solution 

viscosity terms are: 

Relative viscosity 

η𝑅 =
η0
η

 

 

 

 

(2. 3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2. 4) 
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Specific viscosity 

The specific viscosity expresses the incremental viscosity due to the presence of the 

polymer in the solution. 

η𝑆𝑃 =
η− η0

η
= η𝑅 − 1 

Inherent viscosity 

The inherent viscosity expresses the capacity of a polymer to cause the solution viscosity 

to increase; that is, the incremental viscosity per unit concentration of polymer. As with 

other polymer solution properties, the solutions used for viscosity measurements will be 

non-ideal and therefore η𝐼𝑁𝐻 will depend on c.  

η𝐼𝑁𝐻 =
𝑙𝑛η𝑅
𝑐

 

Intrinsic viscosity 

[η] = lim
𝐶→0

η𝑆𝑃
𝑐

 

[η] will be shown to be a unique function of molar mass (for a given polymer-solvent-

temperature). The remaining form for the viscosity is the inherent viscosity. In the limit of 

zero concentration, η𝐼𝑁𝐻extrapolates the same as η𝑆𝑃
𝑐

 and becomes equal to the intrinsic 

viscosity, as shown as follows: 

lim
𝑐→0

𝑙𝑛η𝑅
𝑐

= lim
𝑐→0

𝑙𝑛�η𝑆𝑃 + 1�
𝑐

= lim
𝑐→0

η𝑆𝑃
𝑐

= [η] 

Accordingly, the intrinsic viscosity can be found either extrapolating η𝑆𝑃
𝑐

 or η𝐼𝑁𝐻 to zero 

concentration, as shown afterwards. 

The molar mass can be obtained by applying the Mark-Houwink relationship, 

considering K and α are polymer-solvent-temperature dependent parameters: 

[η] = 𝐾 · 𝑀𝑉
𝛼 

The approaches form the fundamentals of viscosity of fluids towards the viscosity of 

polymers can be found in literature (8). Considering polydisperse polymers, the following 
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assumptions are made: first, the total specific viscosity is the sum of the specific 

viscosities for each component (i.e., each molar mass of the polymer). Secondly, the 

specific mass of each component can be calculated from the intrinsic viscosity due to that 

component. Finally, the relation between intrinsic viscosity and molar mass is 

independent of molar mass; that is, K and α are independent on the molar mass. 

η𝑆𝑃 = ∑ �η𝑆𝑃�𝑖𝑖         ,     �η𝑆𝑃�𝑖 = [η]𝑖 · 𝑐𝑖         ,      [η]𝑖 = 𝐾 · 𝑀𝑖
𝛼 

Consequently, from derivation of above equations, it can be derived: 

η𝑆𝑃
𝑐

=
∑ �η𝑆𝑃�𝑖𝑖

𝑐
 = ∑ 𝐾·𝑐·𝑀𝑖

𝛼
𝑖

𝑐
=

∑ 𝐾·
𝑁𝑖·𝑀𝑖
𝑉 𝑀𝑖

𝛼
𝑖

∑ 𝑁𝑖·𝑀𝑖
𝑉𝑖

= ∑ 𝐾·𝑁𝑖·𝑀𝑖·𝑀𝑖
𝛼

𝑖
∑ 𝑁𝑖·𝑀𝑖𝑖

= 𝐾 ·  ∑ 𝑁𝑖·𝑀𝑖
𝛼+1

𝑖
∑ 𝑁𝑖·𝑀𝑖𝑖

     

, and considering that 

lim
𝐶→0

η𝑆𝑃
𝑐

=  𝐾 · 𝑀𝑉
𝛼 

, the viscosity average molar mass is defined as: 

𝑀𝑉 = �
∑ 𝑁𝑖 · 𝑀𝑖

𝛼+1
𝑖
∑ 𝑁𝑖 · 𝑀𝑖𝑖

�

1
𝛼

 

In comparison to common number-average molar mass Mn and weight-average Mw molar 

masses, when α=1, MV = Mw, and actually Mn≤ MV ≤ Mw ( Fig 2.11). For typical α (∈ 

0.5-0.8) MV is closer to Mw, since the viscosity properties are expected to be a function of 

the size and not just the number of polymer chains. Note that: 

 

𝑀𝑛 = �
∑ 𝑁𝑖 · 𝑀𝑖𝑖
∑ 𝑐 · 𝑁𝑖𝑖

� 

 

𝑀𝑤 = �
∑ 𝑁𝑖 · 𝑀𝑖

2
𝑖
∑ 𝑁𝑖 · 𝑀𝑖𝑖

� 

 

 

 

 

 

(2. 10) 
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Figure 2. 11. Comparison of molar masses. 

 

3.1.2. CALCULATION METHODS (9) 

Because of the height difference between bulbs in the Cannon-Fenske ( Fig 2.12 ) 

viscosimeter, there is a hydrostatic head or driving pressure to cause the liquid to flow 

through the capillary or narrow diameter section of the viscometer.  Details can be found 

in ISO 1628-1 (9). Shortly, the experiment consists in measuring the time the liquid takes 

to flow through the capillary between marks.  

 

Figure 2. 12. Cannon-Fenske type capillary viscosimeter 

 

During the flow of a Newtonian fluid through a capillary, in kinetic energy terms, the 

time is proportional to the solution viscosity through the following relation: 
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η =
𝜋 · 𝑟𝐶4 · ∆𝑃
8 · 𝑉𝑓 · 𝐿

· 𝑡 = 𝐴 · 𝜌 · 𝑡 

, where rC is the radius of the capillary, Vf the volume of liquid, ∆P the pressure 

difference and L the length of the capillary. When flowing due to gravity only in the tube 

of length h, ∆P=ρ·g·h where ρ is the solution density. The physical constants of the 

viscosimeter can be then lumped into a single constant denoted above as A. If A is known 

for a particular viscosimeter, the measurement of flow time and solution density can be 

used to determine solution viscosity.  

A more accurate calculation of solution viscosity in terms of flow time would account for 

kinetic energy of the moving liquid. The result with kinetic energy is: 

η = 𝐴 · ρ · �𝑡 −
𝐵
𝐴 · 𝑡�

 

 , where B is a constant. If the flow occurs rapidly (t ↓), the liquid is moving fast and 

there can be significant kinetic energy. In this case it is important to correct for kinetic 

energy. On the contrary, for slow flows (t ↑) the kinetic energy term, which is 

proportional to 1/t, gets small. Physically, the liquid is moving slowly and has little 

kinetic energy. In practice, it is simplest to use long flow times and ignore the kinetic 

energy term. For most accurate results, there are several important working 

considerations: 

• The viscometer must be clean. Any contamination from previous solutions might 

add to the current solution and change its viscosity. A clean tube also means a 

tube that is free from dust particles. Dust particles can add to the solution as hard 

spheres with a large hydrodynamic volume that might increase the solution 

viscosity and affect the results, especially when working with very dilute 

solutions. 

• It is best to choose a viscometer such that the flow time is greater than 100 

seconds. When t > 100 seconds, it is permissible to ignore the kinetic energy 

terms. It is then a simple matter to calculate relative viscosity and specific 

viscosity by comparing the flow time of the solution, t, to the flow time of the 

pure solvent, t0. 

 

(2.16) 

 

 

 

 

 

 

 

 

(2. 17) 

 

 

 

 

 



94 
 

• To adjust flow times, viscometers are available with different radius capillaries. 

The smaller the capillary, the longer the flow time. Then the viscometer must be 

selected to give good flow times in the expected viscosity range for the solutions. 

A. Huggins and Kraemer extrapolations 

According to the aforementioned definitions of the different viscosimetric parameters, the 

extrapolations of the inherent and specific viscosities to concentrations near to zero, the 

intrinsic viscosity can be obtained from the intersection of both curves in the ordinate, as 

shown in Fig 2.13. 

 

Figure 2. 13. Experimental results of viscosimetric experiments for virgin PLA 
 

The used expressions are shown as follows: 

 

Huggins equation 

η𝑆𝑃
𝑐

= [η] + 𝑘 ′ · [η]2 · 𝑐 

 

Kraemer equation 

η𝐼𝑁𝐻
𝑐

≈ [η] + 𝑘 ′′ · [η]2 · 𝑐 
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3.1.3. EXPERIMENTAL PARAMETERS 

The intrinsic viscosity [η] was measured according to the standard ISO 1628-1 (9) by 

means of a Cannon-Fenske capillary viscosimeter type at 25 ºC, with the use of 60/40 

wt% phenol/1,1,2,2-tetracholoethane as solvent in the case of PET and at 30 ºC in 

tetrahydrofurane (THF) in the case of PLA. Dissolutions of pellets ranged from 0.2 to 1 

g·dL-1. Measurements were performed by quintuplicate for each concentration c and [η] 

was obtained from extrapolation to c0 of Huggins and Kraemer plots.  

In the case of PET, the number and weight average molar mass values (Mn, Mw g·mol-1) 

were calculated with the Mark-Houwink equation [η]=K·MV
α, with constants K=3.72·10-4 

dL·g-1 and α=0.73 for Mn 
(10), and K= 4.68·10-4 dL·g-1  and α=0.68 for Mw (11). The 

polydispersity index was consecutively calculated as PDI=Mw·Mn
-1. 

In the case of PLA, the viscous molar mass values (MV, g·mol-1) were calculated, with 

constants K=6.4·10-4 dL·g-1 and α=0.68 (12). 

 

 

Figure 2. 14. Pictures of experimental test for measuring capillary viscosimetry  
 

  



96 
 

3.2. MASS SPECTROMETRY 

3.2.1. FUNDAMENTALS 

Polymers may display a wide variety of structures, including linear, cyclic and branched 

chains, copolymers in which different repeat units are aligned along the chain in different 

manners, and star polymers with different numbers of arms. The identification of the 

molecular structure is the first step in the analysis of a polymeric material. Many 

synthetic polymers are heterogeneous within themselves in many aspects. Homopolymers 

may exhibit both molar mass distribution (MMD) and end-groups distribution (EGD). 

Copolymers may also show chemical composition distribution (CCD) and functionality 

distribution (FTD) in addition to the MMD. Therefore, different kinds of heterogeneity 

need to be investigated in order to proceed to the structural and molecular 

characterization of polymeric materials (13).  

The estimation of molar masses (MM) and of molar-mass distributions is of a primary 

interest in polymer characterization work, and much effort has been dedicated directly to 

develop suitable methods for their determination. End-groups analysis provides more 

important structural information, concerning the estimation of the different end-groups 

present for the same molecular structure, since it can happen due to different synthetic 

and degradation routes or to end capping. Determining the composition and sequence of 

the functional repeating units in the polymeric backbone is essential, since the physical 

and chemical properties of these materials may be influenced (13).  Among the techniques 

developed for polymer characterization, Mass Spectrometry (MS) is one of the most 

powerful. Mass spectra analysis involves the formation of gaseous ions from a specific 

analyte (M) and the subsequent measurement of the mass-to-charge ratio (m/z) of these 

ions. Molecular ions are generally formed by the removal of an electron from M (M+), 

whereas quasi-molecular ions appear when adding an ion to the analyte: [M+H]+, 

[M+Na]+, [M+Cl]-. The exact m/z value of molecular or quasi-molecular ions reveals the 

elemental composition of the ion and thus allows for the compositional analysis of the 

sample under study (14). 

A. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) 

MALDI MS is a soft ionization technique introduced in the early 90s for the 

characterization of biopolymers. The development of the technique during recent years 
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has allowed for the characterization of high molecular weight polymers, offering the 

possibility of resolve polymeric chain distributions. MALDI makes use of short pulses of 

laser light to induce the formation of intact gaseous ions. Analyte molecules are not 

directly exposed to laser light, but are homogeneously embedded in a large excess of 

‘matrix’, which consists of small organic molecules (see Fig 2. 15). The matrix 

molecules strongly absorb the laser light to allow for very efficient energy transfer to the 

analyte. The high energy density obtained in the solid or liquid matrices (even at 

moderate laser irradiance) induces instantaneous vaporization of a microvolume (called a 

plume), and a mixture of ionized matrix and analyte molecules is released into the 

vacuum of the ion-source. The laser pulse must not be too long, otherwise analyte 

molecules will not all desorb at the same time. On the other hand, there is no advantage in 

using ultra-short pulses (fractions of picoseconds) and there are many disadvantages (for 

instance, a laser which generates ultra-short pulses is expensive and bulky). The nitrogen 

laser, operating at a wavelength of 337 nm, has a very compact design, it is pulsed and its 

shots last about 3 ns, which is perfect for the scope of MALDI. 

 

Figure 2. 15. Desorption/ionization process induced by laser to an analyte embedded in a matrix. 

 

The Time-Of-Flight (TOF) analyzers are non-scanning-mass type analyzers. For m/z 

separation with a TOF analyzer, the ions produces in the ion source are initially 

accelerated through a potential V to acquire kinetic energies in the keV range (Eq 2.20). 

Then, ions traverse (“fly”) a distance d to reach a detector after a time t, which is 

measured (15-17). The flight time depends on the ion velocity v (Eq. 2. 21),   which is in 

turn dependent on m/z (Eq. 2. 22). The time taken by an ion to reach the detector is 

proportional to the square root of the ion’s m/z value. 
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𝐸𝑘 = 𝑧 · 𝑒𝑉 = 𝑚 ·
𝑣2

2
 

𝑡 = 𝑑
𝑣
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Based on these relationships, the higher masses (therefore, larger ions) take longer times 

to arrive to the detector. Thus, in order to avoid overlaps with simultaneously arriving 

smaller ions produced later during the ionization process, the ion source must be pulsed, 

which is achieved by the use of a laser. In addition, a simple TOF analyzer offers poor 

resolution due to this spread in velocity of ions of the same mass, due to kinetic energy, 

spatial and temporal distributions of the ions, and can be minimized by time-lag focusing 

(delayed extraction) and the use of a reflectron. This device is an ion mirror with an 

electric field which retards and reflects the entering ions. Fig 2.16 shows the scheme of a 

reflectron MALDI-TOF mass spectrometer. When the electrodes are turned off, the 

MALDI spectrum is recorded in the linear mode, whereas if they are turned on, the 

spectrum is recorded in the reflectron (or reflected) mode. When faster ions (those with 

higher energies) penetrate deeper into the reflector take more time to turn around, and 

therefore they reach the reflectron detector at the same time as the slower ions with the 

same mass, which spend less time inside the reflectron (18). 

 

Figure 2. 16. Schematic representation of a MALDI equipment with reflector (as adapted from Montaudo et 

al. (19)) 

 

(2. 20) 

 

(2. 21) 

 

(2. 22) 
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With Mass Spectrometry (MS), due to the variety of structures that can be found, the 

process of analyzing a polymer has to be proceeded by steps (13): 

• Determination of the chemical structure of the backbone: The polymer 

structure determination consists in finding out the chemical units that constitute 

the backbone and the type of chemical bonds linking the monomers together. MS 

can be applied to structure analysis and polymer identification, since the mass 

spectrum of polymer possesses characteristic peaks, peculiar to a polymer 

structure (20-21). Such is the case of the spacing between peaks. For example, 

poly(ethylene terephthalate) (PET) has a spacing of 192,168 m/z, which can be 

used for identification. 

 

• End-group determination: Taking into account that the general structure of the 

ions detected by MS is of the type: G1-AAAAAAAAAAAA…-G2 C+, where G1 

and G2 stand for end-groups, A is the repeating unit and C is a proton or a cation, 

the end-group determination is performed as follows: One considers the mass 

number of one of the MS peaks, subtracts the mass of C, then subtracts many 

times the mass of a repeat unit until one obtains the sum of masses of G1+G2 

(residual of the calculation). 

 

• Relative abundance: Synthetic polymers are often made of a mixture of chains 

with different end-groups, and it is of high interest to establish the relative 

abundance of each species. 

B. Sample preparation 

Despite the remarkable development of this technique, there are still some lacking 

concepts regarding the optimization of the MALDI signal that have to be considered. 

These issues are related to both sample preparation factors and instrumental settings 

during sample analysis, as it is shown in Fig 2.17.   

 



100 
 

 

Figure 2. 17. MALDI analysis. Left: sample preparation. Right: Instrumental settings 

 

• Sample preparation takes into account factors such as the choice of matrix, the 

solvent, the cationization agent or the proportion used of each one for the sample 

preparation. The final goal is to achieve a homogeneous co-crystallization of 

sample and matrix molecules. In MALDI of synthetic polymers, typically rather 

inhomogeneous sample preparations are obtained and often one has to search not 

only for the sweet spots offering good resolution and signal intensity, but also in 

cases those spots which give any polymer signal (22).  

 

• Dealing with the matrix selection, it is generally considerable to match the 

polarity of the matrix with that of the polymer under investigation. Nevertheless, 

matrix selection is still a trial and error procedure. As suggestions, Nielen 

tabulated many combinations of polymer-matrix-solvents sample preparation 

conditions in a review (22). An ideal matrix should have the following properties: 

high electronic absorption at the employed wavelength, good vacuum stability, 

low vapour pressure, and good miscibility with the analyte in the solid-state (23). 

Exhaustive list of useful matrices are available in the literature (24). 1,8,9-

anthracenetriol (dithranol), 2-(4-hydroxyphenylazo) benzoic acid (HABA), trans-

3-indoleacrylic acid (IAA), 2,4,6-trihydroxy acetophenone (THA), ferulic acid 

(FA) and 2,5-dihydroxybenzoic acid (DHB) have been successfully used in other 

studies with PLA, PET and other polyesters (25). Chemical structures of used 

matrixes are depicted in Fig 2.18.  

 

• Concerning the selection of the correct solvent, the goal was to avoid 

segregation during the evaporation/crystallization of the MALDI target. If actually 

a mixture of solvents is used in the sample preparation then the solvent 
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composition will change during the solvent evaporation process because of 

differences in volatility. As a consequence, the solubility of the polymer changes 

as well, thus when some less volatile non-solvent is present in the preparation, the 

polymer might precipitate before matrix crystal formation (22). For the case of 

PLA, the finding was straightforward, and tetrahydrofurane (THF) was used. 

Nevertheless, to find a good solvent that could dissolve PET at room temperature 

lead to the use of the azeotropic mixture of dichloromethane (CH2Cl2) and 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (70:30, V:V) (25). In that sense, when 

the choice of a suitable matrix was addressed, it was extremely important that the 

mixture behaved as one during the evaporation process of the solvent, avoiding 

therefore sample segregation, which could thus impoverish the quality of the 

signal (25).  
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Figure 2. 18. MALDI matrixes used in this thesis 

 

• Suitability of a cationization agent: The ionization process of MALDI can be 

aided by the addition of a sodium (Na) or potassium (K) salt. Since polyesters are 

relatively polar polymers, Na+ and K+ are observed in the MALDI spectra, even if 

they are not deliberately added to the matrix/analyte mixture (26-28). It is known 

that these cations are present as impurities in matrixes, reagents, solvents or 

glassware among other sources, and therefore polymers with high cation affinity 

do not necessarily need a high amount of extra salt in the MAC sample (23). The 
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presence of specific functional groups in the polymers, such as carboxyl and 

hydroxyl is very important in the cationization process (29). In addition, matrixes 

such as HABA and dithranol are particularly insensitive to impurities (30) and 

therefore the study of the addition of a cationization agent for these MALDI 

experiments is justified. Sodium Trifluoroacetate (NaTFA) was chosen as a source 

of ions. The quantity of NaTFA to be added to the MAC was also investigated, in 

order to explore its influence on the quality of the MALDI response. 

 

• Instrumental settings during sample analysis covers all the experimental 

conditions during desorption/ionization, transmission and detection. Extended 

information regarding the instrumental factors can be found elsewhere (22; 23).  

The individual and synergic influence of MALDI sample preparation factors such as the 

choice of the matrix and solvent, the use of cationization agent and the proportion of these 

components in the sample mixture were investigated in this study. In this sense, a 

mathematical procedure was preferred, “blind” to physico-chemical interactions and 

correlations. A statistical Design of Experiments (DoE) was used, since this 

methodology is capable of covering any kind of scientific or industrial problem, by 

optimizing the value of a specific effect; in this case, the enhancement of the MALDI 

signal was thus intended. Thus, a short introduction is addressed hereafter. 

 

3.2.2. FUNDAMENTALS OF THE STATISTICAL DESIGN OF 

EXPERIMENTS (DoE) 

Design of experiments (DoE) plays a fundamental role in the optimization of scientific 

and industrial problems (31). These problems involve the study of the effects of multiple 

input variables on the experimental outcome, i.e., the response. These input variables are 

called factors (F) and the experiments are called factorial experiments. F can be either 

quantitative (categorical variable) or qualitative (based on a continuous variable but only 

use a few controlled values in the experiment). Each factor must have two or more 

settings so that the effect of change in factor setting on the response can be explored. 

These settings are called levels (L) of the factor. Any combination of levels of factors 

(F/L) corresponds to a run in practical experimentation. Factorial design concerns the 
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selection and arrangement of combinations F/L in a factorial experiment. Investigators 

select F to systematically vary during an experiment in order to determine their effect on 

the response variable. After screening the factors to determine which are important for 

explaining process variation, DoE is useful to understand how F interact and drive the 

measurement and consequently helps select the F/L that produce optimal process 

performance. Further information can be found in general literature (32) (33) (34). 

Experimenting one factor at a time (OFT) maintaining the rest of factors constant was 

considered the correct procedure to perform experiments at the beginning. Nevertheless, 

this method only provided the estimation of the effect of a unique factor under selected 

and fixed conditions of the other factors. In order to consider this estimation generally 

relevant it would be necessary to assume that the effect should be the same in all 

conditions for the rest of factors and thus that the factors affect the response in an additive 

manner. DoE can remarkably improve the characteristics of the study: whether the F 

really act in an additive way, DoE permits the estimation with higher precision; on the 

contrary, if F do not act in an additive way, DoE is capable, unlike OFT, of detecting and 

estimating the interactions of F and measuring this no-additivity (35).  

Reproducibility of the experiments must also be taken into account. Repeat and 

replicate measurements are both multiple response measurements taken at the same F/L 

combination; but repeat measurements are taken during the same experimental run or 

consecutive runs, while replicate measurements are taken during identical but distinct 

experimental runs, which are often randomized. Whether repeats or replicates are used, it 

depends on the sources of variability interesting to explore and the resource constraints of 

the experiment. Designs with both repeats and replicates enable to examine multiple 

sources of variability. Because replicates are from distinct experimental runs, usually 

spread over a longer period of time, they can include sources of variability that are not 

included in repeat measurements. For example, replicates can include variability from 

changing equipment settings between runs or variability from other environmental factors 

that may change over time. Replicate measurements can be more expensive and time-

consuming to collect (35).  

DoE analysis is performed by the use of the General Linear Model (GLM) (35), which 

comprises the univariate analysis of variance with balanced and unbalanced designs, 

analysis of covariance, and regression, for each response variable. Interpretation of results 
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is drawn from main effects plots (MEP) and interaction plots (IEP). MEP show the 

direct effect of each F on the response, evaluated along the different L considered. IEP 

are useful for the study of interactions between F by means of the comparison of the 

relative strength of the effects across factors. An interaction between factors occurs when 

the change in response from the low level to the high level of one factor is not the same as 

the change in response at the same two levels of a second factor. That is, the effect of one 

factor is dependent upon a second factor (35). 

The application of DoE is therefore very valuable, not only for the determination of the 

optimal settings of an experiment, but also for the understanding of the effect of each 

factor, individually or in combination, to the final response. Thus, a DoE was applied for 

the improvement of the MALDI sample preparation, taking into account matrix, 

proportion analyte-to-matrix and amount of cationization agent.  Further details are 

extended in the Discussion of Results of Chapter III. 

 

3.2.3. EXPERIMENTAL PARAMETERS 

MALDI-TOF/MS experiments were conducted on a Bruker UltraFlex MALDI-TOF mass 

spectrometer with a SCOUT-MTP ion source (Bruker Daltonics, USA) equipped with a 

nitrogen laser (337 nm), a gridless ion source and a reflector (Fig 2.19). All spectra were 

acquired in the reflector positive ion mode with an acceleration voltage of 25 kV and a 

reflector voltage of 26.3 kV. The detector m/z range was 1600–10000 Da in the case of 

PET and 200–6000 Da for PLA analysis in order to exclude high intensity signals arising 

from the low mass ions and to cover the whole mass spectrum. The laser intensity was set 

to the maximum value possible, taking care for not burning the MAC in order to avoid the 

appearance of high-intensity background peaks, which could decrease the signal-to-noise 

ratio and the resolution. Spectra were gathered by irradiating 40-50 different positions at 

the centre area on the sample spot, with a total of 2500 shots per sample. Time-to-mass 

conversion of the time-of-flight mass spectra was achieved using a self-calibration 

method (36).  

All spectra were treated using FlexAnalysis 2.4 (Bruker Daltonics, USA) software. 

Interpretation of data was done taking into account all decimals of the atomic masses 

composing the oligomers, but note that m/z values are given with only one decimal.  
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Figure 2. 19. MALDI-TOF-MS Bruker Daltonics 

 

3.2.4. CALCULATION METHODS 

Signal-to-Noise ratio (S/N) and Resolution (RES) stand out as suitable quality indicators 

in many different spectrometric studies, and therefore were chosen for the analysis. Peaks 

corresponding to the species that provide with higher intensities were analyzed. Besides, 

in order to perform a representative description of the oligomeric distribution in both 

polymers, the peaks of up to seven repeating units were considered for calculations. 

Absolute and relative E (being E= S/N or RES) were analyzed as well. Effects are listed as 

follows: 

𝐸 = ��𝐸𝑖 ∙
𝐼𝑖
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where I is the intensity of the peak, Imax the maximum intensity, Emax the maximum 

effect (S/N or RES) and i is the counter of the studied peaks. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2. 23) 
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3.3. FOURIER TRANSFORM INFRARED ANALYSIS 

 

3.3.1. FUNDAMENTALS (37) 

As one of the few techniques that can provide information about the chemical bonding in 

a material, it is particularly useful for the non-destructive analysis of solids and thin 

films, for which there are few alternative methods. Liquids and gases are also commonly 

studied, more often in conjunction with other techniques. Chemical bonds vary widely in 

their sensitivity to probing by infrared techniques. 

Infrared refers to that part of the electromagnetic spectrum between the visible and 

microwave regions. Electromagnetic spectrum refers to the seemingly diverse collection 

of radiant energy, from cosmic rays to X-rays to visible light to microwaves, each of 

which can be considered as a wave or particle travelling at the speed of light, as it is 

shown in Fig 2.20.  

 

Figure 2. 20. The electromagnetic spectrum, as adapted from ref (38) 
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These waves differ from each other in the length λ (cm) and frequency ν (Hz = s -1), 

which are inversely related between them, and connected to the energy by means of: 

ν = 𝑐 · λ−1      ,   𝐸 = ℎ · ν  

, where h is the Planck’s constant (6.6·10-34 J·s-1). 

In wavenumbers, the mid IR range is 4000–400 cm-1 (Fig 2.21). An increase in 

wavenumber corresponds to an increase in energy. Infrared radiation is absorbed by 

organic molecules and converted into energy of molecular vibration. In IR spectroscopy, 

an organic molecule is exposed to infrared radiation. When the radiant energy matches 

the energy of a specific molecular vibration, absorption occurs. Therefore the 

wavenumbers (sometimes referred to as frequencies) at which an organic molecule 

absorbs radiation give information on functional groups present in the molecule. Certain 

groups of atoms absorb energy and therefore, give rise to bands at approximately the 

same frequencies. The potential utility of IR is that it is a function of the chemical bond of 

interest, rather than being applicable as a generic probe. The limitations arise from 

sample-to-sample variations that modify the optical quality of the material.  

 

Figure 2. 21. The IR regions in the electromagnetic spectrum, as adapted from ref  (38) 

 

 

 

 

 

(2. 25) 
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Defining I0 to be the intensity of the light incident upon the sample and I the intensity of 

the beam after it has interacted with the sample, the goal of the basic infrared 

experiment is to determine the intensity ratio I/I0 as a function of the frequency of the 

light (ν ). A plot of this ratio versus the frequency is the infrared spectrum. The infrared 

spectrum is commonly plotted in one of three formats: as transmittance, reflectance, or 

absorbance. If one is measuring the fraction of light transmitted through the sample, this 

ratio is defined as: 

𝑇ν =
𝐼𝑇
𝐼0
�
ν
 

,where Tν is the transmittance of the sample at frequency ν, and IT is the intensity  of the 

transmitted light. Similarly, if one is measuring the light reflected from the surface of the 

sample, then the ratio is equated to Rν, or the reflectance of the spectrum, with IT being 

replaced with the intensity of the reflected light IR. The third format, absorbance, is 

related to transmittance by the Beer-Lambert Law: 

𝐴ν = −𝑙𝑜𝑔(𝑇ν) = εν · 𝑏 · 𝑐 

, being c the concentration of chemical bonds responsible for the absorption of infrared 

radiation, b is the sample thickness (optical path), and εν is the frequency-dependent 

absorptivity, a proportionality constant that must be experimentally determined at each ν 

by measuring the absorbance of samples with known values of b·c.  

There exist different technical aids to allow the measurement of different geometries of 

samples.  When an Attenuated Total Reflection (ATR) crystal is used, as shown in Fig 

2.22, the infrared beam is directed into the crystal. Exploiting the principles of a 

waveguide, the change in refractive index at the crystal surface causes the beam to be 

back-reflected several times as it propagates down the length of the crystal before it 

finally exits to the detector. If the sample is put in contact with the crystal surface, the 

beam will interact weakly with the sample at several points. For extremely thin samples, 

this is a means of increasing the effective path length. Since the propagating beam in the 

crystal barely penetrates through the surface of the sample adjacent to the crystal, signals 

at a sample surface can be enhanced, as well. This also helps in the study of opaque 

samples. Approximately fivefold amplification in signals is typical over a direct 
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transmission experiment. The quality of the crystal-sample interface is critical, and 

variability in that interface can make ATR results very difficult to quantify. 

 

Figure 2. 22. Typical beam path configuration of FTIR-ATR, adapted from (37) 

Different crystals can be used in ATR, such as diamond, germanium or an alloy of zinc 

and selenium. In addition, it should be note that the interface is critical, and variability in 

that interface can make ATR results very difficult to quantify. 

There are two types of molecular vibrations, stretching and bending, as shown as 

follows for a simple molecule like water: 

 

 

 

 

Figure 2. 23. Stretching modes of vibration: (left) symmetrical, (right) anti symmetrical 

 

 

 

Figure 2. 24. Bending mode of vibration of water (scissoring) 

 

The vibration modes depend on the linearity and the surrounding, and thus the in-plane 

and out-of plane alternatives take place. See for example stretching and bending 

vibrations for the important organic group, – CH2 –, in Fig 2. 25 
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Figure 2. 25. Vibrations of the group –CH2– 

 

3.3.2. CALCULATION METHODS 

The identification of functional groups was performed by the position of the peak 

corresponding to the characteristic wavenumber of vibration. Semi-quantitative analysis 

was performed by calculating functional indexes: 

𝐼ν =
𝑃ν
𝑃𝑟𝑒𝑓

 

, being P the parameter of analysis considered, taking into account the area under the 

curve in case a single peak was defined, or the intensity (height) of the peak in case 

overlapped phenomena were encountered. In the latter case, a deconvolution procedure 

was performed taking into account Gaussians and Lorentzians for fitting to skewed 

curves. Pref corresponds to the same parameter for a reference peak, which is supposed 

not to vary with the degradation process and to be independent of the conformational 

arrangement of the sample, as specifically explained for each polymer.  

 

3.3.3. EXPERIMENTAL PROCEDURE 

FT-IR spectra were collected by a NEXUS Thermo Nicolet 5700 FT-IR Spectrometer 

(MA, USA), previously calibrated, and equipped with a single-reflection Smart Performer 

accessory for attenuated total reflection (ATR) measurements, with diamond crystal (Fig 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2. 28) 
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2.26) . 32 co-added spectra were recorded for each specimen at a resolution of 4 cm-1 with 

a spacing of 1 cm-1, from 4000 to 600 cm-1 of wavenumber. In the case of PET, the 

spectra were normalized to the 1410 cm-1 peak (39) before any data processing, 

corresponding to the benzene ring in-plane deformation, which is usually used as internal 

standard due to it is not sensitive to effects of orientation or conformation (40), and it is 

useful to correct possible variations arisen from defects in surface quality or sample 

positioning. In the case of PLA, the spectra were normalized to the 1454 cm-1 peak (41).   

 

Figure 2. 26. Picture of used IR spectrometer with ATR accessory 

A background was performed before the analysis of the samples. The effect of water and 

atmospheric CO2 was corrected and subtracted form the spectra. Further corrections such 

as baselines, refractive indexes and incident angles were also applied. At least 8 

measurements per material were performed at different locations of the sample, in order 

to obtain representative results. 

FTIR was also used for the determination of the gases evolved from the energetic 

valorisation of PET and PLA, as shown afterwards. 
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3.4. SCANNING ELECTRON MICROSCOPY 

 

3.4.1. FUNDAMENTALS (42) 

The basic principle of the scanning electron microscope (SEM) is to scan the specimen 

with a finely focused electron beam of keV energy. An image is formed by scanning a 

cathode-ray tube (CRT) in synchronism with the beam (Fig 2.27) and by modulating the 

brightness of this tube with beam-excited signals. In this way, an image is built up point-

by-point that shows the variations in the generation and collection efficiency of the 

chosen signal at different points on the specimen. Unlike with transmission electron 

microscopy (TEM), there is no need to refocus the signal-carrying particles generated in 

the specimen. This makes it possible to examine rough, solid specimens with a minimum 

of specimen preparation. By using different conditions and specimens, it is possible to 

obtain images showing the surface topography, average atomic number, surface potential 

distribution, magnetic domains, crystal orientation, and crystal defects in a solid 

specimen.  

 

Figure 2. 27. Schematic diagram of a scanning electron microscope 

Computers have been used in the SEM to control system setup, to scan the incident 

electron beam, move the specimen, collect data, for image processing and analysis, 

replay, and to provide for remote operation by an operator at a different location. 

Generally, the image resolution of an SEM is about an order of magnitude poorer than 

that of a TEM. However, because the SEM image relies on surface processes rather than 



 II. EXPERIMENTAL PROCEDURES AND ANALYTICAL METHODS 
 
 

113 
 

transmission, it is able to image bulk samples up to many centimetres in size and 

(depending on instrument design and settings) has a great depth of field, and so can 

produce images that are good representations of the three-dimensional shape of the 

sample. 

A. Main types of electrons 

The signals from the specimen mainly include: 

• Secondary electrons (SE), which leave the specimen with an energy of typically 

1 to 10eV with 50eV being specified as the upper energy limit. In fact, many 

hundreds of secondary electrons can be excited within the specimen by a single 

primary electron, but only those which are excited within ∼10 nm of the surface 

can escape into the vacuum and be detected. Thus, secondary electrons can be 

subdivided into: 

o those that escape at the point where the primary enters the specimen (SE-

I), and  

o those that are excited at the exit point if there is one (SE-II). In most cases, 

the primary excited secondary electrons are capable of higher resolution 

than the others.  

 

• Backscattered electrons (BSE), which leave the specimen with an appreciable 

fraction of the primary beam energy. (For the purpose of a definition, a 

backscattered electron has energy greater than 50eV.) In order to be backscattered 

from a thin film or from a solid target, a primary electron must experience one or 

more close encounters with the nuclei of the target atoms (Rutherford scattering 

events). The terms rediffused electrons and reflected electrons are synonymous 

with backscattered electrons.  

 

• Elastically scattered electrons, which have an energy loss, from a solid target, of 

typically less than ∼1eV. In some cases, electrons with characteristic energy losses 

can also be detected.  
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B. Sample preparation for SEM analysis 

In order to enhance the SEM signal, the sample preparation is of high importance. By the 

use of a Conductive Coating, an ultra-thin coating of electrically conducting material, 

deposited either by high vacuum evaporation or by low vacuum sputter coating of the 

sample. This is done to prevent the accumulation of static electric fields at the specimen 

due to the electron irradiation required during imaging. Such coatings include gold, 

gold/palladium, platinum, tungsten, graphite etc. and are especially important for the 

study of specimens with the scanning electron microscope. Another reason for coating, 

even when there is more than enough conductivity, is to improve contrast, a situation 

more common with the operation of a Field Emission SEM. 

 

3.4.2. EXPERIMENTAL PARAMETERS 

The morphology of the specimens was analyzed by means of a Hitachi S-4800 Field 

Emission Scanning Electron Microscope (Tokyo, Japan), as shown in Fig. 2.28. The 

samples from each material were prepared by cutting square pieces from a randomly 

chosen part of the processed specimen. The pieces were mounted on metal studs and 

sputter-coated with a 2 nm gold layer using a Cressington 208HR high resolution sputter 

coater (Watford, UK), equipped with a Cressington thickness monitor controller. 

 

Figure 2. 28. SEM (left) and sputter coater (right) used for analysis in this thesis 
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3.5. MELT-MASS FLOW RATE 

3.5.1 .FUNDAMENTALS 

Melt-mass flow rate (MFR) or index (MFI) is a measurement of the ease of flow of the 

melt of a thermoplastic polymer. It is defined as the mass of polymer, in grams, flowing 

in ten minutes through a capillary of a specific diameter and length by a pressure (applied 

via prescribed alternative gravimetric weights for alternative prescribed temperatures). 

The method is described in the standard ISO-1133 (43) . 

In the industry, the MFR is an indirect measure of molecular weight, with high melt flow 

rate corresponding to low molecular weight. At the same time, melt flow rate is a measure 

of the ability of the material's melt to flow under pressure. MFR is inversely proportional 

to viscosity of the melt at the conditions of the test, though it should be kept in mind that 

the viscosity for any such material depends on the applied force. The technologists should 

choose a material with a melt index so high that he can easily form the polymer in the 

molten state into the article intended, but on the other hand so low that the mechanical 

strength of the final article will be sufficient for its use. 

3.5.2. EXPERIMENTAL PROCEDURE 

Melt mass-flow rate (MFR) measurements of virgin and multi-extruded PET material 

were carried out by a Melt Indexer CFR-91 (Campana Srl., Italy) according to the 

standard ISO-1133. The test temperature was set at 270 ºC and the nominal load was 1,2 

kg. Measurements on each sample were repeated six times and the average was 

considered as the characteristic value. 

 

Figure 2. 29. Picture of MFR indexer used 



116 
 

3.6. TENSILE TESTING 

3.6.1. FUNDAMENTALS (44-45) 

In materials science, the strength of a material is its ability to withstand an 

applied stress without failure. The applied stress may be tensile, compressive, or shear. 

Strength of materials is a subject which deals with loads, deformations and the forces 

acting on the material. A load applied to a mechanical member will induce internal forces 

(stresses) that cause deformations (strain) of the material. The strength of any material 

relies on three different type of analytical method: strength, stiffness and stability, 

where strength refers to the load carrying capacity, stiffness refers to the deformation or 

elongation, and stability means refers to the ability to maintain its initial configuration. 

The method is thoroughly explained in the ISO 527-1 (46). 

Material yield strength refers to the point on the engineering stress-strain curve (Fig 

2.30) beyond which the material experiences deformations that will not be completely 

reversed upon removal of the loading.  

 

Figure 2. 30. Stress-strain curve. 1. Ultimate Strength 2. Yield Strength 3. Rupture 4. Strain  hardening 

region 5. Necking region. 

 

A material's strength is dependent on its microstructure. Strength is considered in terms 

of compressive strength, tensile strength, and shear strength, namely the limit states of 



 II. EXPERIMENTAL PROCEDURES AND ANALYTICAL METHODS 
 
 

117 
 

compressive stress, tensile stress and shear stress, respectively. The effects of dynamic 

loading are probably the most important practical part of the strength of materials, 

especially the problem of fatigue. Repeated loading often initiates brittle cracks, which 

grow slowly until failure occurs. Tensile testing, also known as tension testing (45), is a 

fundamental materials science test in which a sample is subjected to uniaxial tension until 

failure. The results from the test are commonly used to select a material for an 

application, for quality control, and to predict how a material will react under other types 

of forces. Main properties that are directly measured via a tensile test are Young 

modulus, stress and strain at break (45) . The knowledge of the elastic properties 

describing the reversible deformation behaviour is a fundamental requirement for the 

design of statically and dynamically loaded components. 

A. The tensile test 

The most common testing machine used in tensile testing is the universal testing 

machine. This type of machine has two crossheads; one is adjusted for the length of the 

specimen and the other is driven to apply tension to the test specimen. There are two 

types: hydraulic powered and electromagnetically powered machines. The alignment of 

the test specimen in the testing machine is critical, because if the specimen is misaligned, 

either at an angle or offset to one side, the machine will exert a bending force on the 

specimen. This is especially bad for brittle materials, because it will dramatically skew 

the results. The test process involves placing the test specimen in the testing machine and 

applying tension to it until it fractures. During the application of tension, the elongation of 

the gage section is recorded against the applied force. The data is manipulated so that it is 

not specific to the geometry of the test sample. The elongation measurement is used to 

calculate the engineering strain ε, using the following equation: 

 𝜀 =
∆𝐿
𝐿0

=
𝐿 − 𝐿0
𝐿0

 

where ΔL is the change in gage length, L0 is the initial gauge length, and L is the final 

length. The force measurement is used to calculate the engineering stress σ, using the 

following equation: 

 

 𝜎 =
𝐹
𝐴

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2. 29) 

 

 

 

 (2. 30) 
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, where F is the force and A is the cross-section of the gauge section.  

 

3.6.2. EXPERIMENTAL PARAMETERS  

Tensile testing was carried out at laboratory conditions according to ISO 291, atmosphere 

23/50, class 1 (47). Tensile tests were performed on virgin and reprocessed materials in 

order to investigate the changes in macroscopic mechanical properties, on dumbbell 

samples following ISO 527-2 (type 1A) (5), by means of an Instron 5566 universal 

electromechanical testing instrument (Instron Corp, MA, USA), at a crosshead speed of 

10 mm·min-1 for PET and of 5 mm·min-1 for PLA, a 10 kN load cell and gauche length of 

50 mm (Fig 2.31). Analyses were repeated at least 6 times per material, and the average 

of elastic modulus, elongation at break and stress at break were used as representative 

values. 

 

 

Figure 2. 31. Universal testing machine used for analysis  
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3.7. IMPACT TESTING 

3.7.1. FUNDAMENTALS (48) 

In mechanics, an impact is a high force or shock applied over a short time period when 

two or more bodies collide. Such a force or acceleration usually has a greater effect than a 

lower force applied over a proportionally longer time period of time. The effect depends 

critically on the relative velocity of the bodies to one another. At normal speeds, during a 

perfectly inelastic collision, an object struck by a projectile will deform, and this 

deformation will absorb most, or even all, of the force of the collision. Viewed from the 

conservation of energy perspective, the kinetic energy of the projectile is changed into 

heat and sound energy, as a result of the deformations and vibrations induced in the struck 

object. However, these deformations and vibrations cannot occur instantaneously. A high-

velocity collision (an impact) does not provide sufficient time for these deformations and 

vibrations to occur. Thus, the struck material behaves as if it was more brittle than it is, 

and the majority of the applied force goes into fracturing the material. The materials 

actually are more brittle on short time scales than on long time scales. 

The Charpy impact test is a standardized high strain-rate test which determines the 

amount of energy absorbed by a material during fracture. This absorbed energy is a 

measurement of a given material's toughness and acts as a tool to study temperature-

dependent brittle-ductile transition. It is widely applied in industry, since it is easy to 

prepare and conduct and the results can be obtained quickly and cheaply. But a major 

disadvantage is that all results are only comparative, as well as its destructive featuring. 

The instrument consists of a pendulum axe swinging at a notched sample of material. 

The energy transferred to the material can be inferred by comparing the difference in the 

height of the hammer before and after a big fracture. The notch in the sample affects the 

results of the impact test, thus it is necessary for the notch to be of regular dimensions and 

geometry. The size of the sample can also affect results, since the dimensions determine 

whether or not the material is in plane strain. Details can be found in ISO 179 (49). 
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Figure 2. 32. Schematic impact test 

 

3.7.2. EXPERIMENTAL PARAMETERS 

Charpy impact experiments were carried out following ISO 179 (49), with a hammer of 1 J 

and a notch size radius of 1,5 mm, under the same laboratory conditions than tensile tests. 

Analyses were repeated at least 5 times per material, and the averages were taken as 

representative values. 

The Impact experiments were carried out in the University of Miskolc (Hungary), by staff 

of the Fibre and Polymer Technology department of the School of Chemical Science and 

Engineering at Kungliga Tekniska Högskolan (Royal Institute of Technology), 

Stockholm, Sweden. 
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3.8. THERMOGRAVIMETRY 

3.8.1. FUNDAMENTALS 

Thermogravimetry or Thermogravimetric Analysis is, by definition of the International 

Conference of Thermal Analysis, a technique in which the mass of a substance is 

measured as a function of temperature, while the substance is subjected to a controlled 

temperature program. The analysis can be done dynamically, through a program of 

heating at constant speed, or in isothermal conditions, as a time function. In both cases, it 

determines weight loss or weight loss rate for each temperature or time, either directly 

related to the elimination of volatile or through a chemical process. 

The key elements are controlling the weight of a sample subjected to rigorous testing and 

temperature control. The result of thermogravimetric analysis is presented using a 

thermogravimetric curve (TG) or thermogram. It consists of a sigmoidal curve with one 

or more stages, depending on the chemical nature of the components, composition of the 

sample or the analytical gas. Thermogravimetric analysis can be also interpreted by 

inspection of the differential thermogravimetric curve DTG which is the first derivative of 

the thermogravimetric curve, in which case the maximum falling slope of the 

thermogravimetric curve corresponds to a peak in the differential curve DTG. 

The use of gas determines the thermal stability as only effect of temperature if an inert 

environment is used, such as Ar; as well, more realistic approaches can be performed by 

using a reactive gas such as O2 for testing the thermo-oxidative decomposition 

behaviours of the sample under consideration. In this sense, the TGA can be used as 

reactor for simulating pyrolytic and combustion reactions, as energetic valorisation tools 

for a sustainable waste management of polymeric materials.  

Generally, the evolution of the thermal decomposition process of a polymeric material in 

the thermo-balance as a function of temperature can be described schematically as 

follows: 

• A weight loss of low to moderate temperatures (T < 150 º C) corresponds to the 

loss of volatile components in the system as water, organic solvents or low 

molecular weight gases absorbed.  
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• For T ∈ 150-250 ºC, the loss of low molecular weight components such as 

additives, water of crystallization, plasticizers or even first products of 

decomposition at low temperatures can be detected. 

 

• At temperatures above 225-250 ºC thermal degradation is normally initiated, 

which evolution depends on the type of atmosphere used during the test, so that 

when the thermogravimetric analysis is performed in the presence of oxygen or air 

is called the thermo-oxidative degradation.  

 

• At T > 500 °C charring occurs for hydrocarbon compounds which thermal 

degradation does not lead to the formation of volatile fragments, leaving these 

compounds as waste along with inorganic fillers or additives which are not 

degradable. If the test is performed in an oxidizing atmosphere, the charred 

residue is gasified by transformation into carbon dioxide and inorganic waste and 

ash are metal oxides or salts are not oxidized.  

 

 

Figure 2. 33. TG curves of virgin PET and its fifth recyclate under inert and oxidative conditions. 

Highlighted regions point to the induction and deceleration of the thermal decompositions. 

When the Thermogravimetry technique is hyphenated to other technique for evolved gas 

analysis, supplementary information concerning the nature of change in mass in 

connection to the underlying degradation mechanisms can be obtained, as it is shown in 

the next section. 

T (ºC) 
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3.8.2. KINETIC ANALYSIS OF THERMAL DECOMPOSITIONS 

In the attempt to develop a model for plastic thermal and thermo-oxidative 

decompositions in full-scale systems, the main purpose is to describe the behaviour of 

polymers in terms of an intrinsic kinetics, in which heat and mass transfer limitations are 

not included. General kinetic models are proposed in literature for plastics and biomasses. 

These models do not take into account the rigorous and exhaustive description of the 

chemistry of thermal decomposition of polymers and describe the process by means of a 

simplified reaction pathway. It is widely known that each single reaction step considered 

is representative of a complex network of reactions (50).  

Khawan and Flanagan (51) reviewed the relationship between the theoretical 

decomposition mechanisms and their mathematical models, the so-called kinetic 

functions f(α). Kinetic analysis of non-isothermal experiments is generally performed by 

using a single step kinetic equation: 

 

𝑑𝛼
𝑑𝑡

≡ 𝛽 ·
𝑑𝛼
𝑑𝑇

= 𝐴 · 𝑓(𝛼) · 𝑘(𝑇) = 𝐴 · 𝑓(𝛼) · 𝑒−
𝐸𝑎
𝑅·𝑇 

, where t is the time (s), T the temperature (K), α is the conversion degree, β is the heating 

rate used in the thermogravimetric experiment (K·s-1), R is the ideal gas constant (8.31 

J·mol-1·K-1), A a pre-exponential factor (s-1), f(α) the kinetic function (see Table 2.1.) and 

Ea is the activation energy (J·mol-1). For thermogravimetric experiments, α = (m0-

mt)/(m0-m∞), where m stands for mass (g), and subscripts 0, ∞ and t respond to initial, 

final and actual thermogravimetric values. The obtaining of the so-called kinetic triplet 

(f(α)-model, Ea, A) may provide new knowledge regarding the kinetic model of thermal 

and thermo-oxidative decomposition for virgin polyesters and their recyclates, and offer 

new insights in further energetic valorisation processes for this polymer. 

The integration of Eq. (2. 31) after rearranging, leads to: 

 

𝑔(𝛼) = �
𝑑𝛼
𝑓(𝛼)

𝛼

0
=
𝐴 · 𝐸𝑎
𝛽 · 𝑅

· �
𝑒−𝑥

𝑥2
∞

0
 =

𝐴 · 𝐸𝑎
𝑅 · 𝑇

· 𝑝(𝑥)       ,      𝑥 =
𝐸𝑎
𝑅 · 𝑇
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Under linear heating rate program, Eq. (2. 32) does not have an exact analytical solution 

to the temperature integral p(x) and therefore some studies have reported different 

equations to approach the best values within lower error margin (52) . In this thesis, the 

Senum-Yang (53) approximation (Eq 2. 33) truncated at its fifth term was used, since it 

gives deviations from the exact value of the temperature integral lower than 10-8 % for 

x>10 (54),  which permits its application in solid-state decomposition reactions, where x is 

usually higher. 

 

𝑝(𝑥) =
𝑒−𝑥

𝑥2
· �

𝑛 · (1 − 𝑛)
𝑥 + 2 · (𝑛 + 1)

𝑛

 

 

A. Determination of activation energy – isoconversional methods 

Solid-state kinetics were developed from reaction kinetics in homogeneous systems (i.e 

gases and liquids), and it has been generally assumed that the activation energy and the 

pre-exponential factor 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-

isothermal experiments and do not take modelistic assumptions for the analysis, main 

source of error of model-fitting methods. The most broadly used isoconversional methods 

which were applied in this thesis are: 

• Linear integral methods, which give rise to linear functions from which slopes 

the Ea at a fixed α is obtained. 

 

o Flynn-Wall-Ozawa (FWO) (55-56) (supported on Doyle’s integral 

approximation (57)  

[𝑙𝑜𝑔(𝛽)]𝑦 = 𝑙𝑜𝑔 �
𝐴𝛼 · 𝐸𝑎𝛼
𝑅 · 𝑔(𝛼)� − 2,315 −

0,457 · 𝐸𝑎𝛼
𝑅

· �
1
𝑇𝛼
�
𝑥
 

o Kissinger-Akahira-Sunose (KAS) (58-59)  

�𝑙𝑛(
𝛽
𝑇2

)�
𝑦

= 𝑙𝑛 �
𝐴𝛼 · 𝑅 

𝐸𝑎𝛼 · 𝑔(𝛼)� −
𝐸𝑎𝛼
𝑅

· �
1
𝑇𝛼
�
𝑥
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, where g(α) is the inverse integral kinetic model 𝑔(𝛼) = ∫ �𝑓(𝛼)�−1 · 𝑑𝛼𝛼
0  

• Linear differential methods, which also give rise to linear functions from which 

slopes the Ea at a fixed α is obtained. 

 

o Friedman (60) 

 

�𝑙𝑛 �
𝑑𝛼
𝑑𝑡�𝛼

�
𝑦

= 𝑙𝑛�𝐴𝛼 · 𝑓(𝛼)� −
𝐸𝑎𝛼
𝑅

· �
1
𝑇𝛼
�
𝑥
 

 

o Kissinger (58) (Not isoconversional, yields the activation energy from the 

information at the peak of the DTG curve). 

�𝑙𝑛(
𝛽
𝑇𝑝2

)�
𝑦

= 𝑙𝑛 �
𝑓′(𝛼) · 𝐴 · 𝑅 

𝐸𝑎
� −

𝐸𝑎
𝑅

· �
1
𝑇𝑝
�
𝑥
 

 

• Non-Linear integral methods, where the activation energy (Eaα) is the value that 

minimizes Ω in Eq (2.38) for a particular α. 

 

o Vyazovkin and Dollimore (VYZ) (61)  

𝛺 = ���
𝛽𝑗 · 𝐼�𝐸𝑎𝛼 ,𝑇𝛼𝑖�
𝛽𝑖 · 𝐼�𝐸𝑎𝛼 ,𝑇𝛼

𝑗�

ℎ

𝑗≠𝑖

ℎ

𝑖=1

� ,            𝐼�𝐸𝑎𝛼 ,𝑇𝛼
𝑖,𝑗� = 𝑝𝑖,𝑗 �

𝐸𝑎𝛼
𝑅 · 𝑇𝛼

 � 

, where i and j are counters through the h experiments performed at different 

heating rates.   

o Advanced  Isoconversional (AIC) also developed by Vyazovkin (62), 

accounts for variable heating rates and systematic errors in the activation 

energy 

𝛺 = ���
J�Eaα, Ti(tα)�

J �Eaα, Tj(tα)�

h

j≠i

h

i=1

� ,                       J�Eaα, T(t)� = � e−
Eaα
R·T(t) · dt

tα

tα−∆α
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, where i and j are counters through the h experiments performed at different heating rates 

β. T(t)=T0+β·t, where T0 is the initial temperature. Δα = (m-1), with m being the number 

of α segments chosen for integration. The integral  𝐽�𝐸𝑎𝛼 ,𝑇(𝑡)� can be numerically 

evaluated by the Simpson 1/3 method. 

 

 

 

 

 

 

 

Figure 2. 34. Application of isoconversional methods to virgin PET. (a) An example of FWO 

method for experiments under Ar; (b) Ea evolution with the conversion degree evaluated by FWO, KAS 

and VYZ methods (inset: regression coefficients of fittings) 

 

B.  The use of Master-Plots  

The reaction model may adopt various expressions, based on nucleation and nuclei 

growth, phase boundary reactions, diffusion or chemical reactions. The environmental 

gases, inert or reactive, have important roles regarding the selection of the decomposition 

models. A list of the most common f(α) applied to polymers is given in Table 2.1.  

Master Plots (M-P) are reference theoretical curves (M-Pt) depending on the kinetic 

model, but generally independent of the kinetic parameters of the process. Due to, in 

many cases, the experimental kinetic data can easily be transformed into experimental 

curves M-Pe, a comparison with the M-Pt allows the selection of the appropriate kinetic 

model of the process under investigation or, at least, reducing the span of suitable kinetic 

models (63).  
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Table 2. 1. Summary of main kinetic models for the analysis of thermal decompositions 

 

There exist three main types of M-Pt, those based on the differential form (M-Pf) of the 

generalized kinetic equation Eq. (2.31) ; those based on the integral form (M-Pg), 

according to Eq. (2.32); and the most common one that combines both differential and 

integral forms (M-Pfg), that are usually reduced at α=0.5 for better visualization. The 

mathematical description of each curve can be found elsewhere (63). They are described 

after the introduction of the so-called generalized time θ, which denotes the reaction time 

taken at a particular α at infinite temperature, defined as (64-65) 

𝜃 = ∫ 𝑒−
𝐸𝑎
𝑅·𝑇

𝑡
0 · 𝑑𝑡 

, which differentiation in combination with Eq. (2.31), one obtains: 

𝑑𝛼
𝑑𝜃

= 𝐴 · 𝑓(𝛼) =
𝑑𝛼
𝑑𝑡

· 𝑒
𝐸𝑎
𝑅·𝑇 

model differential form 
f(α)=1/k·dα/dt 

integral form                 
g(α)=k·t 

NUCLEATION MODELS 

Avrami-Erofeyev (A2) ( ) ( )[ ] 2
1

1ln12 αα −−⋅−⋅  ( )[ ] 2
1

1ln α−−  

Avrami-Erofeyev (A3) ( ) ( )[ ] 3
2

1ln13 αα −−⋅−⋅  ( )[ ] 3
1

1ln α−−  

Avrami-Erofeyev (A4) ( ) ( )[ ] 4
3

1ln14 αα −−⋅−⋅  ( )[ ] 4
1

1ln α−−  
GEOMETRICAL CONTRACTION MODELS 

Contracting area (R2) ( ) 2
1

12 α−⋅  ( ) 2
1

11 α−−  

Contracting volume (R3) ( ) 3
1

13 α−⋅  ( ) 3
1

11 α−−  
REACTION-ORDER MODELS 

Zero-order (F0/R1/n=0) 1 α  
First-order (F1,n=1) ( )α−1  ( )α−− 1ln  

Second-order (F2,n=2) ( )21 α−  1
1

1
−

−α
 

Third-order (F3,n=3) ( )31 α−  
( ) 











−

−
⋅ 1

1
1

2
1

2α
 

 

 

 

 

 

 

(2. 40) 

 

(2. 41) 
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Therefore, assuming A and Ea constant, due to interdependence of kinetic parameters, 

and using a reference point at α=0.5, the theoretical M-Pt and the expression for the 

reduced form of the experimental data can be drawn from Eq. (2.40) and Eq. (2.41) 

obtaining Eq. (2.42) and Eq. (2.43) for M-Pf and M-Pg, respectively: 

 

𝑑𝛼
𝑑𝜃

𝑑𝛼
𝑑𝜃�0.5

=
𝑓(𝛼)
𝑓(0.5)

= 𝑀-𝑃𝑡 ≡ 𝑀-𝑃𝑒 =
𝑑𝛼
𝑑𝑡 · 𝑒

𝐸𝑎
𝑅·𝑇

𝑑𝛼
𝑑𝑡 �0.5

· 𝑒
𝐸𝑎

𝑅·𝑇|0.5

 

 

𝜃
𝜃0.5

=
𝑔(𝛼)
𝑔(0.5)

= 𝑀- 𝑃𝑡 ≡ 𝑀- 𝑃𝑒 =
𝑝(𝑥)
𝑝(𝑥0.5)

 

 

To enhance the study given in this work, instead of using a constant Ea for all the 

process, the varying Eaα obtained in the previous section was applied, calculating the M-

Pe points at each specific α. The advantage of using M-Pf and M-Pg in contrast to M-Pfg 

is that the formers disperse clearly among different models in the ranges α<0.5 and α>0.5 

respectively, therefore permitting a straightforward identification, whereas the latter tends 

to produce confusion due to the coincidence of lines from different kinetic models.  

 

C. Independence of heating rate 

In order to complete the kinetic triplet, the pre-exponential factor A has to be found. As 

well, the Perez-Maqueda et al criterion (66) (P-Mc) has to be accomplished; that is, the 

independence of the activation parameters Ea, A on the heating rate β. This criterion is 

usually employed with Ea and A invariable with the aid of the Coats-Redfern (67) equation 

written in the form: 

�𝑙𝑛
𝛽 · 𝑔(𝛼)
𝑇2 �

𝑦
= 𝑙𝑛

𝐴 · 𝑅
𝐸𝑎

+
𝐸𝑎
𝑅

· �
1
𝑇
�
𝑥
 

 

 

 

 

 

(2. 42) 

 

 

(2. 43) 

 

 

 

 

 

 

 

 

 

 

 

 

(2.44) 
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, the points {x, y} should lie on the same straight line for all heating rates. In this work, 

the variation of A along the decomposition reaction Aα was evaluated along with the 

effective variation of Eaα obtained by the isoconversional methods. 

 
Figure 2. 35. Applicattion of Pérez-Maqueda et al. criterion for thermal decomposition of PET. 

 

D. Summary-kinetic methodology 

A schematic overview of the kinetic methodologies carried out in this thesis is finally 

shown in Figs 2.36 and 2.37. 

 

 

 

 

 

 

 

 

 

Figure 2. 36. Kinetic methodology applied for recycled PET and PLA 
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Figure 2. 37. Kinetic methodology applied for bio-degraded PLA  
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3.8.3. EXPERIMENTAL PARAMETERS 

Multi-linear non-isothermal thermogravimetric experiments were carried out in a Mettler-

Toledo TGA/SDTA 851 (Columbus, OH). Samples weighing ca. 5 mg were heated in an 

alumina holder with capacity for 70 μL. Experiments were performed from 25 to 900 ºC 

at different heating rates (β = 2, 5, 7, 10, 12, 15, 17, 20, 25, 30 ºC·min-1) for PET and 

from 25 to 750 ºC at β = 2, 5, 7, 10, 12, 15 ºC·min-1 for recycled PLA and β = 5, 10, 15, 

20, 25, 30  ºC·min-1 for buried-in-soil PLA, under constant flow of 50 mL·min-1 of gas of 

analysis. An inert Ar atmosphere was used for assessing the thermal decomposition 

behaviour, whereas an O2 reactive atmosphere was applied for characterizing the thermo-

oxidative decomposition processes of virgin materials and their recyclates. Experiments 

were repeated at least three times, and the averages were considered as representative 

values.  

 

Figure 2. 38. Picture of TGA used in this thesis 

 

 

  



132 
 

3.9. EVOLVED-GAS ANALYSIS: 2D-CORRELATION IR 

3.9.1. FUNDAMENTALS (68-71) 

A. Evolved-Gas analysis 

The IUPAC Compendium of chemical terminology defines the evolved gas analysis 

(EGA) as “a technique in which the nature and/or amount of volatile products released by 

a substance subjected to a controlled temperature program are determined”. The 

possibility to detect the nature of the released gases or vapours on-line is fundamental to 

prove a supposed reaction, either under isothermal or under dynamic temperature 

conditions. 

Among the different possibilities, thermo-analytical instruments, such as pyrolysers, 

thermo-balances, differential thermal analyzers or calorimeters (but sometimes even 

simply temperature-controlled reactors), are the most commonly used tools to heat a 

sample under investigation. Thermogravimetry, in addition, is very useful for the 

quantification of each single gaseous evolution process as the result of an increasing 

thermal ramp or a defined isothermal temperature. These techniques have been 

successfully on-line coupled to perform evolved gas analysis. To obtain the IR spectra of 

the gases evolved during the programmed analysis, the thermo-analytical instrument is 

coupled with a FTIR spectrometer by means of a heated transfer line; the released 

vapours or gases are so transferred to the heated gas cell of the FTIR instrument, the 

temperatures of the cell and the transfer line being independently selected. A complete 

review of the application of EGA coupled to FTIR can be found in literature (72). 

B. 2D-Correlation IR Spectroscopy  

2D-Correlation IR Spectroscopy (hereafter 2D-IR) has gained much attention since its 

introduction (68). Basically, in 2D-IR, a spectrum is obtained as a function of two 

independent IR wavenumbers, due to the application of an external perturbance, such as 

temperature, and provides information that cannot be drawn from conventional one-

dimensional IR spectra. Although a deep description of this analytical procedure can be 

found elsewhere (68-71), a short description with the basics to understand the discussion of 

results, is given hereafter. 
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In a generalized 2D correlation spectroscopy study, the underlying similarity or 

dissimilarity among systematic variations in spectroscopic signals is examined. The 

pattern of intensity variations is systematically analyzed by a simple cross-correlation 

technique. The correlation intensities thus obtained are displayed in the form of a 2D map 

defined by two independent spectral axes for further analysis. Such a 2D map is referred 

to as a 2D correlation spectrum, even though many of today’s 2D correlation studies 

include applications in the field outside of spectroscopy, such as chromatography and 

microscopy. Fig 2. 39 shows a typical 2D correlation spectrum, displayed in a pseudo 3D 

representation mode or a so-called fishnet plot. Peaks appearing over the 2D spectral 

plane provide detailed information about the complex dynamics of the phase transition 

process.  

It is noted that 2D correlation peaks can take either positive or negative intensities and 

signs of correlation peaks play an important role in the interpretation of 2D correlation 

spectra. More detailed discussion on this particular 2D correlation spectrum will be given 

later. 

 

 

 

 

 

 

 

Figure 2. 39.  3D-IR fishnet representation, as reproduced from ref  (70) 

Fig 2.40. shows the basic scheme used for a generalized 2D correlation spectroscopy 

experiment. In a typical (1D) optical spectroscopy measurement, a selected 

electromagnetic probe, such as an IR or UV beam, is used to study the system of interest. 

Characteristic interactions between the probe and the system constituents are displayed in 

the form of a spectrum, which in turn is used for further examination of the state of the 

system. In a generalized 2D correlation experiment, an additional factor comes into play, 
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which is the external perturbation applied to the system to somehow stimulate its 

constituents. The response of the system to the applied perturbation often manifests as 

measurable variations in spectral signals of the system. The portions of the spectral 

signals influenced by the given perturbation to undergo some intensity variations are by 

convention referred to as dynamic spectra. In a typical generalized 2D correlation 

spectroscopy experiment, a series of perturbation-induced dynamic spectra are collected 

in a sequential order in an alignment with the applied external perturbation. Dynamic 

spectra for a 2D correlation experiment may be collected, for example, as a function of 

time.  

Time-dependent evolution of transient spectral signals, arising from various constituents 

of the system affected by the perturbation, is thus monitored. It is common to collect 

dynamic spectra as a direct function of the essentially static measure of the imposed 

physical effect itself, such as temperature, pressure, concentration, stress, electrical field, 

and so on. The conceptual scheme described in Fig 2.40 to induce dynamic spectra 

obviously is a very general one, as it does not even specify the physical nature or 

mechanisms with which the applied perturbation affects the system constituents. 

 

 

 

 

 

 

Figure 2. 40. Schematic representation of external dynamic perturbation for 2D-IR correlation analysis, as 

adapted from ref  (70) 

 

 

 

 



 II. EXPERIMENTAL PROCEDURES AND ANALYTICAL METHODS 
 
 

135 
 

3.9.2. SYNCHRONOUS AND ASYNCHRONOUS SPECTRA (68-71) 

Fig 2.41 shows a schematic example of a typical synchronous 2D correlation spectrum 

plotted as a contour map. The contour map representation of a 2D spectrum is much 

easier to navigate through for detailed analysis of fine features, compared with the pseudo 

3D fishnet plot. On the other hand, a fishnet plot provides much better visual sense for the 

relative intensities of correlation peaks. It can be easily seen that a synchronous 2D 

spectrum is a symmetric spectrum with respect to the main diagonal line corresponding to 

coordinates υ1=υ2.  

 

Figure 2. 41. Synchronous 2D-IR correlation spectrum, as reproduced from ref (70) 

Correlation peaks appear at both diagonal and off-diagonal positions. The intensity of 

peaks located at diagonal positions corresponds mathematically to the autocorrelation 

function (equivalent to the continuous form of statistical variance) of spectral signal 

intensity variations. Diagonal peaks are therefore often referred to as autopeaks. In the 

spectrum shown in Fig 2. 42 as example, there are four distinct autopeaks located at the 

coordinates of the spectrum: A, B, C, and D. The magnitude of an autopeak intensity, 

which is always positive, represents the overall extent of spectral intensity variation 

observed at the specific wavenumber coordinate υ. Thus, a region of the spectrum which 

changes intensity to a greater extent under a given perturbation will show a stronger 

autopeak, while those remaining near constant develop little or do not form autopeak. 

Summing up, an autopeak represents the overall susceptibility of the spectral signal 

intensity to change, when an external perturbation is applied to the system.  
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A cross peak located at an off-diagonal position of a synchronous 2D spectrum 

represents simultaneous or coincidental intensity changes of two different signals 

observed at coordinates υ1 and υ2. Such a synchronized change, in turn, suggests the 

possible existence of a coupled or closely related origin of the signal variations. It is often 

useful to construct a correlation square, joining the pair of cross peaks located at opposite 

sides of the main diagonal line drawn through the corresponding autopeaks, to show the 

existence of coherent variations of signal intensities at these coordinates. In the example 

spectrum, bands A and C are synchronously correlated, as well as bands B and D. Two 

separate synchronous correlation squares could, therefore, be constructed. While the sign 

of an autopeak is always positive, the sign of a cross peak can be either positive or 

negative. For convenience, negative peaks (depressions in 3D) are indicated by shading.  

The sign of a synchronous cross peak becomes positive if the two spectral signals, 

measured at the wavenumbers υ1 and υ2 corresponding to the coordinates of the cross 

peak, are either increasing or decreasing together as functions of the external variable. On 

the other hand, the appearance of a negative cross peak indicates that one of the signals is 

increasing while the other is decreasing. In the example spectrum of Fig 2. 43. the signs 

of cross peaks at the coordinate (A, C) and (C, A) are positive, indicating that both 

intensities at A and C are either increasing or decreasing together. By contrast, the cross 

peak signs at the coordinate (B, D) and (D, B) are negative, indicating that intensity at 

one band is increasing, while the other is decreasing. The correlation intensity between 

band A and B is very small, suggesting that the patterns of intensity changes of these two 

bands are substantially different. The appearance of slightly negative correlation intensity 

indicates that the intensities at bands A and B are probably changing in the opposite 

direction. 

Fig 2. 36. shows an example of an asynchronous 2D correlation spectrum. The 

intensity of an asynchronous spectrum represents the non-simultaneous changes of signal 

intensities at υ1 and υ2, occurring instead in a sequential or successive manner. The 

asynchronous spectrum has no autopeaks, consisting exclusively of cross peaks located at 

off-diagonal positions. In Fig 2. 37, asynchronous correlations are observed for band pairs 

A and B, A and D, B and C, as well as C and D. Unlike a synchronous 2D spectrum, an 

asynchronous spectrum is anti-symmetric with respect to the main diagonal line. Thus, 

the sign of the asynchronous peak at (A, B) is opposite to the peak sign at (B, A). By 

extending lines from the spectral coordinates of the pair of cross peaks to corresponding 
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diagonal positions, one can construct the asynchronous correlation square. An 

asynchronous cross peak develops only if the intensities of two signals measured at υ1 

and υ2 change out of phase (i.e., delayed or accelerated) with each other. This feature is 

especially useful in differentiating overlapped bands arising from signals of different 

physical origins. For example, different signal contributions from individual components 

of a complex mixture, chemical functional groups experiencing different effects from 

some external field, or inhomogeneous materials comprised of multiple phases may all be 

effectively discriminated. Even if features are located close to each other, as long as the 

signatures or the pattern of signal intensity variations along the external variable are 

substantially different, asynchronous cross peaks will develop between their 

corresponding coordinates. The sign of an asynchronous cross peak can also be either 

positive or negative and can be used to determine the sequential order of signal changes. 

 

 

 

 

 

 

 

Figure 2.42. Asynchronous 2D-IR correlation spectrum, as reproduced from ref (70) 

 

 

3.9.3. ANALYSIS OF 2D-IR SPECTRA (68-71) 

By applying the Hilbert transform method, the synchronous and asynchronous correlation 

spectra of two signals 1 and 2 at different wavenumbers υ can be described by: 

𝜑(υ1,υ2) = (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)−1 · � 𝑦�(υ1, 𝑡) ·
𝑇𝑚𝑎𝑥

𝑇𝑚𝑖𝑛

𝑦�(υ2, 𝑡) · 𝑑𝑡 
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Ψ(υ1,υ2) = (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)−1 · � 𝑦�(υ1, 𝑡) ·
𝑇𝑚𝑎𝑥

𝑇𝑚𝑖𝑛

�̃�(υ2, 𝑡) · 𝑑𝑡 

, where Tmin and Tmax are the limit temperatures of the TGA experiment, υ is the spectral 

variable (wavenumber in IR spectroscopy), 𝑦� is the dynamic spectra and �̃� its Hilbert 

transform, which expressions are shown as follows: 

𝑦�(υ, 𝑡) = �𝑦(υ, 𝑡) − 𝑦�(υ), 𝑡 ∈  [𝑇𝑚𝑖𝑛,𝑇𝑚𝑎𝑥]
0, 𝑒𝑙𝑠𝑒  

�̃�(υ, 𝑡) =
1
𝜋

· � 𝑦�(υ, 𝑡′) ·
𝑇𝑚𝑎𝑥

𝑇𝑚𝑖𝑛

(𝑡 ′ − 𝑡)−1 · 𝑑𝑡′ 

, being 𝑦� the reference spectrum usually time-averaged as: 

𝑦�(υ, 𝑡) = � 𝑦(υ, 𝑡′) ·
𝑇𝑚𝑎𝑥

𝑇𝑚𝑖𝑛

𝑑𝑡 

The rules for determination of the sequence of spectral intensity changes are listed 

hereafter: 

1) If the intensity in the synchronous spectrum is positive: 𝜑(υ1,υ2) > 0 

1.1.) A positive cross-peak in the asynchronous spectrum Ψ(υ1,υ2) > 0 states 

that the change in intensity of υ1 occurs before the change in υ2. 

1.2.) A negative cross-peak in the asynchronous spectrum Ψ(υ1,υ2) < 0 states 

that the change in intensity of υ2 occurs before the change in υ1. 

2) If the intensity in the synchronous spectrum is negative: 𝜑(υ1,υ2) < 0, the rules above 

are reversed. 

 

3.9.4. EXPERIMENTAL PROCEDURE 

Evolved Gas Analysis (EGA) was applied to fumes released by both thermal and thermo-

oxidative processes 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 PET and PLA 

 (2. 46) 

 

 

 

 

(2. 47) 

 

(2.48) 

 

 

(2.49) 
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occurred by means of a heating rate of 1 ºC·min-1, according to the equipment 

specifications . Samples weighing ~ 40 mg were heated in an alumina holder with 

capacity for 900 μL.  The flow rate of the carrier gas was set to 25 mL·min-1, according to 

technical 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 

ºC to prevent gas condensation. 16 coadded spectra were recorded every 30 s to assure 

accuracy of the temperature scanning. The Gram-Schmidt plots as well as its 

corresponding 3D and individual spectra at different constant temperatures were 

analyzed. 

 

 

Figure 2. 43. FTIR spectrometer coupled to thermo-balance for analysis of fumes 
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3.10. DIFFERENTIAL SCANNING CALORIMETRY 

3.10.1. FUNDAMENTALS 

The Differential Scanning Calorimetry (DSC) is an analytical tool for characterizing the 

physical properties of a polymer, enabling the determination of melting, crystallization, 

and mesomorphic transition temperatures, as well as their respective enthalpy changes, 

and characterization of the glass transition and other effects which show either changes in 

heat capacity or a latent heat (73). DSC also enables the study of the kinetics of transitions 

in a wide dynamic range. Because of its simplicity and ease of use DSC is widely applied 

in polymer science.  

The essential feature of the DSC is the record of differential measurements, which can 

be registered from both isothermal and dynamic modes, by heating or cooling 

ramps. DSC commonly has two sample positions, one for the sample under investigation 

and the other for a reference sample, which is often an empty crucible or one filled with 

an inert material (Fig 2.44).  

 

Figure 2. 44. Geometrical disposition of sample and reference holders in the DSC, as shown in (73). 

Two main types of DSC are distinguished: “Heat-flow” and “Power compensation”. In 

the former, the flow of heat exchange of the sample with the medium through a thermal 

resistance is measured. The measurement signal is a temperature difference. In the latter, 

more commonly used, during heating the same power is supplied to both microfurnaces 

through the control circuit. If there is thermal symmetry, the temperature in both 

microfurnaces is equal (thus there is null balance). But when an asymmetry occurs (i.e. a 

chemical or physical transition involves the release or absorption of heat), a temperature 

difference is registered between both microfurnaces containing sample and reference. 
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Then, this temperature difference is compensated electronically by proportional control, 

either increasing or decreasing the heat flow. 

Thus, the differential measures, in both types of calorimeter, will be proportional to heat 

flow. The heat power measured in a DSC test can be related to the heat capacity Cp of a 

material as follows: 

𝐶𝑝 =
𝑑ℎ
𝑑𝑇

 

 

3.10.2. CALCULATION METHODS 

Fig 2.45 shows as example the DSC curves for virgin PLA of the different spectra 

corresponding to first and second heatings and intermediate cooling: 

 

Figure 2. 45. DSC of virgin PLA  

The characterization of DSC curves depends on which phenomenon is analyzed: 

A. Direct parameters 

• The glass transition is usually assessed in terms of glass transition 

temperature, corresponding to the midpoint of the jump in change of 

  

 

 

 

 

 

(2. 50) 
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capacity. Different methodologies can be found in literature, but in this 

work, the ISO 11357-2 (74) was followed. 

 

• The crystallization (exothermal) and melting (endothermal) were 

characterized by the induction (also named onset) and peak temperatures, 

as well as by the area under the thermal phenomenon, in relation to a 

baseline. If crystallization was produced during the heating ramp, it is 

known as glass- or cold- crystallization.  

 

• The structural relaxation was studied on the basis of changes in the 

enthalpy of the endothermic phenomenon superimposed to the glass 

transition. Thus, the relative structural relaxation enthalpy  was obtained 

by the subtraction of the structural relaxation enthalpy of the first scan to 

the one related obtained in the second heating scan  

 

B. Amorphous and crystalline fractions 

According to a three-fraction model, the relative percentages of the crystalline (XC), 

mobile amorphous fraction (XMAF) and rigid amorphous fraction (XRAF), were calculated 

as follows: 

𝑋𝐶 =
∆ℎ𝑚 − ∑∆ℎ𝐶𝐶

∆ℎ𝑚0
 

𝑋𝑀𝐴𝐹 =
∆𝐶𝑝
∆𝐶𝑝0

 

𝑋𝑅𝐴𝐹 = 1 − 𝑋𝑀𝐴𝐹 − 𝑋𝐶 

, being Δhm and ΔhCC the specific melting and cold-crystallization enthalpies (J·g-1), Δhm
0 

the melting enthalpy of the fully crystalline polymer, and ∆𝐶𝑝0 the heat capacity increment 

of a fully amorphous polymer  
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C.  Lamellar thickness distribution  

When a crystalline sample has finite size crystals, the melting temperature Tm is always 

far below the theoretical equilibrium temperature Tm
0, the temperature at which a polymer 

is in its most stable energy state, forming a single crystal:  

∆𝐺𝐶 = ∆𝐻𝑚 − 𝑇 · ∆𝑆𝑚 → {∆𝐺𝐶 = 0, 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚} → 𝑇𝑚0 =
∆𝐻𝑚
∆𝑆𝑚

 

 

Thus, the melting temperature Tm depends on the thickness of crystalline lamellae lC, 

according to the Gibbs-Thomson equation, which is derived from free energy change 

given by:  

𝑇𝑚 = 𝑇𝑚0 · �1 − �
2 · 𝜎𝑒

∆ℎ𝑚𝑉 · 𝑙𝐶
�� 

 

, where Tm
0 means the equilibrium melting temperature of an infinite crystal, σe is the 

surface free energy of the basal plane where the chains fold  and ΔhmV the melting 

enthalpy per volume unit. 

 

D.  Polymorphism: deconvolution of multi-peak transitions  

In many cases, there are transitions that are not attributable to a single peak, which may 

be related to populations that have different crystal conformations. It is therefore 

necessary to characterize the distribution of lamellar thickness for each of the 

populations. Thus, several deconvolutions were applied, as shown in Fig 2.46. 

The partial crystallinities of each population XC
i were then calculated as Δhm

i/Δhm (for 

i=number of populations) and the contributions of each partial crystallinity to the overall 

crystallinity were obtained as: 

 𝑋𝐶𝑖 =
𝑋𝐶𝑖

𝑋𝐶
 

 

 

(2. 54) 
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Figure 2. 46. Example of deconvolution applied to melting endotherms of multi-extruded PET 

 

3.10.3. EXPERIMENTAL PROCEDURE 

DSC analyses were carried out by a Mettler Toledo DSC 820 instrument (Columbus, OH) 

calibrated with indium and zinc standards. Approximately 5 mg of pellets were placed in 

40 μL aluminum pans, which were sealed and pierced to allow the N2 gas flow (50 

ml·min-1). A heating/cooling/heating program with a +/- 2ºC·min-1 rate was employed in 

the temperature range between 25ºC and 290ºC for PET and between 0 and 200 ºC for 

PLA. The samples were characterized at least by triplicate and the averages were taken as 

representative values. 

 

Figure 2. 47 Picture of DSC analyzer used in this thesis  
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3.11. DYNAMICAL – MECHANICAL - THERMAL 

ANALYSIS 

3.11.1. FUNDAMENTALS 

Dynamic Mechanical Thermal Analysis (abbreviated as DMTA, also known as Dynamic 

Mechanical Spectroscopy) is a technique used to study and characterize 

the viscoelastic behaviour of polymers. A sinusoidal stress σ is applied and the strain ε in 

the material is measured, allowing one to determine the complex modulus E*. 

The temperature of the sample or the frequency of the stress are often varied, leading to 

variations in the complex modulus; this approach can be used to locate the glass-rubber 

relaxation of the material, as well as to identify transitions corresponding to other 

molecular motions. The apparent activation energy, the free volume or the fragility are 

other parameters that can be obtained by DMTA very valuable to assess the cooperative 

movement of the macromolecular chains. 

 

A. Viscoelasticity of polymers 

Polymers composed of long molecular chains have unique viscoelastic properties, which 

combine the characteristics of elastic solids and Newtonian fluids. The classical theory of 

elasticity describes the mechanical properties of elastic solids where stress is proportional 

to strain in small deformations. Such response of stress is independent of strain rate, and 

can be modelled by a spring. 

𝜎 = 𝐸 · 𝜀 

On the other hand, the classical theory of hydrodynamics describes the properties of 
viscous fluid, for which the response of stress is dependent on strain rate, where the 
constant of proportionality is know as viscosity, which may be modelled by a dashpot. 

 

𝜎 = 𝜂 ·
𝑑𝜀
𝑑𝑡

 

 

The polymers, when subjected to an external action (thermal, mechanical, magnetic…), 

react developing processes in its structure that have the property of not adapting instantly 
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to a new equilibrium. These processes spend characteristic times, which are known as 

relaxation spectra. In addition, it has to be noticed that the response of a polymer depends 

on both time and temperature of application. 

Specifically, the viscoelasticity is a molecular rearrangement. When a stress is applied to 

a viscoelastic material such as a polymer, parts of the long polymer chain change 

position. This movement or rearrangement is called creep. Polymers remain a solid 

material even when these parts of their chains are rearranging in order to accompany the 

stress, and as this occurs, it creates a back stress in the material. When the back stress has 

the same magnitude as the applied stress, the material no longer creeps. When the original 

stress is taken away, the accumulated back stresses will cause the polymer to return to its 

original form. The material creeps, which gives the prefix visco-, and the material fully 

recovers, which gives the suffix -elasticity. 

 

B. Constitutive models of linear viscosity 

Viscoelastic materials, such as amorphous or semicrystalline polymers, can be modelled 

in order to determine their stress or strain interactions as well as their temporal 

dependencies. These models, which include the Maxwell model, the Kelvin-Voigt model, 

and the Standard Linear Solid Model, are used to predict a material's response under 

different loading conditions. As introduced above, the viscoelastic behaviour has elastic 

and viscous components modelled as linear combinations of springs and dashpots, 

respectively. Each model differs in the arrangement of these elements, and all of these 

viscoelastic models can be equivalently modelled as electrical circuits. In an equivalent 

electrical circuit, stress is represented by voltage and the derivative of strain (velocity) by 

current. The elastic modulus of a spring is analogous to a circuit's capacitance (due to it 

stores energy) and the viscosity of a dashpot to a circuit's resistance (since it dissipates 

energy). 

The simpler combinations are arranging a spring and a dashpot both in series (Maxwell 

model) or in parallel (Voigt-Kelvin), but further models can be also considered. 
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Figure 2. 48. Electric-like schemes of Maxwell (left) and Voigt-Kelvin (right) models for viscoelasticity of 

polymers 

 

Maxwell model 

The Maxwell model can be represented by a purely viscous dashpot (D) and a purely 

elastic spring (S) connected in series. The model can be represented by the following 

equation: 

𝑑𝜀
𝑑𝑡

=
𝑑𝜀𝑆
𝑑𝑡

+
𝑑𝜀𝐷
𝑑𝑡

=
𝜎
𝜂

+
1
𝐸

·
𝑑𝜎
𝑑𝑡

 

Under this model, if the material is put under a constant strain, the stresses 

gradually relax, When a material is put under a constant stress, the strain has two 

components. First, an elastic component occurs instantaneously, corresponding to the 

spring, and relaxes immediately upon release of the stress. The second is a viscous 

component that grows with time as long as the stress is applied. As the total deformation 

is constant during the experiment, the strain rate is zero. Then from Eq. 2.59, defining the 

relaxation time as τ=η·E-1, the Maxwell model predicts that stress decays exponentially 

with time, which is accurate for most polymers. 

𝜎(𝑡) = 𝜎0 · exp �− 𝑡 𝜏� � 

One limitation of this model is that it does not predict creep accurately. The Maxwell 

model for creep or constant-stress conditions postulates that strain will increase linearly 

with time. However, polymers for the most part show the strain rate to be decreasing with 

time. Application to soft solids: thermoplastic polymers in the vicinity of their melting 
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temperature, fresh concrete (neglecting its ageing), numerous metals at a temperature 

close to their melting point. 

Kelvin–Voigt model 

The Kelvin–Voigt model, also known as the Voigt model, consists of a Newtonian 

damper and Hookean elastic spring connected in parallel. It is used to explain the creep 

behaviour of polymers. The constitutive relation is expressed as a linear first-order 

differential equation: 

𝜎(𝑡) = 𝐸 · 𝜀(𝑡) + 𝜂 ·
𝑑𝜀(𝑡)
𝑑𝑡

 

This model represents a solid undergoing reversible, viscoelastic strain. Upon application 

of a constant stress, the material deforms at a decreasing rate, asymptotically approaching 

the steady-state strain. When the stress is released, the material gradually relaxes to its 

undeformed state. At constant stress (creep), the model is quite realistic as it predicts 

strain to tend to σ/E as time continues to infinity. When the stress disappears in a 

recovery test, a viscoelastic expression is obtained: 

𝜀(𝑡) = 𝜀0 · �1 − exp �− 𝑡 𝜏� �� 

Similar to the Maxwell model, the Kelvin–Voigt model also has limitations. The model is 

extremely good with modelling creep in materials, but with regards to relaxation the 

model is much less accurate. Applications: organic polymers, rubber, wood when the load 

is not too high. 

Generalized Maxwell Model 

The Generalized Maxwell, also known as the Maxwell-Weichert model is the most 

general form of the models described above. It takes into account that relaxation does not 

occur at a single time, but at a distribution of times. Due to molecular segments of 

different lengths with shorter ones contributing less than longer ones, there is a varying 

time distribution. The Weichert model shows this by having as many spring-dashpot 

Maxwell elements as are necessary to accurately represent the distribution. 

 

 

 

 

 

(2. 61) 

 

 

 

 

 

(2. 62) 

 



 II. EXPERIMENTAL PROCEDURES AND ANALYTICAL METHODS 
 
 

149 
 

  

 

 

 

 

 

Figure 2. 49. Electric-like scheme to approach the real viscoelastic behaviour of a polymer 

 

3.11.2. DINAMIC VISCOELASTIC MODULI OF A POLYMER 

The viscoelastic property of polymer is studied by dynamic mechanical analysis where a 

sinusoidal force (stress σ) is applied to a material and the resulting displacement (strain ε) 

is measured. For a perfectly elastic solid, the resulting strain and the stress will be 

perfectly in phase. For a purely viscous fluid, there will be a 90 degree phase lay of strain 

with respect to stress. Viscoelastic polymers have the characteristics in between, where 

some phase lag will occur during DMA tests. Defining: 

Stress                                           𝜎(𝑡) = 𝜎0 · cos (𝜔 · 𝑡 + 𝛿) 

Strain                                               𝜀(𝑡) = 𝜀0 · cos (𝜔 · 𝑡) 

, where ω is frequency of strain oscillation, t is time, and δ is the phase lag between stress 

and strain. 

 

Figure 2. 50. Phase-lag between stress and strain 
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Combining trigonometrically both definitions, dividing by the deformation amplitude ε0, 

one arrives to: 

𝜎(𝑡) = 𝜀0 · 𝐸′ · cos(𝜔 · 𝑡) + 𝜀0 · 𝐸′′ · sin (𝜔 · 𝑡) 

, where the following terms are defined: 

Storage modulus, which measures the stored energy, representing the elastic portion. 

𝐸′ =
𝜎0
𝜀0

cos(𝛿) 

Loss modulus, which measures the energy dissipated as heat, representing the viscous 

portion.  

𝐸′′ =
𝜎0
𝜀0

sin(𝛿) 

Loss tangent, which relates both moduli: 

tan(𝛿) =
𝐸′′
𝐸′

 

 

3.11.3. DMTA INSTRUMENTATION 

The instrumentation of a DMTA consists of a displacement sensor such as a linear 

variable differential transformer, or LVDT, which measures a change in voltage as a 

result of the instrument probe moving through a magnetic core, a temperature control 

system or furnace, a drive motor (a linear motor for probe loading which provides load 

for the applied force), a drive shaft support and guidance system to act as a guide for the 

force from the motor to the sample, and sample clamps in order to hold the sample being 

tested. A general schematic of the primary components of a DMA instrument is shown in 

Fig 2.51. 
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Analyzers are made for both stress (force) and strain (displacement) control.  

• In strain control, the probe is displaced and the resulting stress of the sample is 

measured by implementing a force balance transducer, which utilizes different 

shafts. The advantages of strain control include a better short time response for 

materials of low viscosity and experiments of stress relaxation are done with 

relative ease.  

• In stress control, a set force is applied to the same and several other experimental 

conditions (temperature, frequency, or time) can be varied. Stress control is 

typically less expensive than strain control because only one shaft is needed, but 

this also makes it harder to use. Some advantages of stress control include the fact 

that the structure of the sample is less likely to be destroyed and longer relaxation 

times/ longer creep studies can be done with much more ease. 

Two major kinds of test modes can be used to probe the viscoelastic properties of 

polymers: temperature sweep and frequency sweep tests. A third, less commonly studied 

test mode is dynamic stress-strain testing. 

 

 

 

 

 

 

 

Figure 2. 51. Schematic representation of a DMTA instrument 

 

3.11.4. THE GLASS-RUBBER RELAXATION 

The study of the loss modulus (E’’) by means of DMTA provides important information 

regarding the dynamics involved throughout the glass transition of the materials. The 
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strong-fragile glass former concept proposed by Angell (75) was used in this work, in 

which the variation of the viscosity with temperature could be explained under two border 

limits. On the one hand, the τ(T) of a strong glass-forming behaviour can be expressed by 

an Arrhenius law, which reveals a strong resistance against structural changes. 

τ(T) = τ0 ∙ exp � Ea
R·T
� 

, where τ0 is a time reference scale (s), R is the ideal gas constant (8.31 J·K-1·mol-1) and 

Ea is the Arrhenius apparent activation energy obtained as: 

Ea = R ·
dlnτ

d�1
T� �

 

On the other hand, a fragile glass-forming polymer would deviate from the thermally-

activated Arrhenius behaviour, as usually happens to linear polymeric materials (76-77).  

For this reason, the temperature dependence of the relaxation times τ = ω-1 = (2·π·f)-1 of 

E’’ spectra obtained during the glass transition relaxation at different angular/linear 

frequencies ω / f was fitted to the Vogel-Fulcher-Tamman-Hesse (78-80) model: 

𝜏(𝑇) = 𝜏0 ∙ 𝑒𝑥𝑝 �
𝐵

𝑇 − 𝑇𝑉𝐹𝑇𝐻
� = 𝜏0 ∙ 𝑒𝑥𝑝 �

𝐷 · 𝑇𝑉𝐹𝑇𝐻
𝑇 − 𝑇𝑉𝐹𝑇𝐻

� 

, where B (K) and TVFTH (K) are positive parameters specific to the material. It has been 

shown that TVFTH is identified to the Kauzmann (81-82) temperature TK, which represents 

the configurational ground state temperature, at which the viscosity diverges and the 

excess configurational entropy vanishes (81-82). It typically appears 40-60 K below the Tg. 

It is common to rewrite the parameter B into B = D· TVFTH, where D is an adimensional 

factor termed as fragility or strength parameter. Qualitatively, D is related to the topology 

of the theoretical potential energy surface of the system, where fragile systems (D ≤ 6) 

present high density of energy minima, contrarily to strong systems (D≥15) which present 

lower density.  As well, the so-called fragility index m permits an assessment of the 

deviation of τ(T) from the Arrhenius behaviour of polymers. It is defined as the 

characteristic slope of the fragility plot logτ vs Tg·T-1 and varies between two limiting 

values of 16 and ≥ 200 for strong and fragile glass-formers, respectively (81) (83): 

𝑚 =
𝑑 log (𝜏)
𝑑(𝑇𝑔/𝑇)�𝑇=𝑇𝑔

=
𝐵 · 𝑇

ln(10) · (𝑇𝑔 − 𝑇𝑉𝐹𝑇𝐻)2 
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, considering the Tg corresponding to the experiments at τ∼100-200 s. In this work, the 

peak temperature of the E’’ maximum at the experiment at lower f (0.01 Hz) was 

considered, which were very similar to those obtained by DSC. m can be associated to the 

average height of the energy barrier than conformers may overcome to reach their energy 

minima. Shortly, a fragile glass-former experiences a dramatic loss of properties 

(rheological, mechanical…) throughout a specific short temperature interval, such as the 

glass-rubber relaxation, while a strong glass-former maintains its properties without any 

significant change. The influence of the chemistry of the backbone and of the side-groups 

on the fragility of polymers were thoroughly discussed by Kunal et al (84), stating that 

fragility depended upon the relative size balance between backbone and side groups. PET, 

due to its characteristic rigid backbone involving aromatic rings, is inherently fragile, 

associated to inefficient packing of rigid chains. The apparent activation energy in this 

case was defined in comparison to the Arrhenius activation energy, combining Eqs. 2.69 

and 2.70. 

Ea = R ·
dlnτ

d�1
T� �

=
R · B

�1 − TVFTH
T �

2 

As well, the free volume coefficient could be drawn from the analysis of E’’ spectra, 

taking into account the empirical expression formulated by Doolittle (85), where the 

relaxation times of the viscoelastic mechanism were found to behave as follows: 

τ(T) = CT1 ∙ exp �
CT2
ϕ · T�

 

, where φ is the free-volume coefficient given by  ϕ = (v − v0) · v−1 , being v and v0 the 

total and occupied specific volumes, respectively; and CT1 and CT2 constant parameters, 

where the latter is close to the unity, which in comparison with VFTH equation, it gave 

out: 

ϕ =
(T − TVFTH)

B
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3.11.5. EXPERIMENTAL PARAMETERS 

The mechanical and viscoelastic properties of neat and buried-in-soil PLA were assessed 

by means of a Rheometric Scientifics Dynamic-Mechanical-Thermal Analyser Mark IV 

(USA). On the other hand, the DMTA test were conducted in dual cantilever clamping 

with 15 mm of effective length between clamps, with the three point bending mode, by 

means of a DMA/SDTA861e Dynamic Mechanical Analyzer, from Mettler-Toledo (OH, 

USA) for virgin and reprocessed PET and PLA. Experiments were carried out from 25 ºC 

to 175ºC (PET) or 130 ºC (PLA) with isothermal steps of 2ºC, measuring 24 frequencies 

(8 per decade) between 0.1 and 100 Hz. The sample was placed over a 20-mm bending 

platform and a 10-mm knife-edge probe tip provided the mechanical excitation. Analyses 

were performed at least thrice per sample and the average was taken as representative 

values. 

 

 

Figure 2. 52. DMTA devices used in this thesis: (left) MarK IV, (right) DMA/SDTA861e 
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1. INTRODUCTION 

 

The material valorisation involves the management of plastic solid waste (PSW) by 

means of any of the procedures commonly known as R-options: Reuse and Recycle (the 

third R, Recover would actually be the general concept behind all valorisation options: 

biological, material and/or energetic).  

The reuse of materials is the most effective recovering option; since there would be no 

collecting, processing and/or redistribution involved in the management of goods that 

could be just extend their service lives. This would be the case in durable and resistant 

applications such as boxes or pallets in the distribution sector. As well, another R to add 

to the valorisation philosophy would be the reduction in origin, which means the design 

of goods with less amount and variety of plastics without losing performance. Once all 

the efforts have been driven towards the reduction and further reuse of polymers is not 

feasible, the goods have to be considered as waste. In this moment, the recycling of the 

material takes place. Note that the terms recovering, recycling and material valorisation 

mergein this case to the same idea (“from a material, obtaining another material”) and are 

indiscriminately used in literature. Even more, the material valorisation would not only 

comprise the obtaining of a material with similar properties than the used one by means 

of mechanical procedures; it would also involve the obtaining of the raw components of 

the plastic by means of chemical processes, which is also known as chemical recycling.  

Figure 3.1 shows a schematic overview of the material valorisation options for the waste 

management of plastics.In this chapter, since the recovering of materials is performed by 

means of mechanical procedures, the term used is mechanical recycling.Thus, a short 

description of the current technologies for the mechanical recycling is givenhereafter. As 

well, a review of the most important studies on the thermo-mechanical degradation of 

PET and PLA is addressed. Finally, the contributions of this thesis related to the 

mechanical recycling of both polymers are discussed in detail. 
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2. REUSING AND PRIMARY RECYCLING 

 

Plastics are used in a large number of applications on a daily basis and thus some items 

end up in the waste stream after a single use (single-life or cycle) or a short time after 

purchase, such as food packaging. Reusing plastic is preferable to recycling as it uses less 

energy and fewer resources(1). Generally, reusing has some advantages: 

 Conservation of fossil fuels since plastic production uses 4–8% of global oil 

production, i.e. 4% as feedstock and 4% during conversion(2) 

 Reduction of Plastic Solid Waste (PSW). 

 Reduction of energy in comparison to other recycling processes. 

 Reduction of carbon-dioxide (CO2), nitrogen-oxides (NOx) and sulphur-dioxide 

(SO2) emissions. 

Primary mechanical recycling (shown in Fig 3.1 as Mechanical Recycling I) , better 

known as re-extrusion, is the re-introduction of scrap, industrial or single-polymer plastic 

edges and parts to the extrusion cycle in order to produce products of the similar material. 

This process utilizes scrap plastics that have similar features to the original 

products(3).Primary mechanical recycling is only feasible with semi-clean scrap, therefore 

making it an unpopular choice within recyclers. Materials that do not meet the 

specifications are palletised and reintroduced into the recycling loop or at the final stages 

of the manufacturing. According to Al Salem et al(1), most of the PSW being recycled is 

of process scrap from industry recycled via primary recycling techniques. 
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Mechanical recycling opens an economic and viable route for PSW recovery, especially 

for the case of foams and rigid plastics(7). A number of products found in our daily lives 

come from mechanical recycling processes, such as grocery bags, pipes, gutters, window 

and door profiles, shutters and blinds, etc. The quality is the main issue when dealing with 

mechanically recycled products. The industrial PSW generated in manufacturing, 

processing, and distribution of plastic products is well suited for the use as a raw material 

for mechanical recycling due to the clear separation of different types of resins, the low 

level of dirt and impurities present, and their availability in large quantities (1). 

Mechanical recycling of PSW has also become an important issue in R&D, where 

numerous researchers have devoted their efforts to(1).  

The demand for recycled materials is increasing largely(8) due to the packers want to 

use an environmentally more attractive package, with the inclusion of recycled content in 

their formulations. Besides this, there are other incentives that may encourage recycling, 

such as a higher landfill fees, legislation requiring recycled content, increased market 

demand for products with recycled material or a possible increase of the price of oil, 

bringing the price of the virgin material to higher values than those of the recycled 

material.  

Despite the potential of recycling, there exist several obstacles and drawbacks for its 

correct implementation, as for example (5): 

 Lack of social awareness. 

 The low price of oil makes the virgin material is much cheaper than the recycled 

material, which is not conducive to recycling. 

 The plastic container is never returnable and as low density increases the cost, as 

they have a high volume, previous grinding for transport to recycling centres is 

necessary. 

 Plastic waste usually cannot be recycled directly, as they tend to be mixed and / or 

contaminated. This requires an absolute separation, complicating their collection, 

in addition to washing and use of additives to obtain high-quality waste.  

 The majority of plastic waste is present in the film type, very difficult to recover. 
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Industrial waste (scrap) 

In all transformation processes there is inevitably a generation of waste originating from 

cuts, quality control rejection, off-spec material, etc. Most transformers return its 

industrial plastic waste in the production line, being a clean and homogeneous 

material.The only process that is required is to regrind these wastes. With no waste 

generated is a "clean technology." 

Post-consumer waste  

This is waste of plastic products that have been used for a particular application, have 

completed their life cycle and can be recovered for additional employment. One can 

distinguish three types:  

 industrial waste / commercial 

They are plastics that have been used by industry or commerce to the tasks of distribution 

and transportation of items such as plastic film used as a cover to wrap pallets or other 

packaging systems. These wastes are usually clean and essentially homogeneous nature 

which facilitates the further work of recycling. These wastes are bags, cans and containers 

for the chemical and food packaging foils, obsolete industrial equipment, boxes, etc. The 

main plastics used are PE, PP, PS and PVC. This sector produces large quantities of 

plastic waste that are only inferior to those that appear in the RSU.  

 agricultural residues 

Among the products with an intermediate lifetime one may include the irrigation pipes 

and valves, containers, drums and tanks. They are highly contaminated by land, so that 

the washing operation in the recycling stage is crucial for success in the final 

pellet. Among the short-lived products include plastic sheet to cover greenhouses and 

bags for fertilizers.  

 household waste or municipal solid waste (MSW)   

They are usually food packaging, cleaning products, perfumes and household products in 

general. They gointo household waste with food waste and other containers of paper, 

cardboard, glass, metal, etc. The mixture and diversity of material affects the recovery of 

plastic materials present more complex than in previous cases. Selective collection 
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4) Milling: Separate, single-polymer plastics are milled together. This step is 

usually taken as a first step with many recyclers around the world.  

5) Washing and drying: This step refers to the pre-washing stage (beginning of 

the washing line). The actual plastic washing process occurs afterwards if further 

treatment is required. Both washing stages are executed with water. Chemical 

washing is also used in certain cases (mainly for glue removal from plastic), where 

caustic soda and surfactants are used.  

6) Agglutination: The product is gathered and collected either to be stored and 

sold later on after the addition of pigments and additives, or sent for further 

processing. 

7)Extrusion: The plastic is extruded to strands and then pelletised to produce a 

single- polymer plastic.  

8) Quenching: Involves water-cooling the plastic by water to be granulated and 

sold as a final product. 

Further reading on the procedures of sorting and pre-treatments of PSW is recommended 
(1,11). 

The applications of recycled polymers are usually driven to less-demanding 

performances. A valid example of utilizing PSW is the recycling of PET. For example, 

about three-quarters of reclaimed PET in the UK and USA are then sent to textile and 

sheet-making plants, where they are again molten to produce textile and sheet products by 

resin moulding techniques well established for PET and other plastics conversion. These 

techniques could be summarized as follows(1):  

 Extrusion moulding: the resin or PSW flakes are molten and extruded through a 

mould by single or twin screws to form a moulded product. Products from this 

process include pipes, sheets, film and wire covering.  

 

 Injection moulding: heated molten resin is injected into a mould to solidify and 

form the product desired. Products made this way range from washbowls, buckets 

and plastic models to larger products such as bumpers and pallets.  
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 Blow moulding: a parison (hollow plastic melt) obtained by extrusion or injection 

moulding is clamped in a mould, and inflated with air to make bottles for all kinds 

of uses, such as shampoo bottles. PET bottles are made by means of stretch blow 

moulding so as to make them less likely to rupture.  

 

 Vacuum moulding: a heat-softened sheet is sandwiched in a mould, and the 

space between the sheet and mould sealed and evacuated to form products such as 

cups and trays.  

 

 Inflation moulding: extrusion moulding where a molten resin is inflated into a 

cylinder to form a film. This method is used to make products such as shopping 

bags.  
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4. MECHANICAL RECYCLING OF PET 

 

The first reported PET bottle recycling process was established by a company named St. 

Jude Polymers in 1976, that began recycling PET bottles into plastic strapping and paint 

brush bristles. The next year, St. Jude became to first to “re-pelletise” post-consumer PET 

plastic, which moved PET remanufacturing companies relying on plastic in pelletised 

form for their processes, thus increasing the variety of products that could be made from 

recycled, post-consumer PET plastic (12).  

A major push in the development of both the demand and the capacity for post-consumer 

PET recycling occurred when a major plastic fibre manufacturer named Wellman, Inc. 

entered the picture in 1978, and began recycling PET bottles into a fibre  product that was 

suitable for both carpet and fibrefill applications.  Wellman continued to increase its use 

of recycled PET and throughout the 1980s and early 1990s increased their processing 

capacity and consequently the market demand for post-consumer PET.  An important 

factor in Wellman’s development of post-consumer PET processing capacity was the 

integration of the recycled PET processed into its own product lines.  Another was the 

development of the first textile fibre manufactured from 100% recycled PET in 1993, 

called  “Eco Spun,” which is now a familiar fabric material particularly in sportswear 

where it was first  used.  Today, St. Jude and Wellman are joined by more than a dozen 

other companies, whose combined PET recycling processing capacity produces over 

1/4million tones of recycled PET  resin annually (12). 

With recent advances in PET recycling technology, it is now possible to close the 

material loop, by recycling bottles and containers back into bottles and containers, even in 

some food-contact packaging applications.  In the USA, the federal Food and Drug 

Administration (FDA) issued “letters of non-objection (NOL)” for the use of post-

consumer PET in a number of food-contact packaging applications, which greatly 

increased the demand for recycled PET plastic and the ability to produce new PET 

packages from 100%, post-consumer recycled PET plastic. In this way, there are three 

generic types of food-contact packaging applications/processes for which the use of post-

consumer recycled PET were issued NOL(12): 
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 depolymerization processes which chemically break down PET plastic into 

its component chemicals, to be used as raw monomers; 

 multi-layer, or laminated food-contact containers where  post-consumer 

PET is  combined with a virgin PET food-contact layer; 

 full-contact food packaging containers where 100% post-consumer PET is 

used. 

Food-contact packaging applications are one of the largest uses of PET plastic resin. The 

ability to recycle these food-contact packages back into new PET food-contact packages 

will help ensure the long-term viability of PET plastics recycling and the ability to avoid 

the use of virgin PET in food contact package manufacturing.   

The value of the post-consumer PET plastic and its ability to be economically 

remanufactured into new products is dependent on the quality of the material as it passes 

through the recycling process 

 

4.1. CONTAMINATION OF RECYCLED PET 

In general, plastics intermediate processors receive plastic containers (primarily in baled 

form, but in some cases loose) that have been separated from other recyclable materials at 

Municipal Reclamation Facilities (MRFs), buy-back or drop-off centres, and then 

granulate them for sale as dirty regrind toreclaimers and end-users.  In most cases, plastic 

intermediate processors take in loose plastic bottles and produce baled plastics for sale to 

Plastic Reclamation Facilities (PRFs), reclaimers or end-users. Most PRFs are designed to 

separate plastics into their individual resin categories, and then further separate each 

plastic resin type by colour or other market specification parameters.  These colour 

segregated plastic resins are then fed into granulators at PRFs or reclaimers to produce 

dirty regrind.  Another major function of the plastics intermediateprocessor is the sorting 

and removal of contaminants from the plastic resin streams theyprocess.  

Contamination limits the ultimate marketability of the full range of PET plastic 

containerscollected by local recycling programs. Contamination reduces the value of 

recyclable PET, sinceit hinders processing and causes unproductive downtime and clean-

up expenses for PETprocessors, reclaimers and end-users; and thus results in unnecessary 
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manufacturing waste from the PET recycling process. Actually, PET containers can be 

confused with food and liquid containers that are made from other plastic resins that pose 

major contamination problems for the PETrecycling process.  In addition, some PET 

containers are manufactured with barrier resins, closures, labels, safety seals, or contain 

product residues which can introduce incompatible materials that contaminate the PET 

recycling process. The increase in recycling collectionprograms that commingle different 

kinds of recyclable materials can also introduce non-plastic contaminants, like broken 

glass, or dirt.   

Packaging manufacturers are establishing to adopt design for recycling criteria that aim 

to limit the package’s impact on the overall recycling process.  Many materials that 

causecontamination troubles for PET recycling are contained in the PET bottle itself.  As 

a general rule, the best practice for reducing the incidence of these contaminants is to 

design PET bottles and containers that do not contain materials that contaminate the PET 

recycling process.   

However, even after applying good practices in design for recycling, several 

contaminants can affect the quality of recycled PET. A short list is considered hereafter: 

A. Polyvinyl chloride (PVC) 

The primary contaminant to the PET recycling process is any source of polyvinyl chloride 

(PVC) plastic resin, since during reprocessing and remanufacturing post-consumer PET 

resin, even at very low concentrations,PVC can form acids. These acids break down the 

physical and chemical structure of PET, causing it to turn yellow and brittle, which would 

render the PET material unacceptable for many high-value end-use applications.In 

addition, the presence of PVC may result in out gassing of chlorine vapours during 

certain stages of PET reprocessing that may increase the cost of control systems or 

regulatory compliance for the facility operator. 

B. Other Resins 

The presence of plastic resins other than PET may also pose problems in the processing 

and remanufacture of PET.  While some of these are acceptable to the PET recycling 

industry, many are not.  The presence of caps may introduce plastics other than PVC that 

may contaminate the PET recycling process or add separation costs.  In addition, some 
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are made ofaluminium, which can introduce problems for some PET reclaimers and end-

users or increase cleaning costs.   

C. Distinct PET grades 

There are a growing number of PET containers and other PET packaging materials which 

are marked with the SPI (Society of Plastic Industry)  #1 resin identification code that 

pose a number of specific problems to PET reclaimers.  

 

Figure 3.5. SPI identification code for PET. 

 

In some cases these containers are manufactured with modified PET plasticresins or in 

laminated forms that contain barrier resins that are either incompatible with the recycling 

of bottle-grade PET plastic resin, or are difficult to distinguish from acceptable materials 

with current sorting technology.  These modified PET resins may have physical or 

chemical properties that make themincompatible with bottle-grade PET resin during the 

recycling process.  A brief description of the most common incompatible items is listed as 

follows: 

 PET Microwave Trays , which are manufactured from crystallized PET, known 

as C-PET, and are incompatible with bottle-grade PET resin and must be 

excluded.  These C-PET trays are often solidly pigmented (opaque), adding to 

their incompatibility. 

 

 PET Drinking glasses, “Clamshells,” and “Blister-pack” which are manufactured 

from  A-PET (amorphous PET). 

 

 PET salad/food take-out trays, the clear plastic thermoformed cover affixed to a 

cardboard placard containing a product.  While some of these materials are 
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technically compatible with the recycling of bottle-grade PET, there are “look-

alike” packaging items that are made from incompatible resins,such as oriented 

polystyrene,that current sorting technology cannot distinguish from PET, and 

must beexcluded. 

 

 PET Laundry Scoops - plastic laundry scoops with the SPI #1 (PETE) recycling 

code should also be excluded from the PET mixture.  While technically it is 

possible to recycle laundry scoops with PET bottles if they are clear or transparent 

green, it is best to exclude them as many laundry scoops are opaque and may 

introduce contaminants due to pigmentation. 

 

 Glycol-modified PET (PET-G).  PET-G containers are manufactured differently 

than other PET containers and are generically known as extrusion-blown 

containers (referred to as E-PET containers).  PET-G and other E-PET containers 

have a lower melting point than bottle-grade PET resin and can cause a number of 

technical and operating problems to PETreclaimers.  Many of these PET-G and 

other E-PET containers are marked with the SPI #1 resin identification code and 

are difficult to distinguish fromPET bottles that are acceptable forrecycling, even 

with automated sorting technology.  

 

 Multi-layer PET containers - an increasing number of PET containers on the 

market are manufactured with a multi-layer construction. Some of these 

containers are manufactured with a barrier resin known as ethyl vinyl alcohol 

(EVOH).  The presence of EVOH is a problem for some reclaimers as it effects 

the clarity of the finished product or can cause a change in the intrinsic viscosity 

(IV) of the recycled PET that renders it unacceptable for certain end-use 

applications.  Like PET-G, however, it is very difficult to distinguish a multi-layer 

PET container from a single-layer PET container. Once again, it is important to 

determine whether a particular purchaser has any specific restrictions on the 

presence of these materials. 

 

 Coloured PET.While PET containers are manufactured in many different 

colours, PET reclaimers and end-users are generally only interested in clear and 
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transparent green containers, as they have the best end-use applicability.  While 

there are a growing number of transparent blue PET bottles and containers 

entering the marketplace, some reclaimers have restrictions as to the presence of 

blue containers, while other reclaimers are able to blend them off into certain end-

use applications. The presence of any pigmentation other than transparent green is 

unacceptableto most PET reclaimers and no other colours of PET bottles or 

containers should be included for recycling. These restrictions include any opaque 

coloured PET containers as well as transparent amber (brown) or blue PET bottles 

or containers.  

 

 Labels.While most paper and plastic labels used on custom-PET containers and 

the glues used to affix them can be removed from granulated PET during the 

cleaning process, certain PET containers, including coffee containers, liquor 

bottles and mustard jars, may contain metalized labels that pose problems for 

some reclaimers.   

 

4.2. SPECIFIC SUPER-CLEAN DECONTAMINATION 
PROCESSES FOR PET 

 

For those materials obtained by conventional mechanical recycling processes, in order to 

achieve the necessary characteristics for being used in contact with food, a subsequent 

treatment processes called super-clean is required. These processes remove the 

contaminants that can be adsorbed on the surface of the plastic. Presently, it is possible to 

distinguish three types of processes depending on the super-clean treatment used for 

decontamination:  

 

A. Decontamination by heat treatment 

This process is carried out by introducing the ground in an extruder at 280 ° C. Infusible 

and insoluble impurities that may still contain the material in the filter will be 

removed. The current temperature can cause a rupture of chains and an overall drop in 

viscosity, thus a polycondensationis provokedto increase the molar mass by weight and 
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number and therefore maintain the properties. During the polycondensation it is necessary 

to remove the water released by the esterification by vacuum or by gas flow throughout 

the reaction. Polycondensation removes pollutants mainly by diffusion, due to exposure 

of the PET flakes at high temperatures with long residence times.  

 

B. Decontamination by physic-chemical treatments  

This type of decontamination is essentially a chemicaletching of the surface and top 

layers of PET, where pollutants can be located (by penetration, adsorption or absorption 

phenomena). It is usually performed by washing the PET in a soda bath in a rotary mixer 

at high temperatures, which causes ester hydrolysis of the surface. This type of 

polycondensation erases contaminants by diffusion, due to the exposure of PET flakes at 

high temperatures during high residence times. 

 

C. Decontamination by solvent extraction 

This system is based on the dissolution / precipitation selective solvent for plastics and 

the removal of any other substance. It is a process that has not been really developed yet 

at an industrial scale, although smaller lab-scale experiments have been successfully 

carried out.  

 

D. Solid state polymerization processes  

There are different techniques or PET recycling processes globally recognized as to their 

effectiveness in decontamination. They usually maintain or increase the intrinsic viscosity 

of the waste, due to the chemical reactions occurring in elongate the polymer chains, 

remarkably improving the final properties of the material. This process usually called 

solid state polymerization (SSP).  The material is introduced into a pre-crystallizer, where 

the flakes are cleaned and warmed up, and subsequently introduced into a heat exchanger 

fluidized bed under nitrogen, to avoid the formation of acetaldehyde. The crystalline 

material is fed, usually by gravity, to a polycondensation reactor where the intrinsic 

viscosity is increased to the desired level. 
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the resulting fibre to determine which product the reclaimed material will be turned into. 

Fibres from 5to 150mm large (staple grades) are the ones most sought after. For example, 

larger diameter fibres are used to stuff anoraks, sleeping bags and soft toys. Recycled 

PET is also used to spin fibres of smaller diameter. These are woven into polar fleece 

fabric used for sweatshirts, jackets and scarves. Such fabrics can contain up to 100% of 

recycled material. As an example, a polar fleece jacket uses 25 recycled PET bottles. 

Packaging 

As examples, egg containers and other preformed plastic boxes (such as fruit boxes) 

account for about 27% of total recycled PET usage. 

Other recycled PET packaging applications include containers for water, soft drinks, 

juices, toiletries and household products. These are said to "close the recycling loop" as 

they allow a container to be recycled into a new container.  22% of European RPET was 

used to make containers (food and non-food) in 2009. 

All recycled containers are claimed to remain recyclable. 

New Applications 

The PET industry is in constant sough for new applications for reclaimed material. There 

are many developing markets for recovered PET: 

 Polyurethane foams can be made by thanks to polyester polyols developed from 

PET flakes 

 Engineered resins made from recovered PET can be injection moulded to 

manufacture computer and automotive parts 

 Other alternative production processes use "spun-bonded" PET in the manufacture 

of shoe liners, webbing, and geo-textiles (shoes, backpacks). 

 

The sustainability of using recycled PET has been evaluated. A LCI Report(15) shows 

that for every kg of recycled PET flake used, the energy used is reduced by 84%and 

greenhouse gas emissions by 71%, as shown in Figs 3.7 and 3.8, from the studies reported 

by NAPCOR (National Association for PET Container Resources) (14). 
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4.4. USE OF RECYCLED PET IN FOOD APPLICATIONS 

 

The use of recycled materials in food contact applications ensuring their use harmless to 

human health is a topic of interest for many years to the administration, industries and the 

scientific community, which has lead to a large number of studies that have given out 

guidelines and recommendations, influencing the body of law on the subject in some 

countries. 

The first country to start working on this matter was the United States of America (USA), 

during the 80s; it was considered important for development to establish the possibility of 

using recycled plastic in food contact. These specifications are reflected in the first 

regulation on recycled plastic food contact was made in 1992, Points to Consider for the 

Use of Recycled Plastics in Food Packaging: Chemistry Considerations, by the FDA (16). 

This document was the starting point and referenced for most subsequent studies on this 

subject. It was a description of the types of recycling available, the acceptable limits of 

chemical contaminants in the recycled material to ensure public health and suggested a 

protocol to assess whether the recycling process was designed to remove chemical 

contaminants. It also established the concept of functional barrier multilayer products. 

This document was reviewed, updated and replaced in 2006 by another entitled "Use of 

Recycled Plastics in Food Packaging: Chemistry Considerations" (17) which established 

new standards for food security, limiting some points such as: no need to assess heavy 

metal contamination in the case of recycled PET, the establishment of source controls, or 

limitations on the use of material. 

The European Commission published a new document which is an implementation guide 

for the specific case of PET, entitled "Guidance and Criteria for Safe Recycling of Post 

Consumer Terephthalate Polyethylene (PET) Into New Food Packaging Applications"(18), 

where PET was established as the plastic material with best performance in direct contact 

with food. This guide gives an overview on the PET recycling, separate collection and 

special treatments for decontamination. It also establishes some basic points of control at 

source, process efficiency, and quality assurance. 

All these documents reflect the aspects of the phenomena that occur in the container and 

between the container and food in food safety such as: 
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 adsorption properties is the polymer. 

 diffusion component of the package itself. 

 migration of packaging components to food. 

 the different behaviour of the adsorption, diffusion and migration based on several 

factors: the polymer, food, weather conditions and temperature of contact bottle-

feed. 

In addition to these aspects of food security, these documents contain other aspects of raw 

material and manufacturing process itself, including: 

 origin of the waste 

 possible misuse (misuse) of packaging waste generated 

 control of the process. 

 quality assurance. 

 traceability 

 

 

4.5. THE PET RECYCLING SYSTEM IN SPAIN 

 

A. Type of collection  

There are different observed types of collection with respect to PET. The main ones are: 

systems of deposit, return and collection systems. There is a difference in the figures 

collected from various European countries. There are three dominant countries in the 

collection of PET: Germany, France and Italy, representing 56.7% of the total collection, 

which is consistent with the fact that countries with a more established collection systems. 

Spain currently has 4.8% of the PET bottle collection in Europe, almost the same level as 

Belgium is 4.5%, although the Spanish population is 4 times larger than Belgium.  
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4.6. THE THERMO-MECHANICAL DEGRADATION OF 
PET 

 

During its life cycle (synthesis - processing - service life - discarding - recovery), PETis 

subjected to the influence of degradative agents such as oxygen, light, mechanical 

stresses, temperature and water, which, separately or in combination,give rise to chemical 

and physical changes which alter the stabilization mechanism. Individually or 

synergically, these agents may provoke the breakage of the macromolecules and diminish 

the final properties and productivity during processing.Therefore these degradation 

processes modify the structure and composition of the polymer and consequently change 

the thermal, rheological and mechanical properties of recycled PET. The assessment of 

the degradation state is necessary to determinate the quality of recycled PET and 

guarantee their further performance in second-market applications. PET degradation 

reactions generally follow the postulated mechanistic routes of polyesters: 

 Hydrolysis, which leads to the formation of hydroxyl and carboxyl linear 

oligomers with shorter chain length.  

 

 Esterification.  

 

 Intramolecular transesterification, both from the end of the chain (backbiting)orin 

the middle of the chain, which lead to the formation of cyclic oligomers and linear 

species with shorter length.  

 

 Intermolecular transesterifications, which interchange ester units between 

different chains, which lead to an increase in the heterogeneity of the polymer. 

 

 Chain scissions inherent to thermo-mechanical reactions may produce random 

chain cleavage, leading to the formation of mainly linear hydroxyl and carboxyl 

terminated species. 
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Hydrolysis 

 

 

 

Figure 3.12. Scheme of hydrolysis of PET. 

 

Esterification  

 

 

 

Figure 3.13. Scheme of esterification of PET. 
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Intramolecular transesterification 

 

 

 

Figure 3.14. Scheme of intramolecular transesterification of PET.a: from the end of the chain (backbiting); b: in the middle of the chain 
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Intermolecular transesterifications 

 

 

Figure 3.15.Scheme of intermolecular transesterification of PET. 

Chain scissions  

 

 

 

Figure 3.16. Scheme of chain scission reactions of PET. 

An extended analysis of the thermo-mechanical degradation reactions leading to 

variations in the oligomeric distribution of PET due to mechanical recycling is given in 

the Contribution III.B.As will be shown for each contribution, the properties of 

recyclates differ in some extent from those of virgin PET. Several studies have 

characterized the changes of performance of PET due to recycling in terms of:  

 morphology and conformation (22-25) 

 molar mass and molar mass distribution(26-29) 

 mechanical properties (24-28,30-31) 

 rheological (24,28-30) 

 thermal properties(26-33) 

Contributions III.A and III.C show the effects of mechanical recycling by multiple 

extrusions and multiple injections to the structural and morphological properties of PET, 

in connection to the influence on its thermal, mechanical and viscoelastic performance. 
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5. MECHANICAL RECYCLING OF PLA 

 

Though biodegradable and therefore thought for a composting end-of-life, the possibility 

of recycling to enlarge the service of bio-based materials remains a positive challenge of 

current interest. Thus, there is a debate and concern about the impact of bio-based plastics 

on the current plastics recycling infrastructure and contamination of the recycling stream.  

In contrast to the widely spread and largely established PET industry and market, the 

development of commercial PLA is currently growing from the R&D stage to the 

implementation at local levels by a reduced group of companies. Thus, only the 

information of recent advances of separation of PLA in waste streams and few scientific 

papers on recycled PLA for packaging can be found (without considering the PLA used in 

biomedical applications). 

Considering the sorting technologies for PLA waste, while current waste reduction 

systems are evolving, companies like Natureworksare committed to responsibly introduce 

their PLA productsinto the market.  As can be deduced from the previous sections, the 

first step is to evaluate several different sorting technologies to identify PLA goods from 

other plastics.Near-Infrared (NIR)sorting is the industry's preferred plastics sorting 

technology because it can accurately identify the many different polymers already in use 

today (different polymers reflect an identifiable light spectrum).  According to 

Natureworks (34), testing on widely-used present-day technology proved that PLA can be 

identified in the mixed waste plastics stream with very high accuracy.Analytical testing 

laboratories of companies likeTitechand Unisenorhave demonstrated the ability of its 

near-infrared sorting systems to eject concentrated amounts of PLA in a PET sorting 

operation.  A sorting efficiency in a single pass was found to be a minimum of 96-99% 

accuracy, which is consistent with other plastics considered contaminants using the PET 

flake sorting technology. 

With regards to the recovering of PLA waste, it can be effectively recycled by hydrolysis, 

in order to obtain lactic acid (feedstock/chemical recycling). However, the alternative of 

mechanical recycling has been scarcely addressed in literature and thus becomes an 

interesting field of knowledge which wasaddressed in this thesis. The occurrence of chain 



196 
 
 

cleavage will modify the performance of PLA for service after mechanical recycling. The 

studies in literature are few, and report the degradation of reprocessed PLA by multiple 

extrusion (35) or injection cycles (36), as well as different sets of combined individual 

cycles of extrusion, injection and annealing (37-38) on the chemical structure, oligomeric 

distribution, morphology, thermal, rheological, mechanical or permeability properties. As 

introductory facts, the likely reactions of thermo-mechanical degradation leading to chain 

scissions of PLA, chemically equivalent to those shown by PET,are shown: 

Hydrolysis 

 

Figure 3.17.Scheme of hydrolysis of PLA. 

Esterification 

 

Figure 3.18.Scheme of esterification of PLA. 

Intramolecular transesterifications 

 

Figure 3.19. Scheme of intramoleculartransesterifications of PLA.
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Intermolecular transesterifications 

 

Figure 3.20. Scheme of intermolecular transesterifications of PLA. 

Chain scission 

 

Figure 3.21. Scheme of chain scission of PLA. 

 

An extended analysis of the thermo-mechanical degradation reactions, induced by 

successive injection cycles, leading to variations in the oligomeric distribution of PLA 

due to mechanical recycling is given in the Contribution III.D, while in Contribution 

III.E the influence on the thermal, mechanical and viscoelastic performance is assessed. 
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 The development of a statistical Design of Experiments to improve the MALDI-

TOF-MS sample preparation of PET and PLA. 

 The proposal of the mechanistic pathways followed by reprocessed PET and PLA 

during thermo-mechanical degradation. 

 The application of a three-fraction model to understand the influence of the rigid 

and mobile amorphous fractions and the rigid crystalline fraction on the 

performance of PET. 

 The monitoring of the cold-crystallization of reprocessed PLA, as well as the use 

of a deconvolution process and a partial areas method to study the evolution of the 

melting endotherm of both PET and PLA. 

 The analysis of the segmental dynamics throughout the glass-rubber relaxation of 

both PET and PLA, to assess the effects of reprocessing in terms of dynamic 

fragility, chain mobility and free volume. 

 

The results of the studieswere reported in five contributions, which are shown as follows: 

CONTRIBUTION III-A:J.D. Badía, Francisco Vilaplana, Sigbritt Karlsson, A.Ribes-

Greus. Thermal analysis as a quality tool for assessing the influence of thermo-

mechanical degradation on recycled poly(ethylene terephthalate). Polymer Testing2009, 

28; 169-175. 

CONTRIBUTION III-B: J.D. Badía, E. Strömberg, A. Ribes-Greus, S. Karlsson. A 

statistical design of experiments for optimizing the MALDI-TOF-MS sample preparation 

of polymers.An application in the assessment of the thermo-mechanical degradation 

mechanisms of poly (ethylene terephthalate).AnalyticaChimicaActa 2011, 692; 85-95 

CONTRIBUTION IV-C: J.D. Badía, E. Strömberg, S. Karlsson, A. Ribes-Greus. The 

role of crystalline, mobile amorphous and rigid amorphous fractions on the performance 

of recycled poly (ethylene terephthalate) (PET).Manuscript. 

CONTRIBUTION III-D:J.D. Badía, E. Strömberg, A. Ribes-Greus, S. Karlsson. 

Assessing the MALDI-TOF MS sample preparation procedure to analyze the influence of 

thermo-oxidative ageing and thermo-mechanical degradation on poly (lactide).European 

Polymer Journal.2011, 47; 1416-1428 
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CONTRIBUTION III-E:J.D. Badía, E. Strömberg, S. Karlsson, A. Ribes-

Greus.Material valorisation of amorphous polylactide. Influence of thermo-mechanical 

degradation on the morphology, segmental dynamics, thermal and mechanical 

performance.Manuscript. 
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a b s t r a c t

Mechanical recycling of poly(ethylene terephthalate) (PET) was simulated by multiple
processing to assess the effects of thermo-mechanical degradation, and characterized
using rheological and thermal analysis techniques. Thermo-mechanical degradation under
repeated extrusion induces chain scission reactions in PET, which result in a dramatic loss
in the deformation capabilities and an increase in the fluidity of the polymer under
reprocessing, reducing its recycling possibilities after four extrusion cycles. Multiple
reprocessing severely affects the storage modulus and the microstructure of recycled PET,
both in the amorphous and crystalline regions. Multimodal melting behavior is observed
for reprocessed PET, indicating heterogeneous and segregated crystalline regions.
A deconvolution procedure has been applied to individually characterize each crystalline
population in terms of lamellar thickness distribution and partial crystallinity. Thermal
analysis techniques such as differential scanning calorimetry (DSC) and dynamic-
mechanical analysis (DMA) have proved to be suitable techniques for the quality assess-
ment of recycled PET, giving unequivocal information about its degree of degradation
compared to the common technological measurements of melt-mass flow rate (MFR) or
oxidative stability (TOx).

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(ethylene terephthalate) (PET) is a well established
engineering and commodity polymer which has registered
an important increasing production trend during recent
years [1,2]. The associated problem related to PET waste
disposal is, however, not satisfactorily solved yet; according
to recent statistics [3], only 35% of all PET bottles in Europe
were recovered in 2005 through re-using, mechanical
recycling, feedstock recycling or energy recovery. Among
all recovery methods, mechanical recycling represents one
of the most successful processes and has received
x: þ34 96 387 71 89.
s).

. All rights reserved.
considerable attention due to its main advantages, since it
is environmentally friendly, relatively simple, requires low
investment and its technological parameters are controlled
[4]. Moreover, recent life cycle assessment studies have
pointed out that mechanical recycling is the most prefer-
able recovery route for relatively clean and homogeneous
waste streams in terms of energy saving and emission of
gases contributing to global warming [5].

However, mechanical recycling is still far away from
being fully deployed; in general, recycling industries are
characterized by a low degree of knowledge about plastic
products and their properties. Recycled plastics usually
come from unknown origins, they may be subjected to
degradation processes and they may have been contami-
nated during previous usage [6]. Polymers are subjected

mailto:aribes@ter.upv.es
www.sciencedirect.com/science/journal/01429418
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Virgin PET 
(pellets)

Extrusion-i Grinding & Sieving

Drying

Recycled samplesCompression
moulding (RPET-i)

Fig. 1. Schematic representation of the mechanical recycling simulation
procedure by multiple processing and analysis techniques employed (RPET-
i: PET reprocessed ‘‘i’’ times).
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to the influence of degradative agents such as oxygen,
light, mechanical stress, temperature and water from
which, separately or in combination during its life
cycle (synthesis - processing - service life - discarding -
recovery), arise chemical and physical changes that alter
its stabilization mechanisms and long-term properties [7].
These degradation processes may modify the structure
and composition of PET and, consequently, change the
thermal, rheological and mechanical properties of recy-
clates [8–14]. The assessment of the degradation state is
therefore necessary to determine the quality of recycled
PET and to guarantee its further performance in second-
market applications. Simulation of mechanical recycling
by multiple processing has been widely employed to
mimic the effects of thermo-mechanical degradation on
polymers [15–18].

Traditionally, the evaluation of the melt flow rate (MFR)
and the mechanical properties of the recyclates have been
the only properties that are determined in the specification
sheets of the final recycled material, but such analyses may
give misleading information about the properties and long-
term performance of recycled products in new applications
[6]. Fast, cost-effective and reliable characterization
procedures for plastic recyclates should be developed and
implemented in the recycling facilities to guarantee their
quality properties. Thermal analysis techniques have been
successfully used in our group to monitor and control the
degradative effects on the macroscopic properties of poly-
mers submitted to different environments, including
degradation in soil, photo-oxidation, hydrolysis and
thermo-oxidation [19,20].

The aim of this work is to mimic the microstructural
changes that PET suffers through thermo-mechanical
degradation during mechanical recycling using thermal
analysis techniques and compare the obtained analytical
results with those given by the technological quality
properties usually measured in large-scale mechanical
recycling facilities. Semicrystalline PET was subjected to
multiple processing up to six cycles and the changes in
melt-mass flow rate, oxidative stability, morphology and
mechanical properties were correlated with reprocessing
cycles to model the degradation influence on recycled PET.

2. Experimental

2.1. Materials and sample preparation

Virgin poly(ethylene terephthalate) (PET), commercially
labeled as Laserþ Melinar (AdvanSa Limited, United
Kingdom) was employed as reference material in this
study. Previous to the mechanical recycling simulation
process, it was put in a forced ventilation oven, Heraeus D-
6450 (Heraeus GmbH, Germany), at 160 �C for 4 h, and
afterwards kept in a desiccator to avoid hydrolysis reac-
tions that can produce molecular weight reduction [21].

Mechanical recycling was simulated following the
scheme shown at Fig 1. Multiple reprocessing up to six
times was performed by using a Brabender Plasticorder
PL2000 co-rotating twin-screw extruder with 2.2 cm
diameter and a L/D ratio of 16 (C.W. Brabender Instru-
ments, NJ, USA). The temperature profile at the extruder
was 250–260–270 �C from the feeder to the mouth of the
extruder. After each reprocessing step, the material was
cooled by air, ground and sieved. Some material was taken
as a sample and placed again in a desiccator to prevent it
from hydrolysis caused by environmental humidity until
further analysis; the rest was reintroduced into the
mechanical recycling simulation process. Rectangular
sheets with dimensions 72 mm� 72 mm� 0.5 mm were
obtained from the extracted samples by compression
molding at 270 �C and 180 bar employing a hot-plate press
(0230H Press, Pasadena Hydraulics Inc., CA, USA).

2.2. Melt-mass flow rate (MFR)

Melt-mass flow rate (MFR) measurements of virgin and
reprocessed PET material were carried out on a Melt
Indexer CFR-91 (Campana Srl., Italy) according to ISO
1133:1999 standard. The test temperature was set at 270 �C
and the nominal load was 1,2 kg. Measurements on each
sample were repeated six times and the average was
considered as the characteristic value.

2.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was employed
to evaluate the influence of reprocessing on the crystal-
linity, the melting behavior and the oxidative stability of
virgin and reprocessed PET samples. Analyses were carried
on a Mettler Toledo DSC 820e instrument (Columbus, OH)
calibrated with indium. All experiments were carried out
with a common heating rate of 10 K min�1. Approximately
10 mg of sample was weighed and placed in 40 mL
aluminum pans, which were sealed and pierced to allow
the gas flow (of 50 mL min�1).

In order to assess the oxidation temperature (TOx),
samples were heated from 25 �C up to 400 �C under an
oxygen atmosphere. TOx was obtained from the onset point
of the oxidation curve shown by the calorimetric analysis.
Each sample was run three times and the average was
assumed as the characteristic value.

The crystallinity and the melting behavior were studied
by means of calorimetric scans under a nitrogen atmosphere.
A heating/cooling/heating program was performed in
a temperature range between 25 �C and 290 �C. The samples
were analyzed by triplicate and the glass transition (Tg),
melting (Tm) and crystallization (Tc) temperatures, as well as
melting (DHm) and crystallization (DHc) enthalpies, were
calculated and averaged to obtain the representative values.
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2.4. Differential mechanical thermal analysis (DMTA)

Rectangular strips (35 mm� 1 mm� 0.5 mm) were cut
from the pressed sheets and employed as test specimens.
Samples were tested in a DMA Q800 (TA Instruments, DL,
USA), employing a single-cantilever clamping geometry
with a load of 0.001 N and 1 Hz frequency. Samples were
stabilized at 35 �C for 5 min and then heated to 180 �C.
Storage modulus and loss modulus were recorded as
a function of temperature and time. Only samples up to the
fourth recyclate could offer complete DMTA scans, due to
the brittleness caused by the recycling procedure on the
samples from the fifth and the sixth recyclates.

3. Results and discussion

3.1. Melt-mass flow rate (MFR)

The processability of polymer recyclates in large-scale
mechanical recycling facilities is usually assessed using
melt-mass flow rate (MFR) experiments. Fig. 2 shows the
evolution of MFR with reprocessing steps; a continuous
and exponential increase of the MFR parameter can be
observed with consecutive reprocessing cycles, which is
almost fourfold after the sixth recycling step. This increase
in the fluidity of reprocessed PET may be related to
progressive diminution of the molecular weight through
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Fig. 3. Effect of reprocessing on the oxidation temperature (TOx) of PET.
multiple processing; thermo-mechanical degradation at
the extruder may induce chain scission reactions within
the polymeric chain that contribute to this reduction [13].
3.2. Oxidative stability

The oxidation temperature (TOx) as calculated using
differential scanning calorimetry is a standardized param-
eter, employed to assess the oxidative stability of
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Fig. 5. Loss modulus experimental data fitting to Fuoss–Kirkwood model for
virgin PET (B: experimental data; d: fitted function).



Table 1
Fuoss–Kirkwood parameters for virgin and reprocessed PET after loss
modulus fitting as a function of temperature.

Material E
00
max (MPa) Tmax (�C) mFK$Ea$R�1

(K)
R2 (fitting
coefficient)

VPET 202.8 86.4 1310.6 0.994
RPET-1 254.3 92.4 1045.3 0.983
RPET-2 190.2 89.2 616.9 0.987
RPET-3 212.0 89.7 843.9 0.967
RPET-4 213.1 89.7 881.6 0.973
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commercial polymeric materials. The initial extrusion steps
are responsible for dramatic decrease of the TOx parameter,
with a reduction of approximately 30% of the initial value
after 2 processing steps (Fig. 3). From the third reprocessing
step on, no significant differences are noticed, since the
parameter reaches an almost constant value. It is supposed
that the oxidative stability is mainly affected by thermo-
mechanical degradation only during the first steps of
extrusion and further reprocessing cycles would not alter
that trend. Contradictory information is therefore shown:
on the one hand, MFR increases almost exponentially with
increasing reprocessing cycles; on the other hand, the
oxidative stability is mainly affected during the first pro-
cessing step, but subsequent reprocessing steps slightly
modify the stabilization properties. Further analyses are
therefore required to evaluate the degradation effects and
the quality of in-plant recycled PET.
3.3. Dynamic-mechanical-thermal analysis (DMTA)

The influence of multiple processing on the dynamic-
mechanical properties of PET was evaluated using DMTA
tests. The storage (E0) and loss modulus (E00) were recorded
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Fig. 6. DSC thermograms for virgin and reprocessed PE
for PET reprocessed samples and their evolution as a func-
tion of temperature is displayed in Fig. 4. Reprocessing
induces a progressive increase of the storage modulus of
PET up to four extrusion cycles, both below and above the
glass transition region (Fig. 4a). No spectra could be
obtained for PET samples submitted to more than four
reprocessing cycles, due to the brittleness induced by
reprocessing and the loss of its plastic properties. The
mechanical and plastic performance of in-plant recycled
PET in second-market application may be therefore only
guaranteed up to four processing cycles. The higher storage
modulus of PET through repeated extrusion may be caused
by chain scission reactions induced by thermo-mechanical
degradation, which produce progressively shorter poly-
meric chains that have the ability to crystallize more freely
during cooling after each extrusion, leading to the
embrittlement of the material and the decrease of its
deformation capacity [9,22].

A prominent viscoelastic relaxation in the loss modulus
can be observed for virgin and reprocessed PET between 70
and 100 �C, which is assigned to the glass transition of PET
chains (Fig. 4b). In general, reprocessed samples exhibit
a broader loss modulus peak displaced to higher temper-
atures, compared to virgin PET. A deeper analysis on the
influence of multiple processing on the glass transition
relaxation was performed by fitting the experimental loss
modulus values as a function of temperature to the
empirical Fuoss–Kirkwood model (Fig. 5), as reported in
previous studies [16].
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E00max is the maximum of the loss modulus; mFK is the Fuoss–
Kirkwood parameter; Ea is the activation energy of the
relaxation process; R is the ideal gas constant; T is the
temperature; Tmax is the temperature of the maximum of
the loss modulus, which is related to the glass transition
temperature at a frequency of 1 Hz. The fitted values of Tmax

and the dispersion parameter mFK$Ea$R�1, which is
inversely related to the width of the viscoelastic relaxation,
are presented in Table 1 for virgin and reprocessed PET
samples. The value of Tmax is higher for reprocessed PET
compared to that of virgin PET, while the dispersion
parameter decreases with consecutive extrusion cycles.
The broadening and the shift of the relaxation curves
towards higher temperatures with multiple processing
may be explained as due to thermo-mechanical degrada-
tion effects on PET chains. Random scission of PET chain
linkages caused by mechanical and thermal stress in the
extruder may lead to a diverse distribution of polymeric
chain lengths, which may crystallize forming heteroge-
neous crystalline domains. These more abundant and
heterogeneously distributed crystalline regions may hinder
the mobility of the amorphous regions within the
glass transition relaxation, causing broader and less regular
loss modulus curves through the temperature range,
and displacement of the relaxation peak to higher
temperatures.
RPET-4

RPET-3

RPET-2

RPET-1

VPET
3.4. Melting and crystalline behavior

The study of the melting and crystallization behavior
using differential scanning calorimetry was performed to
prove the hypotheses established in the discussion of the
dynamical-mechanical analyses and to get a deeper insight
into the microstructural changes caused by multiple pro-
cessing. Parameters such as melting and crystallization
temperatures and enthalpies, as well as the crystallinity
degree, the lamellar thickness distribution and the glass
transition temperature were the main focuses of the study.

The influence of reprocessing on the crystallization
behavior has been studied from the cooling thermograms
(Fig. 6a); the crystallization temperatures (TC) and crystal-
lization enthalpies (DHC) could be recorded and are dis-
played in Table 2. Once the previous thermal history of the
materials has been erased by the first heating scan, the
chains are free to rearrange into a new crystalline stage.
Cooling thermograms appear sharper and shifted to higher
Table 2
Calorimetric parameters for virgin and reprocessed PET: crystallization
temperature (TC), crystallization enthalpy (DHC), glass transition temper-
ature (Tg), melting temperature (Tm), melting enthalpy (DHm), and degree
of crystallinity (XC).

Material Cooling scan Heating scan

TC (�C) DHC (J/g) Tg(�C) Tm(�C) DHm (J/g) Xc(%)

VPET 170.3 �44.0 79.0 243.7 43.9 31.4
RPET-1 183.9 �57.5 79.1 246.1 57.7 41.2
RPET-2 188.2 �59.5 78.5 245.5 56.2 40.2
RPET-3 193.7 �66.8 78.3 247.0 67.6 48.3
RPET-4 196.5 �77.4 82.9 247.7 71.9 51.3
RPET-5 201.1 �67.4 84.9 248.7 59.6 42.6
RPET-6 202.9 �78.4 85.3 248.0 67.4 48.2
temperatures with every reprocessing cycle, indicating that
the crystallization process occurs earlier and faster for
samples subjected increased number of extrusion cycles.

Fig. 6b displays the curves of the second heating scan for
the study of the effects of reprocessing on the melting
behavior. The melting temperatures (Tm), the melting
enthalpies (DHm) and the glass transition temperatures (Tg),
have been directly calculated from the thermograms; the
degree of crystallinity (XC) could equally be calculated as:

XC ¼
DHm

DH0
m

where DHm is the melting enthalpy and DHm
0 the theoretical

melting enthalpy of the fully crystalline PET, assumed to be
140 J/g [23]. These results are fully presented in Table 2. In
all cases, the degree of crystallinity (XC) is higher for the
reprocessed samples than for virgin PET, and also
progressively increases with every reprocessing step. These
results are in agreement with the dynamic-mechanical
20 40 60 80 100 120 140 160 180

RPET-6

RPET-5

lc(Å)

Fig. 7. Lamellar thickness distribution evolution for virgin and reprocessed
PET.
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behavior and prove the hypotheses presented; chain scis-
sion caused by thermo-mechanical degradation at the
extruder may produce an increase in crystallinity and, as
a result, a loss of mechanical and plastic properties.

On the other hand, the melting curves increasingly
spread out through the temperature region with every
reprocessing step, which may suggest the modification of
the crystalline population under repeated extrusion. The
lamellar thickness (lC) distribution was therefore studied
applying the Hoffman–Lauritzen nucleation theory [24–26]
to relate the evolution of the lC distribution with the
reprocessing simulation. The Thomson–Gibbs equation was
employed to assess the evolution of the lamellar thickness
distribution:

lC ¼
" 

1� Tm

T0
m

!
DhmV

2se

#�1

where Tm is the melting temperature; Tm
0 is the equilibrium

melting temperature of an infinite crystal (564 K); se is the
surface free energy of the basal plane where the chains fold
(0.106 J m�2); DhmV is the melting enthalpy per volume unit
(2.1�108 J m�3), both values obtained from Lu and Hay
[27]. Fig. 7 represents the lC distribution for virgin PET and
each reprocessed sample. In this figure, a prominent
distribution related to the most probable lamellar size can
Table 3
Individual melting parameters and partial crystallinity for each population afte
reprocessed PET.

Material Population I Population II

Tm
I (�C) DHm (J/g) XC

I (%) XI (%) Tm
II (�C) DHm (J

VPET 243.7 43.9 31.4 – – –
RPET-1 246.1 23.3 16.6 40.3 235.9 27.8
RPET-2 245.5 21.4 15.3 38.0 236.7 28.0
RPET-3 247.0 22.6 16.1 33.2 236.9 28.9
RPET-4 247.7 25.0 17.9 34.6 238.2 33.9
RPET-5 248.7 19.6 14.0 32.8 240.7 27.7
RPET-6 248.0 22.3 15.9 34.1 240.7 29.7
be seen. The plots shift to higher lC values with every
reprocessing step, showing the continuous formation of
crystalline zones with higher lamellae size. However,
a closer inspection of the lamellar distribution curve
revealed the presence of various small shoulders over-
lapped to the principal distribution which are more
prominent with each reprocessing step. The chain scissions
may enhance the crystallization and segregation of crystals
with different crystalline sizes, highlighting the heteroge-
neity of this material.

In order to better understand the effects of the degra-
dation process on the crystalline phase, the endothermic
peaks of the second heating scan were carefully studied.
A multimodal endothermic behavior, attributed to a segre-
gation of the initial crystalline distribution into three main
populations can be observed. A deconvolution procedure
was applied to the melting thermograms in order to indi-
vidually characterize the behavior of each population and
their contribution to the overall effect using a partial areas
study. The following expression was employed as decon-
volution model:

lCðTÞ ¼
X

i

Aiexp

0
@�ðT � TiÞ2

w2
i

lnð16Þ

1
A

where Ti represents the average value of the temperatures
range considered; Ai is the maximum intensity of the curve;
wi acts as a dispersion parameter. Fig. 8 gives an example of
the deconvolution model fitting to the experimental
response. Populations have been labeled as I, II and III, from
the higher to the lower peak temperature, and their melting
enthalpies and temperatures are shown at Table 3. A shift of
the Tm of approximately 5 �C for populations I and II and 20 �C
for population III can be observed. The partial crystallinity of
each population XC

i has been calculated as DHm
i/DHm

0 (for
i¼ I, II, III). Population III seems to be more affected by
reprocessing operations, as XC

III reached doubled values from
the third recyclate on. Furthermore, in order to analyze the
contribution of each partial crystallinity to the overall crys-
tallinity, a new parameter (relative partial crystallinity) is
calculated as Xi¼ XC

i/XC. This parameter clearly demonstrates
that population I diminishes, population II does not show
a specific variation trend, and for population III an overall
increase of XIII is seen through the reprocessing cycles.

As it was discussed from the results of DMA, the
increase in the degree of crystallinity may influence the
values of glass transition temperature (Tg) calculated from
r deconvolution of the melting calorimetric thermograms for virgin and

Population III

/g) XC
II (%) XII (%) Tm

III (�C) DHm (J/g) XC
III (%) XIII (%)

– – – – – –
19.8 48.1 184.3 6.7 4.8 11.6
20.0 49.8 189.4 6.9 4.9 12.2
20.6 42.6 195.4 16.4 11.7 24.2
24.2 46.9 197.3 13.3 9.5 18.5
19.8 46.6 204.3 12.3 8.8 20.7
21.2 45.4 205.3 13.4 9.6 20.6
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the calorimetric scans (Table 2). The Tg values show small
variations until the fourth reprocessing cycle, and contin-
uously increases up to 6 �C. As the amount of free chains
induced by thermo-mechanical degradation is rising, the
tendency of the smaller chains to fit among the larger ones
facilitates the packing of these chains in crystalline
domains, decreasing the amount of amorphous areas.
Hence, more energy would be required to increase the
mobility of the amorphous regions and to achieve the glass
transition [28].

4. Conclusions

Multiple processing has been proposed to mimic the
thermo-mechanical degradation effects on the micro-
structure and properties of poly(ethylene terephthalate)
(PET) under mechanical recycling. The results of
commonly-employed technological parameters, such as
the melt-mass flow rate (MFR) and the oxidation temper-
ature (TOx), have been compared with the structural infor-
mation provided by thermal analysis techniques such as
dynamic-mechanical analysis (DMA) and differential
scanning calorimetry (DSC). It was demonstrated that the
employment of MFR and TOx parameters alone may induce
misleading information when the degradation state and
the quality of recycled PET is assessed.

Thermo-mechanical degradation causes deep changes
in the microstructure and properties of PET under recy-
cling. A dramatic increase in the degree of crystallinity is
observed during consecutive extrusion cycles, leading to
significant embrittlement of the recycled material and the
complete loss of its plastic deformation properties after 4
reprocessing cycles. Chain scission reactions induced under
thermo-mechanical degradation may result in a heteroge-
neous distribution of polymeric chain lengths in the melt
state, altering the subsequent amorphous and crystalline
microstructure in recycled PET after chain rearrangement
during cooling. The existence of a multimodal melting
distribution in reprocessed PET could be verified using DSC;
the enhanced crystallization and segregation of these
populations could be studied in detail employing a decon-
volution procedure in terms of their partial degree of
crystallinity and their lamellar thickness distribution.
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a b s t r a c t

The sample preparation procedure for MALDI-TOF MS of polymers is addressed in this study by the
application of a statistical Design of Experiments (DoE). Industrial poly (ethylene terephthalate) (PET)
was chosen as model polymer. Different experimental settings (levels) for matrixes, analyte/matrix pro-
portions and concentrations of cationization agent were considered. The quality parameters used for
the analysis were signal-to-noise ratio and resolution. A closer inspection of the statistical results pro-
vided the study not only with the best combination of factors for the MALDI sample preparation, but
also with a better understanding of the influence of the different factors, individually or in combina-
tion, to the signal. The application of DoE for the improvement of the MALDI measure of PET stated
that the best combination of factors and levels was the following: matrix (dithranol), proportion ana-
lyte/matrix/cationization agent (1/15/1, V/V/V), and concentration of cationization agent (2 g L−1). In a
second part, multiple processing by means of successive injection cycles was used to simulate the thermo-
mechanical degradation effects on the oligomeric distribution of PET under mechanical recycling. The
application of MALDI-TOF-MS showed that thermo-mechanical degradation primarily affected initially
predominant cyclic species. Several degradation mechanisms were proposed, remarking intramolecular
transesterification and hydrolysis. The ether links of the glycol unit in PET were shown to act as potential
reaction sites, driving the main reactions of degradation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) has gained attention during the last
years as a potential technique for the analysis of the compositions,

Abbreviations: �, diameter screw (injection machine); d, diameter pellet; DEG,
diethyleneglycol; DHB, 2,5-dihydroxybenzoic acid; DoE, Design of Experiments; EG,
ethylene glycol; F, factor (for the DoE); FA, ferulic acid; G, glycol unit (EG); GLM, gen-
eral linear model; HABA, hydroxyphenylazo benzoic acid; IAA, trans-3-indoleacrylic
acid; IP, interaction plot; m, number of GT repeating units (m > n); m/z, mass-to-
charge ratio; MALDI, matrix-assisted laser desorption/ionization; MAC, combination
of matrix/analyte/cationization agent; MEP, main effects plot; MMD, molar mass dis-
tribution; MS, mass spectrometry; n, number of GT repeating units; NaTFA, sodium
trifluoroacetate; P, also p-value, statistic (for the DOE); PET, poly(ethylene tereph-
thalate); pc-PET, post-consumed PET; RES, resolution; RPET-i, PET reprocessed i
cycles; SA, sample analysis; SP, sample preparation; S/N, signal-to-noise ratio; T,
terephthalate unit; THA, 2,4,6-trihydroxy acetophenone; TOF, time of flight; V, vol-
ume; VPET, virgin PET.
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E-mail addresses: sigbritt.karlsson@his.se, sigbritt@polymer.kth.se (S. Karlsson).

end groups and, in some cases, molecular weight distributions of
intact synthetic polymers [1]. Characteristics and main applica-
tions of MALDI can be found in several reviews [2,3]. Poly(ethylene
terephthalate) (PET) has been extensively used over the last two
decades, mainly in the food packaging sector, due to its excellent
mechanical, chemical, processing and thermal properties [4], and
therefore was taken as model polymer in this work.

The difficulty of performing good-quality and reliable MALDI
measurements depend on many factors such as the molar mass of
the polymer, the choice of solvent, the choice of matrix, the ratio
analyte/matrix/cationization agent, the laser energy or the mode of
detection (linear or reflector), among others [5]. Especially for the
case of PET, the importance of the solubility in the sample prepa-
ration process has been discussed, and it was demonstrated that
the use of the azeotropic mixture of dichloromethane (CH2Cl2)
and 1,1,1,3,3,3-hexafluoro-2-propanol (commonly referred to as
HFIP) 70:30 (V/V) could dissolve PET at room temperature as well
as increase the solubility of different matrixes [6], which would
enhance the homogeneity of the MALDI sample. Other studies have
addressed the complexity of analyzing polymers with high molar
mass [7,8] due to factors such as: the uncertainty in the choice of
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the optimal matrix to perform the measurement; the selection of
the proportion analyte/matrix; or the suitability of adding a cation-
ization agent. The decision usually is stated as a result of a trial and
error empirical procedure [5,9–11]. Despite some studies report
issues such as the selection of the best matrix [6] or the correlation
of the laser energy with the obtained MALDI response [12], novel
fast and cost-effective methodologies should be implemented, in
order to optimize the performance of the MALDI measurement.

Design of Experiments (DoE) [13] stands as a useful, reliable and
immediate procedure that can provide us not only with the best
combination of factors for the preparation of the MALDI sample, as
shown in literature [14–16], but also help understand the influence
of each factor individually or in combination on the quality of the
response.

MALDI studies of polyesters are of great interest [17–19], espe-
cially the studies of poly (ethylene terephthalate) (PET) under
different degradation environments [7,8,20–25]. Degradation is
usually explained as the formation and disappearance of linear
and cyclic oligomeric species [GTL]n and [GTC]n, where G is a gly-
col unit, T a terephthalate unit, n the number of repeating units
forming the oligomers, and L and C stand for linear and cyclic,
respectively. Degradation of PET under hydrolytic [7] conditions
revealed the apparition of chain-scission processes generating car-
boxyl terminated oligomers (H-[GTL]m-OH and T-[GTL]m-OH) and
ethylene glycol terminated oligomers H-[GTL]m-GH (m: number of
repeating units being m < n). Plasma-oxidative and chemical treat-
ment [21] induced ester scission processes that yield H-[GTL]n-OH
species, decreased the presence of [GTC]n and showed an increase
of [GTC]n-G species. Thermal degradation, at the common pro-
cessing temperature close to 280 ◦C [22] showed the formation
of cyclic and linear anhydride oligomers, which auto-catalyzed
hydrolytic reactions with the consequent increase of carboxyl ter-
minated polyester chains H-[GTL]n-OH. When this degradation
was experienced in oxidizing atmosphere [24,25], the study of the
discoloration mechanisms was achieved, also demonstrating that
formation of cyclic and carboxyl terminated species formed via
chain scission in the ether link of PET are indicative of degrada-
tion. Most of the aforementioned studies [17–25] were applied
to PET samples synthesized at the labs, and not to industrially
obtained specimens. In addition, these studies were performed
after dissolution–concentration–separation–dissolution or to fil-
tered extracts after PET dissolution [8,25] which can offer good
spectra, but also inadvertently discard the apparition of species
which might be important for the elucidation of the degradation
mechanisms. However, studies performed directly on polymeric
pellets have been scarcely reported [24]. In contrast, the present
study was performed on neat PET which is totally dissolved along
with the matrix and a cationization agent and directly spotted on
the MALDI plate, being the sample preparation procedure widely
discussed.

The amount of post-consumer PET (pc-PET) present in urban
solid waste is high and has to be managed. During its life cycle
(synthesis, processing, use, discarding, cleaning, recycling), PET is
subjected to the interaction of degradation agents such as oxy-
gen, light, mechanical stresses, temperature or water. Individually
or synergically, these agents may provoke the breakage of the
macromolecules and diminish the final properties and productivity
during processing [26–29]. Major applications of recycled pc-PET
are in the textile industry, but new mechanical recycling tech-
nologies such as superclean® and bottle-to-bottle® point out the
legal possibility of using certain fraction of pc-PET in new food-in-
contact packages [30,31]. Therefore, the influence of recycling on
the PET structure and the consequent presence of low molecular
weight compounds (LMWC) must be assessed in order to prevent
the consumer from the ingestion of hazardous substances. With
the purpose of facing this problem, the application of protocols

to simulate the degradation subjected during the recycling pro-
cess by polymers has been successfully performed for commodities
[32–38] such as polyethylene (PE) [32], polypropylene (PP) [32],
polystyrene (PS) [33,34], poly (vinyl chloride) (PVC) [35] or PET
[36–38]. However, the studies on the application of MALDI to char-
acterize the effect of multiple processing on the PET structure are
still few [8,25], and based on the analysis of low-molecular weight
PET oligomers. Latest publications study the influence of thermo-
mechanical degradation applied by successive extrusion cycles on
industrial PET samples. Authors propose an oligomer degradation
model in which the most indicative fact is the loss of [GTC]n-G
species for the formation of H-[GTL]n-OH and [GTC]n species via
degradation mainly occurring in the ether link of the dyethylene
glycol (DEG) unit. In the present work, the influence of successive
injection molding operations is addressed.

Summing up, this work is devoted to a double purpose: in the
first part of the study, a statistical Design of Experiments (DoE) is
used to find the appropriate settings for the sample preparation of
MALDI for polymers, taking poly(ethylene terephthalate) (PET) as
model; in the second part, a simulation of mechanical reprocessing
was carried out by multiple injection molding cycles on commer-
cial PET and the influence of thermo-mechanical degradation was
monitored by the use of MALDI.

2. Statistical Design of Experiments (DoE)

Design of Experiments (DoE) can remarkably improve the char-
acteristics of the study: if the variables really act in an additive way,
DoE permits the estimation with higher precision; but if variables
do not act additively, DoE is capable of detecting and estimating the
interactions of variables and measuring this no-additivity [13]. DoE
plays a fundamental role in the resolution of scientific and indus-
trial problems [39] which involve the study of the influence (Effect,
E) of multiple input variables (Factors, F) on the experimental out-
come, i.e. the response. F can be either quantitative (categorical
variable) or qualitative (based on a continuous variable but only
use a few controlled values in the experiment). Each factor must
have two or more settings (Levels, L) so that the E of change in L can
be assessed on the response. Any combination of factors and levels
(F/L) corresponds to a run in practical experimentation. Factorial
design concerns the selection and arrangement of F/L combination,
where investigators select F to systematically vary along different L
during an experiment in order to determine their E on the response.
After screening the F to determine which are important for explain-
ing process variation, DoE is useful to understand how F interact and
drive the measurement and consequently helps select the F/L that
produce optimal process performance.

DoE is performed by the use of the General Linear Model
(GLM) [13], which comprises the univariate analysis of variance
with balanced and unbalanced designs, analysis of covariance, and
regression, for each response variable. Interpretation of results is
drawn from main effects plots (MEP) and interaction plots (IP). MEP
show the direct E of each F on the response, evaluated along the
different L considered. IP are useful for the study of interactions
between F by means of the comparison of the relative strength of
the E across F. An interaction between F occurs when the change in
response from the low-L to the high-L of one F is not the same as the
change in response at the same two L of a second F. That is, the E of
one F is dependent upon a second F [13]. It is also worth mentioning
that the reproducibility of the experiments must be carefully taken
into account. Repeated and replicated measurements are both mul-
tiple response measurements taken at the same F/L combination;
but repeated measurements are taken during the same experi-
mental run or consecutive runs, while replicated measurements
are taken during identical but distinct experimental runs, which
are often randomized. Whether repeats or replicates are used, it
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Table 1
Summary of factors, levels and general characteristics of the design of experiments applied in this study.

Factor Type Number of levels Levels Effects

Matrix Qualitative 3 Dithranol HABA FA S/N S/Nrel

Proportion of analyte/matrix (V:V) Quantitative 3 1/5 1/10 1/15 RES RESrel

C NaTFA (g L−1) Quantitative 4 0 0.5 1 2

Replicates 3 Total blocks 3
Base runs 36 (32·41) Total runs 108

depends on the sources of variability interesting to explore and the
resource constraints of the experiment. Designs with both repeats
and replicates enable to examine multiple sources of variability
from experimental handling of tests. Further details can be found
in literature [13].

The application of DoE is therefore very valuable, not only for
the determination of the optimal settings of an experiment, but also
for the understanding of the effect of each factor at different levels,
individually or in combination, to the final response.

3. Experimental procedure

3.1. Materials and reagents

Poly (ethylene terephthalate) (PET) SEDAPET SP04 was a
bottle-grade PET obtained from Catalana de Polimers S.A.
[40], Grup LaSeda (Barcelona, Spain) in the form of pellets.
MALDI matrixes, namely 1,8,9-anthracenetriol (dithranol), 2-(4-
hydroxyphenylazo) benzoic acid (HABA), trans-3-indoleacrylic acid
(IAA), 2,4,6-trihydroxy acetophenone (THA), ferulic acid (FA), 2,5-
dihydroxybenzoic acid (DHB), as well as the cationization agent,
sodium trifluoroacetate (NaTFA), were purchased from Sigma-
Aldrich (Stockholm, Sweden). 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP) and dichloromethane (CH2Cl2) were purchased from VWR
(Sweden).

3.2. Reprocessing simulation

Prior to processing, virgin PET (VPET) pellets were dried dur-
ing 5 h at 160 ◦C in a dehumidifier Conair Micro-D FCO 1500/3
(UK), in order to remove as much humidity as possible from the
PET flakes [26]. Afterwards, samples were processed by means of
injection molding employing an Arburg 420 C 1000-350 (Germany)
injector, single-screw model (diameter ˚ = 35 mm, length/˚ = 23).
Successive processing steps were applied under the same condi-
tions. Temperature gradient set from hopper to die was 270, 275,
280, 285 and 280 ◦C. Moulds were set at 15 ◦C. Cooling time resi-
dence was 40 s and total residence time ca. 60 s. Samples were dried
before each processing cycle. After injection, a fraction of the sam-
ples was kept as test specimen and the rest was ground by means
of a cutting mill Retsch SM2000 (UK), which provided pellets of
size ˚ < 20 mm to be fed back into the recirculation process. Up to
five processing cycles were applied to obtain the different testing
specimens of reprocessed PET (RPET-i, with i: 1–5).

3.3. MALDI sample preparation and analysis

MALDI sample mixtures (matrix (M) + analyte (A) + cationization
agent (C), MAC) were prepared in laboratory conditions according
to ISO 291, atmosphere 23/50, class 1 [41]. Individual solutions of M
and A in HFIP/CH2Cl2 (30:70, V:V) were arranged at a concentration
of 10 g L−1. According to the Design of Experiments (see Section 4.1),
different volumetric proportions of M/A were applied. As well, the
solutions of C at different concentrations were added to the MAC
in the same volumetric amount as the A. More details are given

in Table 1. The mixtures were then vortexed using a Vortex Genie
(Scientific Industries, Bohemia, NY, USA). Approximately 0.5 �L of
the sample mixture were added on the target plate and the spots
were allowed to dry at ambient temperature before insertion into
the instrument.

MALDI-TOF-MS experiments were conducted by means of a
Bruker UltraFlex MALDI-TOF mass spectrometer with a SCOUT-
MTP ion source (Bruker Daltonics, USA) equipped with a nitrogen
laser (337 nm), a gridless ion source and a reflector. All spectra were
acquired in the reflector positive ion mode with an acceleration
voltage of 25 kV and a reflector voltage of 26.3 kV. The detector m/z
range was 1600–10,000 Da in order to exclude high intensity sig-
nals arising from the low mass ions and to cover the whole PET
mass spectrum. The laser intensity was set to the maximum value
possible to acquire high resolution spectra, which were gathered
by irradiating 40–50 different positions at the center area on the
sample spot, with a total of 2500 shots per sample. Time-to-mass
conversion of time-of-flight mass spectra was achieved using a self-
calibration method [42]. All spectra were treated using FlexAnalysis
2.4 (Bruker Daltonics, USA) software. Interpretation of data was
performed taking into account all decimals of the atomic masses
composing the oligomers, but note that m/z values are given with
only one decimal along the document. Statistical Design of Experi-
ments was aided by Minitab® 15.1.0.0. software (Minitab Inc., USA).

4. Results and discussion

4.1. Determination of the experimental factors and levels
considered for DoE analysis of MALDI sample preparation

In order to optimize the MALDI measurement, the identification
of the experimental factors (and levels) susceptible of being tai-
lored is a critical step. Generally speaking, in a MALDI experiment,
two main stages can be distinguished: sample preparation (SP) and
sample analysis (SA). Wetzel et al. [14] considered experimental
parameters in the SA stage for different mixtures of polystyrene
with dithranol and retinoic acid focusing on those mixtures which
gave better quality signal. On the other hand, Brandt et al. [16]
investigated the effect of the molar mixing ratio for several syn-
thetic polymers, stating that the optimal value depended on the
studied combination of matrix, polymer and solvent used in the SP
stage, setting in this case the experimental settings for the SA.

Given that each variable (factor F) is assessed at different set-
tings (levels L), it is therefore a huge amount of F/L combinations
and thus considering a Design of Experiments to study the interac-
tion of all of them shall not be operative, since this fact would imply
the necessity of performing a large number of runs [16]. Different
variables were therefore identified, since a SP of good quality must
consider the interaction matrix-analyte, which mainly means the
choice of a suitable matrix, the selection of the best solvent for the
mixture matrix/analyte/cationization agent (MAC), the proportion
between all the components of the MAC and the role of adding salt.
On the other hand, an appropriate SA takes into account parame-
ters such as the power of the laser employed or the detection mode
(linear-reflector, positive–negative). Preliminary experiments and
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Table 2
Results of analysis of variance in terms of p-value (alpha/symbol = 0.05) after application of the design of experiments to MALDI-TOF-MS spectra of virgin PET.

Factors Effect

S/N RES S/Nrel RESrel

Blocks 0.414 0.009 0.357 0.183
Main

Matrix 0 0 0 0
Proportion 0 0 0.021 0.059
CNaFTA 0 0 0.067 0.107

Interactions
Matrix and proportion 0 0 0.014 0.013
Matrix and CNaTFA 0 0 0 0
Proportion and CNaTFA 0 0 0.005 0.033
Matrix and proportion and CNaTFA 0 0 0.129 0.001

R2 (%) 96.21 91.31 69.88 76.67

some considerations were thus performed to decrease this amount
of F/L.

Actions on the Sample Analysis stage are stated as follows: After
a screening, the power of the laser was set to the maximum possi-
ble (70% according to technical settings), in order to avoid burning
the MAC during the flight of ions and therefore reduce the appear-
ance of high-intensity background peaks, which could decrease the
signal-to-noise ratio and the resolution of the measurement [43].
According to Montaudo et al. [5], the linear mode is essentially
used for the determination of the molar mass distribution (MMD)
of polymers, whereas the reflector mode allows for the identifica-
tion of oligomers or side-products, as well as the characterization
of end-groups. Since this work was focused on the effects of repro-
cessing on PET structure and thus the apparition of new oligomers,
and the correlation between the MMD of polymers drawn by MALDI
and other techniques, i.e. size exclusion chromatography (SEC), is
not clear yet [44], the reflector mode was preferred. In addition,
the MALDI measurements were performed in the <10,000 Da mass
range, in which the highest mass resolution and the best conditions
for the formation of molecular ions were encountered. Polyconden-
sation polymers usually present cyclic low molar mass oligomers
that may affect the physical properties of polyesters, causing prob-
lems in their processing steps [25]. In this range, the study of
the degradation reactions taking place during the processing of
polymers can be achieved. Finally, the use of cationization agents
preferably promotes positive ions to the flying adducts, so therefore
the positive detection mode was more suitable.

On the other hand, actions taken to reduce the span of F/L
at the sample preparation stage required special attention, due
to the strong influence on the quality of the MALDI spectra [5]:
Firstly, an ideal matrix should have the following properties: high
electronic absorption at the employed wavelength, good vacuum
stability, low vapor pressure, and good miscibility with the ana-
lyte in the solid-state [5]. Exhaustive list of useful matrices are
available in the literature [45]. Dithranol, HABA, FA, IAA, THA and
s-DHB have been successfully used in other studies with PET or
polyesters [6], and therefore were considered for sample prepara-
tion. Secondly, a very important factor taken into account was the
selection of an appropriate solvent that could dissolve PET at room
temperature. For this reason, the use of the azeotropic mixture of
dichloromethane (CH2Cl2) and 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) (70:30, V:V) was chosen [6]. In this sense, when the choice
of a suitable matrix was addressed, it was extremely important that
the mixture behaved as one during the evaporation process of the
solvent, avoiding therefore sample segregation, which could thus
impoverish the quality of the signal [6]. When the aforementioned
matrixes were tested at 10 g L−1 in the azeotrope, only the three
first resulted soluble. Finally, the ionization process of MALDI can
be aided by the addition of a sodium (Na) or potassium (K) salt. Since
polyesters are relatively polar polymers, Na+ and K+ charged species

can be observed in the MALDI spectra, even if they are not deliber-
ately added to the matrix/analyte mixture [46–48]. It is know that
these cations are present as impurities in matrixes, reagents, sol-
vents or glassware among other sources, and therefore polymers
with high cation affinity do not necessarily need a high amount
of extra salt in the MAC sample [5]. The presence of specific func-
tional groups in the polymer, such as carboxyl and hydroxyl is very
important in the cationization process [49]. In addition, matrixes
such as HABA and dithranol are particularly insensitive to impu-
rities [2] and therefore the study of the addition of a cationization
agent for this MALDI experiment of poly (ethylene terephthalate) is
justified. Sodium Trifluoroacetate (NaTFA) was chosen as a source
of ions. The quantity of NaTFA to be added to the MAC was also
investigated, in order to explore its influence on the quality of the
MALDI response.

4.2. Design of experiments applied to MALDI spectra of PET

In the previous section, the span of MALDI key factors F was
reduced to three: selection of a suitable matrix, proportion of
analyte/matrix and the concentration of the cationization agent
(NaTFA). A general factorial design [13] was performed, taking into
account the levels L at which each F were analyzed summarized in
Table 1.

In order to perform the Design of Experiments, a significant
step is the correct choice of parameters to be considered as reli-
able effects E. Some authors considered the signal-to-noise ratio
S/N for assessing the quality of MALDI in DoE studies [14,15]. Oth-
ers also used the Resolution RES as suitable quality indicator [16].
Both responses were chosen in this study as Effects for the DoE.
After a first screening, the adducts which provided with the sig-
nal of highest intensity were the sodium adducts corresponding to
cyclic oligomers [GTC]n (see structure in Table 3), and thus were
chosen for the analysis. Wetzel et al. [14] studied the S/N of three
selected peaks in the low, center and high m/z range. Brandt et al.
[16] applied their study focused on the peak at the maximum of the
distribution. With the aim of improving the validity of this analy-
sis, a span of 1500 m/z between 2000 and 3500 m/z in which up to
seven ([GTC]n Na)+ peaks (2136.8, 2329.0, 2521.2, 2713.2, 2905.5,
3097.6, 3289.8 and 3482.0 m/z), with a separation of a [GT] repeat-
ing unit (192.168 m/z) was chosen for characterization. This region
was preferred in order to avoid the interaction with the decom-
position range of the matrix at lower m/z, covering the m/z range
where the MALDI signal of PET is significant. Absolute and relative
E (being E = S/N or RES) were analyzed as follows:

E =
∑

i

(
Ei · Ii

Imax

)
(1)

Erel =
∑

i

(
Ei

Emax
· Ii

Imax

)
(2)
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Fig. 1. Main effects plot for the analysis of the signal-to-noise (S/N) ratio.

where I is the intensity of the peak, Imax the maximum intensity,
Emax the maximum effect and i is the counter of the seven studied
peaks. Table 2 shows the results of the analysis of variance in terms
of p-value (P) and adjusted regression coefficient (R2) for each E
according to the General Linear Model (GLM) [13] applied for the
evaluation of the quality of the DoE. The statistic P measures the
significance of a change in level of a factor, individual or in combina-
tion with other factors (interaction), to the effect. If P is lower than
or equal to a confidence value (˛), then the factor or the interaction
is significant, and its assessment is worth. It can be seen how for the
absolute effects (S/N and RES), all factors and interactions have to be
considered, since P < ˛ (the common ˛ = 5% has been chosen). The
use of relative effects (S/Nrel and RESrel) might reduce the number
of experimental runs to study, since some factors and interactions
seem to be not significant (P > ˛). It is also important to state that
the experimental procedure followed for the sample preparation
was reproduced under the same conditions to assure the good per-
formance of the DoE [13]. In this sense, the fact of carrying out the
experiments by triplicate added a new factor to the DoE analysis
(“Blocks” in Minitab), but no relationship between this factor and
both effects (S/N and RES) was found, which confirms that there was
no significant experimental error related to the sample preparation
affecting the quality of the results. Apart from P, R2 measures the
suitability of the GLM to explain the variability of data. The closer
R2 is to 1, the better is the selection of the effect to characterize the
experiment under consideration. Therefore, absolute effects were
chosen, since the relative parameters offered a confidence value far
below 95%. All experiments for the combination of the three factors
at all levels were therefore applied.

Main effects plots (MEP) and interaction plots (IP) are intuitive
tools very useful to estimate the influence of factors through the
different levels, both in general or in combination, respectively,
to the considered effect. Figs. 1 and 2 show the MEP of the DoE
results for both S/N and RES effects respectively, in which the com-
parison of the changes in the level means provided information

concerning the factors that may influence the response the most.
The horizontal line crossing these graphs is the grand mean, which
is the average of all data for a specific effect (S/N or RES), and is a
valuable reference for the data interpretation. The following inter-
pretations can be drawn: Firstly, it is clearly seen how, considering
all experiments, those performed with dithranol provided a MALDI
signal with higher S/N and higher RES, far from those given by HABA
and FA. In addition, regarding the influence of the proportion ana-
lyte/matrix, the variation was different for both effects: whereas an
increase of the percentage of matrix increased the S/N of the MALDI
spectra, it came together with a reduction of the RES. Finally, an
increase of the concentration of NaTFA enhanced the S/N of the sig-
nals, being the results in the case of the RES higher in this fashion:
0.0 > 2.0 > 0.5 > 1.0 g L−1, being the RES when 2 g L−1 representative,
since it is close to the grand mean.

Interaction plots (IP) will help elucidate the best conditions for
the analysis. Figs. 3 and 4 show the IP for the three factors to S/N
and RES, respectively. These plots are useful to observe the general
influence of all factors in combinations. The following facts were
stressed: Initially, it can be observed how for the three matrixes,
increasing the proportion of analyte/matrix in the MALDI sample
represented a general increase in the S/N (Fig. 3a and c) and a
decrease in the RES (Fig. 4a and c), being this effect more appreciable
for dithranol > FA > HABA, and the latter completely insensitive. On
the other hand, an increase in the concentration of the cationization
agent was not relevant for the S/N results in the case of using HABA
and FA, whereas it was remarkably positive when using dithranol
(Fig. 3b and e), as previously suggested. However, for the exami-
nation of the influence of the salt on the RES, it is seen how it was
negatively affected when HABA and FA were considered, while for
the case of employing dithranol, the RES increased to higher val-
ues as more salt was added to the MALDI sample (Fig. 4b and e).
Finally, the interaction between proportion of analyte/matrix used
and concentration of NaTFA showed a general increase in the S/N
when both factors were increased (Fig. 3d and f), whereas no clear

Fig. 2. Main effects plot for the analysis of the resolution (RES).
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Fig. 3. Interaction plot for the analysis of the signal-to-noise (S/N) ratio.

tendency was found for the study of the RES, as it is shown in Fig. 4d
and f.

Discussion was stated in association with the MALDI spectra.
For a better comparison, a selection of the MALDI spectra is shown
in Fig. 5, focused on a unique adduct centered at 2329.0 m/z, cor-
responding to the cyclic predominant adduct ([GTC]n Na)+, for 12
repeating units, which intensity for all spectra was remarkable.
The following conclusions were remarked: Firstly, the effect of the

matrix used was the key quality factor for the analysis, since both
S/N and RES considerably increased with the use of dithranol, to the
detriment of HABA and FA, even though FA behaved better than
HABA. This fact can be checked by the observation of the spectra
depicted in Fig. 5d–e–f. Furthermore, the discussion about which
proportion resulted best for the analysis had to be decided in terms
of which parameter is more decisive for the analysis. It is shown that
the higher amount of matrix was used, the better S/N was obtained,

Fig. 4. Interaction plot for the analysis of the resolution (RES).
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Fig. 5. MALDI-TOF MS spectra in the m/z 2300–2400 range to check the applicability of the design of experiments applied (note that scales have been modified for better
visualization).

but the lower RES was achieved. In terms of spectra, the analysis of
Fig. 5d–g–j clearly shows what was hypothesized by the DoE anal-
ysis. Especially for the case of using dithranol, it can be seen how
the increase of S/N was more substantial than the small decrease
experienced by the RES. Even more, the statistical analysis of the
response (Table 2) gave a higher regression value, which strength-
ens the choice of the S/N as key parameter in this study. Thus, it was
decided to prepare MALDI samples with the analyte/matrix propor-
tion 1/15 (V/V), which in the MAC means 1/15/1 (V/V/V). Finally, the
study of the influence of the cationization agent was considered.
The main effects plot (Fig. 1) stated that the higher the addition of
salt was employed, the higher the S/N obtained was. Concerning the
RES (Fig. 2), it was higher in this fashion: 0.0 > 2.0 > 0.5 > 1.0 g L−1,
being the RES representative when 2 g L−1 were used, since it was
close to the grand mean. Interaction plots can be used as reduced
DoE for a specific factor. In other terms, once decided dithranol as
established matrix, the observation of the influence of the other
variables could be followed by the IP. Fig. 3b and e showed that the
higher the amount of NaTFA was used, the higher the S/N value was
obtained for dithranol, which was clear up to now. The influence
of NaTFA on the RES (Fig. 4b and e) was surprisingly remarkable,
because only in the case of applying dithranol, the increment in
concentration of NaTFA increased the RES, unlikely pointed out by
MEP. Deep observation of Fig. 5a–b–c–d clearly showed that the
best spectrum was given for the highest concentration of salt.

Taking into account all these considerations, the application of
the DOE for the improvement of the MALDI measure of PET stated
that the best combination of levels and factors was the follow-
ing: matrix (dithranol), proportion (1/15/1), and concentration of
cationization agent (2 g L−1).

4.3. Study of PET thermo-mechanical degradation

The second part of the study was devoted to the characterization
of the thermo-mechanical degradation mechanisms of PET sub-

jected to multiple injection molding cycles, as a good example for
the application of the previous analysis. PET degradation reactions
generally follow the postulated mechanistic routes of polyesters:
Route I: Hydrolysis, which leads to the formation of hydroxyl and
carboxyl linear oligomers with shorter chain length. Route II: Ester-
ification. Route III: Intramolecular transesterification, both from the
end of the chain (backbiting) or in the middle of the chain, which
lead to the formation of cyclic oligomers and linear species with
shorter length. Route IV: Intermolecular transesterifications, which
interchange ester units between different chains, which lead to
an increase in the heterogeneity of the polymer. Route V: Chain
scissions inherent to thermo-mechanical reactions may produce
random chain cleavage, leading to the formation of mainly linear
hydroxyl and carboxyl terminated species. Route VI: Oxidation pro-
cesses, giving rise to glycol-aldehyde terminated units. In addition,
MALDI experiments in which the use of NaTFA is used as catalyzer,
shows acetylation reactions, which are considered as Route VII.

The MALDI spectrum of VPET is shown in Fig. 6. In the inset, the
zoomed area corresponding to two repeating [GT]n units (n = 10,
11), in the m/z 1900–2300 range is given as an example for identifi-

Fig. 6. MALDI-TOF MS spectrum of virgin PET. Inset: zoomed area in the m/z range
1900–2300 for identification of predominant oligomers.
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Table 3
Structures and m/z values for cyclic oligomeric species assigned in the MALDI-TOF MS spectra of virgin and reprocessed PET (for n = 10, 11).

Species Structures [M+Na]+

[GTC]n 1944.7/2136.9

[GTC]n-G 1988.8/2180.9

[GTC]n-G2 2032.8/2225.0

T-[GTC]n 2092.8/2285.0

cation of main cyclic and linear oligomeric species, which structures
are depicted in Tables 3 and 4, respectively. Note that species
appeared at more m/z than those presented, but only values for
n = 10, 11 are presented for better visualization. The predominant
oligomeric species are cyclic oligomers, [GTC]n, mainly detected
as Na+ adducts ([M+Na]+:m/z 1944.7, 2136.9), as well as cyclic
oligomers with an extra glycol linkage in the backbone [GTC]n-G,
found as [M+Na]+:m/z 1988.8, 2180.9. Linear oligomers present in
VPET were assigned as those bearing two glycol units H-[GTL]n-GH
(found at [M+Na]+:m/z 2006.8, 2198.9), and those having glycol and
carboxyl end groups H-[GTL]n-OH (found at [M+Na]+:m/z 1962.7,
2154.9).

Thermo-mechanical degradation subjected by multiple repro-
cessing induced modifications in the oligomeric distribution of the

PET sample. Fig. 7 shows the influence of degradation on the mass
spectra corresponding to each reprocessed material, in compari-
son with the virgin one, where the m/z range has been reduced
to one repeating unit [GT]n (n = 10) for better visualization. New
cyclic and linear oligomeric species were detected, as shown in
Tables 3 and 4, respectively. Even though it is known that ion abun-
dances in MALDI experiments can considerably vary, the increase
of oligomers gained by the reprocessed materials, in comparison
with the virgin PET, was prominent and reproducible.

Low abundant ions of the linear oligomers found were H-[GTL]n-
G2H (or HG-[GTL]n-GH), which bear a glycol and a diethylene
glycol (DEG) unit ([M+Na]+:m/z 2050.8); HT-[GTL]n-OH, having
two terephthalate units ([M+Na]+:m/z 2210.8); H-[GTL]n-GA, bear-
ing a glycol and a glycol-aldehyde unit ([M+Na]+:m/z 2034.7);

Table 4
Structures and m/z values for linear oligomeric species assigned in the MALDI-TOF MS spectra of virgin and reprocessed PET (for n = 10, 11).

Species Structures [M+Na]+

H-[GTL]n-OH 1962.7/2154.9

H-[GTL]n-GH 2006.8/2198.9

H-[GTL]n-G2H 2050.8/2242.9

H-[GTL]n-GA 2034.75/2226.9

HT-[GTL]n-OH 2210.8/2303.0

TFA-[GTL]n-OH 2058.7/2250.9
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Fig. 7. MALDI-TOF MS spectra in the m/z 1900–2100 range to characterize the
appearance of oligomeric species due to thermo-mechanical degradation. Zoomed
areas represent low abundant oligomeric species.

and TFA-[GTL]n-OH, which has carboxyl and trifluoroacetate (TFA)
end groups ([M+Na]+:m/z 2058.7). Minor cyclic oligomeric adducts
were T-[GTC]n, which presents an extra terephthalate unit in
the backbone, found as [M+Na]+:m/z 2092.8; and [GTC]n-G2
([M+Na]+:m/z 2032.8), which has an extra DEG unit in the back-
bone. The evolution of their relative ion abundances, taking into
account intensities and areas for calculations, is depicted in Fig. 8.

Fig. 9 shows a proposal of mechanisms of polymer degrada-
tion. In order to follow the discussion, the nomenclature RI

aRII
b

has been used, where RI stands for Reaction and a for the specific
reaction shown at the degradation map in Fig. 9, and RII stands for
Route, being b, the likely mechanism for this reaction, according to
the aforementioned general chemical routes. The most remarkable
changes were those experienced by the cyclic species [GTC]n and
[GTC]n-G and, with less presence, by linear species H-[GTL]n-GH
and H-[GTL]n-OH. The relative abundance of the [GTC]n oligomers
increased with further reprocessing cycles, which can be explained
by intramolecular cyclization reactions of [GTC]n-G species (R1RIII
(m < n)). Intermolecular reactions between esters and ethers groups
[50] (R2RIV ( /= n)) or by linear oligomer cyclization reactions, from
H-[GTL]n-GH and H-[GTL]n-OH (R3,4RIII (m < n)), releasing ethylene
glycol and water as by-products [50], can also occur, but general
increasing tendency of these latter species suggests that it was
the loss of ethylene glycol from cyclic [GTC]n-G the main reac-
tion after the first reprocessing. Actually, the strong decrease of
relative abundance of [GTC]n-G throughout the entire reprocessing
cycles reveals these were the most reactive species. Both mainly
produced H-[GTL]n-OH by cleavage of the ester bond, giving rise
to a vinyl-ester terminated PET which hydrolyzed yielding a vynil
alcohol which rearranged into acetaldehyde, thus leaving carboxyl
end groups (R5RI) [21,22,51]; and with minor intensity, H-[GTL]n-
GH, by hydrolysis (R6RI) and by intermolecular reactions involving
a water molecule [50] (R6RIV ( /= n)). These last species could inter-
act between them by interchanging glycol and water units, being
the production of H-[GTL]n-OH more remarkable (R7RIV ( /= n)).
In addition, alternative H-[GTL]m-OH (m = n − 1) could be formed
as a result of chain scission reactions of the ester groups of H-
[GTL]n-GH (R7RI, (m < n)), by the loss of the transformed vinyl-ester
group [21], which might be enhanced by the shear induced by
thermo-mechanical processing. Likewise, the occurrence of lighter
H-[GTL]m-OH groups is reported as an effect of intramolecular
cyclization reactions [21], releasing a sub-product of R3RIII, with
m < n. The carboxyl end groups are mainly attributed to thermal
degradation reactions during reprocessing [52] and therefore are
a good indicator of chain scission processes. These results are in
agreement with those reported in other studies, where the pres-
ence of carboxyl groups was monitored by techniques such as

Fig. 8. Normalized ion abundances of PET oligomeric species through the multiple reprocessing cycle.
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Fig. 9. Proposed mechanisms of thermo-mechanical degradation of PET.

titration or Fourier transform infrared spectrometry (FTIR) [29].
It is worth mentioning that, besides indicating the degradation
already undergone by the polymer, the role of carboxyl end groups
is indicative of further degradation, since they can act as hydrolysis
catalyzers [26–28].

Low abundant species slightly interacted in the general
oligomers degradation mechanism, since its presence was main-
tained at low abundance levels during the thermo-mechanical
degradation. TFA-[GTL]n-OH is formed after an acetylating reaction
between the TFA and the hydroxyl end groups [25] (R8RVII). Species
such as HG-[GTL]n-GH and [GTC]n-G2, which formation/elimination
is driven by intramolecular transesterifications and hydrolytic pro-
cesses (R9RI,III (m < n)), played a role in the formation of [GTC]n

(R10RI,III (m < n)), [GTC]n-G (R11RI,III (m < n)), H-[GTL]n-GH and H-
[GTL]n-OH (R12RI,III(m < n), R13,14RI,III(m < n),IV ( /= n)), by means
of the mechanisms explained above, involving ethylene glycol
units. Other minor species such as HT-[GTL]n-OH and T-[GTC]n,
which equilibrium might be guided by hydrolytic or intramolec-
ular reactions [50]. (R15RI,III (m < n)), interacted with the formation
of [GTC]n, with the loss of terephthalic units (R16RIII). Thermo-
mechanical degradation inducing chain scission to PET can be
explained through reactions R17–20RV (m < n), which gives rise to
similar species to the original but with less repeating units in its
backbone. Chain scissions leading to species different to the orig-
inal might also occur, but were not considered in the oligomers
degradation mechanism for the sake of clarity. It can be seen
how the formation of HT-[GTL]n-OH through reactions R21RI and
R22RI,III(m < n),IV( /= n), was more remarkable along the reprocess-
ing cycles, in agreement with other studies [25]. This oligomer
could also be produced as a result of �-scission reactions from
decomposition of [GTC]n at high temperatures R21RV(m<n) [50].
Likewise, oxidation processes led to the formation of H-[GTL]n-GA,
as suggested by other authors [25] (R23–25RVI). Finally, intermolec-
ular transesterifications have to be also considered to occur during
the whole processing, leading to a more heterogeneous chain dis-
tribution which may affect the polidispersity index of PET [53].

5. Conclusions

The sample preparation procedure for the analysis of
poly(ethylene terephthalate) (PET) samples by means of MALDI-
TOF MS was assessed. A statistical Design of Experiments (DoE)
taking into account the following factors (levels): choice of the cor-

rect matrix (dithranol, HABA, FA), the proportion analyte/matrix
(1/5, 1/10, 1/15 V/V), and the amount of cationization agent
(CNaTFA = 0, 0.5, 1, 2 g L−1 in the same volumetric amount as the
analyte) were considered. The study was performed analyzing the
effect of changing the aforementioned factors among their different
levels on quality parameters such as signal-to-noise ratio (S/N) and
resolution (RES), both in absolute and relative terms. Main effects
plots and interaction plots permitted to understand the influence
of each factor to the quality of the MALDI spectra. The application of
DoE for the improvement of the MALDI measure of commercial PET
stated that the best combination of levels and factors was the fol-
lowing: matrix (dithranol), proportion analyte/matrix (1/15, V/V),
and concentration of NaTFA (2 g L−1).

Multiple processing by means of successive injection cycles was
used to simulate the thermo-mechanical degradation effects on the
oligomeric distribution of PET under mechanical recycling. Sev-
eral degradation mechanistic routes were proposed. Degradation
primarily affected to initially predominant cyclic species, by dra-
matically decreasing the abundance of [GTC]n-G, which was mainly
transformed into [GTC]n, H-[GTL]n-GH and H-[GTL]n-OH, among
other low abundant oligomeric species, that played an important
role in the formation-disappearance reactions occurred due to mul-
tiple reprocessing. Such is the case of cyclic oligomers like T-[GTC]n

and [GTC]n-G2; or linear oligomers like HG-[GTL]n-GH, HT-[GTL]n-
OH, H-[GTL]n-GA, or TFA-[GTL]n-OH.
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Abstract: 

The action of thermo-mechanical degradation induced by mechanical recycling on poly (ethylene 

terephthalate) was simulated by successive injection moulding cycles. Degradation reactions were mainly 

driven by the reduction of diethyleneglycol to ethylene glycol units in the flexible domain of the PET 

backbone, and the formation of –OH terminated species with shorter chain length. Chain scission processes 

induced by degradation reduced the molar mass and modified the conformational arrangement of chains. 

The results were assessed in terms of microstructural modifications, taking into account a three-fraction 

model involving crystalline, mobile amorphous (MAF) and rigid amorphous fractions (RAF). A remarkable 

increase of RAF, to a detriment of MAF was observed, while the percentage of crystalline fraction 

remained nearly constant. Deeper analysis of the melting behaviour and the segmental dynamics around the 

glass-rubber relaxation showed the role of each fraction leading to a loss of thermal, viscoelastic and 

mechanical performance, particularly remarkable after the first processing cycle. 
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1. Introduction 

The extended use of poly(ethylene terephthalate) 

(PET) over the last two decades, mainly in the 

food packaging sector, is due to its excellent 

mechanical, chemical, processing and thermal 

properties. Consequently, the amount of post-

consumer PET present in urban solid waste is 

high and has to be managed. Among all recovery 

methods, mechanical recycling represents one of 

the most successful processes and has received 

considerable attention due to its main 

advantages. During its life cycle (synthesis, 

processing, use, discarding, cleaning, recycling), 

PET is subjected to the interaction of degradation 

agents such as oxygen, light, mechanical stresses, 

temperature or water. Individually or 

synergically, these agents may provoke the 

breakage of the macromolecules and diminish the 

final properties and productivity during 

processing [1-3]. In this sense, the application of 

protocols to simulate the degradation subjected 

by polymers during recycling has been 

effectively performed for commodities such as 

polyethylene (PE) [4], polypropylene (PP) [4], 

polystyrene (PS) [5-6], poly (vinyl chloride) 

(PVC) [7] or PET [8-14]. 

Reported analyses for PET generally 

showed a loss of mechanical [10-11, 14-15] 

thermal [8, 14-15] or rheological [11, 15] 

properties. Further information can be found in 

the review by Awaja and Pavel [16]. The 

majority of studies explained the effects of 

reprocessing taking into account a two-fraction 

model, in which only amorphous and crystalline 

domains were present, and thus related the 

changes in properties to the relative balance 

between both fractions [10]. Nevertheless, 

different studies performed by means of 

techniques such as X-ray scattering techniques 

[17-19], Fourier-Transform Infra-Red Analysis 

(FTIR) [20], Temperature-Modulated 

Differential Scanning Calorimetry (TMDSC) 

[21-22], Thermo-Mechanical Analysis (TMA) 

[23] or micro-indentation [19] showed the 

suitability of a three-fraction model to describe 

the microstructure of PET. With this model, 

mobile (composed by the mobile amorphous 

fraction MAF) and rigid (formed by a crystalline 

C and a rigid amorphous fraction RAF) domains 

are defined [24-25]. The RAF is normally 

assigned to both the amorphous-crystalline 

interface in basal lamellar planes [26-28], in 

connection to the bulk amorphous fraction MAF, 

as well as to the inter-spherulitic domains 

constrained between crystalline lamellae stacks 

[25]. On the other hand, the MAF, which 

normally behaves contributing to the heat 

capacity jump throughout the glass transition, is 

associated to the freely interstack regions [29]. 

This model has not been discussed yet to 

understand the effects of reprocessing on PET. 

However, its application permits to define 

accurately the changes on the microstructure of 

PET and control the quality of the recycled 

material. 

The aim of this work was firstly focused on 

testing the structural groups affected by chain 

scission induced by thermo-mechanical 

degradation. Afterwards, the evolution of the 

microstructure throughout the reprocessing 

stages was assessed by thermal analysis, 

according to a three-fraction model. Finally, the 

performance of recycled PET was correlated with 

the crystalline, mobile amorphous and rigid 

amorphous fractions. 
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2. Experimental procedure and calculations 

2.1. Material, reprocessing simulation and 

sample preparation 

Poly (ethylene terephthalate) (PET) SEDAPET 

SP04 was a bottle-grade PET obtained from 

Catalana de Polimers S.A., Grup LaSeda 

(Barcelona, Spain) in the form of pellets.  Prior to 

processing, virgin PET (VPET) pellets were 

dried during 5 h at 160 ºC in a dehumidifier 

Conair Micro-D FCO 1500/3 (UK), in order to 

remove as much humidity as possible from the 

PET flakes. Afterwards, the samples were 

processed by means of injection moulding 

employing an Arburg 420 C 1000-350 

(Germany) injector, single-screw model 

(diameter Φ=35 mm, length/Φ=23). Successive 

processing steps were applied under the same 

conditions, being the samples carefully dried 

before each processing cycle. Temperature 

gradient set from hopper to die was 270, 275, 

280, 285 and 280 ºC. Moulds were set at 15 ºC. 

Cooling time residence was 40 s and total 

residence time nearly 60 s. 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 Φ < 20 mm to be fed back into the 

recirculation process. Up to five processing 

cycles were applied to obtain the different testing 

specimens of reprocessed PET (RPET-i, with i: 

1-5).  

Prismatic probes of 1 mm of thickness were 

prepared for DMTA characterization by melt 

compression in a Collin PCS-GA Type Press 800 

(GA, USA) preset at 260 0C. Five pressure steps 

were performed with the program: 5 minutes at 4 

bar, 3 minutes at 100 bar, 1 minutes at 80 bar, 5 

minutes at 180 bar, and 15 minutes at 75 bar.  

 

2.2. Mechanical performance  

Tensile testing was carried out at laboratory 

conditions 23/50, according to ISO 291, 

atmosphere 23/50, class 1 [30]. Tensile tests 

were performed on reprocessed PET in order to 

investigate the changes in macroscopic 

mechanical properties, on dumbbell samples 

following ISO 527-2 (type 1A) [31], by means of 

an Instron 5566 universal electromechanical 

testing instrument (Instron Corp, MA, USA), at a 

crosshead speed of 10 mm·min-1, a 10 kN load 

cell and gauche length of 50 mm. Analyses were 

repeated at least 6 times per material, and the 

average of elastic modulus, elongation at break 

and stress at break were used as representative 

values. 

Charpy impact experiments were carried out 

following ISO 179 [32], with a hammer of 1 J 

and a notch size radius of 1,5 mm, under the 

same laboratory conditions than tensile tests. 

Analyses were repeated at least 5 times per 

material, and the averages were taken as 

representative values. 

2.3. Scanning Electron Microscopy (SEM) 

The morphology of the specimens was analysed 

by means of a Hitachi S-4800 Field Emission 

Scanning Electron Microscope (Tokyo, Japan). 

The samples from each material were prepared 

by cutting squared pieces from a randomly 

chosen part of the processed specimen. The 

pieces were mounted on metal studs and sputter-

coated with a 2 nm gold layer using a 

Cressington 208HR high resolution sputter coater 

(Watford, UK), equipped with a Cressington 

thickness monitor controller. 
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2.4. Fourier-Transform Infrared (FT-IR) 

Analysis 

FT-IR spectra were collected by a NEXUS 

Thermo Nicolet 5700 FT-IR Spectrometer (MA, 

USA), previously calibrated, and equipped with a 

single-reflection Smart Performer accessory for 

attenuated total reflection (ATR) measurements, 

with diamond crystal. 32 co-added spectra were 

recorded for each specimen at a resolution of 4 

cm-1 with a spacing of 1 cm-1, from 4000 to 600 

cm-1 of wavenumber. IR spectra were analyzed 

with the help of OMNIC 7.0 software from 

Thermo Scientific. The peak at 1410 cm-1 was 

used for normalization [33] before any data 

processing, corresponding to the benzene ring in-

plane deformation, which is usually used as 

internal standard due to it is not sensitive to 

effects of orientation or conformation [34], and it 

is useful to correct possible variations arisen 

from defects in surface quality or sample 

positioning.  At least 8 measurements per 

material were performed at different locations of 

the plate, in order to obtain representative results. 

Presented spectra correspond to the average of 

each individual analysis. 

2.5. Molar mass determination 

The intrinsic viscosity [η] was measured 

according to the standard ISO 1628-1 [35],  by 

means of a Cannon-Fenske capillary 

viscosimeter type at 25 ºC, with the use of 60/40 

wt% phenol/1,1,2,2-tetracholoethane as solvent. 

Dissolutions of pellets ranged from 0.1 to 0.5 

g·dL-1. Measurements were performed by 

quintuplicate for each concentration c and [η] 

was obtained from extrapolation to c0 of 

Huggins and Kraemer plots [36], which 

respectively account for the variation of reduced 

ηred and inherent η inh viscosities with the 

concentration, being ηred= c-1·ηsp, η inh= c-1·ln 

ηrel, ηsp= ηrel-1 and ηrel=t·t0
-1, where t and t0 

were the times (s) of flowing of the dissolution 

and solvent, respectively. The number and 

weight average molar mass values (Mn, Mw 

g·mol-1) were calculated with the Mark-Houwink 

equation [η]=K·MV
α, with constants K=3.72·10-4 

dL·g-1 and α=0.73 for Mn, and K= 4.68·10-4 dL·g-

1  and α=0.68 for Mw [37-38]. The polydispersity 

index was consecutively calculated as 

PDI=Mw·Mn
-1. Note that the values do not 

necessarily correspond to those that could be 

obtained by Gel Permeation Chromatography, 

but is has been shown [39] that are suitable for 

monitoring degradation processes.  

2.6. Differential Scanning Calorimetry (DSC) 

DSC analyses were carried out by a Mettler 

Toledo DSC 820 instrument (Columbus, OH) 

calibrated with indium and zinc standards. 

Approximately 5 mg of pellets were placed in 40 

μL aluminium pans, which were sealed and 

pierced to allow the N2 gas flow (50 mL·min-1). 

A heating/cooling/heating program with a +/- 

2ºC·min-1 rate was employed in the temperature 

range between 25 ºC and 290 ºC. The samples 

were characterized with the aid of the software 

STARe 9.10, at least by triplicate, and the 

averages were taken as representative values. 

The glass transition was characterized according 

to ISO 11357-2 [40] and the temperature in its 

inflection point (Tg) and the jump in heat 

capacity (ΔCp) were recorded. Crystallization 

and melting phenomena were assessed in terms 

of their onset and peak temperatures, along with 

the enthalpies related to their areas to common 

baselines. 

According to a three-fraction model, the relative 

values of the crystalline (XC), mobile amorphous 
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fraction (XMAF) and rigid amorphous fraction 

(XRAF), were calculated as follows: 

𝑋𝐶 =
∆ℎ𝑚 − ∑∆ℎ𝐶𝐶

∆ℎ𝑚0
         (1) 

𝑋𝑀𝐴𝐹 =
∆𝐶𝑝
∆𝐶𝑝0

                        (2)  

𝑋𝑅𝐴𝐹 = 1 − 𝑋𝑀𝐴𝐹 − 𝑋𝐶      (3) 

 

, being Δhm and ΔhC the specific melting and 

cold-crystallization enthalpies (J·g-1), Δhm
0 the 

melting enthalpy of a fully crystalline PET (140 

J·g-1 [41]), and ∆𝐶𝑝0 the heat capacity increment 

of a fully amorphous PET (0.405 J·g-1·K-1 [42]). 

2.7. Dynamical-Mechanical Thermal Analysis 

(DMTA) 

DMTA test were conducted in dual cantilever 

clamping with 10 mm of effective length 

between clamps, in bending mode, by means of a 

DMA/SDTA861e Dynamic Mechanical 

Analyzer, from Mettler-Toledo (OH, USA). 

Experiments were carried out from 25 ºC to 175 

ºC with isothermal steps of 2ºC, measuring 8 

frequencies per decade between 0.1 and 100 Hz.  

 

3. Results and discussion 

3.1. Structural changes induced by thermo-

mechanical degradation 

The absorbance spectra of virgin poly (ethylene 

terephthalate) (VPET) and its successive 

recyclates (RPET-i, i: 1-5) were recorded by 

Fourier-Transform Infrared Spectroscopy (FT-

IR). Typical PET spectra were obtained for all 

samples. Assignments of IR bands can be found 

elsewhere [43-44]. Interesting structural changes 

could be deduced by inspection of Figure 1 and 

Figure 2, which respectively show the evolution 

of the absorption of the stretching vibration 

bands of the ethylene group associated to the 

glycol units of PET, and the development of a 

polymeric-bonded -OH end-group. Different 

studies [45-46], in which combinations of PET 

with poly(ethylene glycol) were assessed, 

showed that bands situated near 2962 cm-1 and 

2903 cm-1 may be assigned to the asymmetrical 

υas(CH2) and symmetrical υs(CH2) stretching 

vibrations of the ethylene glycol (EG) group of 

PET, while the bands around 2918 cm-1 and 2854   

cm-1 can be assigned to the same vibrations in 

case diethylene glycol domains (DEG) were 

present in PET backbone. It is shown in Figure 1 

that both VPET and RPET-1 absorbed at these 

latter wavenumbers, which bands vanished for 

the rest of recyclates. This effect is in agreement 

with the mechanisms described in a previous 

study [9] in which the degradation of VPET was 

explained by the loss of EG units via mainly 

intramolecular transesterifications or homolytic 

reactions, such as chain scission by hydrolysis.  

On the other hand, the increase of the band 

centred around 3548 cm-1 (Figure 2) suggested 

the promotion of -OH terminated species with 

more reprocessing cycles, also in agreement with 

our previous results [9]. The increase of these 

species may explain the increased yellowed 

appearance of PET recyclates with each 

processing step, due to they can act as precursors 

of discoloration reactions, as shown by 

Choudhury et al. [47]. This feature impoverishes 

RPET possibilities to be employed in food-

packaging goods. 
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Figure 1. FT-IR analysis of the C-H stretching region: (left) FT-IR spectra evolution; (right) semi-quantitative analysis. 

 

Figure 2.  O-H stretching vibration study: (left) FT-IR spectra evolution; (right) semiquantitave analysis 

The nature of the –OH terminated species, 

mainly hydroxyl and carboxyl species, to act as 

auto-catalysers during thermo-mechanical 

degradation may be an evidence of reduction of 

molar mass. Thus, the evolution of the molar 

masses was correlated to the number of 

recyclates, as shown in Figure 3. Satisfactory 

linear correlation values were obtained for both 

Huggins and Kraemer plots for all materials 

(R2>0.925). An exponential profile for the overall 

molar mass decay was found, where two 

different stages were distinguished. Both Mw and 

Mn decreased steeply with each reprocessing step 

during the two first processing cycles, with 

marginal drops of ~ 35 % from VPET to RPET-1 

and ~ 32 % from RPET-1 to RPET-2 in the case 

of Mw. From the second recyclate on, the 

tendency was attenuated and the variations 

showed an asymptotic profile towards slightly 

inferior values for further recyclates. 

Consequently, the polydispersity index showed a 

similar value after the second recyclate, related to 

likely similar distributions of chains. 

The significant decrease in molar mass may 

affect the processability and homogeneity of PET 

recyclates. Surface characterization of 

reprocessed PET by SEM shown at Figure 4 

exhibited typical morphologies of industrially-

processed polymers. The micrographs of RPET-5 

presented a loss of the orientation of the 

processing lines shown by VPET. In addition, the 

surface seemed to be less smooth and more liable 

to mechanical scratches. This effect has been 

found for other recycled commodities such as 
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Figure 3. Evolution of intrinsic viscosity, molar masses 

and polydispersity index. 

Figure 4. Surface analysis by SEM. (upper: VPET, 

lower: RPET-5) 

PE, PP or PS [4, 6].  As well, inefficiently melted 

pellets were adhered to the surface, thus 

indicating a loss of processability of RPET-5 

under the same experimental conditions of 

VPET. The morphological defects may arise as a 

result of new structural and conformational 

arrangements between the amorphous and 

crystalline regions of PET and thus a deep 

characterization is given afterwards. 

 

 

 

 

 

 

 

 

3.2. Influence of reprocessing on the 

conformational morphology of PET 

Differential Scanning Calorimetric (DSC) and 

FT-IR analysis were applied to assess the 

conformational changes induced by successive 

reprocessing to PET. On the one hand, the results 

of the use of the three-fraction model to explain 

the evolution of the ratios of crystalline (XC), 

mobile amorphous (XMAF) and rigid amorphous 

(XRAF) fractions is shown in Figure 5. An initial 

(XC, XMAF, XRAF) distribution of ~ (29/53/18) % 

was found for VPET, similar to that reported in 

other studies [48]. The crystalline fraction 

showed a slight overall increase (~ 5%), whereas 

MAF and RAF suffered the main effects of 

reprocessing, differing at RPET-5 around a 25 % 

from their original proportion in VPET.  

Interestingly, the major change happened from 

the first to the second recyclate, involving a 

marginal modification close to a 10 % for both 

XMAF and XRAF. The results suggested that the 

MAF was principally attacked due to thermo-

mechanical degradation, releasing shorter chains 

that might fold among themselves and rearrange 

into inter-crystalline domains, that is, RAF, with 

each reprocessing cycle. On the other hand, the 

FT-IR analysis of specific gauche/trans pairs was 

also useful to characterize the changes in 

morphology of PET. The vibrations of the 

ethylene group of the glycol unit of PET exist in 

two forms, a gauche or relaxed form, present in 

the amorphous phase of PET; and a trans, or 

extended form, which is more present in the 

crystalline fraction of PET. The bands at 1471 

cm-1 and 1466 cm-1 form the gauche/trans pair of 

the C-H bending vibration of the glycol unit in 

PET, whereas the bands at 899 cm-1 and 846 cm-1 

form the respective for the rocking vibration of 

the same group. The study of the relative ratio of 

the absorbance areas for both vibration bands is 
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shown in Figure 6. In a two-fraction model, 

where only amorphous and crystalline domains 

were considered, the variation between gauche 

and trans conformers might be directly related. 

On the contrary, in a three-fraction model, the 

decrease of the ratios could then not necessarily 

related to an increase of the relative absorbance 

of the trans conformers of PET, responsible of 

chain packing in crystalline domains. As 

confirmed by DSC, since the increment of the 

crystalline fraction was not significantly 

prominent, the gauche/trans ratio indicated a 

decrease of the amorphous domains due to 

reprocessing. This change was especially 

remarkable after the second recyclate, fact that 

may be related to the reduction from diethylene 

glycol to ethylene glycol in the PET backbone, as 

explained above.  After reprocessing, the new 

structures with shorter backbones and less 

flexible glycol units may rearrange into more 

packed structures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. An extended study of the crystalline fraction 

Further analysis evidenced that the 

morphological changes underwent by PET facing 

successive injection-moulding operations gave 

rise to different crystalline domains, as shown in 

previous reports [8]. The influence of 

reprocessing on the crystallization behaviour was 

studied from the cooling thermograms (Figure 

7); considering onset (TC0) and peak  

Figure 5. Evolution of the balance between crystalline 

and mobile and rigid amorphous fractions 

Figure 6. C-H  vibrations study: (upper) FT-IR spectra 

evolution of C-H bending band; (middle) FT-IR 

spectra evolution of C-H rocking band; (lower) 

semiquantitave analysis. 
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crystallization temperatures (TC), crystallization 

temperature range (∆TC) and specific 

crystallization enthalpy (∆hC) for the assessment, 

which values are gathered at Table 1. The low 

cooling rate used in the DSC analysis promoted 

the formation of nuclei for the crystallization, 

and it was therefore useful for the comparison 

between the formation of crystalline domains of 

virgin and reprocessed PET. The cooling 

thermograms appeared sharper and steeper at the 

beginning of the crystallization, as well as 

involving bigger enthalpies with each 

reprocessing cycle, being particularly remarkable 

the change from RPET-1 to RPET-2.  As well, 

the crystallization started at higher temperatures 

and thus earlier, and it was produced in a shorter 

temperature range. The TC was appointed as a 

quality parameter to distinguish between virgin 

and reprocessed PET in previous reports [8, 49], 

and therefore its reduction pointed out the 

presence of shorter chains with each reprocessing 

cycle.  The whole crystalline fraction formed 

during cooling was melted during subsequent 

 

 

 

DSC heating, as shown in Table 1 by the values 

of specific melting enthalpy Δhm similar to those 

of crystallization ΔhC, which also remarkably 

increased until the second recyclate.  

In order to characterize the crystalline fraction of 

PET and its further recyclates, an approach by 

applying the Hoffman-Lauritzen nucleation 

theory [50-52] to relate the evolution of the 

lamellar thickness (lC) distribution with the 

reprocessing cycle was performed. The 

Thomson-Gibbs equation (Eq. 4) was used to 

assess the evolution of the lamellar thickness 

distribution: 

𝑙𝐶(𝑇𝑚) = ��1 −
𝑇𝑚
𝑇𝑚0
� ·
∆ℎ𝑚𝑉
2 · 𝜎𝑒

�
−1

       (4) 

  

, where Tm is the melting temperature; Tm
0 is the 

equilibrium melting temperature of an infinite 

crystal (564 K); σe is the surface free energy of 

the basal plane where the chains fold (0.106 J·m-

2); ΔhmV is the melting enthalpy per volume unit 

Material Tg (ºC) TC0 (ºC) ΔTC (ºC) TC (ºC) ΔhC (J·g-1) Δhm (J·g-1) 

VPET 77.6 ± 0.5 146.3  ± 0.5 54.2  ± 0.4 171.6  ± 2.6 -35.8  ± 2.1 37.7  ± 1.1 

RPET-1 77.1  ± 0.3 165.5  ± 0.5 37.1  ± 0.8 189.0  ± 0.6 -36.4  ± 0.2 38.7  ± 1.3 

RPET-2 76.4  ± 0.1 185.3  ± 2.3 32 .2 ± 1.7 204.7  ± 3.1 -38.1  ± 1.4 35. 2  ± 0.4 

RPET-3 76.2  ± 0.1 189.2  ± 0.8 29.1  ± 1.1 208.3  ± 1.3 -40.2 ± 0.9 41.4  ± 0.5 

RPET-4 76.3  ± 0.7 188.1  ± 0.3 28.3  ± 2.1 211.7  ± 2.5 -39.3  ± 1.8 40.6  ± 3.2 

RPET-5 76.2  ± 0.7 184.3  ± 0.6 30.2  ± 1.7 211.1  ± 0.8 -41.8  ± 1.4 42.3  ± 0.4 

Table 1. Calorimetric parameters 
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(2.1·108 J·m-3), both values obtained from studies 

by Lu and Hay [53].  

 

 

 

Figure 8 represents the lC distribution for virgin 

and reprocessed PETs. In this figure, a prominent 

distribution related to the most probable lamellar 

size can be seen. A bimodal melting behaviour is 

displayed, which is still on debate [54-60]. Under 

isothermal DSC crystallization conditions, 

multiple melting behaviour of PET can be 

associated to a superposed melting-

crystallization-remelting process [54-56], to the 

enthalpy recovery connected to the mobilization 

of the constrained RAF [57] and/or the melting of 

two distinct crystal populations [58-60]. In any 

case, the effects of degradation could be 

monitored by the analysis of the melting 

endotherm at lower temperatures. It was assumed 

that the thermo-mechanical degradation 

enhanced the crystallization and segregation of 

crystals with different crystalline sizes, 

highlighting the heterogeneity suffered by PET 

during in-plant recycling.   

In order to better explain the effect of the 

degradation process on the crystalline fraction, a 

deconvolution procedure [61] was applied to the 

melting thermograms with the aim of 

individually characterizing the behaviour of each 

i population and its contribution to the overall 

effect using a partial areas study, as early 

proposed [8].  

 

 

 

Fitting DSC procedures were performed by 

means of OriginLab OriginPro 8.0, which uses 

the Levenberg-Marquardt algorithm [62-63] to 

adjust the parameter of the fitting values in the 

iterative procedure. Populations were labelled as 

I and II from the lowest to the highest peak 

temperature (Tm
i), which are registered at Table 

2, along with their melting onset temperatures 

(Tm0
i), melting range temperatures (∆Tm

i) and 

Figure 7. Evolution of DSC cooling 

thermograms 

Figure 8. Lamellar thickness distributions of 

virgin and reprocessed PETs. 



 CONTRIBUTION III-C 
 

243 
 

average lamellar thicknesses (lC
i). As well, the 

so-called relative partial crystallinity of each 

population [8] was calculated by means of 

X i =XC
i/XC=Δhm

i/Δhm, where Δhm
i is the partial 

melting enthalpy of each population i, and 

compared to the full crystallinity degree (XC) in 

Figure 9. Despite XC was not sensitive to 

changes induced by reprocessing, the use of X i 

provided new insights on the formation of new 

crystals. The plots showed a continuous 

development of crystalline zones with lower 

lamellar size, especially from the first to the 

second recyclate. In connection with the results 

from the cooling DSC scan, the formation of 

shorter chains might act as nuclei upon 

crystallization, which promoted the growth of 

more crystalline domains. The melting processes 

of both populations were also sharpened during 

reprocessing, with an overall ∆Tm
i change of ∼5 

ºC for population I, and ∼17 ºC for population II. 

As well, the onsets of melting of populations I 

and II were displaced ∼8 ºC and ∼20 ºC to higher 

temperatures, respectively. Contrarily, the peak 

temperatures and their corresponding lamellar 

thicknesses did not follow the same trend for 

both populations.  

 

 

Whereas Tm 
II remained around 250 ºC for an 

average lamellar thickness of 13-14 nm, 

population I underwent an important increase of 

∼8 ºC in its Tm 
I, from  207  to 215 ºC , related to 

the increase in lC 
I from 9.8 nm in VPET to 12.7 

nm in RPET-5. Considering the variation of X I 

respect to X II, the distribution balance of 

populations I/II (%), which was ∼10/90 for 

VPET, decayed down to ∼60/40 after the second 

reprocessing cycle, and then smoothly decreased 

until a ∼55/45 for RPET-5.  

 

 

 

 

 

 

 

 

 

 

 

 

Material Tm0
I (ºC) ΔTm

I (ºC) Tm
I (ºC) lC

I (Å) Tm0
II (ºC) ΔTm

II (ºC) Tm
II (ºC) lC

II (Å) 

VPET 207.7 ± 1.7 39.1 ± 1.4 233.2 ± 0.6 9.8 ± 0.12 212.3 ± 1.8 47.4 ± 2.1 249.8 ± 0.3 13.8 ± 0.13 

RPET-1 207.6 ± 1.6 41.7 ± 2.5 238.4 ± 0.1 10.8 ± 0.02 220.6 ± 1.4 39.4 ± 1.8 250.2 ± 0.1 14.0 ± 0.05 

RPET-2 210.6 ± 0.1 41.8 ± 2.2 241.7 ± 0.1 11.6 ± 0.01 228.1 ± 1.3 35.4 ± 0.2 248.8 ± 0.1 13.5 ± 0.01 

RPET-3 214.8 ± 0.7 35.6 ± 0.4 245.1 ± 0.5 12.4 ± 0.14 230.4 ± 1.1 29.6 ± 1.1 250.3 ± 0.2 14.1 ± 0.08 

RPET-4 216.8 ± 2.5 34.7 ± 0.7 245.4 ± 0.2 12.6 ± 0.06 229.2 ± 2.0 30.8 ± 2.8 250.5 ± 1.1 14.1 ± 0.31 

RPET-5 215.3 ± 0.1 35.0 ± 0.3 245.9 ± 0.1 12.7 ± 0.02 231.3 ± 0.1 29.4 ± 0.6 249.7 ± 0.15 13.8 ± 0.04 

Table 2. Calorimetric parameters after deconvolution 

Figure 9. Evolution of relative partial 

crystallinity degrees 
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The rearrangement of new crystalline domains 

after each reprocessing cycle was promoted 

towards populations with smaller average sizes, 

being the tendency changed from RPET-1 to 

RPET-2. These variations in crystallinity, along 

with the relative variation between mobile and 

rigid amorphous fractions might role the 

performance of PET recyclates in applications 

that service at sub-Tg temperatures.  

3.4. Segmental dynamics around the glass 

transition. The influence of multiple processing 

on the viscoelastic response of PET and its 

successive recyclates throughout the glass 

transition relaxation was evaluated by means of 

multi-frequency DMTA tests. The loss (E´´) 

moduli were recorded for PET reprocessed 

samples and their evolution as a function of 

temperature are displayed in Figure 10, 

respectively, for the analysis performed at a 

frequency of 1 Hz. Results at the rest of applied 

frequencies showed similar tendencies.  

A prominent viscoelastic relaxation was 

displayed by virgin and reprocessed PETs, along 

a wide α-relaxation that corresponds to the glass-

rubber transition which extended from 60 ºC to 

near 140 ºC. This relaxation is associated to the 

long-range segmental motions of the amorphous 

regions, and is highly dependent on the 

interaction with the rigid domains, comprised by 

both RAF and crystalline fractions. In connection 

with FT-IR results, it was shown by NMR 

studies that the molecular motions of the α-

relaxations are driven by the trans/gauche 

isomerism of the ethylene groups of the glycol 

units of PET backbone [64] . In general, 

reprocessed samples present a broader E’’ peak, 

as shown by the evolution of their Full Widths at 

Medium High (FWMH), in conjunction with a 

displacement to lower values of the peak 

temperature Tp, which is more sensitive to 

morphological changes at the amorphous fraction 

than the Tg obtained by DSC experiments. 

According to other reports in literature [22, 65-

66], for PET samples that accounted for XC of 

about 30 %, this decrease of Tp is indicative of 

dual amorphous fractions, having unlike 

mobility, thus it would also demonstrate the 

presence of RAF. As suggested in previous 

studies for multiple extrusions of PET [8] and in 

accordance to DSC results, random scission 

induced by thermo-mechanical degradation of 

the PET backbone produced shorter polymer 

chains that may explain the diverse distribution 

of lengths. The heterogeneity of the crystalline 

region may affect the mobility of the already 

decreased MAF, being hindered within the glass 

transition relaxation. As well, the increase of 

RAF which remained vitrified during glass-

rubber transition might also constrain the 

cooperative movement of the MAF. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Evolution of loss moduli. Inset: variation of 

the peak temperatures and the full widths at medium 

height. 
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A deeper assessment of the influence of 

reprocessing to the glass-forming behaviour of 

PET provided more information regarding the 

molecular mobility of PET chains throughout the 

glass transition. The strong-fragile glass former 

concept proposed by Angell [67] was used, in 

which the variation of the viscosity with 

temperature could be explained under two border 

limits. On the one hand, the relationship between 

relaxation times and temperature τ(T) of a strong 

glass-forming behaviour can be expressed by an 

Arrhenius law, which reveals a strong resistance 

against structural changes. On the other hand, a 

fragile glass-forming polymer would deviate 

from the thermally-activated Arrhenius 

behaviour, as usually happens to linear polymeric 

materials [68-69].  Therefore, a fragile glass-

former experiences a dramatic loss of properties 

(rheological, mechanical…) throughout a 

specific short temperature interval, such as the 

glass-rubber relaxation, while a strong glass-

former maintains its properties without 

significant changes. For this reason, the 

temperature dependence of the relaxation times τ 

= ω-1 = (2·π·f)-1 of E’’ spectra obtained during 

the glass transition relaxation at different 

angular/linear frequencies ω / f was fitted to the 

Vogel-Fulcher-Tamman-Hesse [70-72] model. 

The so-called fragility index m permited an 

assessment of the deviation of τ(T) from the 

Arrhenius behaviour of polymers. It is defined as 

the characteristic slope of the fragility plot logτ 

vs Tg·T-1 and varies between two limiting values 

of 16 and ≥ 200 for strong and fragile glass-

formers, respectively [73-74]: 

𝑚 =
𝑑 log (𝜏)
𝑑(𝑇𝑔/𝑇)�𝑇=𝑇𝑔

=
𝐵 · 𝑇

ln(10) · (𝑇𝑔 − 𝑇𝑉𝐹𝑇𝐻)2 (5)  

 

, where B (K) and TVFTH (K) are positive 

parameters specific for the material. 

Qualitatively, B can be related to the topology of 

the theoretical potential energy surface of the 

system, where fragile systems (B ↓ ) present high 

density of energy minima, contrarily to strong 

systems (B ↑ ) which present lower density.  

Consequently, m can be associated to the average 

height of the energy barrier that conformers may 

overcome to reach their energy minima. The 

evolution of B and TVFTH is gathered in Table 3. 

Excellent linear correlation values (R2) were 

obtained for the VFTH fitting.  In addition, the 

Angell’s diagram is shown at Figure 11. The 

fragility index, obtained from the slope of the 

curves at T=Tg, decreased with each reprocessing 

cycle, as also given in Table 3. The influence of 

the chemistry of the backbone and of the side-

groups on the fragility of polymers were 

thoroughly discussed by Kunal et al [75], stating 

that fragility depended upon the relative size 

balance between backbone and side groups. PET, 

due to its characteristic rigid backbone involving 

aromatic rings, is inherently fragile, associated to 

inefficient packing of rigid chains. In polymers 

with rigid backbones, studies in literature 

indicate that an increase in chain length lead to 

an increase in dynamic fragility due to inefficient 

packing [76-77]. On the contrary, a cutback in 

chain length due to chain scission processes may 

allow the rearrangement of shorter chains in the 

MAF, promoted by the availability of more free 

volume. However, if the free chains were 

primordially arranged into rigid fractions, the 

cooperative movement would be reduced, thus 

diminishing the dynamic fragility of the polymer, 

as shown by the fragility parameters B and m.  

The subsequent calculation of the activation 

energies related to the glass-rubber relaxation 

EaGT, along with the free volume  
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Table 3. Results from the assessment of the segmental dynamics  

 

coefficient φ obtained by means of Eqs. (6) and 

(7), pictured the change in cooperative 

movement due to thermo-mechanical 

degradation, as shown in Table 3. 

𝐸𝑎𝐺𝑇 = 𝑅 ·
𝑑𝑙𝑛𝜏
𝑑�1

𝑇� �
=

𝑅 · 𝐵

�1 − 𝑇𝑉𝐹𝑇𝐻
𝑇 �

2  (6)  

 

𝜙 = (𝑇−𝑇𝑉𝐹𝑇𝐻)
𝐵

  (7)  

 

The free volume is usually ascribed to the 

packing defects in the structure due to inhibition 

of the segmental mobility below Tg, and thus, 

due to reprocessing, the rearrangement of the 

chains may provoke molecular-size cavities. This 

effect might promote the liability of gases to 

permeate through the polymer in packaging 

applications [25], therefore reducing the second-

life performance of PET for similar purposes. On 

the other hand, the high apparent activation 

energies (EaGT) found for virgin PET, as 

observed for other studies [78-79], progressively 

decreased for  

 

 

 

 

 

 

 

 

 

 

each PET recyclate. Taking into account that the 

constraints induced by the crystalline fraction 

may remain similarly, due to no significant 

increase in XC was obtained, the decrease of 

dynamic fragility found for reprocessed PET may 

be explained by the remarkable formation of 

RAF and connected reduction of MAF.  

 

 

 

 

 

 

 

 

 

 

 VFTH fitting Calculated parameters 

Material Tg (ºC)* TK
**

 (ºC) D R2 B (K) Φ (%) Ea (kJ·mol-1) m 

VPET 77.6 ± 2.1 42.0 ± 1.7 2.87 ± 0.81 0.998 905.5 3.92 732 109 

RPET-1 77.1 ± 1.1 41.5 ± 1.2 2.58 ± 0.52 0.996 813.1 4.37 653 97 

RPET-2 76.4 ± 0.8 39.9 ± 0.5 2.55 ± 0.06 0.988 798.3 4.56 609 91 

RPET-3 76.2 ± 0.8 39.9 ± 0.3 2.52 ± 0.03 0.998 789.4 4.58 610 91 

RPET-4 76.3 ± 0.6 38.9 ± 0.6 2.44 ± 0.04 0.994 762.5 4.89 555 83 

RPET-5 76.2 ± 0.8 37.9 ± 0.1 2.46 ± 0.05 0.993 765.7 4.99 531 79 

* Tg=Tp taken at the experiment at frequency 0.01 Hz  
**TVFTH=TK (Kauzman temperature)  

Figure 11. Angell’s plot. Evolution of the fragility index 

m. 
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3.5. The role of MAF and RAF on the mechanical 

performance PET 

The influence of the microstructural 

conformation of reprocessed PET was finally 

assessed on the mechanical performance by 

tensile and impact testing, and the study of the 

storage modulus (E’) spectra by DMTA.   Figure 

12 shows the results obtained by traditionally 

used tensile and impact tests. On the one hand, a 

slight overall variation in the Young modulus 

(~14 %) was registered for RPET-3,4,5 in 

comparison to that of VPET. On the other hand, 

the stress and elongation at break were clearly 

influenced by the reprocessing cycles, showing a 

critical drop from RPET-1 to RPET-2. The 

chemical and morphological changes induced by 

reprocessing gave out more brittle materials with 

lower ductility, as drawn from the variation of 

the impact strength value, which was halved for 

the second recyclate. These results were in 

agreement with those given by other authors for 

PET [12], PS [5] or PE [4] who did not observed 

significant changes in the elastic modulus due to 

reprocessing, though the elongation at break 

strongly diminished. 

 

 

 

 

 

 

 

 

 

 

The thermo-mechanical degradation effects on 

the macroscopic mechanical properties could be 

explained by the role of the increasing RAF 

throughout the processing cycles. A Strain-

Induced Crystallinity (SIC) phenomenon may 

had occurred upon tensile testing below Tg, 

where part of the newly formed RAF due to 

reprocessing may enhance interactions and 

entanglements between chains, as well as act as 

precursor of new nucleation sites, enhancing the 

growth of the crystalline phase during tensile 

testing, as supported by X-ray Diffraction studies 

[80-82]. Furthermore, Schick et al suggested that 

the RAF itself may vitrify [21], thus increasing 

the rigidity of PET upon drawing, acting as 

topological constraints against deformation 

transforming the initial ductile behaviour of PET, 

breaking the probe by means of a brittle fracture 

with lower applied stress. 

 

 

 

 

 

 

 

 

 

 

Figure 12. Variation of mechanical properties as analyzed by tensile and impact testing. 
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Concerning the role of MAF, its diminution was 

more significant upon glass-rubber relaxation. 

Figure 13 represents the viscoelastic storage 

modulus (E’) of virgin PET and its five 

successive recyclates obtained by DMTA 

performed at 1 Hz. Experiments performed at the 

rest of frequencies showed similar behaviours. 

The mechanical strength ∆E’, calculated as the 

difference between the E’ values at 40 and 170 

ºC, was evaluated. Taking into account that the 

crystalline fraction remained scarcely changed 

along the reprocessed materials, the role of MAF 

drove the increase of ∆E’. In connection with 

DSC results, the significant loss of MAF 

negatively affected the elastic behaviour of PET, 

since less non-constrained amorphous chains 

were subjected to the tension of the experiment, 

therefore increasing E’ and subsequently ∆E’ 

showed an overall increase of ∼20 % from VPET 

to RPET-5. 

4. Conclusions 

Thermo-mechanical degradation induced by 

successive injection moulding cycles affected 

PET structure by mainly reducing initial 

diethylene glycol domains to ethylene glycol 

units in the flexible part of the PET backbone.  

Besides, chain scission processes produced –OH 

terminated species with shorter chain length, 

which increased the yellowish aspect of PET 

recyclates and reduced its molar mass. 

The effects on the microstructure were assessed 

taking into account a three-fraction model 

involving crystalline (C), mobile amorphous 

fraction (MAF) and rigid amorphous fraction 

(RAF). The initial (XC, XMAF, XRAF) distribution 

of ~(29/53/18) % changed to ~(27/44/29) % after 

the second injection and to ~(32/36/35) % after 

the fifth injection, thus showing that degradation 

mainly drove the cleavage of MAF and the 

tendency of shortened PET chains to reorganize 

into RAF. However, the study of the crystalline 

fraction was also significant. After each 

reprocessing step, the crystalline fraction was 

formed earlier and steeper during cooling, thus 

altering PET processability. Despite the overall 

crystallinity fraction scarcely changed, a deep 

characterization of the bimodal melting 

behaviour indicated the formation of crystalline 

populations with smaller lamellar thickness.  

The rearrangement after reprocessing affected to 

the viscoelastic and mechanical performance. 

The reduction of the MAF mainly converted into 

RAF, and the shortening of chain lengths in the 

MAF increased the free volume and produced 

new conformations in which the change from a 

glassy to a rubbery state was overcome easier 

and involving less activation energy, due to a 

loss in cooperative movement. The role of RAF 

was relevant in the behaviour at break during 

macroscopic mechanical testing, due to it might 

act as precursor of crystallinity and/or vitrify, 

thus promoting a strain-induced crystallization 

Figure 13. Evolution of storage moduli at 1 Hz. 

Inset: variation of mechanical stresses through 

the reprocessing cycles 
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during tensile drawing and subsequently enhance 

the embrittlement of PET.  

The study of all properties showed a significant 

loss after the application of the first reprocessing 

step, thus showing a sort of threshold for PET to 

be recovered by further mechanical recycling. 
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a b s t r a c t

Multiple processing by means of successive injection cycles was used to simulate the
thermo-mechanical degradation effects on the oligomeric distribution of PLA under
mechanical recycling. Likewise, an accelerated thermal ageing over PLA glass transition
was performed in order to simulate its service life. MALDI-TOF MS was used for the anal-
ysis and the sample preparation procedure was assessed by means of a statistical Design of
Experiments (DoE). The quality effects in use for the analysis were signal-to-noise ratio and
Resolution. Different matrixes, analyte/matrix proportions and the use of NaTFA as cation-
ization agent were considered. A deep inspection of the statistical results provided a better
understanding of the influence of the different factors, individually or in combination, to
the signal. The application of DoE for the improvement of the MALDI measurement of
PLA stated that the best combination of factors (levels) was the following: matrix
(s-DHB), proportion analyte/matrix (1/5 V/V), and no use of cationization agent. Degrada-
tion primarily affected the initially predominant cyclic [LAC]n and linear HA[LAL]nAOH spe-
cies, where LA stands for a PLA repeating unit. Intramolecular and intermolecular
transesterifications as well as hydrolytic and homolytic reactions took place during the for-
mation and disappearance of oligomeric species. In both degradation mechanisms induced
by thermal ageing and thermo-mechanical degradation, the formation of HA[LAL]n

AOACH3 by intermolecular transesterifications was highlighted.
� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The packaging industry is a highly important economic
sector that involves big quantities of plastic materials.
One-use applications critically reduce the service life of
these products, being rapidly drawn to the disposal step
with all their properties almost intact. Packages made of
commodities such as polyethylene (PE), polypropylene
(PP), polystyrene (PS) or poly(ethylene terephthalate)
(PET) are usually immediately discarded after the first
use, and their elimination and reintegration into the car-
bon cycle can require hundreds or even thousands of years.
Therefore, the interest on plastic materials that accomplish
the twofold benefit of being biodegradable and come from
renewable resources has gained much attention. The most
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popular biodegradable polymers are poly (lactic acid) or
polylactides (PLA), polycaprolactone (PCL), poly (butylene
adipate terephthalate) (PBAT) and polyhydroxybutyrate
(PHB) [1].

Polylactides are thermoplastic polyesters obtained from
the ring-opening polymerization of lactide, which may be
derived from the fermentation of sugar feedstocks at com-
petitive prices compared to that previously achievable
from petrochemical-derived products [2]. PLAs have
numerous interesting properties including good process-
ability, mechanical properties, thermal stability and low
environmental impact [2–3], which enhance their perfor-
mance as suitable candidates for replacing commodities
at the packaging sector. This solution will therefore imply
the increase of a new source of polymeric waste, which
would have to be managed. Moreover, with the aim of
extending the service life of PLA goods, before finally dis-
carding them, it would be advisable to explore the possibil-
ities of recovering the material. Among all recovery
methods, mechanical recycling represents one of the most
successful processes and has received considerable atten-
tion due to its main advantages, since it is relatively sim-
ple, requires low investment, and its technological
parameters are controlled [4]. Moreover, life cycle assess-
ment studies have pointed out that mechanical recycling
is the most preferable recovery route for relatively clean
and homogeneous waste streams in terms of energy saving
and emission of gases contributing to global warming [5].
Nevertheless, polymers are subjected to the influence of
degradative agents such as oxygen, UV-light, mechanical
stresses, temperature and water, which, separately or in
combination, during its material loop (synthesis – process-
ing – service life – discarding – recovery), results in chem-
ical and physical changes that alter their stabilization
mechanisms and long-term properties [6]. These degrada-
tion processes may modify the structure and composition
of PLA and consequently change the thermal, rheological
and mechanical properties of the recyclates [7–8]. The
assessment of the degradation mechanism is therefore
necessary to determine the quality of recycled PLA and
guarantee its further performance in second-market appli-
cations. Simulation of mechanical recycling by multiple
processing and service life by accelerated thermal ageing
to assess the effects of thermal and thermo-mechanical
degradation has been previously performed for commodi-
ties [9–15] such as PE [9], PP [9], PS [10–11], poly (vinyl
chloride) (PVC) [12] or PET [13–16].

Matrix-Assisted Laser Desorption/Ionization Time-Of-
Flight Mass Spectrometry (MALDI-TOF-MS) has gained
attention during the last years as a potential technique
for the analysis of the compositions, end groups and, in
some cases, molecular weight distributions of intact syn-
thetic polymers [17]. Characteristics and main applications
of MALDI can be found in several reviews [18–19]. Studies
on polyesters is an issue of interest among researchers
[20–21], but studies of polylactides are still few [22–29],
and mainly applied to low molecular weight PLA synthe-
sized under laboratory conditions. As far as we are con-
cerned, studies on the application of MALDI to
characterize the effect of multiple-processing and acceler-
ated thermal ageing on specifically commercial PLA have

not been published and therefore this is an area of interest
for future work.

The difficulty of performing good-quality and reliable
MALDI measurements depends on many factors such as
the molar mass of the polymer, the choice of solvent, the
choice of matrix [30–32], the ratio analyte/matrix, the
use of cationization agent, the laser energy or the mode
of detection (linear or reflector), among others [30]. Some
research groups have reported these difficulties and have
found correlations between the crystal and/or molecular
structure of matrices and the MALDI spectral data [31].
Advances and contributions in issues such as the choice
of the correct solvent for sample crystallization [32], ma-
trix functional groups arrangement [33], improvement of
signal-to-noise ratio [33], or the influence of crystallinity
of polymers on the measurement [34] have been per-
formed. However, there are still no clear criteria enabling
the prediction of the optimal conditions for the matrix-
polymer sample preparation. Cost-effective methodologies
should be therefore implemented, in order to optimize the
performance of the MALDI measurement. Despite its
straightforward applicability, speediness and ease, statisti-
cal methods such as the Design of Experiments (DoE) are
not widely applied yet. DoE plays a fundamental role in
the optimization of scientific and industrial problems
[35], which involves the study of the influence of multiple
input variables (factors) analyzed at different scenarios
(levels) on the experimental outcomes (effects). DoE [36]
stands as a useful, reliable and immediate procedure that
can provide us not only with the best combination of set-
tings for the preparation of the MALDI sample, but also
help understand the influence of each factor individually
or in combination on the quality of the response. In previ-
ous works, the suitability of DoE to understand the influ-
ence of matrix, analyte/matrix proportion and amount of
cationization agent was reported for the study of poly(eth-
ylene terephthalate) [16].

In the present study, simulation of reprocessing and
service life was performed by successive injection mould-
ing cycles and accelerated thermo-oxidative ageing respec-
tively on commercial PLA. In the first part of the study, DoE
was applied for determining the best conditions of the
MALDI sample preparation for PLA in order to enhance
the quality of the signal, taking into account matrix, pro-
portion analyte/matrix and use of cationization agent. In
the main analysis, the oligomeric degradation mechanisms
that may explain the influence of degradation occurring in
PLA during both thermo-mechanical and thermo-oxidative
ageing were studied.

2. Experimental procedure

Fig. 1 schematically shows the procedure followed to
simulate degradation induced by multiple processing and
service life. Materials, reagents, simulation conditions
and MALDI analytical features are stated as follows:

2.1. Materials and reagents

Polylactide (PLA) 2002D is a thermo-forming grade PLA
obtained from Natureworks LLC (Minnetonka, MN) as
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pellets, provided by AIMPLAS (Paterna, Spain). MALDI
matrixes, namely 1,8,9-anthracenetriol (dithranol), 2-(4-
hydroxyphenylazo) benzoic acid (HABA), 2,5-dihydroxy-
benzoic acid (s-DHB), as well as the cationization agent,
sodium trifluoroacetate (NaTFA), were purchased from Sig-
ma–Aldrich (Stockholm, Sweden). Tetrahydrofurane was
purchased from VWR (Sweden).

2.2. Reprocessing simulation

Prior to processing, virgin PLA 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 moulding by means of an Arburg 420
C 1000–350 (Germany) injector, single-screw model
(diameter U = 35 mm, length/U = 23). Successive process-
ing steps were applied under the same conditions. Temper-
ature gradient set from hopper to die was 160, 170, 190,
200 and 190 �C. Moulds were set at 15 �C. Cooling time res-
idence was ca. 40 s and total residence time ca. 60 s. Sam-
ples were dried before each processing cycle. After
injection, a fraction of the samples was kept as test speci-
mens and the rest was ground by means of a cutting mill
Retsch SM2000 (UK), which provided pellets of size
d < 20 mm to be fed back into the process. Up to five pro-
cessing cycles were applied to obtain the different testing
specimens of reprocessed PLA (RPLA-i, with i: 1–5).

2.3. Service life simulation

Thermo-oxidative aging was performed on dehumidi-
fied virgin PLA by means of a Heraeus UT 6060 (Hanau,

Germany) forced-ventilation oven under air atmosphere
at 60 �C. Samples were removed for analysis after the
exposure times of 1, 3, 6, 10 and 12 weeks.

2.4. MALDI sample preparation and analysis

MALDI sample mixtures (matrix (M) + analyte (A) + cati-
onization agent (C), MAC) were prepared in laboratory con-
ditions according to ISO 291, atmosphere 23/50, class 1
[37]. Individual solutions of M, A and C in THF were pre-
pared at a concentration of 10 g L�1. Different proportions
(Table 1) of M/A, according to the Design of Experiments
(section 3.2) were applied. In case C was added to the
MAC, it was in the same volumetric ratio as the A. The
mixtures were then vortexed using a Vortex Genie (Scien-
tific Industries, Bohemia, NY). Approximately 0.5 lL of the
sample mixture were added on the target plate and the
spots were allowed to dry at ambient temperature before
insertion into the instrument.

MALDI-TOF/MS experiments were conducted on a
Bruker UltraFlex MALDI-TOF mass spectrometer with a
SCOUT-MTP ion source (Bruker Daltonics, USA), a gridless
ion source and a reflector. All spectra were acquired in
the reflector positive ion mode with an acceleration volt-
age of 25 kV and a reflector voltage of 26.3 kV. The detector
m/z range was 200–6000 Da in order to exclude high inten-
sity signals arising from the low mass ions and to cover the
whole PLA mass spectrum. Ions below 100 m/z were re-
moved with pulsed deflection. The laser intensity was set
to the maximum value possible, taking care not to burn
the MAC in order to avoid the appearance of high-intensity
background peaks, which could decrease the signal-to-
noise ratio and the resolution. Spectra were gathered by

Fig. 1. Experimental procedure followed for the simulation of degradation induced by PLA due to mechanical recycling and service life.

Table 1
Summary of factors, levels and general characteristics of the Design of Experiments applied in this study.

Factor Type Number of levels Levels Effects

Matrix Qualitative 3 s-DHB Dithranol HABA S/N S/Nrel

Proportion of analyte/matrix (V/V) Quantitative 3 1/5 1/10 1/20 RES RESrel

NaTFA Qualitative 2 YES NO
Replicates 3 Total blocks 3
Base runs 18 (32�21) Total runs 54
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irradiating 40–50 different positions at the centre area on
the sample spot, with a total of 2500 (5 � 500) shots per
sample. Time-to-mass conversion of the time-of-flight
mass spectra was achieved using a self-calibration method
[38]. All MALDI spectra were treated using FlexAnalysis 2.4
(Bruker Daltonics, USA) software. Interpretation of data
was carried out taking into account all decimals of the
atomic masses composing the oligomers, but note that
m/z values are given with only one decimal. Statistical De-
sign of Experiments (DoE) was aided by Minitab� 15.1.0.0.
software (Minitab Inc., USA). Measurements were per-
formed by triplicate and the average values were consid-
ered as representative.

3. Results and discussion

The present work is divided into two different sections.
In the first part of the study, the design of experiments,
DoE, was applied for determining the best conditions of
the MALDI sample preparation for PLA in order to enhance
the quality of the spectra. Thereafter, the MALDI analysis of
the influence of thermo-oxidative and thermo-mechanical
degradation on the oligomeric distribution of polylactide
was assessed.

3.1. Determination of the experimental factors and levels
considered for DoE analysis of MALDI sample preparation

With the aim of performing a reliable MALDI measure-
ment with good-quality signals, some considerations
regarding the sample preparation (SP) were taken into ac-
count. The followed procedure is explained with more de-
tail in a previous work [16]. Some variables were defined
as Factors (F) for the DoE: suitable matrix, reasonable pro-
portion analyte/matrix and necessity of cationization
agent. Given that each factor could be analyzed for a wide
span of levels (L), the study of the interaction of all of them
shall not be operative, and thus a preliminary screening
was performed in order to reduce this quantity of F/L situ-
ations: Firstly, S-DHB, Dithranol and HABA were chosen
(Fig. 2) as proper [30] matrixes from an exhaustive list in
literature [39]. Tetrahydrofurane (THF) was taken as sol-
vent for all components since it was extremely important
that the mixture behaved as one during the evaporation
process of the solvent, avoiding thus sample segregation,
which could impoverish the quality of the signal [40]. On
the other hand, since polyesters are relatively polar poly-

mers, Na+ and K+ adducts could be observed in the MALDI
spectra, even if they were not deliberately added to the
mixture [41–43]. It is know that these cations are present
as impurities in matrixes, reagents, solvents or glassware
among other sources, and therefore polymers with high
cation affinity do not necessarily need a high amount of ex-
tra salt in the sample [30]. The presence of specific func-
tional groups such as carboxyl and hydroxyl is very
important in the cationization process [44]. On the other
hand, the fact that matrixes such as HABA and dithranol
are particularly insensitive to impurities [18] justified the
study of the addition of a cationization agent. Sodium Tri-
fluoroacetate (NaTFA) was chosen as a source of ions.

3.2. The Design of Experiments applied to MALDI-VPLA

The levels L at which each F was analyzed are summa-
rized in Table 1. In order to perform the DoE, a significant
step is the correct choice of parameters to be considered as
reliable effects (E). signal-to-noise ratio (S/N) and resolu-
tion (RES) stand out as suitable quality indicators in many
different spectrometric studies [35], and therefore were
chosen for this study. A schematic summary of the combi-
nation of DoE and MALDI is depicted in Fig. 3.

After a first screening, the adducts which provided the
signal of highest intensity were cyclic ([LAC]n Na)+, and
thus were chosen for the analysis. With the aim of assuring
the reliability of this study, instead of focusing the discus-
sion on the results obtained from the study of an individual
peak, a span of 500 m/z between 1500 and 2000 m/z in
which up to seven ([LAC]n Na) + peaks (1536.3, 1608.3,
1680.4, 1752.5, 1824.5, 1896.6, and 1968.6 m/z), with a
separation of a LA repeating unit (72.062 m/z) were chosen
for characterization. Absolute and relative effects E (being
E = S/N or RES) were analyzed according to the following
expressions:

E ¼
X

i

Ei �
Ii

Imax

� �
ð1Þ

Erel ¼
X

i

Ei

Emax
� Ii

Imax

� �
ð2Þ

where I is the intensity of the peak, Imax the maximum
intensity, Emax the maximum of the effect and i is the coun-
ter of the seven studied peaks. Table 2 shows the results of
the analysis of variance in terms of p-value (P) and ad-
justed regression coefficient (R2) for each E according to

Fig. 2. Chemical structures of the matrixes used for the MALDI analysis.
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the General Linear Model (GLM) [36] applied for the eval-
uation of the DoE. The statistic P measures the significance

of a change in level L of a factor F, individual or in combi-
nation with other F (interaction), to the E. If P is lower than
or equal to a confidence value (a), then this F (or interac-
tion of F) is significant, and its assessment is thus worthy.
On the other hand, R2 measures the suitability of the GLM
to explain the variability of data. The closer R2 is to 1, the
better is the selection of the E to characterize the experi-
ment under consideration. Some conclusions could be
drawn from this analysis: Absolute effects were chosen,
since those relative offered R2 far below 95%. In addition,
the fact of carrying out the experiments by triplicate added
a new factor to the DoE analysis (Blocks), but no relation-
ship between this factor and both effects (S/N and RES)
was found, which means that there was no significant
experimental error related to the sample preparation
affecting the quality of the results. Finally, all F influenced
both the S/N and RES of the MALDI signal and therefore
were considered for analysis, since P < a being a the com-
monly chosen 5%. Note that in the case of the study of
the RES by modifying the addition of NaTFA, P = 5.5%,

Fig. 3. Schematic summary of the purpose of combining DOE with MALDI analysis.

Table 2
Results of Analysis of Variance after application of the Design of Experi-
ments to MALDI-TOF MS spectra of virgin PLA.

Factors Effect

S/N RES S/Nrel RESrel

P-value (a = 0.05)

Blocks 0.779 0.315 0.064 0.210

Main
Matrix 0 0 0.024 0.016
Proportion 0 0 0.937 0.575
NaTFA 0 0.055 0 0

Interactions
Matrix and Proportion 0 0 0 0
Matrix and NaTFA 0 0 0 0
Proportion and NaTFA 0.111 0 0.319 0.048
Matrix and Proportion and NaTFA 0 0 0 0
R2 (%) 99.00 98.56 86.48 90.87

Fig. 4. Main effects plot for the analysis of the signal-to-noise ratio (S/N).
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which is not far from a. Concerning the interaction of NaT-
FA and proportion analyte/matrix, P = 0.111, which indi-

cates that its interpretation was not necessarily trustable
and thus was not considered.

Main effects plots (MEP) and Interaction Plots (IP) are
intuitive tools very useful to estimate the influence of fac-
tors though the different levels, both in general or in com-
bination, respectively, to the considered E. The study of
these plots was assessed as follows: Fig. 4 and Fig. 5 show
the main effects plot (MEP) for both S/N and RES, respec-
tively. The overall influence of all factors on the quality
parameters chosen for the assessment of the signal could
be drawn from these plots. The horizontal line crossing
these graphs is the so-called grand mean, which is the aver-
aged sum of all data for a specific effect (S/N or RES). Values
above this line can be considered significant, whereas

Fig. 5. Main effects plot for the analysis of the Resolution (RES).

Table 3
Relative variations in S/N and RES means taking as reference run (s-DHB, 1/
5, NO).

Main effects

Matrix Proportion Salt

Dithranol HABA 1/10 1/15 YES

S/N �32.0% 9.5% 7.6% 30.1% �54.52%
RES �20.1% �81.6% �23.0% �45.0% 4.5%

Fig. 6. Interaction Plot for the analysis of the signal-to-noise ratio (S/N).
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values below demonstrate the little influence of a specific
factor on the E under study. In order to numerically inter-
pret their results, Table 3 shows the changes among levels
for a determined factor which were calculated for the data
means of each effect EðDLjFÞð%Þ by the following
expression:

EðDLjFÞð%Þ ¼
EðLÞ � EðLREPÞ

EðLREFÞ

�����
F

� 100 ð3Þ

The selection of the reference level (LREF) for each factor
is arbitrary and for convenience the choices were stated as
follows: s-DHB for the factor Matrix, 1/5 for the factor Pro-
portion and NO for the factor NaTFA. The following conclu-
sions were drawn: Firstly, experiments with dithranol
provided the lowest S/N values. On the other hand, despite
the S/N was generally higher when using HABA instead of
s-DHB (+9.5%), the loss of RES was dramatically high (-
81.6%), and therefore the use of s-DHB seemed to be more
adequate. Furthermore, the influence of the analyte/matrix
proportion was opposite for both effects; while increasing
the amount of matrix generally increased the S/N (+30.1%
from 1/5 to 1/20), the RES was contrarily negatively af-
fected (�45.0% for the same conditions). In this case, since
the overall variations were quite similar, the decision of
which proportion was satisfactory for the analysis will be
tackled later, when studying the Interaction Plots, specifi-
cally for the chosen matrix. Finally, the addition of NaTFA
generally favoured the RES means (+4.5%), but the high

reduction in the S/N means (�54.5%) advised not to use
cationization agent in this study.

Further interpretation of the Interaction Plots for both S/
N and RES shown at Figs. 6 and 7 respectively, offered more
information regarding the synergetic influence of a couple
of factors at all studied L for a specific F. For better under-
standing, discussion was focused on sub-plots a and c in
both figures, in order to evaluate the interaction matrix/
proportion, specifically for the use of s-DHB. Similar inter-
pretation could be drawn in case the joint influence of two
F was intended for the rest of matrices. By means of apply-
ing Eq. (3) for the variation of proportion when s-DHB was
used, increasing it from 1/5 to 1/20 led to an increase of
60.6% in S/N means, accompanied by a decrease of 61.1%
in RES means. The dilemma therefore was to settle on
which of both effects was more decisive for the analysis.
Fig. 8 shows the MALDI spectra of PLA analyzed with
s-DHB, for better correlation between the DoE results and
the quality of the signal. As pointed out by DoE, the
addition of NaTFA strongly reduced the S/N. Likewise,
the higher amount of matrix was used for the sample
preparation, the less accurate could the peaks be isolated
from the rest, because of a reduction in resolution. In addi-
tion, it was noticeable that even when the signal-to-noise
ratio was enhanced when more amount of matrix was
used, the relative intensity peaks were contrarily de-
creased. In conclusion, the chosen criterion was taken
according to the parameters aimed in this analysis: first,
identification (improved by the resolution) and afterwards,

Fig. 7. Interaction Plot for the analysis of the Resolution (RES).
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semi-quantification (enhanced by the signal-to-noise ra-
tio) of oligomers. Therefore, selecting RES as the key
parameter in this case, it was concluded that the applica-
tion of a DoE for the improvement of the MALDI measure
of PLA would be superior with the following combination
of factors and levels: matrix (s-DHB), proportion analyte/
matrix (1/5, V/V), and use of NaTFA (NO). The following
sections thus show the MALDI analysis of the degradation
subjected by both accelerated thermo-oxidative ageing
and multiple reprocessing cycles.

3.3. Identification of oligomeric species

Fig. 9 shows the MALDI spectra for virgin PLA corre-
sponding to 22 LA units, as an example for identification
of cyclic and linear oligomeric species, indicated for VPLA,
and summarized at Table 4. Note that species appeared at
more m/z than those presented, but only values for n = 22
are shown for clarity. Full symbols were used for Na+ ad-
ducts and hollow symbols for H+ adducts. Predominant
species found for virgin PLA were, in order of abundance:
(i) cyclic [LAC]n, mainly present as Na+ adducts ([M+Na]+:
m/z 1608.3) and in less quantities, H+ adducts ([M+H]+:
1585.3 m/z); (ii) linear HA[LAL]nAOH, which bears a hydro-
xyl and a carbonyl end groups ([M+Na]+: m/z 1626.3 and
[M+H]+: m/z 1604.3); and, (iii) linear HA[LAL]nAOACH3,
which has a methoxyl group and a hydroxyl group bearing
([M+Na]+: m/z 1640.3 and [M+H]+: m/z 1618.3), commonly
found at PLAs obtained by ring opening polymerization
(ROP) due to the use of alkoxydic initiators, which remain
in the terminal units [28]. Other low predominant species
found that might be formed as by-products at the process-
ing temperature were: (iv) linear CH3AOA[LAL]nACH3,
bearing two methoxyl groups ([M+Na]+: m/z 1654.4 and
[M+H]+: m/z 1632.4); and (v) linear CH3ACOAOA[LAL]n

AH,which has a hydroxyl and a carboxylic methyl ester
groups as ending units ([M+Na]+: m/z 1668.4 and [M+H]+:
m/z 1646.4), that might appear due to esterification reac-
tions from different chain capping routes during polymer-
ization. In addition, the MALDI spectra show that both
even-membered and odd-membered oligomeric species
appeared for virgin PLA. Since the presence of odd-mem-
bered oligomers may not be explained by reason of PLA
ROP, it may be admitted that intermolecular transesterifi-
cations took place in parallel to the polymerization pro-
cess, thus causing a random cleavage of the polylactide
backbone, as suggested by Montaudo et al. [28].

3.4. Degradation studies

Fig. 10 shows the proposed degradation mechanisms
map for polylactide degradation, which involves the reac-
tions of formation and disappearance of the aforemen-
tioned main oligomeric species. Low abundant species
(linear CH3AOA[LAL]nACH3, and linear CH3ACOAOA
[LAL]nAH) were not included since their abundance was
not significant during the process and their reactivity can
be explained under the same conditions as the methoxyl
estered species CH3AOA[LAL]nAH. Thermo-oxidative age-
ing and thermo-mechanical degradation influenced the
oligomeric distribution of polylactide differently and

Fig. 8. MALDI-TOF MS spectra of PLA at different MALDI sample
preparations to check the applicability of the Design of Experiments
applied.
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therefore the discussion is stated in the next paragraphs
according to the studied type of degradation.

The reactions of PLA degradation generally followed the
postulated mechanistic routes of polyesters which are
shown as follows for the case of PLA1: Route I: Hydrolysis,
which leads to the formation of hydroxyl and carboxyl lin-
ear oligomers with shorter chain length. Route II: Esterifi-
cation. Route III: Intramolecular transesterification, a: from
the end of the chain (backbiting); b: in the middle of the
chain, which leads to the formation of cyclic oligomers
and linear species with shorter length. Route IV: Intermo-
lecular transesterifications, which interchange ester units
between different chains, leading to an increase in the het-
erogeneity of the polymer. Routes V: Chain scission reac-
tions, acyl-O and alkyl-O b-C initiated homolytic chain-
scissions at temperatures above melting; and radical reac-
tions induced by oxygen, which may produce random
chain cleavage, leading to the formation of mainly linear
hydroxyl and carboxyl terminated species.

It is known that the physical and chemical features of
polylactide are directly connected to its stereochemistry.
Indeed, the Molar Mass Distribution (MMD) of PLA would
vary if the D/L ratio was different [45]. However, The PLA
used in this work is eminently amorphous (>95% L-lactide),
and its morphological configuration remains nearly equal
along the degradation processes [46], without showing a
hint of crystallinity that might influence the MALDI signal
due to different interactions with the matrix or condition
the degradation mechanisms. According to Montaudo
et al. [5], the linear mode is essentially used for the deter-
mination of the MMD of polymers, whereas the reflector
mode allows for the identification of oligomers or side-
products, as well as the characterization of end-groups.
Since this work was focused on the effects of reprocessing
and thermo-oxidative aging on PLA structure and thus the
apparition of new oligomers, and the correlation between
the MMD of polymers drawn by MALDI and other tech-
niques, i.e. Size Exclusion Chromatography (SEC), is not

clear yet [47], the reflector mode was preferred. Since deg-
radation starts primarily at the amorphous part of PLA
backbone, the nature of the newly formed oligomers would
be essentially the same.

3.5. Thermo-oxidative ageing

Fig. 11 shows the evolution of the relative ion abun-
dances of the oligomeric species along the accelerated
thermo-oxidative ageing carried out at 60 �C. Note that
both intensities and areas under curves for both Na+ and
H+ ions were considered for calculations. Ageing at temper-
atures above the glass transition temperature of PLA (ca.
55 �C [48]) enhances the molecular mobility of the chains
and therefore might increment the possibilities of reaction.
The variation of ion abundances showed a two-stage ten-
dency: during the first step, up to 3 weeks, there was an
increasing tendency of formation of cyclic [LAC]n, along
with a decrease of linear HA[LAL]nAOH, which suggested
the dominance of middle-chain intramolecular transesteri-
fications (Route III), aided by temperature. Besides, there
was a first increase of linear HA[LAL]nAOACH3, that might
be mainly produced by esterification (Route II) of HA[LAL]n

AOH. In addition, minor species might rapidly react to very
low proportions along the rest of the thermo-oxidative
ageing.

In a second stage, from 3 weeks up to 12 weeks, the ten-
dency described for the main oligomeric species changed.
There was a strong reduction of cyclic [LAC]n species to pro-
portions below the values present in neat VPLA. On the
other hand, the increasing tendency of HA[LAL]nAOACH3

species was slightly maintained, occurring along with a
remarkable increment of HA[LAL]n AOH species, which
may be explained by hydrolytic reactions mainly affecting
the [LAC]n induced by present water and methanol traces
(Route I) that could easily attack a more liable structure,
excited by temperature. As well, the auto-oxidation reac-
tions [49] may be promoted at long exposition times at this
second stage, auto-catalyzed by radical species, which may
induce homolytic reactions in the polymeric structure
(Routes V). Likewise, the apparition of new hydroxyl and
carboxyl terminated groups might auto-catalyze these
reactions. Intermolecular transesterifications (Route IV)
would take place favouring ester-exchange through chain
cleavage along the polymer chain, as drawn from the
odd-membered species found in the MALDI spectra [28].

3.6. Thermo-mechanical degradation

Fig. 12 shows the evolution of the relative ion abun-
dances of polylactide oligomeric species along the multiple
reprocessing steps. Thermo-mechanical degradation in-
duced by means of multiple reprocessing underwent mod-
ifications in the oligomeric distribution of the PLA sample,
in a different fashion than that shown by the study of the
influence of the accelerated thermo-oxidative ageing.
Thermo-mechanical degradation followed a single step,
in which the apparition or disappearance of species oc-
curred gradually. Degradation agents associated to repro-
cessing were more aggressive for the polymeric
distribution, since chains were submitted to temperatures

Fig. 9. Identification of oligomeric species that compose PLA (see Table 4
for symbology).

1 Schemes available at the on-line additional information.
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above PLA melting temperature, in which the reactions
among end-groups are enhanced. As well, the susceptibil-
ity of recyclates to both O-acyl and O-alkyl homolysis via
b-C scission [50–52] at higher temperatures might increase
due to a remarked weakness of the structure throughout
the reprocessing cycles. Even more, short melting and cool-
ing stressing cycles applied during the injection procedure
might increase the possibilities of changes in the morphol-

ogy. Undesirable components such as presence of water
moieties and methanol traces from the initiation process
could also affect the materials, by subjecting PLA chains
to scission reactions that may decrease the molecular
weight of the polymer [46]. Although care was taken when
processing the samples in order to avoid the presence of
humidity prior to the process, PLA is very hygroscopic,
and after some cycles, the efficiency of water removal

Table 4
Oligomeric species found for PLA by means of MALDI analysis.

Species Structures m/z [M+H]+ m/z [M+Na]+

[LAC]n

n
C
O

OCH

CH3

h 1586,4 j 1608,4

HOA[LAL]nAH

n
C

O

OCH

CH3

HOH

4 1604,4 N 1626,4

CH3AOA[LAL]nAH

n
C
O

OCH

CH3

HOCH3

s 1618,4 d 1640,4

CH3AOA[LAL]nACH3

n
C
O

OCH

CH3

CH3OCH3

O 1632,4 . 1654,4

CH3ACOAOA[LAL]nAH

n
C

O

OCH

CH3

HOCCH3

O 1646,4 � 1668,4

Fig. 10. Proposed degradation mechanism map for polylactide.
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could be diminished, thus enhancing the occurrence of
hydrolytic reactions. Finally, shear mechanical forces tak-
ing place during the injection and the grinding processes
induce degradation in a larger extent and therefore would,
inherently to reprocessing, break the polymeric chains,
leading to smaller species that may vary the oligomeric
distribution of polylactide. Main differences were stated
as follows:

On the one hand, cyclic [LAC]n species showed a gradual
decrease to abundance values close to 35% up to the third
recyclate and recovered its presence at the fifth recyclate.
Likewise, linear HOA[LAL]nAH presented a similar behav-
iour, ranging its variation from 25% to a 15%. The most
remarkable changes were those occurring for linear
CH3AOA[LAL]n AH species, which presented a noticeable
increase, being the most predominant species after three
processing cycles, and achieving a proportion of up to
40% for the fourth recyclate. This fact, together with the
reduction of linear HOA[LAL]n AH and cyclic [LAC]n sug-

gested that the prime reactions taking place during ther-
mo-mechanical degradation of PLA followed a two-step
behaviour: (i) hydrolysis (Route I) or intramolecular
transesterification (Rote III) to mainly release HOA[LAL]n

AH, and (ii) immediate esterification of HOA[LAL]nAH into
CH3AOA[LAL]nAH (Route II), due to the high reactivity of
HOA[LAL]nAH at the processing conditions.

On the other hand, the abundance of CH3AOA[LAL]nAH
would be also generally aided by intermolecular transeste-
rifications (Route IV) of ester-terminated species, such as
low abundant species (linear CH3ACOAOA[LAL]n AH and
CH3AOA[LAL]nACH3), which might be incorporated into
the main oligomeric degradation cycle. Note that the ion
abundances of these species were above 5% for all recyc-
lates, in contrast to the abundances found for thermally-
aged PLA. Their presence can be explained as side-prod-
ucts/impurities after the grinding-melting-injection pro-
cess, which induced a more heterogeneous degradation
effect than that presented by thermo-oxidative ageing,
since more degrading agents were present and therefore
a new oligomeric distribution appeared after each repro-
cessing step. Finally, the homolytic chain-scission reac-
tions induced by reprocessing would randomly attack the
polymeric backbones, releasing shorter chains with differ-
ent ending units which contributed to increase the hetero-
geneity and polydispersion of the material [28].

4. Conclusions

The sample preparation procedure for the analysis of
polylactide (PLA) samples by means of MALDI-TOF MS
was assessed. A statistical Design of Experiments (DoE)
taking into account the following factors (levels): choice
of the correct matrix (s-DHB, dithranol, HABA), the propor-
tion analyte/matrix (1/5, 1/10, 1/20 V/V), and the use of
cationization agent (YES, NO) was considered. The study
was performed by means of analyzing the effect of chang-
ing the aforementioned factors among their different levels
on spectroscopic signals taking into account quality
parameters such as signal-to-noise ratio (S/N) and Resolu-
tion (RES). Main effects plots and interaction plots permit-
ted to understand the influence of each factor to the
quality of the MALDI spectra. The application of DoE for
the improvement of the MALDI analysis of PLA stated that
the best spectra were obtained with mixtures prepared
with s-DHB as matrix, in a proportion analyte/matrix (V/
V 1/5), without cationization agent, considering that RES
was the key effect for the analysis.

Multiple processing by means of successive injection
cycles was used to simulate the thermo-mechanical degra-
dation effects on the oligomeric distribution of PLA under
mechanical recycling. Likewise, an accelerated thermo-oxi-
dative ageing over the glass transition was executed in or-
der to simulate service life. Degradation primarily affected
the initially predominant cyclic [LAC]n and linear HA[LAL]n

AOH species. Intramolecular and intermolecular transeste-
rifications as well as hydrolytic reactions occurred during
the formation and disappearance of oligomeric species. In
both mechanisms induced by thermo-oxidative and ther-
mo-mechanical degradation, the formation of HA[LAL]n

Fig. 11. Influence of thermo-oxidative ageing on the relative abundances
of PLA oligomeric species.

Fig. 12. Influence of thermo-mechanical cycles on the relative abun-
dances of PLA oligomeric species.
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AOACH3 was highlighted, although a different behaviour
was observed. Thermo-oxidative ageing presented a two-
stage performance, governed by intramolecular transeste-
rifications during the first stage and chain-scission reac-
tions during the second stage, when over-exposure to
temperature conditions triggered the depolymerization of
cyclic species. On the other hand, thermo-mechanical deg-
radation seemed to occur mainly via hydrolytic, homolytic
and intermolecular transesterifications, giving rise to a
noticeable major abundance of HA[LAL]nAOACH3 groups,
especially after the third recyclate.
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Abstract: 

The effects of thermo-mechanical degradation on polylactide (PLA) subjected to mechanical 

recycling by means of five successive injection cycles were initially addressed in terms of macroscopic 

mechanical properties and surface modification. A deeper inspection on the structure and morphology of 

PLA was associated to the thermal properties and viscoelastic behaviour. Despite the FTIR analysis did not 

show significant changes in functional groups, a remarkable reduction in molar mass was found by 

viscosimetric analysis. PLA remained amorphous throughout the reprocessing cycles, but the occurrence of 

a cold-crystallization during DSC and DMTA measurements, which enthalpy increased with each 

reprocessing step, suggested chain scission due to thermo-mechanical degradation. The effect of chain 

shortening studied on the glass-rubber relaxation by DMTA showed an increase in free-volume affecting 

the segmental dynamics of PLA, particularly after the application of the second reprocessing step, in 

connection to the overall loss of performance showed by the rest of properties. 
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1.Introduction 

The interest on plastic materials such as poly 

(lactic acid)s or polylactides (PLA) that 

accomplish the two-fold benefit of being 

biodegradable and come from renewable 

resources has gained much attention. Polylactides 

are thermoplastic polyesters obtained from the 

ring-opening polymerization of lactide, which 

may be derived from the fermentation of sugar 

feedstocks at competitive prices compared to that 

previously achievable from petrochemical-

derived products [1]. PLAs have numerous 

interesting properties including good 

processability, mechanical properties, thermal 

stability and low environmental impact [2-3], 

which enhance their performance as suitable 

candidates for replacing commodities at the 

packaging sector. However, the increase of a new 

source of polymeric waste is implied, which 

would have to be managed. Moreover, with the 

aim of enhance the material valorisation of PLA 

goods, it would be advisable to explore the 

possibilities of extending their service lives 

before finally discarding them to bio-disposal 

facilities, such as composting plants. Among all 

material recovery methods [4], mechanical 

recycling represents one of the most successful 

processes and has received considerable attention 

due to its main advantages, since it is relatively 

simple, requires low investment, and its 

technological parameters are controlled. 

Nevertheless, polymers are subjected to the 

influence of degrading agents such as oxygen, 

UV-light, mechanical stresses, temperature and 

water, which, separately or in combination, 

during its material loop (synthesis - processing - 

service life - discarding - recovery), results in 

chemical and physical changes that alter their 

stabilization mechanisms and long-term 

properties . These degradation processes may 

modify the structure and composition of PLA 

and consequently change the thermal, 

viscoelastic and mechanical properties of the 

recyclates [5].  

On the one hand, the simulation of mechanical 

recycling by multiple processing and service life 

by accelerated thermal ageing to assess the 

effects of thermal and thermo-mechanical 

degradation has been previously performed for 

commodities [6-13]. The scarce studies on the 

degradation of reprocessed PLA [14-17] reported 

the loss of mechanical performance of recycled 

PLA in terms of decoupling between amorphous 

and crystalline phases. However, no studies were 

found reporting the performance of reprocessed 

PLA which remains amorphous regardless the 

number of processing cycles, as in the case of 

this study. On the other hand, the assessment of 

the glass-rubber transition and the segmental 

dynamics of PLA have been reported in several 

studies [18-20] for different PLA grades, but not 

reported for the case of reprocessed PLA.  

In order to model mechanical recycling as a 

suitable valorisation option for recovering PLA 

prior to bio-disposal, the purpose of this work 

was to characterize the influence of multiple 

processing on PLA microstructure and segmental 

dynamics, and its subsequent influence on its 

thermal and mechanical performance. 

 

2. Experimental procedure and calculations 

2.1. Material and reprocessing simulation 

Polylactide (PLA) 2002D was a thermo-forming 

grade PLA obtained from Natureworks LLC 

(Minnetonka, MN) as pellets, provided by 

AIMPLAS (Paterna, Spain).Prior to processing, 

virgin PLA pellets were dried during 2 h at 80 ºC 
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in a dehumidifier Conair Micro-D FCO 1500/3 

(UK), in order to remove as much humidity as 

possible from PLA flakes. Afterwards, the 

samples were processed by means of injection 

moulding by means of an Arburg420 C 1000-350 

(Germany) injector, single-screw model 

(diameter Φ=35 mm, length/Φ=23). Temperature 

gradient set from hopper to nozzle was 160, 170, 

190, 200 and 190ºC. Moulds were set at 15 ºC. 

Cooling time residence was ca. 40 s and total 

residence time ca. 60s. Samples were dried 

before each processing cycle. After injection, a 

fraction of the samples was kept as test 

specimens and the rest was ground by means of a 

cutting mill Retsch SM2000 (UK), which 

provided pellets of size d< 20 mm to be fed back 

into the process. Up to five processing cycles 

were applied under the same conditions to obtain 

the different testing specimens of reprocessed 

PLA (RPLA-i, with i: 1-5). Dumbbell probes for 

tensile and impact testing were obtained 

according to ISO 527-2 (type 1A) [21]. 1 mm 

thick prismatic probes for SEM and DMTA were 

obtained from compression moulding, as 

described elsewhere [22]. 

2.2. Mechanical properties  

Tensile testing and impact testing were carried 

out at laboratory conditions 23/50, according to 

ISO 291, atmosphere 23/50, class 1 [23]. Tensile 

tests were performed on reprocessed PLA in 

order to investigate the changes in macroscopic 

mechanical properties, by means of an Instron 

5566 universal electromechanical testing 

instrument (Instron Corp, MA, USA), at a 

crosshead speed of 5 mm·min-1, a 10 kN load cell 

and gauche length of 50 mm. Analyses were 

repeated at least 6 times per material, and the 

average of elastic modulus, elongation at break 

and stress at break were used as representative 

values. 

Charpy impact experiments were carried out 

following ISO 179 [24], with a hammer of 1 J 

and a notch size radius of 1,5mm. The samples 

were characterized at least by triplicate and the 

averages were taken as representative values. 

2.3. Scanning Electron Microscopy (SEM) 

The morphology of the specimens was analysed 

by means of a Hitachi S-4800 Field Emission 

Scanning Electron Microscope (Tokyo, Japan). 

The samples from each material were prepared 

by cutting square pieces from a randomly chosen 

part of the processed specimen. The pieces were 

mounted on metal studs and sputter-coated with a 

2 nm gold layer using a Cressington 208HR high 

resolution sputter coater (Watford, UK), 

equipped with a Cressington thickness monitor 

controller. 

2.4. Differential Scanning Calorimetry (DSC) 

DSC analyses were carried out by a Mettler 

Toledo DSC 820 instrument (Columbus, OH) 

calibrated with indium and zinc standards. 

Approximately 5 mg of pellets were placed in 40 

μL aluminium pans, which were sealed and 

pierced to allow the N2 gas flow (50 ml·min-1). A 

heating/cooling/heating program with a +/- 

2ºC·min-1 rate was employed in the temperature 

range between 0 ºC and 200 ºC. The samples 

were characterized at least by triplicate and the 

averages were taken as representative values. 

2.5. Fourier-Transform Infrared (FT-IR) 

Analysis 

FT-IR spectra were collected by a NEXUS 

Thermo Nicolet 5700 FT-IR Spectrometer (MA, 

USA), previously calibrated, and equipped with a 



276 
 

single-reflection Smart Performer accessory for 

attenuated total reflection (ATR) measurements,  

with diamond crystal. 32 co-added spectra were 

recorded for each specimen at a resolution of 4 

cm-1 with a spacing of 1 cm-1, from 4000 to 600 

cm-1 of wavenumber. Spectra were normalized to 

the 1454 cm-1peak [25] before any data 

processing which is usually used as internal 

standard and it is useful to correct possible 

variations arisen from defects in surface quality 

or sample positioning.  At least 8 measurements 

per material were performed, in order to obtain 

representative results. Presented spectra 

correspond to the average of each individual 

analysis. 

2.6. Molar mass determination 

The intrinsic viscosity [η] was measured 

according to the standard ISO 1628-1 [26], by 

means of a Cannon-Fleske capillary viscosimeter 

type at 30 ºC, with the use of analytical grade 

tetrahydrofurane (THF) supplied by Fluka as 

solvent. Dissolutions of pellets ranged from 0.1 

to 1 g·dL-1.Measurements were performed by 

quintuplicate for each concentration c and [η] 

was obtained from extrapolation to c0 of 

Huggins and Kraemer plots, which respectively 

account for the variation of reduced ηred and 

inherent ηinh viscosities with the concentration, 

being ηred= c-1·ηsp, ηinh= c-1·ln ηrel, ηsp= ηrel-1 and 

ηrel=t·t0
-1, where t and t0 were the times (s) of 

flowing of the dissolution and solvent, 

respectively. The viscous molar mass values 

(MV, g·mol-1) was calculated with the Mark-

Houwink equation [η]=K·MV
α, with constants 

K=6.4·10-4 dL·g-1 and α=0.68 [27]. 

 

 

2.7. Dynamical-Mechanical Thermal Analysis 

(DMTA) 

DMTA test were conducted in dual cantilever 

clamping with 15 mm of effective length 

between clamps, with the three point bending 

mode, by means of a DMA/SDTA861e Dynamic 

Mechanical Analyzer, from Mettler-Toledo (OH, 

USA). Experiments were carried out from 25 ºC 

to 130 ºC with isothermal steps of 2ºC, 

measuring 24 frequencies (8 per decade) between 

0.1 and 100 Hz. Analyses were performed at 

least thrice per sample and the average was taken 

as representative values. 

2.8. Analytical software and computational 

assumptions. 

FT-IR spectra were characterized by OMNIC 7.0 

from Thermo Scientific. DSC and DMTA 

analyses were performed with the aid of the 

software STARe 9.10 from Mettler-Toledo. 

Fitting procedures were performed by means of 

OriginLabOriginPro 8.0, which uses the 

Levenberg-Marquardt algorithm [28-29]to adjust 

the parameter of the fitting values in the iterative 

procedure.  

Values are plotted in terms of {average, devmax, 

devmin}, where devmax = max(data)-average(data), 

and devmin = average (data)-min(data). Tabulated 

errors correspond to the standard deviation of 

data.   
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3. Results and discussion 

3.1. Surface characterization and mechanical 

performance  

The surface characterization of reprocessed PLA 

by SEM, shown atFigure 1exhibited typical 

topologies of industrially-processed polymers 

[6,8]. After 5 reprocessing cycles, the 

micrographs presented a rough and 

heterogeneous surface where inefficiently melted 

particles arose, in comparison to that of VPLA, 

anticipating modifications in the performance of 

the material. The effects of reprocessing on the 

macroscopic mechanical properties are shown at 

Figure 2, in terms of Young modulus, stress and 

strain at break and impact value. The Young 

modulus remained almost unaltered during the 2 

first reprocessing cycles, which was in agreement 

with previous reports in which this PLA grade 

showed similar performance [16]. However, 

from the third injection cycle on, the Young 

modulus decreased showing a significant drop (~ 

28 %) for the fifth recyclate. On the other hand, 

the impact resistance was decreased by ~ 10% 

after the first cycle, maintaining its value nearly 

invariant throughout the rest of injections, as 

comparable with the behaviour shown by multi-

extruded PLA [14]. Regarding the performance 

at break, despite all samples gave short strains, 

an overall increasing fashion within a narrow 

range was found, as the ~ 21 % which was 

registered from VPLA to RPLA-5, in agreement 

with other studies [16]. On the other hand, a 

small and gradual drop in the stress values (~ 6,6 

%) was also presented. These results differ 

significantly to those reported elsewhere for PLA 

with higher D- content [15], which showed 

higher reductions in strain and stress at break. 

Indeed, the diminution of mechanical 

performance along the reprocessing cycles could 

be attributed to the inherent chain scission 

processes [30]. Further analytical techniques 

helped confirm these assumptions. 

 

 

Figure 1. SEM pictures of (upper) VPLA and (lower) 

RPLA-5. 

 

3.2. Structural changes 

The absorbance spectra of virgin polylactide 

(VPLA) and its successive recyclates were 

recorded by Fourier-Transform Infrared 

Spectroscopy (FT-IR), as shown in Figure 3a for 

the case of VPLA and RPLA-5. The spectra of 

intermediate RPLA-i were similar. Complete 

description of the bands can be found in literature 

[25]. In a previous study carried out by means of 

MALDI-TOF MS analyses [30], the presence of 

new carboxy-methyl and carboxyl terminated 

species underwent by reprocessing was reported.  

In order to ascertain a semi-quantitative picture 
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of the structural changes caused by reprocessing, 

the relative absorbance ratios of the areas 

corresponding to the maximum peaks of the C-H 

stretching region (3100-2800 cm-1, Figure 3c), 

and the maxima of the C=O stretching region 

(1800-1700 cm-1Figure 3b) were determined 

related to the area of the reference peak at 1454 

cm-1 which is assigned to the C-H asymmetric 

bending mode and known to be suitable as 

internal standard [25], to obtain comparable 

results without experimental influence of the 

dimensions of the probes. Both functional 

indexes (Figure 3d) showed an increasing 

tendency, more significant for the carbonyl 

group, along with a displacement to higher 

wavenumbers of the peak, which may be 

indicative of the appearance of new carbonyl-

linked species both in the middle and at the end 

as carboxyl groups, and may be a symptom of 

reduction of molar mass.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Results from tensile and impact testing: (a) 

Young Modulus and Impact value; (b) Stress and 

strain at break. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. FT-IR analysis: (a) FT-IR spectra of virgin and fifth reprocessed PLA; (b) evolution of the carbonyl region; (c) 

variation of the hydroxyl region; (d) changes in functional indexes (ref: 1454 cm-1 (28)) 
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Consequently, the viscous molar mass (MV) was 

assessed and its evolution correlated to the 

number of reprocessing cycles, as shown in 

Figure 4. The linear regression values obtained 

for both Huggins and Kraemer plots for all 

materials were higher than 0.975. The inset in 

Figure 4 shows an example of both plots for the 

case of VPLA. The MV decreased steeply with 

each reprocessing step, with marginal drops 

around 10 % until the third recyclate and bigger 

ones afterwards. After 5 reprocessing cycles, a 

50 % decrease of MV ranged from VPLA to 

RPLA-5. These results indicated a sort of 

threshold for the structure to resists further 

thermo-mechanical degradation until 2 

reprocessing cycles. Consequently, the 

macroscopic mechanical performance might be 

affected, as previously observed. In the next 

sections, these changes were studied in terms of 

calorimetric parameters and segmental dynamics. 

3.3. The study of the amorphous and crystalline 

phases of reprocessed PLA.  

The cooling scans of VPLA and its further 

recyclates uniquely showed a glass transition, 

thus suggesting that reprocessing did not 

promoted the apparition of a crystalline phase. 

This was confirmed by FT-IR analysis, which 

showed that there was no generation of new 

bands at 687, 739, 921 and 1293 cm-1, 

representative of crystalline regions along the 

reprocessing cycles. 

However, the heating scans displayed, besides 

the glass transition, a cold-crystallization and a 

subsequent melting, as shown in Figure 5 for all 

materials. The calorimetric thermograms were 

characterized by the key indicators in each 

region: 

(i) the glass transition temperature (TG) was 

calculated as the temperature at the midpoint, 

according to ISO 11357-2 [31];  

(ii) the cold-crystallization induced by the DSC 

temperature program was characterised by the 

induction and peak temperatures (TCC0 and TCC, 

respectively), and the specific cold-

crystallization enthalpy (ΔhCC), which represents 

thearea between the baseline and the exothermic 

curve;  

(iii) the melting of the cold-crystallized domains 

was assessed by the peak temperature (TM) and 

the area between baseline and the endotherm, 

from which the specific melting enthalpy (ΔhM) 

was obtained.  

The variation of these parameters can be seen 

atTable 1. A low reduction of TG was observed. 

According to the Fox-Flory relationship [32] , 

this could indicate that the decrease of molar 

mass induced by reprocessing was not significant 

enough to reduce dramatically the TG. 

Concerning the evolution of TCC0 and TCC, a 

progressive diminution was shown along the 

successive reprocessing cycles. In addition, a 

significant increment in ΔhCC was found from 

Figure 4.Variation of intrinsic viscosity and 

molar mass throughout the injection steps. 

Insert: Detail of calculation of Huggins and 

Kraemer plots for the case of VPLA. 
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VPLA to the first recyclate, to nearly equal 

values until the last injection cycle. The same 

trend was found for ΔhM. Quantitatively, it was 

proved that ΔhM ~ ΔhCCfor both virgin and 

reprocessed PLAs, which meant that all the 

crystalline domains produced during the cold-

crystallization were completely melted. The 

chain scission due to thermo-mechanical 

degradation may lead to shorter chains acting as 

nucleation centres, thus increasing the ΔhCC and 

then modifying the crystallization kinetics and 

consequently the processability of PLA [33]. All 

these results were in contrast to those reported in 

other studies with a PLA with a 8% of D- content 

and 22·104 g·mol-1 ,which showed a drop of TG 

of about 10 ºC and the presence of crystalline 

phases in the glassy state, which appeared during 

cooling. Interestingly, this formation of 

crystalline domains was reported after the second 

injection cycle [15]. 

A deep characterisation of the melting behaviour 

of these newly formed crystallites was necessary 

to shed light on the influence of thermo-

mechanical degradation. The shape of the 

endotherms showed a change from a uni-modal 

to a bi-modal distribution, which is attributed to a 

superimposed melting-crystallization-melting 

process, dependant on the kinetics of the 

temperature program [34-35]. A deconvolution 

procedure [22] was thus applied to describe both 

processes with correlation values R2 higher than 

0.952. A partial areas study [9] allowed 

monitoring the evolution of both crystalline 

domains as given at Figure 6, in terms of peak 

temperatures (TM
i) and relative partial areas 

(AM
i), where i=I or II were used as labels for the 

lowest and highest peak temperatures, 

respectively. It could be seen how both 

parameters behaved likewise in pairs, describing 

similar decreasing or increasing profiles. The 

peaks were separated progressively until the 

second recyclate, where the position of the 

endotherms, characterized by its peak 

temperature, held unmovable for the rest of 

recyclates. Simultaneously, the melting of AM 

Idecreased progressively reaching almost equal 

proportions than that of AM 
II. The effect of the 

thermo-mechanical degradation could be 

ascribed to the variation of the first area AM 
I, 

which would be indicative of the promoted 

tendency of crystals to melt, and thus for molten 

shorter chains to recrystallize. Both overall 

decreases of ~5 ºC in TM
I and ~ 47 % in AM

I 

suggested the presence of weaker cold-

crystallizeddomains along the injection cycles.  

 

 

The arrangement of these shorter backbones in 

terms of chain mobility might be the indicators 

for the variations in the mechanical properties 

shown at the beginning of the study. Hence, the 

cooperative movement of PLA chains was 

investigated by DMTA.  

 

 

 

Material 
TG 

(ºC) 
TCC0 
(ºC) 

TCC 
(ºC) 

ΔhCC 
(J·g-1) 

ΔhM 
(J·g-1) 

VPLA 
57,2 
± 0,1 

106,2 
± 1,7 

123,5 
± 0,2 

2,21 ± 
0,01  

2,19 ± 
0,04  

RPLA-
1 

56,7 
± 0.1 

105,6 
± 0,3 

117,3 
± 0,3 

23,37 
± 0,14  

23,83 
± 0,67 

RPLA-
2 

56,5 
± 0.2 

102,0 
± 0,1 

110,2 
± 0,4 

28,52 
± 0,34  

29,77 
± 1,70 

RPLA-
3 

56,7 
± 0,3 

101,2 
± 0,6 

109,1 
± 1,0 

28,32 
± 0,60  

27,33 
± 0,97 

RPLA-
4 

56,8 
± 0,1 

100,1 
± 0,3 

107,3 
± 0,5 

27,41 
± 0,51  

26,94 
± 0,52 

RPLA-
5 

56,6 
± 0,1 

99,6 ± 
0,2 

106,4 
± 0,1 

28,53 
± 0,73  

28,31 
± 1,04 

Table 1. Results from DSC characterization 
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Figure 6.Results of partial area study after deconvolution of the melting region of the DSC scans.

Figure 5. Evolution of the heating DSC thermograms for VPLA and RPLA-i (i:1-5) 
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3.4. Viscoelastic behaviour and segmental 

dynamics 

The viscoelastic behaviour of the studied PLA 

was investigated by DMTA experiments within 

the glass-rubber relaxation. Figure 7 shows the 

isochronal plots of the storage (E’) and loss (E’’) 

moduli versus temperature for virgin PLA at the 

commonly used frequency of 1 Hz. Similar 

curves were obtained for all the other 

frequencies, but they are not displayed to avoid 

visualization matters.  

 

 

The viscoelastic spectra showed different 

relaxation zones which were related to the 

calorimetric transitions along the increasing 

temperature-axis. At temperatures reaching the 

glass-rubber relaxation, the PLAs showed a drop 

in the storage modulus of nearly 99% of the 

initial value that after a rubbery plateau increased 

until 5-8 % of the modulus was recovered by the 

formation of crystalline phases in the rubber 

state, regardless the reprocessing cycle or 

frequency analyzed. The influence of 

reprocessing can be observed in Figure 8, where 

the DMTA scans of recyclates are shown in 

comparison with those of VPLA. The parameters 

used for characterisation were temperature 

gradients (ΔT’RP, ΔT’RC, ΔT’’GR, and ΔT’’RC) and 

mechanical stresses (ΔE’GR, ΔE’RC, ΔE’’0, ΔE’’GR, 

and ΔE’’RC) where the subscripts 0, GR, RP and 

RC stand for initial, glass-rubber transition, 

rubbery plateau, and recrystallization, 

respectively. The values averaged from the 

experiments at all frequencies are given in Table 

2.  

All the temperature gradients showed a 

decreasing profile. Concerning the evolution of 

ΔT’RP, a widening of the rubbery plateau due to 

the addition of chemical crosslinkers to PLA was 

reported elsewhere [36]. Conversely, the 

shortening of the rubbery plateau registered in 

Table 2 might be indicative of chain cleavage. 

Likewise, the decrease in ΔT’RC was related to 

the presence of shorter chains after each 

reprocessing cycle, which would speed up the 

nucleation inducing a cold-crystallization at 

lower temperatures, as also shown by the DSC 

results (TCC0). Regarding the evolution of the 

mechanical stresses, an initial increase up to the 

second recyclate was shown, and afterwards the 

values decreased to nearly equal values for 

RPLA-3,4,5. The origin of these results can be 

understood in terms of cooperative movement 

within the amorphous phase throughout the 

glass-rubber relaxation and thus a deeper 

inspection into the influence of reprocessing into 

the glass-forming behaviour of PLA was 

performed. 

 

Figure 7. DMTA spectra of VPLA at 1Hz: (upper) loss 

modulus; (lower) storage modulus 
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Shortly, a fragile glass-former experiences a 

dramatic loss of properties (rheological, 

mechanical…) throughout a specific short 

temperature interval, such as the glass-rubber 

relaxation, while a strong glass-former maintains 

its properties without any significant change. The 

relaxation of strong systems is generally found to 

be Arrhenius-like, whereas for fragile systems, it 

is remarkably non-Arrhenius [37-38] and 

describable by a Vogel-Fulcher-Tamman-Hesse 

(VFTH) behaviour [39-41] , as shown in Eq. (1) 

߬ሺܶሻ ൌ ߬ ∙ ݔ݁ ൬
ܤ

ܶ െ ܶி்ு
൰

ൌ ߬

∙ ݔ݁ ൬
ܦ  ܶி்ு

ܶ െ ܶி்ு
൰		ሺ1ሻ 

, where τ are the relaxation times (s), that is 

(2·π·f)-1, and f is the linear frequency of the 

DMTA tests,τ0 is a time reference scale, and B 

(K) and TVFTH(K) are positive parameters specific 

to the material. TVFTH typically appears 40-60 K 

below the TG. It is common to rewrite the 

parameter B into B = D· TVFTH, where D is an 

adimensional factor termed as fragility or 

strength parameter. Qualitatively, D is related to 

the topology of the theoretical potential energy 

surface of the system, where fragile systems (D ≤ 

6) present high density of energy minima, 

contrarily to strong systems (D≥15) which 

present lower density.  As well, the so-called 

fragility index m permits an assessment of the 

deviation of τ(T) from the Arrhenius behavior of 

polymers. It varies between two limiting values 

of 16 and ≥ 200 for strong and fragile glass-

formers, respectively [42], and can be obtained 

by the following expression: 
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In order to study the effects of reprocessing on 

the dynamic fragility of PLA, the relationship of 

τ with the TP from the different loss 

tangentspectra were fitted to the VFTH model, 

which results with linear correlation 

R2coefficients higher than 0,950 are gathered in 

Table 3, along with the fragility parameters D, B 

and m. VPLA showed fragile glass-former 

performance, in agreement with other studies 

performed on fully amorphous PLA [43].  Up to 

the second recyclate, PLA became more fragile. 

Afterwards, there was a change in the variation 

trend. These results were in agreement with the 

evolution shown by the mechanical stresses, as 

can be seen in Table 2.  

The influence of the chemical structure of 

polymers on their fragility was discussed with 

detail by Sokolov et al. [44]. The changes can be  

 

Figure 8.Evolution of storage (lower) and loss (upper) 

moduli at 1 Hz. 
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ascribed to the mobility of chains, both 

physically or chemically, which in turn will 

affect the cooperative movement and the packing 

efficiency. An increase in fragility implies higher 

chain cooperativity and vice versa. Thus, the 

subsequent calculation of the activation energies 

related to the glass-rubber relaxationEaGT, or the 

free volume coefficient obtained by means of 

Eqs. (3) and (4) could picture the change in 

cooperative movement due to thermo-mechanical 

degradation.  
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As can be seen in Figure 9, both EaGT and 

displayed a logical contrary behaviour. After 

the second recyclate, the free volume available  

 

 

 

 

considerably increased (~20 %) which may 

promote the liability of gases to permeate 

through the packing defects of the polymer in 

packaging applications therefore reducing the 

second-life performance of PLA for similar 

purposes. The results were in agreement with 

those from DSC characterization, where a change 

of tendency in the melting endotherm towards a 

major presence of weaker crystalline domains 

was shown from the second to the third recyclate, 

which may strengthen the idea of a threshold of 

performance of PLA facing successive 

reprocessing cycles. As well, the less efficient 

packing of PLA reprocessed more than 2 times 

could explain the reduction of the Young 

Modulus and stress at break found in the study of 

the macroscopic mechanical properties. 

 

 

 Storage modulus Loss modulus 

Material 
ΔE’GR 
(Mpa) 

ΔE’RC 
(Mpa) 

ΔT’RP 
(ºC) 

ΔT’RC 
(ºC) 

ΔE’’0 
(Mpa) 

ΔE’’GR 
(Mpa) 

ΔE’’RC 
(Mpa) 

ΔT’’GR 
(ºC) 

ΔT’’RC 
(ºC) 

VPLA 
235,49  ± 

3,50 
19,23 ± 

1,44 
20,5 ± 

3,9 
13,5 ± 

1,4 
62,12 ± 

4,99 
64,33 ± 

4,61 
1,30 ± 
1,33 

24,7  ± 
1,5 

18,4 ± 
2,6 

RPLA-1 
496,67 ± 

4,40 
28,82 ± 

3,02 
14,0 ± 

3,4 
7,7 ± 0,9 

89,85 ± 
3,23 

94,52 ± 
3, 29 

1,99 ± 
1,55 

21,9 ± 
0,9 

9,7 ± 
1,5 

RPLA-2 
612,05 ± 

5,89 
46,96 ± 

6,81 
11,2 ± 

3,4 
6,7 ± 0,9 

131,00±8,
16 

137,29 ± 
7, 06 

2,68 ± 
1,77 

19,4 ± 
1,0 

8,9 ± 
2,2 

RPLA-3 
397,65 ± 

5,19 
28,84 ± 

4,19 
11,1 ± 

2,8 
6,1 ± 0,9 

85,33±5,7
9 

89,43 ± 
5,37 

1,61 ± 
2,30 

18,3 ± 
1,2 

7,9 ± 
1,3 

RPLA-4 
381,57 ± 

4,29 
28,33 ± 

5,39 
10,2 ± 

3,6 
5,8 ± 1,0 

84,00±3,5
0 

88,17 ± 
2,90 

1,92 ± 
1,28 

19,1 ± 
1,5 

7,5 ± 
1,6 

RPLA-5 
400,03 ± 

9,10 
30,16 ± 

5,33 
9,9 ± 
3,7 

6,0 ± 0,7 
86,57±4,0

2 
90,57 ± 

3,47 
1,77 ± 
2,64 

18,8 ± 
1,5 

7,3 ± 
1,2 

Table 2.Evolution of parameters drawn from DMTA characterization

Figure 9.Evolution of apparent activation energy 

associated to the glass-rubber relaxation and coefficient of 

free volume 
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4. Conclusions 

Polylactide (PLA) submitted to in-plant recycling 

simulation underwent thermo-mechanical 

degradation which modified its structure and 

morphology and induced consequences on its 

thermal and mechanical properties. 

Despite non significant changes were drawn from 

the observation of the functional groups of PLA, 

a remarkable reduction in molar mass was found. 

After 5 reprocessing steps, PLA remained 

amorphous in the glassy state. However, the 

study of the calorimetric thermograms showed 

the apparition of a cold-crystallization, which 

was favoured by the presence of shorter PLA 

chains due to chain scission processes, 

particularly after the second reprocessing cycle. 

In connection, the material offered more free 

volume favouring the mobility of chains 

throughout the glass-rubber relaxation, which in 

macroscopic terms was related to a loss in elastic 

modulus and stress at break, as indicator of chain 

scission that also affected the heterogeneity  

 

 

 

 

 

 

 

 

 

 

 

 

during processing as shown by the analysis of the 

surface.  

All assessed properties showed a significant loss 

of PLA performance after the application of the 

second reprocessing step, thus suggesting a sort 

of threshold to be recovered by further 

mechanical recycling. 
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8. REMARKABLE RESULTS 
  

The application of mechanical recycling as a means of material valorization for both 

commercial poly(ethylene terephthalate) (PET) and polylactide (PLA) affected their 

structure in terms of oligomeric distribution and functional groups, and subsequently 

modified their thermal and mechanical performance. The application of several 

methodologies and analytical strategies was useful to determine degradation indicators 

that can be used as quality parameters for testing the suitability of reprocessed PET and 

PLA to be re-used several times. Several conclusions were drawn, concerning the 

following issues: 

 

Application of methodologies and analytical strategies 

The use of a design of Experiments DoE was useful to optimize the sample preparation 

for MALDI-TOF MS experiments with PET and PLA. Matrix, analyte-to-matrix 

proportion and use of cationization agent were suitable parameters to be considered as 

factors for the DoE analysis. As well, the analysis of quality parameters of the MALDI 

signal such as Signal-to-Noise ratio (S/N) and Resolution (RES) and the use of Main 

Effects and Interaction Effects Plots were to be useful for understanding the influence of 

all factors at different experimental settings. The best combination of levels and factors 

for the MALDI-TOF MS sample preparation of PET was: matrix (dithranol), proportion 

analyte/matrix/cationization agent (1/15/1 V/V/V), and concentration of cationization 

agent (2g·L-1). For the case of PLA: matrix (s-DHB), proportion analyte/matrix (1/5 

V/V), without need of cationization agent. 

The application of a three-fraction model, involving rigid amorphous (RAF) and 

crystalline (C ) and mobile amorphous (MAF) fractions was useful to understand the 

effects of reprocessing on the performance of PET.  

The monitoring of the crystallization during cooling in the case of PET and the cold-

crystallization during heating in the case of PLA was helpful to monitor the occurrence of 

chain scissions during thermo-mechanical degradation. Onset and peak crystallization 

temperatures were appointed as suitable degradation indicators. Particularly for the case 
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of PLA, the monitoring of the mechanical recovery due to recrystallization during heating 

was also significant. 

The use of a deconvolution procedure applied to the melting endotherm of both PET and 

PLA, along with a partial areas study permitted assessing the evolution of the newly 

formed crystalline phase. The partial crystallinity and the partial areas were appointed as 

reliable monitoring parameters, particularly those at the lowest temperatures, 

corresponding to the crystalline domains of lowest lamelar size. 

The study of the segmental dynamics around the glass-rubber relaxation showed the 

relevance of the dynamic parameters, the apparent activation energy or the free-volume 

coefficient to explain the effects of reprocessing in terms of chain mobility and 

connectivity. 

 

Structural changes 

In the case of PET, MALDI-TOF-MS and FTIR showed that the ether links units acted as 

potential reaction sites, since they were mainly driven by the reduction of diethylene 

glycol to ethylene glycol units in the flexible part of the PET backbone ([GTC]n-G 

[GTC]n), and chain scission processes that produced –OH terminated species with 

shorter chain lengt, giving rise to hydroxyl and carboxyl terminated species (H-[GTL]n-

GH and H-[GTL]n-OH). In the case of PLA, the degradation primarily affected to initially 

predominant cyclic [LAC]n and linear HO-[LAL]n-H species. Thermo-mechanical 

degradation seemed to occur giving rise to a noticeable major abundance of CH3-O-

[LAL]n-H  groups after the second recyclate.  

General paths for thermo-mechanical degradation were proposed for both polymers, 

pointing out the action of intramolecular transesterifications and homolytic scissions. 

 

Microstructural changes 

According to a two-fraction model, considering amorphous and crystalline phases, multi-

extruded PET showed a significant increase in crystallinity. Deeply, the new crystal 

populations started to segregate from the first recyclate on. 
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Regarding multi-injected PET, according to a three-fraction model, an important increase 

in RAF after the second reprocessing was shown, connected to a loss of MAF. The 

crystalline fraction was formed earlier and steeper after each reprocessing step and 

towards the formation of domains with smaller lamelar thickness at lower temperatures.  

Conversely, multi-injected PLA did not show formation of crystalline domains due to 

reprocessing. However, during the cold-crystallization of the DSC experiment, suggested 

the apparition of shorter chains after each processing cycle. 

 

Effects on segmental dynamics 

The packing behavior after rearrangement showed different effects for PET and PLA. The 

former presented a decoupling of mobile and rigid phases, with an increase in free 

volume and a decrease in dynamic fragility. The latter showed bigger resistance to 

changes due to its amorphous character, but after the second recyclate, more packing 

defects (although in less extent than that shown by PET) were found. 

Influence on the mechanical performance 

In the case of PET, the rigid amorphous phase acted as initiator of crystallinity during the 

strain of the tensile testing, caused a significant decrease in the mechanical parameters 

(stress and strain at break), in comparison to those shown by PLA (inherently lowest than 

those of PET). The increase of crystalline fraction acted as a topological constraint for the 

impact of PET, while the amorphous PLA did not showed a critical drop of impact 

properties, being its properties at break reduced particularly after the second reprocessing 

step. 

Recyclability of PET and PLA 

Whereas PET experienced an overall loss of properties after the first reprocessing step, 

PLA maintained its properties up to two reprocessing cycles. Once achieved this sort of 

threshold, the properties of PET decayed in a higher extent than those of PLA, thus 

concluding the better recyclability of PET by means of material valorization. 
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1. CHEMICAL RECYCLING AND ENERGETIC 
VALORISATION 

 

Chemical (tertiary) recycling refers to advanced technological processes which convert 

plastic materials into smaller molecules, usually liquids or gases, which are suitable for 

being used as a feedstock for the production of new petrochemicals and plastics. The term 

chemical is used, due to the fact that an alteration is bound to occur to the chemical 

structure of the polymer. Products of chemical recycling have proven to be useful as fuel. 

The technology behind its success is the depolymerization process, that can result in a 

very profitable and sustainable industrial scheme, providing a high product yield and 

minimum waste (1).  

By definition, energy recovery/valorisation implies burning waste to produce energy in 

the form of heat, which may be converted into steam and electricity by a conventional 

thermoelectric plant. This is only considered a very sensible way of waste treatment, 

when material recovery processes fail due to economical constrains. Plastic materials 

possess a very high calorific value when burned; especially when considering that they 

are derived from crude oil. Table 4.1 illustrates the calorific value of a number of single-

polymer plastics, compared to oil and household Plastic Solid Waste (PSW). Since the 

heating value of plastics is high, they make a convenient energy source such as heating oil 

and coal. Producing water and carbon-dioxide upon combustion make them similar to 

other petroleum based fuels (2).  

The fraction of plastic waste from packaging treated by chemical recycling/energy 

recovery has increased up to twice the recovered amount registered a decade ago (5) in 

Europe, as can be seen at Fig 4.1. From the packaging fraction, those goods that come 

from domestic uses represent almost 90 % of the total rates, being the commercial and 

industrial packaging plastic waste recovered in fewer ratios. Despite the consciousness 

campaigns addressed to consumers, it is not transmitted to the industrial field. In addition, 

there is still some lack of waste management devoted to industrial plastic waste, and 

therefore it should be a sector to be enhanced. 
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Table 4. 1. Calorific value of some major plastics compared to common fuels. Adapted from refs (3-4) 

 

Item Calorific value (MJ·kg-1) 

polyethylene 43.3-46.5 

polypropylene 46.50 

polystyrene 41.90 

poly(ethylene terephthalate) 22.00 

household PSW mixture 31.80 

kerosene 46.50 

gas oil 45.20 

heavy oil 42.50 

petroleum 42.30 

coal 29.20 

 

 

In comparison with other plastic fractions, chemical recycling is completely directed to 

packaging goods, while for energetic valorisation, it represents a 60 % of the total amount 

of plastic waste, as shown in Fig 4.2, followed by plastics coming from the building and 

demolition sector and from electric and electronic waste (5). 

 

 

Figure 4. 1.Recovery ratio of packages in Europe by chemical recycling / energetic valorisation. Adapted 

from ref (5). 
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Figure 4. 2. Distribution of goods recovered by chemical recycling and energetic valorisation in Europe. 

Adapted from ref. (5).  

In Spain, the energetic recovery represents a 13% of the total plastic waste management, 

which is far away from the values of other European countries, such as Norway and 

Sweden, with values close to 60 %, and further from more energetic recovering countries 

like Switzerland or Denmark, where it represents the main recovery option (5), as can be 

drawn from Fig 4.3. Therefore, this recovery procedures represent an established reality 

and efforts must be addressed for achieving the optimal figures, in both material and/or 

energy recovery terms. 

 

Figure 4. 3. Energetic recovery ration in European countries. Adapted from ref. (5). 
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In the field of plastics recovery, the terms chemical recycling and energy recovery are 

indiscriminately used to refer to the same processes and therefore lead to confusion. In 

general, the nomenclature could be distinguished more clearly if the recovery of the 

material could be assigned to material valorisation (if feedstock for further synthesis or 

polymerization is obtained) or energetic valorisation (if at the end of the process, energy 

in form of heat or electricity is achieved). Fig 4.4 comprises the chart-flow that plastic 

waste can follow through chemical/energetic recycling. This chapter focuses on the grey-

shadowed area, studying the thermal decomposition processes of plastic waste by means 

of thermolytic processes.  

 

Figure 4. 4. Chemical recycling and energetic valorisation. Scheme of technologies. 

Under the category of chemical recycling advanced processes, similar to those employed 

in the petrochemical industry, appear pyrolysis, gasification, combustion, liquid–gas 

hydrogenation, viscosity breaking, steam or catalytic cracking and the use of plastic solid 

waste as a reducing agent in blast furnaces (6). Much attention has been paid to chemical 

recycling (mainly non-catalytic thermal cracking - thermolysis -, catalytic cracking and 

steam degradation) as a method of producing various fuel fractions from Plastic Solid 

Waste (PSW). By their nature, a number of polymers are advantageous for such 

treatment. Condensation polymers such as poly (ethylene terephthalate) (PET) undergo 

degradation to produce monomer (7) units (which is termed as feedstock or monomer 

recycling), while vinyl polymers such as polyolefins produce a mixture containing 
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numerous components for use as a fuel. There is also a growing interest in developing 

value added products such as synthetic lubricants via PE thermal degradation (1). Various 

degradation methods for obtaining petrochemicals are presently under investigation, and 

conditions suitable for pyrolysis and gasification are being researched extensively (6) 

Advanced thermo-chemical treatments of PSW in the presence of heat under controlled 

temperatures (thermolysis) provide a viable and an optimum engineering solution, with 

the reduction of landfilling as an added advantage (6). Not only healthy monomer 

fractions can recovered up to 60% (8), but also valuable petrochemicals can be produced, 

which could be summarized as: 

 gases (rich with low cut refinery products and hydrocarbons)  

 tars (waxes and liquids very high in aromatic content)  

 char (carbon black and/or activated carbon) 

In general, post-consumer plastic waste consists of a variety of long chain polymer 

molecules, chemical contaminants and hetero-atoms such as chlorine, oxygen or nitrogen. 

Physical impurities like fillers, pigments or adhered dirt are present as well as larger 

inorganic material, arising from incomplete sorting, such as aluminium foil. In order to 

use this waste as feedstock for new plastics or fuel components, the following problems 

need to be overcome (4): 

 Long polymer chains have to be cracked. 

 Hetero-atoms need to be chemically separated. 

 Inorganic particles have to be mechanically separated. 

 Larger inorganic particles have to be discharged from the process in order 

to prevent the process to be blocked by, as well as to avoid the erosion of 

pipes and pumps. 

If a recycler is considering a recycling scheme with 40% target or more, one should deal 

with materials that are very expensive to separate and treat. Actually, such recycling rates 

mean that the recyclers are dealing with more contaminated (commingled) material which 

is very costly to separate, thus promoting tertiary recycling technologies as viable 

solutions (9; 4). However, petrochemical plants are much greater in size (6–10 times) than 

plastic manufacturing plants. It is essential to utilize petrochemical plants in 

supplementing their usual feedstock by using PSW derived feedstock (4).  
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The development of value added recycling technologies is highly desirable as it would 

increase the economic incentive to recycle polymers (10). Several methods for chemical 

recycling are presently in use, such as direct chemical treatment involving gasification, 

smelting by blast furnace (11) or coke oven (12). The main advantage of chemical 

recycling/energetic valorisation is the possibility of treating heterogeneous and 

contaminated polymers with limited use of pre-treatment. These technologies are 

predicted to grow worldwide by 30% until 2015 (13; 14). Generally, first products yielded 

are usually in the range of C20 to C50. These products are cracked in the gas phase to 

obtain lighter hydrocarbons, as ethene and propene, which are unstable at high 

temperatures and react to form aromatic compounds as benzene or toluene. If the 

residence time is long, coke, methane and hydrogen form (15). Long residence times of 

volatiles in reactors and high temperatures decrease tar production but increase char 

formation (16). The main disadvantage of plastic pyrolysis and gasification is that it is 

necessary to control the content of impurities and chloride, in case PVC is present in the 

feedstock, as well as the risk of bad fluidization because of particle agglomeration (17). It 

is reported that increasing temperatures above 500 ºC and prolonging the gas residence 

time, result in a reduction in tar content of the gas product from both pyrolysis and 

gasification of PSW, and even mixtures of coal, biomass and PSW (18). In fact, at 

temperatures above 800 ºC larger paraffins and olefins produced from decomposition of 

plastics are cracked into H2, CO, CO2, CH4 and lighter hydrocarbons (19). As a result of 

methyl-group abstraction from aromatics and decomposition of paraffins, C2H4 and C2H2 

are typically reported to increase with temperature (20). The abstraction of methyl groups 

and hydroxyl groups from aromatic structures implies that the aromatic fraction does 

increase with temperature even though the total amount of tar decreases.  

Both pyrolysis and gasification could be further utilized in industry in a more engineered 

and designed end-product fashion. Up till now, most pyrolysis and gasification processes 

applied on an industrial scale lack a designed end-product manner. Both processes could 

be improved by more appropriate scale-up and a detailed analysis of the products 

produced. Many of the products yielded by pyrolysis and gasification are well 

marketed. But a fact remains that an even larger market is now emerging for residual 

solids, to be utilized as carbon black or activated carbon. Although large industrial scale 

units do exist for both pyrolysis and gasification, a fact remains that most of them could 

perform more effectively targeting certain products depending on feedstock, market 
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performance and demand. All of such issues could be solved by end-product unit design 
(1).  

Thermal decomposition schemes on the end-product (employing lumped product 

yield) are an essential step to develop and validate (6). Advances in that area will aid in the 

improvement of pyrolysis and gasification reactors. Since, in this thesis, the pyrolysis and 

gasification processes are approached, a short description is detailed hereby. Afterwards, 

a short description on the incineration process is given, since this option is progressively 

being adopted as recovery system. 

 

1.1. PYROLYSIS  

The pyrolysis process is an advanced conversion technology that has the ability to 

produce a clean, high calorific value gas from a wide variety of waste and biomass 

streams, by thermal cracking of polymers in inert atmospheres at temperatures up to 800 

ºC. A detailed description of the technologies and experiences of PSW recycling via 

pyrolysis facilities can be found elsewhere (4). 

 

 

 

 

 

 

 

 

Figure 4. 5. Classic pyrolysis scheme in a fluidized bed reactor (1: reactor-screw feeding; 2: cyclones; 3: 

gas cooler; 4: electrostatic precipitator; 5: gas cooler; 6: dry gas meter; 7: gas analyzer for CO, CO2, H2, 

CH4, C2-C5 hydrocarbons). Source: Bioenergy-NoE (21))  
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Fig 4.5 schematically shows a typical pyrolysis facility. The hydrocarbon content of the 

waste is mainly converted into a gas, which is suitable for utilization in either gas 

engines, with associated electricity generation, or in boiler applications without the need 

for flue gas treatment. This process is capable of treating many different solid 

hydrocarbon-based wastes while producing a clean fuel gas with a high calorific value. 

This gas will typically have a calorific value of 22–30 MJ·m-3 depending on the waste 

material being processed. The lower calorific value is associated with biomass waste, 

while higher calorific values are associated with other wastes such as sewage sludge. 

Gases can be produced with higher calorific values when the waste contains significant 

quantities of synthetic materials such as rubber and plastics.  

The solid char, which contains both carbon and the mineral content of the original feed 

material, can either be further processed onsite to release the energy content of the 

carbon, or utilized offsite in other thermal processes.  

Pyrolysis provides a number of advantages (4-6), such as  

 Operational advantages:  

o The energy consumption of the pyrolysis process is very low. It is 

considered that a maximum of about 10 % of the energetic content 

of the plastic waste is used to convert the scrap into petrochemical 

products. 

o Utilisation of residual output of char used as a fuel or as a 

feedstock for other petrochemical processes. 

o The pyrolysis process operates without the need of air or 

admixtures of hydrogen. 

o It does not involve elevated pressures. 

 Environmental advantages:  

o The process can handle plastic waste that cannot be efficiently 

recycled by alternative means. 

o Pyrolysis provides an alternative solution to landfilling and reduces 

greenhouse gases (GHGs) and CO2 emissions. 

 Financial benefits:  

o Pyrolysis produces a high calorific value fuel that could be easily 

marketed and used in gas engines to produce electricity and heat. 
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o If HCl from PVC is formed as by-product of the process, it can be 

recovered and used as raw material. 

 In comparison to incineration: 

o There is a 5 to 20 times reduction in the volume of product gases, 

which is translated into a considerable reduction in gas 

conditioning facilities. 

o Pollutants and contaminants become concentrated in a coke-like 

matrix. 

o Since pyrolysis is a closed system, no pollutants can escape. 

Several obstacles and disadvantages do exist for pyrolysis, mainly the handling of char 

produced (22) and treatment of the final fuel produced if specific products are desired. 

Actually, mainly linear C15-C40 hydrocarbons are obtained, without a significant amount 

of calorific groups such as ramified, cyclic or aromatic compounds. Therefore, posterior 

catalytic cracking and reforming procedures have to be applied to obtain a valuable 

product. On the other hand, the char could be utilized in producing activated carbon with 

the application of steam, typically in an onsite Fluidized Bed Reactor. The derived oils 

maybe used as fuels or petroleum refinery feedstock after upgrading by means of 

processes such as steam or hydrogen cracking, quenching or middle cut distillation (6). In 

addition, there is not a sufficient understanding of the underlying reaction pathways, 

which has prevented a quantitative prediction of the full product distribution. 

Pyrolysis has been investigated as a viable route of recycling by a number of researchers 

for the case of PSW treatment (8), or other waste including biomass (23) and rubbers (24).  

An updated review of the literature performed by Al-Salem et al (6), which refers to 

pyrolysis studies performed to PSW, is recommended for further information.    

 

1.2. GASIFICATION 

Declining landfill space and high incineration cost of Municipal Solid Waste (MSW) 

encourages research and development in thermolysis technologies, which gasification fall 

into, producing fuels or combustible gases from waste (25). Gasification of waste is 
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performed at higher temperatures than pyrolysis (up to 1300 ºC) and with the controlled 

addition of oxygen (4). The basic gasification reaction is as follows: 

CnHm + ½ n O2  n CO + ½ m H2     

Air in this process is used as a gasification agent, which demonstrates a number of 

advantages. The main advantage of using air instead of O2 alone is to simplify the process 

and reduce the cost. But a disadvantage is the presence of inert N2 in air which causes a 

reduction in the calorific value of resulting fuels due to the dilution effect on fuel gases. 

Hence, steam is introduced in a stoichiometric ratio to reduce the N2 presence (1).  

The primary product is a gaseous mixture of carbon monoxide and hydrogen. This gas 

mixture is known as syngas, and can be used as a substitute for natural gas. Additionally, 

a significant amount of char is always produced in gasification which needs to be further 

processed and/or burnt. This inorganic ash is bounded into a glassy matrix which can be 

used as a component in concrete or mortar due to its high acid resistance (4).  

 

Figure 4. 6. Gasification process of coal (1: Gasification of feedstock into syngas; 2: Syngas burnt in 

combustor; 3: Hot gas drives into turbines; 4: Cooling gas heats water; 5: Steam drives steam turbines.) 

Source: World coal institute (26) 

Fig 4.6 schematizes a classic gasification system in which coal is used as feedstock, as an 

example for gasification of other feedstocks as plastic waste. Several types of gasification 

processes have already been developed and reported (6). Their practical performance data, 

however, have not necessarily been satisfactory for universal application. Pilot-scale 
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gasification schemes use a great deal of expensive pure oxygen, while others need 

considerable amounts of expensive materials such as coke and limestone, and deposit 

much sludge from which metals cannot be separated. An ideal gasification process for 

PSW should: 

 produce high calorific value gas  

 yield completely combusted char  

 not require any additional installations for air/water pollution abatement 

Gasification can be distinguished from incineration by its better environmental issues 

and more attractive economics. In addition, gasification does not yield pollutants such as 

dioxins or aromatic volatiles, due to the use of high temperatures and low oxygen partial 

pressure in its operational parameters (4). 

Early gasification attempts of PSWs have been reported since the 1970s (27; 28). The 

gasification into high calorific value fuel gas obtained from PSW was demonstrated in 

research stages and results were reported and published in literature for PVC (29), PP (30) 

and PET (31). Also a need for utilizing as much waste as possible to treat in co-gasification 

is something that captured the attention of many researchers. The need for alternative 

fuels has lead for the co-gasification of PSW with other types of waste, mainly biomass. 

Further reading of common gasification technologies, described by Scheirs (4), is 

suggested for supplementary information. 

 

1.3. INCINERATION 

Incineration involves the burning of polymers, and therefore the knowledge of the 

thermal behaviour of plastics is remarkable. To perform incineration in an 

environmentally desirable way, the liberated energy should be captured and used, usually 

to generate electricity in a “trash-to-energy” facility. Polymers are an excellent fuel, with 

heating value comparable to oil and better than coal and most components of trash. The 

principal products of complete burning of most polymers are water and carbon dioxide, 

which are relatively environmentally benign (other than effects of CO2 as a greenhouse 

gas). From a thermodynamic point of view, trash-to-energy procedures are superior in 
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that the energy content of the plastic is recovered, so beyond reuse and recycling, it is a 

viable approach, provided the polluting aspects can be eliminated (1).  

In general, it is considered that incineration of PSW results in a volume reduction of 90–

99%, which reduces the dependence on landfilling. With the development of waste 

management assessment methods, such as Life Cycle Assessment (LCA), it is now easier 

to compare material recovery with energy recovery case-by-case (6). LCA is best defined 

as an objective process to evaluate the environmental impact associated with a product, 

process or activity, by identifying and quantifying energy and materials used and waste 

released to the environment. LCA evaluates and implements opportunities to allow 

environmental improvements (32). Energy resources and their sustainable development 

require a supply of energy resources that are available at a reasonable cost and can cause 

no negative societal impacts. Thus, it is elementary to recognize high calorific value 

waste, namely PSW, as a valuable feedstock and an energy resource (6). Although 

polyesters like PET have aromatic structures in the polymer chain they are very 

combustible materials. The ease of release of highly combustible aliphatic gases, e.g. 

acetaldehyde, ethylene, dioxane, THF, butadiene, and the low tendency to crosslink and 

char are the main reasons for the high flammability (33). 

Fig 4.7 shows a typical scheme for an incineration facility. The PSW can be burned on its 

own or can be part of a mixed combustible fraction to be used in solid fuel fired boilers 

and power plants. An engineering approach to improve the waste incineration efficiency 

is to separate pyrolysis from actual combustion and burnout processes of the waste (34). In 

industrial scale treatment schemes, external separation requires pyrolysis reactors with 

firing products (e.g. char, waxes, etc.). Incineration of PSW allows steam for heating or 

for electricity generation, as well as heat recovery from flue gases. Different facilities and 

technologies have been developed (35). Essentially, energy recovery in incineration plants 

from plastic waste can be found in several forms, such as (4): 

 Part of the incineration of municipal solid waste (MSW). 

 Through mono-combustion. 

 Through co-combustion with traditional fossil fuels. 

 As a fuel in cement kilns, used as partial substitute for coal or coke. 
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Figure 4. 7. Incineration scheme (plant in Amsterdam (36)) 

 

In comparison to mechanical recycling, in the early 90s it became apparent that the 

recovery of small plastic packaging items (films, pouches, yoghourt cups, trays…) was 

both economically as well as environmentally costly (4). Due to the lightweight and 

diverse nature of these products, its collection, sorting and mechanical recycling was 

inviable. For example, in order to collect a ton of recycled plastic from yoghourt cups, 

approx. 200 000 cups were necessary (37). Therefore, for this kind of plastics, the energy 

recovery stands out as an advisable recovery route.  

Modern incinerators do not produce toxic fumes, regardless of the polymer content of 

their feedstock. The toxic fumes usually result from incomplete combustion, which can be 

avoided by operating the incinerator at a proper temperature with adequate oxygen 

supply. Furthermore, any toxic substances in the effluent that might result could be 

detected through proper monitoring of the effluent and eliminated by scrubbing the 

fumes. Capture and removal of flue gases in thermal (in general) and combustion 

processes (in particular) is a major issue dealt with by different pre-treatments (1). In 

incineration processes, temperature is an essential parameter that leads to a reduction in 

CO and N2O. Toxic materials in the ash are almost always not of polymer origin, but arise 

from other materials, usually containing heavy metals, that are mixed with the polymer 

feedstock. A desirable approach is to have a crude sorting of the feedstock so as to 

prevent their mixing with the polymer content. Emissions of heavy metals are in the same 

order of magnitude in coal or coal/PSW blends, and are lower than the limits imposed by 
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the EU directives (38). In addition, the ash can be converted to a low-solubility slag 

through addition of materials like lime to the feedstock. In any case, incineration 

considerably reduces the volume of the waste so as to make its proper disposal more 

feasible. A consideration is what might happen to this possible content of toxic material if 

incineration had not been done. It would then probably enter into the landfill, probably in 

a more soluble form, and eventually leach out and enter the environment in an 

uncontrolled manner. Hence, PSW could be considered as a renewable energy source 

under certain constrains of feed preparations.  

Advantages of plastic incineration for energy recovery include (4): 

 Incineration destroys potentially harmful substances in the waste stream. 

 The inorganic fraction of the waste, if any, is essentially mineralized by 

incineration to an inert slag that can be used as raw material in the 

construction of roads. 

 It is recommendable for recovering products that are mixed, commingled, 

co-extruded, composited, bonded or laminated to other materials such as 

aluminium foil or paper, as well as for outdoor-exposed plastics, due to 

extensive weathering degradation. 

 It is advisable for dealing with plastic waste used for medicals, drugs, 

hazardous-goods packaging, electronics or highly contaminated plastics, 

such as agricultural mulch films. 

Nevertheless, there exist some inconvenients that have yet to be overcome (4,6,39): 

 Inefficient incineration may produce some unburnt material (> 5% in 

weight) 

 The destruction of foams and granules resulting from PSW also destroys 

CFCs and other harmful blowing agents present. 

 Emission of certain air pollutants such as CO2, NOx and SOx.  

 Generation of volatile organic compounds (VOCs), smoke (particulate 

matter), particulate-bound heavy metals, polycyclic aromatic hydrocarbons 

(PAHs), polychlorinated dibenzofurans (PCDFs) and dioxins. 

Carcinogenic substances (PAHs, nitro-PAHs, dioxins, etc.) have been 

identified in airborne particles from incineration or combustion of 



                                                                              IV. ENERGETIC VALORISATION 
 

                        311 
 

synthetic polymers such as PVC, PET, PS and PE. The presence of 

brominated flame retardants complicates the technical aspects of energy 

recovery receiving much of the attention nowadays.  

 Incineration faces growing opposition due to the low efficiency of 

electrical energy production (four times fewer than thermal efficiency) 

 Incineration remains unpopular for the general public, which does not 

allow the building of facilities in near locations, adopting the “not in my 

backyard” syndrome and therefore transportation costs increase. A societal 

problem in providing state-of-the-art incinerators is their cost. In the short 

run, the approach is often more expensive than alternative disposal means, 

but in the long run, it becomes cost-effective and environmentally 

desirable. However, this problem has been overcome, for example, by the 

Japanese, who combine the facilities with heated swimming pools and 

greenhouses, which win public acceptance. 
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2. THERMOLYSIS OF PET AND PLA 

 

Chemical recycling of poly(ethylene terephthalate) and polylactide comprises both 

chemolysis (via glycolysis, methanolysis and hydrolysis) and thermolysis (via pyrolysis 

or gasification). Chemolysis technologies are already set for PET (40), while for PLA they 

are still under laboratory stage (41).  

Despite thermal decomposition of PET is intensively reported in the literature (33), there 

still are ongoing disagreements over its mechanism. This chapter reviews different 

discussions regarding thermal and thermal oxidative decomposition of PET, as a first step 

to understand the reaction pathways undertaken during pyrolysis and gasification. In the 

case of PLA, energy recovery from PLA waste is covered in the waste treatment part by 

waste incineration (42) with electricity recovery. The thermolytic behaviour of PLA is well 

known under inert conditions. Otherwise, thermo-oxidative decomposition studies are 

still few.  

The main decomposition routes for both PET and PLA under inert (thermal 

decomposition) and oxidative (thermo-oxidative decomposition) conditions are reviewed 

hereafter. 

  

2.1. THERMAL AND THERMO-OXIDATIVE 
DECOMPOSITION OF PET 

An early comprehensive overview of the thermal decomposition of PET was reported by 

Buxbaum (43).  It was postulated that the primary scission of the ester linkage in the 

polymer is probably not a homolytic reaction, since thermal decomposition was not 

inhibited by free radical trapping agents. Based on the mechanism of thermal 

decomposition of model esters it was established that esters containing at least one β-

hydrogen atom decompose to an olefin and acid through a cyclic transition state, as 

shown in Scheme 4.1. It has been shown that the C–O breakage is heterolytic and that the 

α-carbon atom develops some carbonium-ion character in the transition state. For a given 

ester at a fixed temperature, the rate of  decomposition is determined more by the stability 

of the breaking alkoxy C– O bond than by the breaking C–H bond or the forming C = C 
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bond (44). Similar to ester compounds, the principal point of weakness in PET chain is 

the β-methylene group (43; 45; 46; 47).  

 

Scheme 4. 1. Model ester with β-methylene H decomposition (from ref. (43)) 

 

The main reactions in the thermal decomposition of PET occur due to transesterification 

reactions, both inter- or intra-molecular, taking place their initiations both in the middle 

(Scheme 4.2.) or in the end (Scheme 4.3.) of the chain (33). As long as free hydroxyl end 

groups exist in a PET melt, every broken polymer link can be reformed. When most of 

the hydroxyl end groups have been consumed, the molecular weight can start falling (33).  

Edge et al. (48) proposed that thermal cleavage of the ester bond initially results in the 

formation of a vinyl ester end-group and a carboxyl end-group. Because end-groups in 

PET are predominantly hydroxyesters, trans-esterification of the vinyl esters formed on 

degradation can take place to give vinyl alcohol which transforms into acetaldehyde. 

Essentially, hydroxyl end-groups would be replaced by carboxylic acid groups producing 

an equivalent quantity of acetaldehyde (49). Vijaykumar et al (50) suggested the formation 

of acetaldehyde, the major pyrolysis product of PET, through recombination of vinyl-

terminated carboxylate and carboxylic acid-terminated units. This reaction may proceed 

by the intra- or intermolecular H shift to form vinyl alcohol, which isomerizes to give 

acetaldehyde. The homolytic scission of ester bonds was suggested by Bounekhel and 

McNeill (51) based on their thermal decomposition study in vacuum of polyester made 

from poly(ethylene glycol) and terephthalic acid. They suggested that initial homolysis 

can occur in two possible ways, involving either alkyl-oxygen or acyl-oxygen scission, as 

shown in Scheme 4.4. These authors suggested that homolytic reactions can explain the 

whole range of observed degradation products. They argued that products such as CO and 

CO2 are formed throughout the main temperature range of decomposition, whereas by a 

non-homolytic route, such products would only be found at the highest degradation 

temperatures (in the range up to 500ºC).   
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Scheme 4. 2. Transesterification reactions in the middle of the chain, as adapted from refs. in review (33) . 

Note that R is an undefined PET chain fraction. 

 

 

Scheme 4. 3. Transesterification reactions in the end of the chain, as adapted refs. in review (33). Note that 

R is an undefined PET chain fraction. 
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Scheme 4. 4. Homolytic thermal scissions, as adapted from refs. in review (33). Note that R is an undefined 

PET chain fraction. 

 

Concerning the thermo-oxidative decomposition behaviour of PET, Buxbaum (43,52) 

studied the degradation of PET in the presence of oxygen and proposed the mechanism 

shown in Scheme 4.5. It was suggested that the process starts with the formation of a 

hydroperoxide at the methylene group, followed by homolytic chain scission. In fact, 

Allen et al. (53) concluded that hydroperoxyde groups also take place not only as initiators 

but also as intermediates during thermo-oxidative decomposition. 

In addition, it has been shown that PET undergoes gelation (54-56) by heating at 230–

300ºC in air, whereas under nitrogen crosslinks are scarcely formed (54) . Two different 

proposals have been given to explain gelation, according to the functional groups thought 

to be responsible, as shown in Scheme 4.5. 
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 On the one hand, it was proposed that the crosslinks are generated in the aliphatic 

part of the polyester (54). In the first place, vinyl esters may be taken into 

consideration. First, random scission of polyester chains may take place, mainly 

forming carboxylic acids, vinyl esters, aldehydes and carbon dioxide. Afterwards, 

vinyl esters accumulate to some concentration, the vinyl esters react with the 

polymer chain, and network structures are formed.  

 

 In contrast, Nearly (55) and Spanniger (56) believed that aromatic fragments are 

mostly responsible for the crosslinking and coloration. They had separated gelled 

PET from ungelled polymer and methanolyzed the gelled part. Based on the 

products found by gas chromatography in the filtrate, the mechanism leading to 

crosslinking was suggested. Such a mechanism depends on the generation of a 

phenyl radical which is probably formed after initial oxidation at a methylene 

position. After chain scission and decarboxylation, the phenyl radical arylates an 

adjacent benzene ring to form a crosslink. 

 

With regards to the study of the evolved gases from both thermal and thermo-oxidative 

decompositions, few reports have been published regarding the use of FT-IR as analytical 

technique (57), being those analyses mainly performed by Gas Chromatography / Mass 

Spectrometry (GC-MS) (58-61) or direct Mass Spectrometry from pyrolysis of PET (62) 

more spread. The evolved gases from PET at its maximum thermal decomposition rate 

included acetaldehyde, benzoic acid, carbon dioxide, carbon monoxide and benzoic acid 

derivatives. It was believed that carbon dioxide, benzoic acid and aromatic esters were 

evolved in the initial stage of decomposition. Similarly, studies of the thermal-oxidative 

decomposition of PET in a tubular furnace with an air flow showed (60)  that the main 

evolved compounds are carbon monoxide, acetaldehyde, formaldehyde, benzene, 

styrene, and aliphatic C1–C4 hydrocarbons. The composition of the volatile products 

strongly depends on the degradation temperature. At lower temperatures, acetaldehyde, 

formaldehyde, and carbon monoxide are the main degradation products.  
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Scheme 4. 5. Homolytic thermal scissions, as adapted from refs. in review (33). Note that R is an undefined PET chain fraction. 
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2.2. THERMAL AND THERMO-OXIDATIVE 
DECOMPOSITION OF PLA 

Kopinke and Mackenzie (63-64) surveyed previous studies and concluded that the thermal 

decomposition of PLA is mainly driven by transesterification and homolytic reactions, 

and with minor participation, catalyzer (Sn)-based depolymerization or cis-elimination. 

 

A detailed study of thermal PLA degradation was carried out by McNeill and Leiper (65) 

According to their studies, the main reaction route is a non-radical, backbiting 

transesterification reaction involving -OH chain ends, as shown in Scheme 4.6. The 

same principal reaction mechanism can, depending upon the size of the cyclic transition 

state, produce lactide (n = 0), oligomers (R with n ≥ l), or acetaldehyde plus carbon 

monoxide. Middle-chain inter transesterifications are also shown. 

 

 

 

Scheme 4. 6. Transesterification reactions of thermal decomposition of PLA, as adapted from ref (65)   . 

Note that R is an undefined PLA chain fraction, unless contrarily indicated. 

 

Lüderwald et al. (66-67) studied the thermal degradation of various polyesters, among them 

PLA, by preparative pyrolysis and in-source Py-MS. Their results gave clear evidence on 
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the prevailing pyrolysis mechanisms for various hydroxypolyesters. PLA produced 

mainly cyclic oligomers.  Thus, the reaction mechanism is determined not by the position 

of the ester oxygen, but by the availability and reactivity of β-C-H bonds for cis-

elimination. Although PLA has three primary C-H bonds available in the β-position to 

the ester oxygen, their reactivity is not high enough to let them successfully compete with 

transesterification reactions.  

 

On the other hand, Kopinke et al. (63) showed that radical reactions can be assumed to start 

with either an alkyl-oxygen or an acyl-oxygen homolysis, as shown in Scheme 4.7. 

Several types of oxygen- and carbon-centred macroradicals may be formed. Starting with 

the cleavage of the two C-O bonds, various carbon- and oxygen-centred macroradicals 

can be generated. All these radicals can decompose further by splitting off smaller 

fragments (CO, CO2, acetaldehyde, methylketene). Some of these are appropriate for 

cyclization by an addition-elimination mechanism, yielding lactide and other oligomers. 

The acyl- and the carboxyl-radical would mainly be expected to decompose, to release 

CO2 which can be considered as a marker of radical reactions (63).  

 

 

 

Scheme 4. 7. Homolytic reactions  of thermal decomposition of PLA, as adapted from ref (63) . Note that R 
is an undefined PLA chain fraction. 
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Concerning, thermo-oxidative decomposition, few studies have been devoted to elucidate 

its mechanisms. Random main-chain scission was proposed by Gupta and Deshmukh 
(68) and therefore may promote radical compounds that may follow the reactions shown in 

Scheme 4.7.  

 

Acetaldehyde, CO, CO2, lactide and short-chain acids are the major gases evolved 

during both thermal and thermo-oxidative decompositions, as studied by FT-IR (69)  and 

MS (70).  

 

2.3. APPROACHING PYROLYSIS AND COMBUSTION BY 
THERMOGRAVIMETRY  

 

Appropriate design and scale (of operation and economy) are of paramount importance 

when it comes to thermal treatment plants. Thermolysis behaviour in laboratory scale 

enables the assessment of a number of important parameters (6), such as: 

 thermal stability temperature of polymers 

 thermal kinetics,  

 activation energy assessment (energy required to degrade materials treated) 

 product  formation  

To design a chemical reactor, the rate expression must be known. Assuming the reaction 

is known not to be elementary, the search for a mechanism that describes the reaction 

taking place or use experimental data directly must be aimed. Mechanisms can be 

hypothesized as the sum of a series of elementary reactions with intermediates. Using 

methods developed by physical chemists, whether the proposed mechanism fits the actual 

experimental evidence can be hypothesized. Systems kinetics will not only develop 

appropriate models that will predict systems products and their interaction, but through 

solving the derived mathematical expressions, they will predict the product interaction 

behaviour. This will assist in reducing side reactions and undesired by-products on an 

industrial scale. Developing rate expressions of the materials being treated will then be 

utilized in determining the optimum unit operation to be used and its required supply of 
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power and proper media of operation, in the case of pyrolysis, the sufficient amount of 

inert atmosphere in the pyrolyser or the ratio of steam to oxygen in a gasifier (71).  

In the attempt to develop a model for plastic thermal and thermo-oxidative 

decompositions in full-scale systems, the main purpose is to describe the behaviour of 

polymers in terms of an intrinsic kinetics, in which heat and mass transfer limitations are 

not included. General kinetic models are proposed in literature for plastics and biomasses. 

These models do not take into account the rigorous and exhaustive description of the 

chemistry of thermal decomposition of polymers and describe the process by means of a 

simplified reaction pathway. Each single reaction step considered is representative of a 

complex network of reactions (72). 

Pyrolysis is usually the first process in a thermal plant, and is in need of appropriate end-

product design. This could be achieved via the understanding of the systems kinetics on 

Thermogravimetric Analyzers (TGA) and pilot (bench scale unit) scales, using inert 

atmospheres such as Ar or N2. Combustions/Gasification systems can also be approached 

by using O2 or mixtures N2/O2 rich in the O2 phase (6). Therefore TGA stands out as fast, 

cost-effective and reliable characterization technique to ascertain a deeper knowledge 

about the ongoing thermal and thermo-oxidative decomposition of plastics. Completing 

this experimental technique with a proper theoretical model-fitting methodology is 

commonly used for the study of kinetic parameters such as the apparent activation energy 

Ea, the pre-exponential factor A and the reaction model f(α) , which yield the so-called 

kinetic triplet. 

Regarding theoretical approaches, literature reports indicate that different researchers use 

different kinetic models and diverse kinetic methodologies to perform their studies and 

come up to the kinetics of the thermal or thermo-oxidative decompositions, in an attempt 

to reach the description of pyrolysis and combustion of their polymers, respectively. This 

fact often provokes confusion concerning which model is more suitable and therefore 

should be used to best represent the system under study (73-74). Even more, most reports 

over-simplify the kinetics of decomposition by assuming constant variables to explain the 

whole decomposition behaviour. In this thesis, a combination of different methods is 

used. In addition, the variation of the kinetic parameters along the decomposition range is 

considered.  
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Abstract: 

An exhaustive analysis to compare the behaviour of virgin or reprocessed poly (ethylene 

terephthalate) (PET) facing thermal and thermo-oxidative decomposition processes is presented in this 

work, as an approach for the waste management of post-consumer PET goods. Commercial PET was 

submitted to successive reprocessing cycles through multiple injection steps in order to simulate thermo-

mechanical degradation induced to the polymer by mechanical recycling. Multi-rate linear-non-isothermal 

thermogravimetric (TGA) experiments under inert (Ar) and oxidative (O2) conditions were performed to 

virgin PET and its recyclates in order to simulate the thermal behaviour of the materials facing pyrolysis 

and combustion processes. The release of gases has been monitored by Evolved Gas Analysis of the fumes 

of the TGA experiment, by in-line FT-IR analysis, with the aid of 2D-correlation IR spectra. A kinetic 

analysis methodology, consisting in the combination of six different methods (namely Flynn-Wall-Ozawa, 

Kissinger-Akashira-Sunose, Advanced IsoConversional method, Master-Curves and Perez-Maqueda 

Criterion along with Coats-Redfern equation) was thoroughly applied, and its validity for being used with 

both constant and variable kinetic parameters was proven. The kinetic model that mathematically describes 

both thermal and thermo-oxidative decompositions of PET and its recyclates is of the type An: nucleation 

and growth, which gives importance to the formation of gas bubbles in the melt. Different models and novel 

parameters are proposed to characterize the thermal stability along the reprocessing cycles, as well as the 

variation of the activation energy and the pre-exponential factor during thermal and thermo-oxidative 

decompositions. The reliability of a simplified kinetic triplet, where thermal activation parameters can be 

considered constant is validated only under thermal decomposition. The usability of PET after reprocessing 

showed a threshold in the thermal performance from the second recyclate on. During energetic valorisation 

processes, reprocessed PET behaves similarly to virgin PET, and thus current technologies can be 

assimilable for all materials.  
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1. Introduction 

The extended use of poly(ethylene terephthalate) 

(PET) over the last two decades, mainly in the 

food packaging sector, is due to its excellent 

mechanical, chemical, processing and thermal 

properties. Consequently, the amount of post-

consumed PET present in urban solid waste is 

high and has to be managed. Among all recovery 

methods, mechanical recycling represents one of 

the most successful processes and has received 

considerable attention due to its main advantages 

[1]. The application of protocols [2-7] to simulate 

the degradation subjected during mechanical 

recycling has stated that thermo-mechanical 

degradation induced by means of multiple 

reprocessing undergoes reactions among end-

groups [8] at temperatures above the melting 

point, which provoke modifications in the 

oligomeric distribution of PET [6] thus 

diminishing its properties under mechanical, 

chemical, electrical or thermal solicitations [9]. 

Under this perspective, the application of 

technologies for energetic valorisation such as 

pyrolysis or controlled combustion can offer an 

added value to recycled plastics which service 

lives at good performance parameters have been 

overcome. With this processes, plastic waste 

breaks down due to the application of heat to 

mainly give out high calorific value gaseous 

products, from which energy can be obtained [1].  

The behaviour of polymers submitted to 

pyrolysis and/or combustion must be kinetically 

assessed, in order to model the decomposition 

mechanism, the rate of the reaction and the rest 

of reaction parameters necessary to predict the 

product distribution. This knowledge will lead to 

the selection of the proper reactor, as well as to 

the optimization of the reactor design and 

operating conditions. In this sense, 

Thermogravimetric analysis (TGA) stands out as 

fast, cost-effective and reliable characterization 

technique to ascertain a deeper knowledge about 

the ongoing thermal and thermo-oxidative 

decomposition of plastics. TGA can approach the 

experimental conditions of pyrolysis or 

combustion processes by using an inert or 

oxidative gas in the reactor, respectively. 

Coupling this experimental technique with a 

proper theoretical model-fitting methodology is 

commonly used for the study of kinetic 

parameters such as the apparent activation energy 

Ea, the pre-exponential factor A and the reaction 

model f(α), which yield the so-called kinetic 

triplet. Furthermore, the study of the evolved 

gases may complete the picture of the study and 

predict the major reaction pathways driven 

during both thermolytic processes.  Fourier 

Transform Infra-Red (FT-IR) Spectroscopy is an 

effective hyphenated technique to monitor the 

release of gases. As well, the application of 2D-

correlation IR spectroscopy [10] can help 

determine the sequence of gases released, as well 

to distinguish between overlapped bands to 

identify products evolved due to different 

reactions. 

Mechanistically, it is widely known that thermal 

decomposition of PET may occur mainly via (i) 

intramolecular back-biting, leading to cyclic 

dimers or trimers, and (ii) via chain scission 

trough a β-C-H hydrogen transfer reaction, 

leading to vinyl ester and acid end-groups [11-

12]. Other reactions may occur, due to the high 

reactivity and variety of chemical groups present 

in PET. It has been reported how this reactions 

can be enhanced by the presence of aliphatic end-

groups in PET oligomeric distribution [13] or by 

moieties due to deficient drying, even two-

folding the hydrolytic reactions at temperatures 
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above the melting [14]. The presence of 

dyethylene glycol in its formulation may promote 

thermal decomposition due to enhanced chain 

flexibility [15]. The complexity of the 

decomposition mechanisms is patent in the paper 

reported by Levchik and Weil [11], where they 

review up to 9 different schemes for thermal 

decomposition and 5 for thermo-oxidative 

decomposition of PET. Figure 1 shows the main 

thermolytic decomposition mechanisms proposed 
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mechanisms; (ii) the assessment of the influence 

of thermo-mechanical degradation induced by 

reprocessing on the thermal stability of PET 

under thermal and thermo-oxidative 

decomposition conditions; and (iii) the modelling 

of the energetic valorisation processes such as 

pyrolysis and combustion as a contribution to 

further plastic waste management solutions, 

when no more profit can be drawn from the 

polymer or the accumulation of plastic waste has 

to be reduced. In order to achieve the purposes, a 

simulation procedure consisting in five 

successive reprocessing cycles was used to 

induce the modifications that PET suffers 

through thermo-mechanical degradation during 

mechanical recycling. Afterwards, multi-linear 

non-isothermal thermogravimetric experiments 

were performed to model pyrolysis and 

combustion under different experimental 

conditions, in order to apply a detailed kinetic 

methodology that would furnish with the 

knowledge of the kinetic models that may 

explain the bulk thermal decomposition of PET 

at high temperatures, under different 

atmospheres.  

 

2. Theoretical background 

2.1. 2D-Correlation IR Spectroscopy 

2D-Correlation IR Spectroscopy (hereafter 2D-

IR) has gained much attention since its 

introduction [10], as different reviews state [25]. 

Essentially, in 2D-IR, a spectrum is collected as a 

function of two independent IR wavenumbers, 

due to the application of an external perturbance, 

and offers information that could not be obtained 

by conventional analysis of one-dimensional IR 

spectra. In this work, temperature is used as 

external input. A deep explanation of this 

analytical procedure can be found elsewhere [10, 

26-28]. However, a short description with the 

basics that help interpret the discussion of results 

of this study is given hereafter. 

By applying the Hilbert transform method, the 

synchronous and asynchronous correlation 

spectra of two signals i and j at different 

wavenumbers  can be described by Eq. (1) and 

Eq. (2), respectively: 

߮൫ ,൯ ൌ ሺ ܶ௫ െ ܶሻିଵ

 න ሺݕ , ሻݐ 
்ೌೣ

்

,൫ݕ ൯ݐ   ݐ݀

൫ ,൯ ൌ ሺ ܶ௫ െ ܶሻିଵ

 න ሺݕ , ሻݐ 
்ೌೣ

்

,൫ݖ̃ ൯ݐ   ݐ݀

where Tmin and Tmax are the limit temperatures of 

the TGA experiment,  is the spectral variable 

(wavenumber in IR spectroscopy), ݕ is the 

dynamic spectra and ̃ݖ its Hilbert transform, 

which expressions are shown in Eq. (3) and Eq. 

(4) , respectively: 

,ሺݕ ሻݐ ൌ ൜
,ሺݕ ሻݐ െ ,തሺሻݕ 	ݐ ∈ 	 ሾ ܶ, ܶ௫ሿ

0, ݁ݏ݈݁
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ߨ
 න ,ሺݕ ሻ′ݐ 

்ೌೣ

்

ሺݐᇱ െ ሻିଵݐ   ′ݐ݀

being ݕത the reference spectrum usually time-

averaged as: 

,തሺݕ ሻݐ ൌ න ,ሺݕ ሻ′ݐ 
்ೌೣ

்

 ݐ݀

The synchronous spectra reflect the correlation of 

simultaneously varying of spectral intensity, 

while the asynchronous spectra reflect the non-

comparability of spectral intensity variations, due 

to ̃ݖሺ, ,ሺݕ ሻis orthogonal toݐ  ሻand thereforeݐ

appears when two signals are out-of-phase. 
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Therefore the synchronous and asynchronous 

spectra are symmetrical and anti-symmetrical 

with respect to their diagonal lines, respectively. 

The discussion of both types of graphs is given in 

terms of auto and cross peaks.  

The auto-peaks ( ,ሻ , ሺ,ሻ	in synchronous 

spectra rely on the diagonal line and their 

intensity reflect the influence of the external 

perturbation on the molecular groups of 

wavenumbers i and j. Cross-peaks ( ,ሻ 

,ሺ,ሻ off-diagonally located, represent the 

synchronicity of groups corresponding to 

wavenumbers i and j, stressing the strong 

cooperation or interaction between their different 

molecular groups. A positive cross-peak 

describes the increase or decrease of the 

intensities of both i and j, while a negative 

cross-peak indicates an increase in the intensity 

of i during a decrease of j. 

The asynchronous spectrum has no auto-peaks by 

definition. The cross-peaks in this case represent 

the sequential changes of the spectral intensities 

i and j 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 shown 

as follows: 

a) If intensity in the synchronous spectrum is 

positive: ߮൫,൯  0 

a.1.) A positive cross-peak in the 

asynchronous spectrum ൫ ,൯  0 states that 

the change in intensity of 1 occurs before the 

change in 2. 

a.2.) A negative cross-peak in the 

asynchronous spectrum ൫ ,൯ ൏ 0 states that 

the change in intensity of 2 occurs before the 

change in 1. 

b) If intensity in the synchronous spectrum is 

negative: ߮൫ ,൯ ൏ 0, the rules above are 

reversed. 

 

2.2. Kinetic methodology 

In the attempt to develop a model for plastic 

thermal and thermo-oxidative decompositions in 

full-scale systems, the main purpose is to 

describe the behaviour of polymers in terms of an 

intrinsic kinetics, in which heat and mass transfer 

limitations are not included. General kinetic 

models are proposed in literature for plastics and 

biomasses. These models do not take into 

account the rigorous and exhaustive description 

of the chemistry of thermal decomposition of 

polymers and describe the process by means of a 

simplified reaction pathway. It is widely known 

that each single reaction step considered is 

representative of a complex network of reactions 

[29].  

Recently, Khawan and Flanagan [30] have 

reviewed the relationship between the theoretical 

decomposition mechanisms and their 

mathematical models, the so-called kinetic 

functions f(α). The kinetic analysis of non-

isothermal experiments is generally performed 

by using a single step kinetic equation: 

ߙ݀
ݐ݀

≡ ߚ 
ߙ݀
݀ܶ

ൌ ܣ  ݂ሺߙሻ  ݇ሺܶሻ

ൌ ܣ  ݂ሺߙሻ  ݁ି
ா
ோ் 

, where t is the time (t), T the temperature (K), α 

is the conversion degree, β is the heating rate 

( 6 ) 
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used in the thermogravimetric experiment (K·s-1 ) 

, R is the ideal gas constant (8.31 J·mol-1·K-1), A 

a pre-exponential factor (s-1), f(α) the kinetic 

function  and Ea is the activation energy (J·mol-1 

) . For thermogravimetric experiments, α = (m0-

mt)/(m0-m∞), where m stands for mass (g), and 

subscripts 0, ∞ and t respond to initial, final and 

actual thermogravimetric values. The obtaining 

of the so-called kinetic triplet (f(α)-model, Ea, A) 

may provide new knowledge regarding the 

kinetic model of thermal and thermo-oxidative 

decomposition for virgin PET and its recyclates, 

and offer new insights in further energetic 

valorisation processes for this polymer. 

The integration of Eq. (6) after rearranging, leads 

to:	
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Under linear heating rate program, Eq. (7) does 

not have an exact analytical solution to the 

temperature integral p(x) and therefore some 

studies have reported different equations to 

approach the best values within the lower error 

margin [31]. In this work, the Senum-Yang [32] 

approximation (Eq. (8)) truncated at its fifth term 

was used, since it gives deviations from the exact 

value of the temperature integral lower than 10-8 

% for x>10 [33], which permits its application in 

solid-state decomposition reactions, where x is 

usually higher. 
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2.2.1. Determination of activation energy – 

isoconversional methods. 

Solid-state kinetics were developed from reaction 

kinetics in homogeneous systems (i.e gases and 

liquids), and it has been generally assumed that 

the activation energy and the pre-exponential 

factor remain constant. However, it has been 

proved that these kinetic parameters may vary 

with the progress of the decomposition of solids. 

This variation can be detected by isoconversional 

methods, which use data from different multi-

linear non-isothermal experiments and do not 

take modelistic assumptions for the analysis, 

main source of error of model-fitting methods. 

The most broadly used isoconversional methods 

are those integral linear methods developed by 

Flynn-Wall-Ozawa (FWO) [34-35] (supported on 

Doyle’s integral approximation [36] and 

Kissinger-Akahira-Sunose (KAS) [37-38], which 

are represented at Eq. (9) and Eq. (10), 

respectively. These methods give rise to linear 

functions from which slopes the Ea at a fixed α is 

obtained. 
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, where g(α) is the inverse integral kinetic model, 

obtained as: 
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Vyazovkin and Dollimore [39] proposed a more 

accurate integral non-linear method (VYZ), which 

is based on the following expression: 
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, where i and j are counters through the h 

experiments performed at different heating rates. 

The activation energy (Eaα) is the value that 

minimizes Ω in Eq (12) for a particular α. 

 

2.2.2. The use of Master-Plots  

The reaction model may adopt various 

expressions, based on nucleation and nuclei 

growth, phase boundary reactions, diffusion or 

chemical reactions. The environmental gases, 

inert or reactive, have important roles regarding 

the selection of the decomposition models. A list 

of the most common f(α) applied to polymers is 

given at Table 1. Master Plots (M-P) are 

reference theoretical curves (M-Pt) depending on 

the kinetic model, but generally independent of 

the kinetic parameters of the process. Due to, in 

many cases, the experimental kinetic data can be 

easily transformed into experimental curves M-

Pe, a comparison with the M-Pt allows the 

selection of the appropriate kinetic model of the 

process under investigation or, at least, reducing 

the span of suitable kinetic models [40]. There 

exist three main types of M-Pt, those based on the 

differential form (M-Pf) of the generalized kinetic 

equation Eq (6) ; those based on the integral form 

(M-Pg), according to Eq. (7); and the most 

common one that combines both differential and 

integral forms (M-Pfg), that are usually reduced at 

α=0.5 for better visualization. The mathematical 

description of each curve can be found elsewhere 

[40]. They are described after the introduction of 

the so-called generalized time θ, which denotes 

the reaction time taken at a particular α at infinite 

temperature, defined as [41-42]: 
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, which differentiation in combination with Eq. 

(6), gives: 
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Therefore, assuming A and Ea constant, due to 

interdependence of kinetic parameters, and using 

a reference point at α=0.5, the theoretical M-Pt 

and the expression for the reduced form of the 

experimental data can be drawn from Eq. (13) 

and Eq. (14) obtaining Eq. (15) and Eq. (16) for 

M-Pf and M-Pg, respectively: 
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To enhance the study given in this work, instead 

of using a constant Ea for all the process, the 

varying Eaα obtained in the previous section was 

applied, calculating the M-Pe points at each 

specific α. The advantage of using M-Pf and M-

Pg in contrast to M-Pfg is that the formers 

disperse clearly among different models in the 

ranges α<0.5 and α>0.5 respectively, therefore 

permitting a straightforward identification, 

whereas the latter tends to produce confusion due 

to the coincidence of lines from different kinetic 

models.  
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2.2.3. Independence of heating rate 

In order to complete the kinetic triplet, the pre-

exponential factor A has to be found. As well, the 

Perez-Maqueda et al criterion (P-Mc) [43] has to 

be accomplished; that is, the independence of the 

activation parameters Ea, A on the heating rate β. 

This criterion is usually employed with Ea and A 

invariable with the aid of the Coats-Redfern [44] 

equation written in the form: 
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, the points {x, y} should lie on the same straight 

line to all heating rates. In this work, the 

variation of A along the decomposition reaction 

Aα is evaluated along with the effective variation 

of Eaα obtained by the isoconversional methods. 

 

3. Experimental procedures 

3.1. Reprocessing simulation and sample 

preparation 

Poly (ethylene terephthalate) (PET) SEDAPET 

SP04 is a bottle-grade PET obtained from 

Catalana de Polimers S.A., Grup LaSeda 

(Barcelona, Spain) in the form of pellets.  Prior to 

processing, virgin PET (VPET) pellets were 

dried during 5 h at 160 ºC in a dehumidifier 

Conair Micro-D FCO 1500/3 (UK), in order to 

remove as much humidity as possible from the 

PET flakes. Afterwards, samples were processed 

by means of injection moulding employing an 

Arburg 420 C 1000-350 (Germany) injector, 

single-screw model (diameter Φ=35 mm, 

length/Φ=23). Successive processing steps were 

Type Model Symbol f(α) 

NUCLEATION 

random nucleation and growth of nuclei 

(Johnson-Mehl-Avrami) 
An   ሺ െ ሻࢻ  ሾെܖܔ	ሺ െ ሻሿିࢻ


 

n –order (instantaneous nucleation and n-

dimensional growth) 
Fn ሺ െ  ሻࢻ

REACTION 

phase boundary controlled reaction 

(contracting n dimensions, n-dimensional 

shape) 

Rn   ሺ െ ሻࢻ

 

DIFFUSION 

two-dimensional diffusion (bi-

dimensional particle shape) 
D2 ሾെܖܔ	ሺ െ  ሻሿିࢻ

three-dimensional diffusion 

(tridimensional particle shape) (Jander 

equation) 

D3 
  ሺ െ ሻࢻ




  	 ሺ െ ሻࢻ



 

three-dimensional diffusion 

(tridimensional particle shape) (Ginstein-

Brounshtein equation) 

D4 


  	 െ  ሺ െ ሻିࢻ

൨
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Table 1 Algebraic expressions for the kinetic functions of the most common models in solid-state reactions
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applied under the same conditions. Temperature 

gradient set from hopper to die was 270, 275, 

280, 285 and 280 ºC. Moulds were set at 15 ºC. 

Cooling time residence was 40 s and total 

residence time ca. 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 Φ < 20 mm to be fed back into the 

recirculation process. Up to five processing 

cycles were applied to obtain the different testing 

specimens of reprocessed PET (RPET-i, with i: 

1-5). 

3.2. Thermogravimetric experiments. 

Multi-linear non-isothermal thermogravimetric 

experiments were carried out in a Mettler-Toledo 

TGA/SDTA 851 (Columbus, OH). Samples 

weighing ca. 5 mg were heated in an alumina 

holder with capacity for 70 μL. Experiments 

were performed from 25 to 900 ºC at different 

heating rates (β = 2, 5, 7, 10, 12, 15, 17, 20, 25, 

30 ºC·min-1), under constant flow of 50 mL·min-1 

of gas of analysis. An inert Ar atmosphere was 

used for assessing the thermal decomposition 

behaviour, whereas an O2 reactive atmosphere 

was applied for characterizing the thermo-

oxidative decomposition processes of PET and 

its recyclates. Experiments were repeated at least 

three times, and the averages were considered as 

representative values.  

3.3. Evolved Gas Analysis  

Evolved Gas Analysis (EGA) was applied to 

fumes released by both thermal and thermo-

oxidative processes by means of coupled 

TGA/FT-IR. In this case, the TGA analysis was 

performed by means of a heating rate of 1 

ºC·min-1, according to the equipment 

specifications. Samples weighing ca. 40 mg were 

heated in an alumina holder with capacity for 900 

μL.  The flow rate of the carrier gas was set to 25 

mL·min-1 FT-IR gas-phase spectra were collected 

by a Thermo Nicolet 5700 FT-IR Spectrometer 

(MA, USA), previously calibrated, 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 

ºC to prevent gas condensation. 16 coadded 

spectra were recorded every 30 s to assure the 

accuracy of the temperature scanning.  

3.4. Analytical software and computational 

assumptions. 

Thermogravimetric characterization was 

described with the aid of the software STARe 

9.10 from Mettler-Toledo. FT-IR spectra were 

characterized by OMNIC 7.0 from Thermo 

Scientific. 2D IR was performed by means of the 

software 2Dshige [45]. Kinetic analyses were 

performed in the conversion degree α range from 

0,1 to 0,8 since the main reaction took place in 

this region. All thermogravimetric data were 

analyzed using Microsoft® Excel software. 

Vyazovkin method required the tool Solver® of 

this mathematical package, by applying Newton 

method with progressive derivatives, setting an 

accuracy of 10-6 and a tolerance of 10-4. Fitting 

procedures were performed by means of 

OriginLab OriginPro 8.0, which uses the 

Levenberg-Marquardt algorithm [46-47] to adjust 

the parameter of the fitting values in the iterative 

procedure. 

Values are plotted in terms of {average, devmax, 

devmin}, where devmax = max(data)-average(data), 

and devmin = average (data)-min(data). Tabulated 

errors were obtained by dividing the standard 

deviation by the average of data.   
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Proper data analysis such as the use of 2D IR 

correlation spectroscopy can help determine the 

main decomposition mechanisms taking place.  

Figure 3 and Figure 4  show the 3D/FT-IR 

spectra and contour 2D/FT-IR maps for the 

thermal decomposition (TD) and thermo-

oxidative decomposition (TOD) of virgin PET, 

respectively. The pattern of gases released under 

inert atmosphere differed from that obtained 

under oxidative conditions. Figure 5 and Figure 

6 represent the FT-IR spectra at the maximum  

 

 

 

 

decomposition rates. PET decomposed in a 

progressive fashion under Ar, involving the 

common release of different compounds (Figure 

5), while under O2, PET decomposition was 

driven by two stages of decomposition (Figure 

6).  A list of the most significant gases is given in 

Table 2.  

 

 

 

 

Relative 
intensity 

 in 
FTIR 

spectra 

Compound 
Wavenumber 

(cm-1) 
Vibrations 

* 
Ar O2 

Acetaldehyde 
 

2968 υ (CH3) 

↑↑ ↑↑ 
2740 υ (CHO) 
1762 υ (C=O) 

1414+1371 δ (CH3) 
1127 υ (C-O) 

Benzaldehyde 

2690 υ (CHO) 

↑ ↓ 
1724 υ (C=O) 
1081 υ (C-O) 

936 
δoop (C-
H)arom 

CO2 2356 
υas 

(O=C=O) 
↑↑ ↑↑ 

CO 2174 + 2116 υ (C≡O) ↑↑ ↓ 
* Notation on vibrations 

: stretching / δ: in-plane bending / as: asymmetric /oop: 
out-of-plane 

 

Under inert atmosphere, major observable gases 

by FT-IR were acetaldehyde, carbon monoxide, 

and carbon dioxide. The presence of peaks in the 

1500-1600 cm-1 and 800-950 cm-1 regions, 

corresponding to aromatic species could be 

related to the release of compounds like benzene, 

benzoic acid or benzaldehyde, among other 

minor compounds. Due to the small presence of 

OH groups related to acids in the 3400-3800 cm-1 

region that may tend to decarboxylate giving rise 

Figure 5. FT-IR spectra at the maximum 

decomposition rate of the thermal decomposition of 

virgin PET. Details of selected deconvolutions are 

given inserted. 

Figure 6. FT-IR spectra at the maximum 

decomposition rates of the thermo-oxidative 

decompositions of virgin PET. Tp1 and Tp2 stand 

for the  first and second mass-loss peaks, 

respectively. 

Table 2. Summary of major gases released during 

thermal and thermo-oxidative decompositions, as 

observed by FT-IR analysis. 



                                                                         CONTRIBUTION IV‐A 
 

                       345 
 
 

to CO2, and according to the main decomposition 

mechanisms widely accepted for PET, the release 

of benzaldehyde was also considered. As well, 

small traces of water and methane could be taken 

into account.  

The aldehydic peaks corresponding to 

acetaldehyde and benzaldehyde appeared 

overlapped, and therefore a deconvolution 

procedure by means of Lorentzian curves was 

applied in different characteristic stretching 

vibration regions (H-C=O; C=O and C-O). From 

each set of curves, benzaldehyde bands were 

those shifted to lower wavenumbers in 

comparison to those of acetaldehyde, due to the 

interaction with the aromatic group. Summing 

up, the following bands were assigned for further 

characterization : acetaldehyde [2968 cm-1 

υ(CH3), 2740 cm-1 υ(CHO), 1760 cm-1 υ(C=O), 

1414/1371 cm-1 δ(CH3) and 1127 cm-1 υ(C-O)], 

benzaldehyde [2690 cm-1 υ(CHO), 1724 cm-1 

υ(C=O), 1081 cm-1 υ(C-O) and 936 cm-1 δoop(C-

H)arom ] carbon monoxide [2179/2106 cm-1 

υ(CO)]; and carbon dioxide [2356 cm-1 υas 

(O=C=O)]. 

Under oxidative conditions, the first 

decomposition stage produced similar 

compounds to those obtained in inert conditions, 

and therefore can be assigned to the pyrolytic 

behaviour of PET, severely due to thermal 

conditions. As main differences attributable to 

the action of O2, a major predominance of 

acetaldehyde to a detriment of benzaldehyde was 

observed, as well as a minor production of CO, 

being the release of CO2 remarkably prevalent. In 

contrast to what happened under inert conditions, 

at higher temperatures, the thermo-oxidative 

decomposition of PET released CO2, due to the 

combustion of the remaining char. 

2D-Correlation Infra-Red Spectroscopy (2D-IR) 

was applied to the first stages of both thermal 

(TD) and thermo-oxidative (TOD) 

decompositions, which gave the same profile of 

results (Figure 7), thus confirming that the same 

mechanisms took place. 

The synchronous spectrum (S-2D) in the 4000-

600 cm-1 region (Fig 7. (a)) shows the 

predominant auto-peaks of the main groups 

[υ(C=O), υ(CHO), υ(C-O), δ(CH3), υ(C≡O) and 

υas (O=C=O)], with their corresponding positive 

cross-peaks which indicate the same behaviour of 

appearance for all bands. The asynchronous 

spectrum (A-2D) in the 2900-1600 cm-1 region 

(Fig 7. (b)) shows four major negative cross 

peaks (NCP) at (2356, 1760), (2356, 1724), 

(2106, 1760), (2106, 1724) which indicate that 

both acetaldehyde and benzaldehyde were 

released before CO and CO2. These results are in 

agreement with the general mechanism of 

thermal decomposition in which a first release of 

an aldehydic compound due to back-biting 

intramolecular esterification leaves an acid-

terminated chain which may continue back-biting 

or decarboxylate to give out carbon oxides. 

Between these carbon oxides, the release of CO 

started before the appearance of CO2, as shown 

by the A-2D in the 2400-2000 cm-1 region (Fig 7. 

(c) ). On the other hand, the PCP at (1760, 1724), 

(2740, 2690) and (1127, 1081) in the A-2D in the 

wavenumber regions (cm-1) 1900-1700 

(υ(C=O)), 2900-2400 (υ(CHO)) and 1600-800 

(υ(C-O)), shown at Fig 7. (d), (e) and (f), 

respectively, clearly state that the first compound 

to evolve was acetaldehyde. As can be seen at the 

contour 2D/FT-IR map of thermal decomposition 

(Figure 3) when aldehydic compounds 

disappeared, CO and CO2 still evolved at higher 

temperatures, being CO2 the last released 
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compound. Summing up, in compar

general thermolytic mechanisms of 

Figure 1, one can figure out that bo
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Homolytic scissions took place simultaneously 

during TD and continued at high temperatures. 

During TOD, homolysis disabled 

transesterification reactions at high temperatures, 

giving rise to the combustion of the material to 

mainly give CO2. Thus, the establishment of 

proper operation temperatures might control the 

nature of the gases released.  

It is worth mentioning that the behaviour 

described is valid not only for virgin PET but 

also for the rest of reprocessed materials. Despite 

the material suffers chemical modifications in its 

structure and morphology due to thermo-

mechanical degradation [6], at temperatures 

above the melting, the polymer decomposed in a 

similar fashion. Gram-Schmidt plots of evolved 

gases (not shown for conciseness) gave alike 

spectra under each atmosphere, only shifting the 

maximum decomposition regions, as shown in 

the next section. This fact is very important, 

since it means that the same facilities used to 

control the emission of gases for virgin PET 

could be adapted to its recyclates with no extra 

cost.  

4.2. Thermal stability studies 

In this section, the thermal performance of PET 

recyclates (RPET-i) was compared to that of 

virgin PET (VPET). A preliminary analysis of 

the differences observed in thermal stability 

temperatures was performed. For this purpose, 

the thermal decomposition curves (TG) and their 

first-order derivative curves (DTG) were 

analyzed after each reprocessing step at different 

heating rates β and compared to the TG and DTG 

curves of the virgin PET. Figure 8 shows the 

influence of the thermal (TD) and thermo-

oxidative (TOD) decomposition processes on the 

TG curve displayed for VPET and RPET-5; the 

experiments of the other recyclates are omitted 

for the sake of clarity, but laid between those 

limiting lines. As usual, higher β lead to shift the 

thermograms to higher temperatures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The TD of PET occurred through a single decay 

stage, regardless the reprocessing cycle and the β 

employed for the thermogravimetric analysis. 

After a long thermostability range, the material 

decomposes fast, consuming the majority of the 

mass. Afterwards, the remaining char  

Figure 8. Thermogravimetric curves of virgin PET 

and its fifth recyclate under both Ar and O2 

atmospheres (upper: full scale; middle: detail of 

onset of decompositions; lower: detail of endset of 

decomposition). 



                                                                         CONTRIBUTION IV-A 
 

                       348 
 
 

 

VPET RPET-1 RPET-2 RPET-3 RPET-4 RPET-5 

Mass 

loss  
e  Mass loss  e  Mass loss  e  Mass loss  e  Mass loss  e  Mass loss  e  

Ar 
Step 1 

(%) 
79,9 1,2 81,2 3,1 81,7 2,2 83,4 3,6 84,2 2,5 84,8 2,5 

O2 

Step 1 

(%) 
78,5 3,1 77,3 2,5 77,9 3,3 78,7 4,2 78,2 3,6 79,9 4,1 

Step 

2(%) 
21,1 2,1 22 2,8 21,4 2,7 21 3,9 21,1 3,1 20 3,3 

*Average and standard deviations (sd) taken from the analyses at different heating rates. Values given in percentages. 

Figure 9. (a) Fitting-Deconvolution applied to virgin PET at experiment performed at 5 ºC.min-1. (b) Result on the evolution of the conversion degree α. (Hollow circles:experimental data; solid line: first mass-

loss step; dashed line: secon mass-loss step.) 

 

Table 3. Percentage of mass-loss for virgin PET and its recyclates after thermal and thermo-oxidative decomposition.
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continuously smoothly decomposed until the end 

of the experiment, without showing any 

appreciable reaction, as was shown by FT-IR 

analysis of the evolved gases (EGA/FT-IR). The 

main mass-loss step slightly increased (from 80 

to 85%) with each reprocessing step, as shown in 

Table 3, clear effect of a weakened material.  

On the other hand, the TOD of PET followed a 

two-step mass-loss process. As expected, the use 

of an oxidative atmosphere fastened the 

decomposition of the material, shifting the TG 

curves to lower temperatures in comparison to 

those obtained by means of inert gas. Since the 

presence of oxygen did not significantly alter the 

beginning of the decomposition, it could be 

guessed that the chemical reaction that leaded the 

main mass-loss was of the same nature under 

both environments, as corroborated by the study 

of EGA/FT-IR. In contrast, the presence of O2 

enhanced the decomposition of the remaining 

char found in inert conditions, consuming 

therefore nearly the whole amount of material, 

since the remaining residue could be considered 

negligible (~ 0.5%).  

The effect of reprocessing is patent comparing 

the TOD of VPET and RPET-5. Due to thermo-

mechanical degradation, the reprocessed material 

had more potential sites liable to oxidation, as 

shown in previous studies [6], and therefore in 

presence of O2, the difference in thermal stability 

would be larger.  For further analysis, the two-

step thermo-oxidative decomposition was 

deconvoluted by means of Eq. (18) applied to the 

DTG curve, in order to characterize individually 

each of the contributions to the overall 

decomposition: 
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, where Ai and Ti are the amplitude ant peak 

temperature of each i peak; and w1i, w2i, w3i are 

dispersion coefficients that adjust the width, 

asymmetry and skewness of the curves [48]. All 

fittings provided regression coefficients (R2) 

higher than 98.5 %. Figure 9 shows an example 

of the deconvolution procedure applied to virgin 

PET in terms of α vs. T and its first-derivative 

curve DTGα. A posterior integration of the areas 

under each curve provided the relative 

importance of each mass-loss step to the overall 

decomposition. In contrast to studies under inert 

gas, the thermo-oxidative decomposition took 

place through a first step that consumed 77-80 % 

of mass, followed by a second step with a 

consumption of the resting 23-20 %, as showed 

in Table 3.  

In order to assess the thermal stability under both 

inert and oxidative conditions, the corresponding 

decomposition onset and endset temperatures 

(Ton, Tend) were obtained by a tangential intercept 

method onto the TG curves for the whole 

process. Likewise, the temperature at the 

maximum decomposition rate dα·dT-1, i.e. the 

peak temperature of the DTG curve, which is 

related to the inflection temperature of the TG 

curve (TP) was also considered for both mass-

loss processes. Figure 10 shows the influence of 

the heating rate β on the aforementioned 

temperatures for the case of VPET, tested under 

Ar and O2. The same trend was shown by all 

PET recyclates. Technologist may be interested 

in finding the relationship between the influence 

of β and the characteristic TGA temperatures to 

  ( 18 ) 
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Parameters 

 
a b k 

Material ZDT value e value e value e R2 

VPET 

ZDT0 436,57 0,12 % 0,16 4,10 % 0,146 5,59 % 0,993 

ZDTp 465,83 0,47 % 0,13 4,69 % 0,099 1,85 % 0,986 

ZDTe 482,53 0,41 % 0,15 6,51 % 0,113 1,13 % 0,975 

RPET-1 

ZDT0 442,54 0,51 % 0,16 3,88 % 0,106 1,15 % 0,991 

ZDTp 470,00 0,28 % 0,16 5,92 % 0,081 0,75 % 0,947 

ZDTe 479,99 0,43 % 0,15 6,36 % 0,136 1,27 % 0,981 

RPET-2 

ZDT0 439,91 0,51 % 0,14 5,05 % 0,137 1,38 % 0,988 

ZDTp 464,04 0,30 % 0,15 1,57 % 0,115 5,18 % 0,998 

ZDTe 479,39 0,20 % 0,16 2,83 % 0,148 5,45 % 0,995 

RPET-3 

ZDT0 455,00 0,49 % 0,16 8,62 % 0,149 1,91 % 0,973 

ZDTp 458,40 0,29 % 0,14 3,22 % 0,121 4,81 % 0,996 

ZDTe 473,10 0,70 % 0,14 6,24 % 0,110 1,72 % 0,947 

RPET-4 

ZDT0 438,70 0,36 % 0,12 5,80 % 0,115 1,19 % 0,987 

ZDTp 451,00 0,29 % 0,12 10,86 % 0,167 1,44 % 0,985 

ZDTe 472,98 0,24 % 0,14 5,31 % 0,144 1,26 % 0,992 

RPET-5 

ZDT0 436,66 0,36 % 0,12 5,67 % 0,140 3,66 % 0,987 

ZDTp 453,00 0,12 % 0,12 6,28 % 0,140 1,05 % 0,995 

ZDTe 474,15 0,31 % 0,15 4,99 % 0,137 1,16 % 0,986 

Table 4. Fitting results obtained from modelling the evolution of the characteristic TGA temperatures to Eq.19  

under inert conditions (0: onset / p: peak / e: endset) 
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Table 5. Fitting results obtained from modeling the evolution of the characteristic TGA temperatures to Eq.19  , under 

oxidative conditions (0: onset / p: peak / e: endset) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Parameters 

 
a b k 

Material ZDT value e value e value e R2 

VPET 

ZDT0 347,67 1,38% 0,30 6,15% 0,149 1,44% 0,996 

ZDTp 438,63 0,43% 0,17 3,15% 0,338 1,07% 0,997 

ZDTe 473,87 0,32% 0,22 11,87% 0,308 4,38% 0,983 

RPET-1 

ZDT0 335,88 2,21% 0,29 18,23% 0,254 4,43% 0,932 

ZDTp 435,88 0,39% 0,16 12,33% 0,424 3,81% 0,972 

ZDTe 473,06 0,74% 0,15 0,87% 0,300 5,07% 0,951 

RPET-2 

ZDT0 332,63 0,45% 0,31 1,52% 0,230 5,29% 0,998 

ZDTp 459,72 0,36% 0,27 5,50% 0,783 1,66% 0,961 

ZDTe 471,86 0,48% 0,14 10,52% 0,270 5,28% 0,971 

RPET-3 

ZDT0 343,00 0,54% 0,25 24,77% 0,143 2,03% 0,994 

ZDTp 449,21 2,23% 0,25 7,86% 0,168 4,86% 0,935 

ZDTe 474,29 0,50% 0,15 4,02% 0,231 1,24% 0,993 

RPET-4 

ZDT0 343,30 0,33% 0,27 7,52% 0,179 5,09% 0,999 

ZDTp 436,30 0,79% 0,24 15,98% 0,346 3,26% 0,931 

ZDTe 479,17 0,27% 0,16 3,44% 0,238 6,02% 0,995 

RPET-5 

ZDT0 371,99 3,51% 0,40 10,90% 0,096 1,73% 0,996 

ZDTp 444,90 0,53% 0,26 5,39% 0,236 1,37% 0,984 

ZDTe 475,74 0,43% 0,17 2,30% 0,238 0,89% 0,997 
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material in terms of thermal performance. These 

results were corroborated by those obtained from 

the kinetic study, which is shown as follows. 

 

 

 

 

 

 

 

 

 

 

4.3. Thermal and thermo-oxidative 

decomposition kinetics 

Regardless the competitive chemical mechanisms 

involved in the thermal and thermo-oxidative 

decomposition of PET, the possibility of 

modelling its thermal performance in terms of an 

intrinsic kinetics will help technologist to 

approach the experimental settings of energetic 

valorisation processes such as pyrolysis or 

combustion. For this purpose, a methodology that 

combined (i) isoconversional methods, (ii) 

comparison of experimental data with theoretical 

Master-Plots, and (iii) Perez-Maqueda et al. 

criterion was carried out. It is common to 

establish a set of constant activation energy (Ea) 

and pre-exponential factors (A) to explain the 

behaviour throughout the whole decomposition 

process. In contrast, the variation of the kinetic 

parameters with the conversion degree was 

considered in this paper, with the aim of 

modelling the TD and TOD processes with 

accurate precision. The possibility of using a 

simplified kinetic triplet (SKT) is addressed at the 

end of this analysis.   

Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-

Sunose (KAS) and Vyazovkin (VYZ) methods 

were firstly applied to evaluate the dependence 

of the apparent activation energy (Ea) with the 

conversion degree α, avoiding the interference of 

an initial assumption of a specific kinetic model. 

Figure 13 shows the results of the application of 

the isoconversional methods on virgin PET 

thermogravimetric data. Fig.13 (a) shows an 

example for the goodness of FWO method, since 

well-defined straight lines were obtained, from 

which slope the apparent activation energy was 

found for each conversion degree (Eaα_FWO). The 

evolution of Eaα_FWO with α is shown in Fig. 13 

(b), along with the evolution of the apparent 

activation energies obtained by KAS (Eaα_KAS) 

and VYZ (Eaα_VYZ) methods. The regression 

coefficient of the linear FWO and KAS methods 

was far above the 95 % of confidence for 

experiments under Ar (as shown in inset at Fig. 

13 (b)), whereas this coefficient dropped 

between an acceptable 92-96% range for 

experiments performed under O2. VYZ results 

accomplished the minimum tolerance set at 5%, 

as pointed out in the experimental section.  It has 

to be stressed that for all materials at both tested 

environments, the results obtained by the three 

methods were pretty similar, but they are not 

shown for the sake of conciseness. The variation 

of the average apparent activation energy 

obtained by the isoconversional methods (Eaiso_α) 

is shown for virgin PET and its five successive 

recyclates thermally decomposed in inert and 

oxidative atmospheres at Fig. 13 (c) and (d), 

respectively. Two different behaviours could be  

Figure 12. Thermal stability assessments. Evolution 

of the peak temperature of the second thermo-

oxidative decomposition process of virgin PET. 
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modelling both increasing and decreasing 

tendencies, also adapting to acceleration and 

deceleration phenomena. High regression 

coefficients obtained from the fitting (R2 > 95 

%), as well as the narrow confidence bands in 

which the nominal powers laid (< 3.1 %) were 

obtained. These parameters were useful for the 

characterization of the thermal behaviour of PET 

and its recyclates, where p values close to 0 

indicated an Ea becoming almost constant, while 

higher p (close to 1) approached linear 

tendencies. Taking into account the whole α 

range, in inert conditions, an Ea increase was 

observed from VPET to RPET-1,2, therefore 

indicating higher energy to trigger the 

decomposition of the materials, probably due to 

the recombination of the chains scissored during 

reprocessing, as suggested in a previous study 

[6], where the formation of cyclic PET oligomers 

from the loss of an extra glycol unit in cyclic  

 

 

 

 

 

 

 

 

 

 

 

 

 

oligomers was shown. These results were in 

agreement with the increase of temperature 

needed to trigger the decomposition (ZDT0). 

Afterwards, a general decrease down to orders 

lower than those shown by VPET was obtained, 

as a weakening effect of the thermo-mechanical 

degradation induced to PET recyclates. The 

presence of more linear hydroxyl- and carboxyl- 

terminated linear species [6], more liable to 

temperature, could trigger and propagate the TD 

reactions in a faster fashion and therefore less 

energy would be needed. On the other hand, 

facing TOD, all recyclates showed a general 

decrease in their Ea, in two steps: from VPET to 

RPET-1,2; and then to RPET-3,4,5. As expected, 

the TOD of all materials would be initially 

achieved with less energy than the TD, due to the 

added influence of the oxidative ambient, as can 

be checked at Figure 13. The presence of O2 

attacks the structure of PET disabling the thermal 

Conditions Material EaI eI EaII eII p ep R2 (%) 

Ar 

 

VPET 189.88 0.08 % 218.94 1.84 % 0.0855 2.55 % 0.955 

RPET-1 195.52 0.06 % 216.04 1.44 % 0.0728 3.08 % 0.968 

RPET-2 206.58 0.10 % 230.18 0.70 % 0.1384 2.85 % 0.980 

RPET-3 229.26 0.26 % 172.49 0.14 % 1.2150 0.65 % 0.994 

RPET-4 209.34 0.30 % 174.12 0.17 % 0.9853 1.14 % 0.985 

RPET-5 219.25 0.42 % 178.44 0.27 % 0.9443 1.53 % 0.974 

O2 

VPET 293.91 1.37 % 88.76 3.52 % 0.5040 2.38 % 0.964 

RPET-1 289.85 1.07 % 42.11 3.17 % 0.7631 3.93 % 0.990 

RPET-2 320.00 1.27 % 60.57 3.05 % 1.0791 1.02 % 0.989 

RPET-3 307.63 1.18 % 31.51 3.17 % 1.0010 0.88 % 0.991 

RPET-4 266.53 3.19 % 45.76 4.43 % 1.0001 1.09 % 0.986 

RPET-5 296.91 1.38 % 53.96 4.00 % 1.0010 2.60 % 0.944 

Table 6. Results of fitting procedure to EaαFWO dependence with α. 
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stability mechanisms of its recyclates and 

showing therefore a progressive degradation 

throughout the reprocessing cycles. From a cost-

effective point of view, taking into account the 

energetic demand of each process, the 

combustion of reprocessed PET might result 

more interesting than its pyrolysis, specially 

bearing in mind that the thermal performance of 

PET is lost after the second recyclate. 

 

In order to continue with the kinetic 

methodology, the next step was the evaluation of 

the kinetic model. The Master Plots based on the 

differential form of the generalized kinetic 

equation were used, for the kinetic functions 

shown at Table 1. Eq. (21) was used to select the 

kinetic model that better fitted the experimental 

data, taking into account the experiments at all 

heating rates, where ft and fe are the theoretical 

and experimental kinetic functions in their 

differential form, which expressions can be 

obtained from Table 1 and the right-hand of Eq. 

(15), respectively. The model that provided a 

minimum value of Φ was of the type An (Growth 

of previously formed nuclei) for virgin PET and 

all its recyclates under both environments. 

Figure 14 shows the Master-Plots comparison as 

an example of the goodness of An to model the 

behaviour of both TD and TOD of VPET and 

RPET-1 along the studied α range for the 

experiment at 5 ºC·min-1.  

ሺߔ ௧݂, ሻߙ ൌ൭ሾ ௧݂ሺߙሻ െ ݂ሺߙሻሿଶ

ఈ

൱
ఉ

, 

Δߙ ൌ 0.025	

 

 

 

 

 

 

 

 

 

 

 

 

 

Taking into account that a suitable kinetic triplet 

should fulfil the Perez-Maqueda et al criterion 

(P-Mc); that is, the independence of the 

activation parameters Ea, A on the heating rate β, 

the minimization of ξ in Eq. (22) would provide 

the best n for the modelization, and thereafter 

provide the most accurate A, by averaging the Aβ 

obtained from the intercept at y=0 of Coats-

Redfern [44] expression (Eq. (23)), since among 

the different methods that calculate the Ea from a 

given f(α), this one was demonstrated to offer 

precise results [31]. The calculations were 

performed taking into account all h experiments 

with different β, and the integral form of the 

model An.   
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(21) 

Figure 14. Master-Plots in the differential form for 

virgin (hollow) and first PET recyclate (full) at 5 

ºC•min-1 for both environments. Kinetic models:  

An (Solid black lines), Fn (solid grey lines), Rn 

(pointed lines), Dn (dashed lines) 

   

(22) 
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Table 7 reports the n values in which the experimental data laid, which range was 

approached by the application of the differential Master-Plots (M-Pf), in 

comparison with the averaged n value analytically obtained by the application of 

Perez-Maqueda et al. criterion (P-MC), which offered nearly constant n values 

with a fairly small deviation for TD and acceptable values with error margins < 

5.5 % for TOD. The consistency of the results given by both methods is 

remarkable.  

 

 

 

 

 

 

 

 

 

Figure 15 shows the evolution of lnAα for virgin PET and its recyclates under 

inert and reactive atmospheres. Deviation among experiments performed at 

different heating rates was negligible therefore confirming the goodness of An as 

kinetic model. Finally, in order to mathematically describe the variation of the 

pre-exponential factor with α, the evolution of lnAα was also fitted to Eq. (20) , by 

changing Ea into lnA. Table 8 shows the results of the fitting for all materials. 

Regression coefficients showed values above 95 %, strengthening the suitability 

of Eq. (20) as modeling function for the pre-exponential factor, as can be also 

checked at Figure 15. 

 

VPET RPET-1 RPET-2 RPET-3 RPET-4 RPET-5 

 

method n e P-Mc n e P-Mc n e P-Mc n e P-Mc n e P-Mc n e P-Mc 

Ar 
M-Pf 1-1.5 1-1.5 1-1.5 1-1.5 1-1.5 1-1.5 

P-MC 1.380 1.45 % 1.365 1.52 % 1.223 1.11 % 1.384 1.12 % 1.371 1.31 % 1.375 1.21 % 

O2 
M-Pf 1 1.5-2 1-1.5 2-2.5 2-2.5 1.5-2 

P-MC 1.012 3.18 % 1.892 3.52 % 1.642 4.13 % 2.368 5.22 % 2.151 4.01 % 1.710 3.62 % 

 

(23) 

Table 7. Ranges of n for An kinetic model
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Table 8. Results 

 

 

 

 

 

 

 

 

 

 

Conditions 

 

Material lnA

Ar 

 

VPET 27

RPET-1 28

RPET-2 30

RPET-3 23

RPET-4 25

RPET-5 27

O2 

VPET 40

RPET-1 4

RPET-2 39

RPET-3 45

RPET-4 42

RPET-5 47

 

Figure 16. Application

 of fitting procedure to lnAα dependence with α to Eq 20. 

 

 

 

 

 

 

 

 

 

 

AI elnA I lnAII elnA II plnA 

7,81 0,17% 37,05 1,16% 0,1092 

8,40 0,16% 32,81 1,30% 0,1630 

0,64 0,21% 39,28 1,31% 0,1302 

3,05 0,81% 26,83 0,21% -1,4999 

5,87 0,27% 26,55 0,15% -0,6002 

7,86 1,87% 28,19 0,55% -0,4302 

0,90 0,96% 8,26 1,03% 0,3532 

1,75 6,56% 0,64 2,34% 0,6503 

9,49 1,74% 3,03 4,92% 0,6529 

5,18 1,23% 0,18 4,98% 0,9015 

2,35 2,67% 2,56 2,25% 0,9688 

7,00 1,36% 1,73 3,05% 0,9801 

n of Pérez-Maqueda et al criterion for the simplified kinetic 

ep
lnA R2 (%) 

1,48% 0,955 

2,18% 0,868 

2,77% 0,980 

0,88% 0,994 

1,23% 0,985 

2,15% 0,974 

2,24% 0,964 

1,17% 0,990 

1,94% 0,989 

0,94% 0,991 

2,17% 0,986 

1,12% 0,944 

triplets. 
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Table 9. Average values of activation energies obtained by Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose 

(KAS) and Vyazovkin (VYZ) methods, and calculation of average activation energy  for further analysis, at both testing 

environments. 

 

triplet (SKT) would fasten the calculations, and 

therefore ease the decision of the operational 

parameters for pyrolysis and combustion. In this 

section, the validity of using the SKT was 

assessed for the case of PET and its successive 

recyclates. Table 9 shows the average apparent 

activation energies obtained by the 

aforementioned isoconversional methods (EaFWO, 

EaKAS and EaVYZ), as well as the average 

activation energy (Eaiso) susceptible for being 

used in further calculations. The Eaα used along 

the previous sections may be therefore now 

assumed constant along the α range of TD, since 

deviations were within a 5 %, whereas for TOD, 

the average values, though pretty similar among 

isoconversional methods, offered a big dispersion 

along the α range (17-29%). Care must be taken 

when interpreting Ea average data, since one 

could think that the same amount of energy 

would trigger the decomposition in both inert and 

reactive atmospheres, when actually, in the case 

of virgin PET, ca. 200 kJ·mol-1 were needed 

under Ar, in contrast to ca. 140 kJ·mol-1 under O2 

at lower α, as shown in Fig. 13 (c) and (d).    

 

EaFWO
 EaKAS EaVYZ Eaiso

Conditions Material (kJ·mol-1) eFWO
 (kJ·mol-1) eKAS (kJ·mol-1) eVYZ

 (kJ·mol-1) eiso 

Ar 

 

VPET 194 3,1 % 193 3,6 % 191 3,3 % 192 3,3 % 

RPET-1 198 3,0 % 197 3,1 % 198 2,1 % 197 2,7 % 

RPET-2 210 3,2 % 212 3,7 % 211 2,8 % 221 3,2 % 

RPET-3 188 5,3 % 187 5,4 % 187 4,1 % 187 4,9 % 

RPET-4 186 5,0 % 184 5,1 % 185 4,2 % 185 4,7 % 

RPET-5 190 4,2 % 191 3,0 % 190 3,6 % 190 3,6 % 

O2 

VPET 196 20,3 % 195 22,0 % 192 17,3 % 194 19,8 % 

RPET-1 139 26,6 % 141 27,1 % 136 22,6 % 138 25,4 % 

RPET-2 140 23,6 % 141 22,2 % 137 20,4 % 139 22,1 % 

RPET-3 120 28,9 % 122 27,3 % 117 25,3 % 119 27,2 % 

RPET-4 115 22,9 % 118 23,2 % 113 19,8 % 115 21,9 % 

RPET-5 124 25,1 % 128 27,2 % 124 23,2 % 125 25,2 % 
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Table 10. Simplified kinetic triplets of virgin PET and its recyclates under thermal and thermo-oxidative 

decomposition conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 EaP-Mc Model An lnA P-Mc 

 Material (kJ·mol-1) eEa P-Mc nP-Mc (s-1) e lnA P-Mc 

Ar 

VPET 192 1.8 % 1,372 27,22 1,8 % 

RPET-1 197 1,6 % 1,375 28,13 1,8 % 

RPET-2 221 0,6 % 1,171 32,26 0,8 % 

RPET-3 187 1,4 % 1,384 26,32 1.6 % 

RPET-4 185 2,4 % 1,366 25,92 2,8 % 

RPET-5 190 1,3 % 1,359 26,89 1,5 % 

O2 

VPET 194 7,4 % 0,657 28,36 7,8 % 

RPET-1 138 16,3 % 1,038 18,15 18,3 % 

RPET-2 139 13,4 % 1,043 18,54 14,4 % 

RPET-3 119 21,6 % 1,011 14,87 25,1 % 

RPET-4 115 7,1 % 1,190 13,90 8,7 % 

RPET-5 125 11,1 % 0,960 15,76 13,5 % 
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Eq. (22) was applied to test the accuracy of the 

theoretical kinetic functions to fit to the 

experimental data, where now Eaα is taken as 

constant parameter Eaiso. The model that better 

fitted both TD and TOD was of the type An, in 

agreement with the previously obtained results 

with variable Ea. In order to complete the SKT, 

the Pérez-Maqueda et al. criterion (P-MC) was 

considered in combination with Coats-Redfern 

expression (C-R). After the computation of n, the 

calculation of lnA was straightforward from the 

intercept at the origin of Eq. (23) for each β. The 

results of this procedure are reported at Table 10 

for virgin PET and its recyclates, at both tested 

atmospheres. While for the TD, all obtained 

values lay within a narrow experimental error 

and provide similar n to those obtained in the 

previous section, in the case of TOD, the 

deviation margins were wide and the n values 

quite different. This was due to the experimental 

error of assuming the Ea constant, which is 

transmitted along the rest of the calculations. 

Figure 16 represents the application of the P-MC 

with C-R method for RPET-2 as an example of 

the assessment of the suitability of the different 

SKT to be used in further analyses. It can be seen 

how for TD studies, all points laid on the same 

line, fact that occurred for the rest of materials, 

regardless the β employed. Contrarily, the points 

obtained for the TOD did not lie on the same 

line, thus confirming that the SKT shown was 

merely artifactual and therefore its use should be 

avoided. In this case, only the calculations shown 

in the previous section considering variation of 

kinetic parameters shall be operative. 

5. Conclusions 

The thermal and thermo-oxidative 

decompositions of reprocessed poly (ethylene 

terephthalate) (PET) were studied as an approach 

to the combination of procedures for plastic 

waste management, that is, mechanical recycling 

and energetic valorisation. The emission of 

gases, the thermal performance and the kinetics 

of thermally-induced decomposition were 

investigated. 

Under inert atmosphere, VPET and RPET-i 

mass-losses were driven by one stage of 

decomposition that mainly released acetaldehyde 

and, with less presence benzaldehyde, followed 

by a release of CO and CO2, being the emission 

of the latter followed at higher temperatures. On 

the other hand, under oxidative atmosphere, the 

decomposition occurred through a double mass-

loss profile. During the first stage, assignable to 

the bulk pyrolysis, mainly acetaldehyde was 

released, while throughout the second one, a 

noticeable production of CO2 was assessed. The 

same gas emission profiles than those given by 

VPET were encountered for all recyclates, thus 

current gas control facilities used for VPET 

could be assimilated for all RPET.  

A novel model (TDB (β), Eq.19) to estimate the 

characteristic decomposition temperatures under 

any linear heating profile and atmosphere was 

proposed. The effects of reprocessing on the 

thermal stability of PET were assessed by the use 

of the so-called Zero-Decomposition 

Temperatures (ZDT). Particularly, the use of the 

peak ZDTp to monitor the weakening of the 

material against both thermal and thermo-

oxidative decompositions stood out as a suitable 

indicator for thermo-mechanical degradation.  

A kinetic analysis methodology, summarized at 

Figure 17 consisting in the combination of six 

different methods (namely Flynn-Wall-Ozawa, 

Kissinger-Akashira-Sunose, Vyazovkin, Master-

Curves and Perez-Maqueda Criterion along with  



 364 
 
 

Coats-Redfern equation) was applie

methodology permitted the 

description of the thermal and ther

decomposition of virgin PET and 

recyclates throughout the whole α

kinetic model that mathematically 

thermal and thermo-oxidative deco

PET and its recyclates was of 

nucleation and growth, which gave 

the formation of gas bubbles in t

variation of Ea and A was taken into

Eq. (20) was proposed to model th

throughout the α range. The v

simplified kinetic triplet (SKT) was 

being its use advisable when th

energy could be considered const

narrow confidence interval.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ed. The kinetic 

mathematical 

rmo-oxidative 

its successive 

α range. The 

described the 

mpositions of 

the type An: 

importance to 

the melt. The 

o account and 

heir behaviour 

validity of a 

also assessed, 

he activation 

tant within a 

Regarding the usability of PE

reprocessing, a change in ten

thermal stability and th

parameters from the second to 

may indicate the threshold of r

achievable by PET within a

performance. These results ar

previous studies in which 

viscoelastic and morphologica

assessed, showing a remarkable

the second reprocessing step 

lower temperatures and energi

to run thermo-oxidative decom

Focusing on each process, unde

RPET-2 needed more energy t

VPET, being then reduced 

recyclates; whereas under O2, t

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Kinetic methodology summary 

ET recyclates after 

ndency shown by 

ermal activation 

the third recyclate 

reprocessing cycles 

a certain thermal 

re in agreement to 

the mechanical, 

al properties were 

e loss once applied 

[50].  In general, 

ies were necessary 

mposition of PET. 

er Ar, RPET-1 and 

to decompose than 

for the rest of 

the decomposition  



                                                                         CONTRIBUTION IV‐A 
 

                       365 
 
 

of all recyclates was overcome at lower Ea than 

that of VPET. All the considerations shown in 

the work may provide technologist with plausible 

indicators for the selection of the adequate 

recovery option of poly (ethylene terephthalate). 

The applicability of the methodology presented 

may be transferred to the plastic waste 

management of other polymeric materials.  
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Abstract: 

This work was devoted for the assessment of the individual and synergic effect of both mechanical 

recycling and energetic valorisation processes on the thermal performance of polylactide (PLA), both in 

terms of thermal stability and kinetics of decomposition. Commercial PLA was submitted to successive 

reprocessing cycles through multiple injection steps in order to simulate thermo-mechanical degradation 

induced to the polymer by mechanical recycling. Multi-rate linear-non-isothermal thermogravimetric 

(TGA) experiments under inert (Ar) and oxidative (O2) conditions were performed to virgin PLA and its 

recyclates in order to simulate the thermal behaviour of the materials facing processes of pyrolysis and 

combustion. A novel model to establish the thermal stability of PLA under any heating profile was 

proposed. The release of gases was monitored by Evolved Gas Analysis of the fumes of the TGA 

experiment, by in-line FT-IR analysis, with the aid of 2D-correlation IR spectra. A kinetic analysis 

methodology, consisting in the combination of six different methods (namely Flynn-Wall-Ozawa, 

Kissinger-Akashira-Sunose, Advanced IsoConversional method, Master-Curves and Perez-Maqueda 

Criterion along with Coats-Redfern equation) was methodically applied, and its validity for being used with 

both constant and variable kinetic parameters was proven.  
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1. Introduction 

The packaging industry is a highly important 

economic sector that involves big quantities of 

plastic materials. One-use applications critically 

reduce the service life of these products, being 

rapidly drawn to their disposal with all their 

properties almost intact. Packages made of 

commodities such as poly (ethylene) (PE), poly 

(propylene) (PP), poly (styrene) (PS) or poly 

(ethylene terephthalate) (PET) are usually 

immediately discarded after the first use, and 

their elimination and reintegration into the life 

cycle can require hundreds or even thousands of 

years. Therefore, the interest on plastic materials 

that accomplish the two-fold benefit of coming 

from renewable resources and being 

biodegradable within a reasonable period once 

discarded has gained much attention. One of the 

most popular biodegradable polymers with a 

currently well-established industry is the poly 

(lactic acid) or poly (lactide) (PLA). Polylactides 

are thermoplastic polyesters derived from the 

ring-opening polymerization of the monomer 

lactide, which is obtained from the fermentation 

of sugar feedstocks [1], at a price considerably 

cheaper than that previously achievable from 

petrochemical-derived products. PLAs have 

numerous interesting properties including good 

processability, mechanical properties, thermal 

stability and low environmental impact [2], 

which enhances their performance as suitable 

candidates for replacing commodities at the 

packaging sector. This solution will therefore 

imply the increase of a new source of polymeric 

waste, which will have to be managed. 

Moreover, with the aim of enlarging the usability 

of PLAs before finally discarding them, it would 

be advisable to explore the possibilities of 

recovering, as well as extending their use during 

service life. Among all recovery methods, 

mechanical recycling represents one of the most 

successful processes and has received 

considerable attention due to its main 

advantages, since it is environmentally friendly, 

relatively simple, requires low investment, and 

its technological parameters are controlled [3]. 

Simulation of mechanical recycling by multiple 

processing to assess the effects of thermo-

mechanical degradation has been successfully 

performed for commodities [4-11] such as PE 

[4], PP [4], PS [5-6], PVC [7] or PET [8-11]. It 

has been pointed out that several degradation 

processes may modify the structure and 

morphology of these polymers and consequently 

change the thermal, rheological and mechanical 

properties of its recyclates [8]. The assessment of 

the degradation mechanism is therefore 

necessary to determine the quality of recycled 

PLA and guarantee its further performance in 

second-market applications. In a previous study, 

the influence of mechanical recycling on the 

oligomeric distribution of PLA was characterized 

by MALDI-TOF-MS [12], showing the chemical 

changes induced on the polymer that resulted in a 

decrease of its mechanical, morphological and 

viscoelastic properties [13].  

Focusing on the avoidance of landfilling, a viable 

solution to manage plastics waste when no more 

performance at good properties can be 

guaranteed by mechanical recycling is the 

application of thermally-induced energetic 

recovery technologies, such as pyrolysis, 

gasification or combustion. Several technologies 

are developed to optimize the energetic balance 

of the valorisation processes by means of 

different facilities [14]. In the selection of the 

operational parameters for the correct 

performance of the valorisation, the knowledge 

of the thermal behaviour of the materials is 

primary. Thermogravimetric analysis (TGA) is a 



                                                                         CONTRIBUTION IV-B 
 

373 
 

widely used technique to assess the reaction 

kinetics of the thermal performance of synthetic 

[15] and non-synthetic  polymers or composites 

[16], waste tyres [15,17], trees sawdust [15,18], 

agricultural residues [15,19], paper mill sludges 

[20,21] or sewage sludges [15, 22], under both 

inert and oxidative atmospheres.  Several reports 

have described the kinetics of pyrolysis and/or 

gasification of commodities such as PET [23], PS 

[24] or polyolefins [25]. Current studies on the 

pyrolysis of PLA report the impact of zeolites 

[26], hydrolytic fillers [27] or burial in soil [28] 

on its kinetics [29]. Concerning the 

thermogravimetric analyses for processed PLA, 

few studies are reported in literature, which are 

focused on the influence of multi-extrusion 

cycles to the thermal stability [30] and the 

influence of one stage of extrusion, injection and 

annealing on the thermal decomposition kinetics 

[31], but no studies have been found reporting 

both thermal and thermo-oxidative 

decomposition kinetic studies on multiple 

reprocessed PLA by injection. 

The thermal and thermo-oxidative 

decompositions of PLA occur through a 

predominant pathway in which intramolecular 

hydroxyl end-initiated transesterifications of 

PLA mainly give rise to the formation of cyclic 

oligomers of lactic acid and lactide. 

Simultaneously, recombinations of cyclic 

oligomers with linear polyesters through 

insertion reactions, hydrolytic reactions, zipper-

like depolymerization or other radical 

degradation reactions give rise to compounds 

such as lactide, acetaldehyde, carbon monoxide, 

carbon dioxide, methylketene and water [32-34]. 

Main decomposition pathways are gathered in 

Figure 1. Evolved Gas Analysis (EGA) by 

means of coupling TGA to a Infrared 

Spectrometer with Fourier Transform (TGA/FT- 
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R) permits the identification of the main evolved 

species at both inert [29,35] and oxidative 

conditions [35]. The analysis of 2D-IR 

correlation spectroscopy [36, 37] permits to 

distinguish between overlapped peaks and 

identify the order of released compounds. 

Macroscopic solid-state kinetics are complex, 

since they might give information about multiple 

steps taking place simultaneously, and therefore 

induce to misleading results [38] . In the attempt 

to develop a model for plastic thermal behaviour 

in full-scale systems, the main purpose is to 

describe the thermal decomposition in terms of 

an intrinsic kinetics, without taking into account 

the rigorous description of the chemistry of the 

decomposition, describing the process by means 

of a simplified reaction pathway, representative 

of a complex network of reactions [39]. 

Literature indicates that different researchers use 

different kinetic models and diverse kinetic 

methodologies to perform their studies. This fact 

often provokes confusion concerning which 

model is more suitable and therefore should be 

used to best represent the system under study. 

With the aim of shedding light on this matter, a 

comprehensive analysis is presented in this work, 

taking into consideration both variable and 

constant thermal activation parameters. 

Summing up, the aim of this work was to assess 

the combination of mechanical recycling and 

energetic valorisation procedures on PLA, in 

order to (i) control the gases evolved from 

thermal processes under Ar and O2; (ii) model 

the thermal stability behaviour of PLA and its 

recyclates with the aim of assuring their 

processability and performance conditions; and 

(iii) model energetic valorisation processes such 

as pyrolysis and combustion as a contribution to 

further plastic waste management solutions. To 

achieve these purposes, a simulation procedure 

consisting in successive reprocessing cycles was 

used to induce the modifications that PLA suffers 

through thermo-mechanical degradation during 

mechanical recycling.  

Multi-linear non-isothermal thermogravimetric 

experiments were carried out, in order to apply 

an advanced kinetic methodology that will 

furnish with the knowledge of the kinetic models 

that may explain the bulk decomposition of PLA 

at high temperatures, under both inert and 

oxidative atmospheres. Evolved Gas Analysis 

(EGA) by means of coupling TGA to an Infrared 

Spectrometer with Fourier Transform (TGA/FT-

IR) permitted to identify the main gases released 

during the decompositions. 

 

2. Experimental procedure 

2.1. Reprocessing simulation 

Polylactide (PLA) 2002D is a thermo-forming 

grade PLA obtained from Natureworks LLC 

(Minnetonka, MN) in the form of pellets. Prior to 

processing, virgin PLA pellets were dried during 

2 h at 80 ºC 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 moulding by means of an Arburg 420 C 

1000-350 (Germany) injector, single-screw 

model (diameter Φ=35 mm, length/Φ=23). 

Successive processing steps were applied under 

the same conditions (temperature gradient set 

from hopper to die: 160, 170, 190, 200 and 

190ºC; moulds set at 15 ºC; cooling time 

residence ~ 40 s and total residence time ~60s). 

Samples were dried before each processing 

cycle. After injection, a fraction of the samples 
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were kept as test specimens and the rest was 

ground by means of a cutting mill Retsch 

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 reprocessed PLA (RPLA-i, with i: 1-5). 

2.2. Thermogravimetric experiments 

Multi-linear non-isothermal thermogravimetric 

experiments were carried out in a Mettler-Toledo 

TGA/SDTA 851 (Columbus, OH). Samples 

weighing ca. 5 mg were heated in an alumina 

holder with capacity for 70 μL. Experiments 

were performed from 25 to 750 ºC at different 

heating rates (β = 2, 5, 7, 10, 12, 15 ºC·min-1), 

under constant flow of 50 mL·min-1 of gas of 

analysis. An inert Ar atmosphere was used for 

assessing the thermal decomposition behaviour, 

whereas an O2 reactive atmosphere was applied 

for characterizing the thermo-oxidative 

decomposition processes of PLA and its 

recyclates. Experiments were repeated at least 

three times, and the averages were considered as 

representative values.  

2.3. Evolved Gas Analysis 

Evolved Gas Analysis (EGA) was applied to 

fumes released by both thermal and thermo-

oxidative processes 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 ºC, by means of a heating rate of 

1ºC·min-1, according to the equipment 

specifications . Samples weighing ~ 40 mg were 

heated in an alumina holder with capacity for 900 

μL.  The flow rate of the carrier gas was set to 25 

mL·min-1, according to technical 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 

ºC to prevent gas condensation. 16 coadded 

spectra were recorded every 30 s to assure 

accuracy of the temperature scanning. The Gram-

Schmidt plots as well as its corresponding 3D 

and individual spectra at different constant 

temperatures were analyzed. 

 

2.4. Analytical software and computational 

assumptions. 

Thermogravimetric characterization was assessed 

with the aid of the software STARe 9.10 from 

Mettler-Toledo. FT-IR spectra were 

characterized by OMNIC 7.0 from Thermo 

Scientific. 2D spectroscopic correlation was 

performed by means of the software 2Dshige 

[40]. Kinetic analyses were carried out in the 

conversion degree α range from 0,1 to 0,8 since 

the main reaction took place in this region. All 

thermogravimetric data were analyzed using 

Microsoft Excel software. Advanced 

Isoconversional method required the tool Solver 

of this mathematical package, by applying 

Newton method with progressive derivatives, 

setting an accuracy of 10-6 and a tolerance of 10-4 

. Fitting procedures were performed by means of 

OriginLab OriginPro 8.0, which uses the uses the 

Levenberg-Marquardt [41,42] algorithm to adjust 

the parameters of the fitting values in the 

iterative procedure. 

Values are plotted in terms of {average, devmax, 

devmin}, where devmax = max(data)-average(data), 

and devmin = average (data)-min(data). Tabulated 

errors were obtained by dividing the standard 

deviation by the average of data.   
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homolysis of PLA; acetic acid and other short-

chain acids may be formed by oxidation of 

acetaldehyde and other oligomers. In order to 

offer more information, 2D-correlation 

spectroscopy (see Appendix A) was performed to 

the FT-IR spectral data in the temperature range 

from 200 to 450 ºC, considering a spectrum 

every 2 ºC for calculations. Figure 4 shows the 

synchronous (S-2D) and asynchronous (A-2D) 

spectra at different infrared regions, for the study 

of the TD of PLA under inert conditions. In the 

2400-1600 cm-1 region, the S-2D shows (Fig 4 

a) a wide auto-peak (AP) corresponding to the 

υ(C=O) region, which reflects the strong 

influence of the temperature on this spectral 

vibration. In the 1600-800 cm-1 region (Fig 4 c), 

2 strong AP (1376 |1127) which correspond to 

acetaldehyde and an AP (1248) which 

corresponds to lactide, along with their related 

positive cross-peaks, which indicate that both 

compounds evolve together. A-2D (Fig 4 b, d, e) 

provided more information, taking into account 

positive and negative cross-peaks (PCP and 

NCP, respectively). Lactide evolved before 

acetaldehyde, as can be guessed from PCP 

(1248,1127), PCP (1796, 1762), NCP (1414, 

1248), and NCP (1376, 1248). Carbon dioxide 

evolved before acetaldehyde and lactide, as 

drawn from PCP (2378, 1796), PCP (2316, 

1796), PCP (2378, 1762), and PCP (2316, 1762). 

Carbon monoxide evolved before lactide but 

after acetaldehyde, as shown by PCP (2116, 

1762) and NCP (2116, 1796). Under oxidative 

atmosphere, the gaseous decomposition products 

were essentially the same, as can be seen at 

Figure 3 b, where similar IR bands were 

obtained. As main differences, carbon mono- and 

dioxide 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 dimers and trimers [35] [3589 cm-1 υ(OH), 

2952 cm-1 υ(CH2), 2816 cm-1 υ(CH), 1778 cm-

1 υ(C=O), and 1164/1107 cm-1 υ(C-O)] and thus 

a finer identification was complicated. 2D-

correlation spectra are similar to those offered for 

the studies under Ar. The main results obtained 

from A-2D were PCP (2378, 1796), PCP (2316, 

1796) and NCP (2116, 1796), which exposed that 

CO2 was evolved before the main decomposition 

product (υ(C=O) region), while CO was released 

afterwards. At higher temperatures, whereas for 

inert conditions the disappearance of formed 

oligomers during main decomposition took place, 

Compound 
Wavenumber 

(cm-1) 
Vibrations  

Acetaldehyde 

3475 
2 X υ 
(C=O) 

2968 υ (CH3) 
2740 υ (CHO) 
1762 υ (C=O) 

1414+1371 δ (CH3) 
1127 υ (C-O) 

Lactide 

3008 υ (CH3) 
2952 υas (CH3) 
2893 υs (CH3) 
1795 υ (C=O) 
1365 δ (CH3) 

1248+1108 υ (C-O-C) 

Short-chain 
acids + 

 their dimers  
and trimers  

3589 υ (H-O) 
2952 υ (CH2) 
2816 υ (CH) 
1778 υ (C=O) 

1164 + 1107 υ (C-O) 

CO2 2349 
υas 

(O=C=O) 
CO 2174 + 2116 υ (C≡O) 

H2O 
3900-3400 + 
1800-1300 

υ (H-O) + δ 
(H-O) 

 
: stretching / δ: in-plane bending / s: symmetric 

/ as: asymetric 

Table 1. IR absorption bands of evolved gases from thermal 

and thermo-oxidative decomposition of PLA 
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in presence of oxygen the whole material was 

consumed at lower temperatures. Further 

description is given in the next section. After 

reprocessing, the chemical nature of polylactide 

is essentially the same, though shorter chains can  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

be obtained, and thus when it comes to the 

evolved gases, no differences are likely to be 

found. Similar IR spectra were consequently 

obtained, only displaced to lower temperatures 

due to weakening of thermal stability in the 

recyclates, as it is shown in the next section.  

  

Figure 4. 2D correlation spectra of VPLA under inert conditions at different wavenumber ranges . 

Negative cross-points are grey-shadowed. 
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3.2. Thermal stability 

Figure 5 shows the thermogravimetric (TG) 

curves for both virgin and fifth reprocessed 

polylactides analyzed under inert and oxidative 

atmospheres (VPLA, RPLA5, VPLA-O2 and 

RPLA5-O2, respectively) at the heating rate β = 5 

ºC·min-1.  The region for the induction of thermal 

(TD) and thermo-oxidative (TOD) 

decompositions is zoomed in the upper-right 

region. As expected, the oxidizing environment 

forced the decomposition at lower temperatures 

than those needed in inert conditions. PLA TD 

occurred through a single-step process between 

250 ºC and 370 ºC, consuming nearly 98-99 % of 

mass when the polymeric chains broke down to 

evolve to the gaseous phase. The rest of 

oligomers decomposed in a low-sloped fashion, 

until the rest of material was completely 

pyrolysed. On the other hand, the TOD of PLA 

occurred via a two-step process, since the main 

decompositions mechanisms to lactide and short-

chain acids are overlapped. The first one took 

place from 250 ºC to 370 ºC as in inert 

atmosphere, consuming nearly 96-98 % of the 

material. Immediately afterwards, the second 

step appeared from 370 ºC to 400 ªC, eliminating 

4-2 % of the polymer, as can be observed in the 

lower-left zoomed graph. Note that given 

temperatures do not match with those shown at 

Figure 2, due to different β were employed.  For 

further calculations, the second step under O2 

was considered negligible if compared to the 

main decomposition under O2 and therefore the 

study was focused on the first decomposition 

step at both inert and oxidative conditions. As 

usual, higher β led to shift the thermograms to 

higher temperatures, but have not been shown for 

the sake of clarity. Likewise, TG curves of all 

recyclates are not shown, since they behave in a 

similar fashion than that presented by VPLA and 

RPLA-5 in both testing environments. The 

residue content that may indicate the presence of 

inorganic compounds in the polymeric sample 

was in all cases, both for TD and TOD, nearly 

0%.  

 

 

 

 

 

 

 

 

 

 

In order to assess the thermal stability under both 

inert and oxidative conditions, the corresponding 

decomposition onset and endset temperatures 

were obtained by a tangential intercept method 

onto the TG curves for the whole process. 

Likewise, the temperature at the maximum 

decomposition rate dα·dT-1, i.e. the peak 

temperature of the differential thermogravimetric 

curve (DTG), which is related to the inflection 

temperature of the TG curve, was also considered 

for both mass-loss processes. Technologist may 

be interested in finding the relationship between 

the influence of the heating rate β and the 

characteristic TGA temperatures to model the 

thermal stability behaviour of plastics. It has 

been shown that at high β, the relationship is 

almost linear. Thus, several linear regressions 

can be found in the literature for different plastics 

(see for example [44]). However, in the case of 

Figure 5. TG curves of virgin and fifth-reprocessed 
PLA under inert (VPLA, RPLA5) and oxidative 

(VPLA-O2, RPLA5-O2) conditions. Upper-right inset: 
detail of the onset of decomposition. Lower-left inset: 

detail of endset of decomposition. 
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PLA, as β decreases, the linearity was lost. 

Therefore, other functions must be used in order 

to predict the thermal decomposition behaviour 

(TDB) of PLA under any β. This procedure is 

shown with more detail in a previous 

contribution, in which the thermal stability of 

poly (ethylene terephthalate) (PET) is assessed 

[45]. As proposed in that work, Eq. (1), where a, 

b and k are parameters of the fitting, is suitable 

for this purpose.  

TDBሺβሻ ൌ a  ൫1  b  eି୩ஒ൯
ିଵ

 

The results of the fitting to onset, peak and 

endset temperatures (subscripts, 0, p and e, 

respectively) are shown at Table 2 for all 

materials and both inert and oxidative 

atmospheres. Despite other authors have 

proposed linear relationships between the 

thermogravimetric characteristic temperatures 

with β [44], Figure 6 clearly shows for VPLA 

that when considering lower β, the linear 

assumption may not be operative.   

 

 

 

 

 

 

 

 

 

 

In order to evaluate the influence of thermo-

mechanical degradation induced to PLA by 

means of multiple reprocessing to its thermal 

stability, instead of choosing the experimental 

temperatures obtained at a specific β, 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 [45] Zero-

Decomposition Temperatures (ZDT) were used 

(TDB(β0)), due to the fitting smoothens the 

possible variations in local temperatures, with 

excellent R2 in this study ( > 95 % in most cases). 

Figure 7 shows the evolution of the ZDTs along 

the reprocessing cycles at both inert and 

oxidative atmospheres. The onset ZDT slightly 

increased up to the third recyclate in inert 

conditions (Fig 7 a), whereas the peak and endset 

ZDTs showed a small decrease. Afterwards, all 

ZDTs followed the same steady trend, slightly 

decreasing the ZDT range (Fig 7 c), as clear 

effect of diminution of PLA thermal stability. On 

the other hand, under oxidative conditions (Fig 7 

b) the results may provide more information 

regarding the degradative influence of recycling 

on the thermal behaviour of PLA in real 

conditions. Actually, after the second 

reprocessing, a sharp decay of nearly 40 ºC of the 

onset ZDT occurred, while peak and endset ZDTs 

practically did not change, thus widening the 

ZDT range (Fig 7 c). In a previous study [12] in 

which the influence of multiple reprocessing on 

the oligomeric distribution of PLA was assessed 

by means of MALDI-TOF-MS, the increase of 

carboxy-methyl terminated linear species was 

specially remarkable after the second recyclate, 

accompanied by a decrease of initially 

predominant both cyclic and methyl/carboxyl 

terminated linear species, and aided by 

intermolecular transesterification reactions 

among other low abundant species. These 

variations in the oligomeric distribution affect to  

( 1 ) 

Figure 6. Fittings applied to the evolution of the 
characteristic TGA temperatures for VPLA (solid line: 

linear regression; dashed line: regression applied 
according to Eq. (1)) 

. 



                                                                        
 

 
 

Table 1. Fitting results obtained from modeling the evolution of the characteristic TGA temperatures to Eq. (1) 

 
Thermal decomposition (Ar) 

 

Thermo-oxidative decomposition (O2)  

a b k a b k 

Material ZDT value e value e value e R2 value e value e value e R2 

VPLA 

ZDT0 363,91 0,05 % 0,25 0,84 % 0,15 1,31 % 0,993 340,98 1,45 % 0,34 0,53 % 0,22 2,76 % 0,997 

ZDTp 378,63 0,95 % 0,16 0,48 % 0,12 2,17 % 0,986 358,74 0,76 % 0,18 0,83 % 0,28 2,56 % 0,998 

ZDTe 389,14 0,59 % 0,16 1,35 % 0,11 1,59 % 0,975 374,44 0,72 % 0,17 3,09 % 0,24 2,72 % 0,989 

RPLA-1 

ZDT0 345,39 0,28 % 0,19 0,58 % 0,28 1,77 % 0,991 345,40 0,63 % 0,35 0,34 % 0,19 0,10 % 0,993 

ZDTp 368,35 0,74 % 0,15 1,38 % 0,19 1,23 % 0,947 371,16 0,60 % 0,22 0,31 % 0,14 1,06 % 0,997 

ZDTe 387,75 0,80 % 0,19 1,66 % 0,17 1,56 % 0,981 391,38 2,25 % 0,20 1,09 % 0,10 3,04 % 0,996 

RPLA-2 

ZDT0 348,73 0,46 % 0,17 1,27 % 0,31 1,51 % 0,988 362,52 2,89 % 0,26 0,35 % 0,09 3,17 % 0,998 

ZDTp 370,00 1,16 % 0,14 0,89 % 0,18 0,88 % 0,998 370,00 2,35 % 0,20 5,00 % 0,16 0,63 % 0,964 

ZDTe 378,91 0,48 % 0,15 0,66 % 0,23 3,58 % 0,995 386,05 1,09 % 0,13 7,55 % 0,09 1,89 % 0,999 

RPLA-3 

ZDT0 367,97 1,14 % 0,17 0,70 % 0,06 1,61 % 0,973 337,33 0,08 % 0,45 1,02 % 0,49 0,99 % 0,998 

ZDTp 367,31 0,74 % 0,13 0,80 % 0,19 1,04 % 0,996 380,00 1,38 % 0,21 2,43 % 0,10 1,00 % 0,949 

ZDTe 379,59 0,71 % 0,13 0,72 % 0,18 0,65 % 0,947 392,00 0,82 % 0,18 1,11 % 0,09 2,75 % 0,971 

RPLA-4 

ZDT0 360,33 0,04 % 0,15 0,53 % 0,13 1,66 % 0,987 340,17 0,92 % 0,36 1,38 % 0,31 2,36 % 0,929 

ZDTp 378,29 0,66 % 0,16 1,09 % 0,13 1,36 % 0,985 361,05 0,61 % 0,12 0,65 % 0,20 1,87 % 0,998 

ZDTe 390,00 0,29 % 0,17 3,04 % 0,21 2,57 % 0,992 394,00 0,34 % 0,16 3,25 % 0,08 1,25 % 0,957 

RPLA-5 

ZDT0 365,35 0,60 % 0,16 1,63 % 0,10 2,12 % 0,987 339,20 1,12 % 0,40 2,03 % 0,26 2,07 % 0,965 

ZDTp 374,96 0,64 % 0,15 1,03 % 0,15 1,38 % 0,995 358,87 0,20 % 0,21 1,87 % 0,23 4,58 % 0,991 

ZDTe 390,14 0,44 % 0,17 3,75 % 0,13 1,64 % 0,986 374,81 0,89 % 0,10 0,55 % 0,19 3,89 % 0,958 
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 the heterogeneity and polydispersity of the 

material, weakening its polymeric structure and 

producing species with more decomposition sites 

more liable to O2.  

The changes in thermal stability were governed 

by modifications in its thermal and thermo-

oxidative decomposition behaviours. Subsequent 

analysis was therefore needed to establish a 

suitable methodology to model the pyrolysis and 

combustion processes for further full-scale 

energetic valorisation facilities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Assessment of the apparent activation energy 

The first step in the study of decomposition 

kinetics is the assessment of the evolution of the 

apparent activation energy (Ea). Solid-state 

kinetics (See Appendix B) were developed from 

reaction kinetics in homogeneous systems (i.e 

gases and liquids), and it is generally assumed 

that the Ea and the pre-exponential 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-

isothermal experiments and do not take 

modelistic assumptions for the analysis, main 

source of error of model-fitting methods. The 

most broadly used isoconversional methods are 

those integral linear methods developed by 

Flynn-Wall-Ozawa (FWO) [46,47] (supported on 

Doyle’s integral approximation [48] and 

Kissinger-Akahira-Sunose (KAS) [49,50], which 

are represented at Eqs. ( 3) and ( 4), respectively. 

These methods give rise to linear functions from 

which slopes the Ea at a fixed decomposition 

degree α are obtained. Good linear regressions 

within > 95% of confidence resulted from the 

application of FWO and KAS methods to both 

thermal and thermo-oxidative decompositions.  
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ఈܣ  ఈܽܧ
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൨
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The results were compared to those obtained by 

the non-linear Advanced  Isoconversional (AIC) 

method developed by Vyazovkin [51] , in order 

to test the consistency of the results. This 

Figure 7. (a) Evolution of ZDT under inert 8a) and 
oxidative (b) conditions (squares: onsets, circles: 

peaks, triangles: endsets); (c) ZDT ranges of 
decomposition at both environments. 

. 

 

( 2 ) 

 

 

(3) 
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method, which accounts for variable heating 

rates and systematic errors in the activation 

energy, is given at Eq. (4) 

Ω ൌ ቤ∑ ∑ ൫ୟಉ,ሺ୲ಉሻ൯

ቀୟಉ,ౠሺ୲ಉሻቁ
୦
୨ஷ୧

୦
୧ୀଵ ቤ,																					 

		J൫Ea, Tሺtሻ൯ ൌ න e
ି
ୟಉ
ୖሺ୲ሻ  dt

୲ಉ

୲ಉି∆

 

, where i and j are counters through the h 

experiments performed at different heating rates 

β. T(t)=T0+β·t, where T0 is the initial 

temperature. Δα = (m-1), with m being the 

number of α segments chosen for integration (40 

in this work). The integral  ܬ൫ܽܧఈ, ܶሺݐሻ൯ was 

numerically evaluated by the Simpson 1/3 

method. The apparent activation energy (Eaα) 

was the value that minimized Ω at Eq. (4) for a 

particular α.  

The averages of the apparent activation energy 

obtained by FWO, KAS and AIC methods are 

gathered at Table 3, at both inert and oxidative 

conditions for the whole decomposition 

processes. For the thermal decomposition, the 

average values lay within coincident values 

among all methods, with very low dispersion 

values. Therefore, it was assumed that the 

average isoconversional energy may be used as 

constant throughout the decomposition process 

for the following calculations, as suggested in a 

previous work [45]. Thus, a simplified kinetic 

triplet (SKT) which considers constant Ea and A, 

along with a proper kinetic model f(α) would 

fulfil the behaviour of PLA and its recyclates in 

inert conditions. Contrarily, the Ea drastically 

changed along the thermo-oxidative 

decomposition, thus avoiding the use of a 

constant activation energy for the resolution of 

the kinetic triplet, and therefore its variation was 

taken into account. 

3.4. Thermal decomposition simplified kinetic 

triplet 

Figure 8 shows the evolution of the 

isoconversional activation energy ܽܧതതതത௦, taking 

into account the average of the results given by 

FWO, KAS and AIC methods, summarized at 

Table 4. Virgin PLA gave an average value of 

152 kJ·mol-1, which is comparable to values 

reported in different studies for PLA grades in 

the same molecular weight order and analyzed by 

the same isoconversional methods [52,53].  After 

the first reprocessing step, a sharp 26.5 % 

increase was registered up to 207 kJ·mol-1, 

keeping this order of value within a 5 % along 

the successive recyclates.  

 

 

 

 

 

 

 

 

 

This change could be related to the presence of 

more linear hydroxyl- and carboxy-methyl  

terminated species in the oligomeric distribution 

of PLA recyclates, to a detriment of mainly 

predominant cyclic species in virgin PLA [12], 

which may vary the principal thermal 

decomposition mechanisms. As well, provided 

( 4 ) 

Figure 8. Evolution through reprocessing cycles of the 
average isoconversional activation energy of thermal 

decomposition 
. 
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the mechanism does not change, it might occur 

that linear species need more energy to 

depolymerize through backbiting intramolecular 

transesterification than cyclic species, which 

already possess ring tension.  In any case, to 

achieve the mathematical decomposition model, 

regardless the decomposition mechanisms will 

help design the proper pyrolysis/combustion 

systems. Thus, in the next step of the kinetic 

characterization of the thermal decomposition of 

PLA and its recyclates, the kinetic function f (α) 

could be approached by the use of reduced 

Master-Plots. The reaction model may adopt 

various expressions, based on nucleation and 

nuclei growth, phase boundary reactions, 

diffusion or order reactions [54]. The 

environmental gases, inert or reactive, have 

important roles regarding the selection of the 

decomposition models. A list of the most 

common f (α) applied to polymers is given at 

Table 4. Master Plots (M-P) are reference 

theoretical curves (M-Pt) dependent on the 

kinetic model, but generally independent of the 

kinetic parameters of the process. Due to in many 

cases, the experimental kinetic data can easily be 

transformed into experimental curves (M-Pe), a 

comparison with the theoretical M-Pt allows the 

selection of the appropriate kinetic model of the 

process under investigation or, at least, reducing 

the span of suitable kinetic models [55]. There 

exist three main types of M-Pt, those based on the 

differential form (M-Pf) of the generalized kinetic 

equation Eq. (7); those based on the integral form 

(M-Pg), according to Eq. (8); and the most 

common one that combines both differential and 

integral forms (M-Pfg), that are usually reduced at 

α = 0.5 for better visualization. The mathematical 

description of each curve can be found elsewhere 

[55]. They are described after the introduction of 

the so-called generalized time θ, which denotes 

the reaction time taken at a particular α at infinite 

temperature, defined as [47, 56-57]: 

ߠ ൌ  ݁ି
ಶೌ
ೃ

௧
   ݐ݀

, which differentiation in combination with Eq. 

(20) (see Appendix B), one obtains: 

ߙ݀
ߠ݀

ൌ ܣ  ݂ሺߙሻ ൌ
ߙ݀
ݐ݀

 ݁
ா
ோ் 

Therefore, assuming A and Ea constant, due to 

interdependence of kinetic parameters, and using 

a reference point at α=0.5, the theoretical M-Pf 

and the expression for the reduced form of the 

experimental data can be drawn from the 

following expression: 

ߙ݀
ߠ݀

ߙ݀
ቚ.ହߠ݀

ൌ
݂ሺߙሻ

݂ሺ0.5ሻ
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As well, the theoretical M-Pg is defined as 

follows: 

ߠ
.ହߠ

ൌ
݃ሺߙሻ

݃ሺ0.5ሻ
ൌ -ܯ ௧ܲ ≡ -ܯ ܲ ൌ

ሻݔሺ
.ହሻݔሺ

 

, where p(x) is the temperature integral given at 

the Appendix B, and x is Ea·R-1·T-1, being R the 

ideal gas constant (8.31 J·mol-1·K-1) and 

calculated by usingܽܧതതതത௦. The advantage of using 

M-Pf and M-Pg is that the former clearly disperse 

among different f(α) in the range α<0.5 and the 

latter disperse for α>0.5 and therefore permits a 

straightforward identification. In contrast, the use 

of the common M-Pfg 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 condition of minimization of 

Φ in Eq. (9) was applied, taking into account 

experiments performed at all heating rates.  
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Thermal decomposition (Ar) Thermo-oxidative decomposition (O2) 

FWO KAS AIC FWO KAS AIC 

Material Ea (kJ·mol-1) e (%) Ea (kJ·mol-1) e (%) Ea (kJ·mol-1) e (%) Ea (kJ·mol-1) e (%) Ea (kJ·mol-1) e (%) Ea (kJ·mol-1) e (%) 

VPLA 153 6.3 151 6.9 152 7.1 101 30.7 96 31.2 112 25.0 

RPLA-1 208 1.2 208 1.3 205 1.9 106 19.8 102 21.5 97 23.7 

RPLA-2 202 2.9 202 3.1 198 6.0 127 30.6 123 33.3 120 31.0 

RPLA-3 219 6.1 220 6.3 213 8.4 114 29.8 116 28.4 103 27.3 

RPLA-4 205 4.7 207 4.9 202 5.8 121 21.8 119 19.6 114 18.5 

RPLA-5 216 1.1 216 1.2 205 2.1 97 27.8 92 30.4 89 39.3 

type model symbol f(α) 

NUCLEATION 

random nucleation and growth of nuclei (Johnson-Mehl-Avrami) An   ሺ െ ሻࢻ  ሾെܖܔ ሺ െ ሻሿିࢻ

 

n –order (instantaneous nucleation and n-dimensional growth) Fn ሺ െ  ሻࢻ

REACTION 
phase boundary controlled reaction (contracting n dimensions, n-

dimensional shape) 
Rn   ሺ െ ሻࢻ


 

DIFFUSION 

two-dimensional diffusion (bi-dimensional particle shape) D2 ሾെܖܔ ሺ െ  ሻሿିࢻ

three-dimensional diffusion (tridimensional particle shape) (Jander 

equation) 
D3 

  ሺ െ ሻࢻ



  ሺ െ ሻࢻ



 

three-dimensional diffusion (tridimensional particle shape) (Ginstein-

Brounshtein equation) 
D4 



  െ  ሺ െ ሻିࢻ

൨

 

Table 2. Ea averages of thermal and thermo-oxidative decompositions obtained by isoconversional methods.

Table 3. Algebraic expressions for the kinetic functions of the most common models in solid-state reactions 
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ሺ ௧݂, ݃௧, ሻߙ ൌ ∑ ሺ∑ ሾ ௧݂ሺߙሻ െ ݂ሺߙሻሿଶ.ହ
ఈୀ ఉ

∑ ሾ݃௧ሺߙሻ െ ݃ሺߙሻሿଶ
ଵ
ఈୀ.ହ ሻ ;  

Δߙ ൌ 0.025; ∀	 ௧݂, ݃௧		

, where ft and gt are the differential and integral 

forms of the kinetic models represented at Table 

4, and fe and ge the experimental form of the 

reduced curves given by the right-hand part of 

Eq. (7) and (8), respectively. Figure 9 shows as 

an example the comparison of the experimental 

master curves of RPLA-2 at β = 5 ºC·min-1 with 

the differential (Fig 9a) and integral (Fig 9b) 

abaci. Results conclude that virgin PLA and its 

recyclates follow an An kinetic model (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 dealing with thermal 

decomposition processes of polymers [28, 58-

62], where the controversy of the relationship 

between the mathematical models and the 

physical mechanisms is evident. Nevertheless, 

the model An indicates the presence of active 

zones more chemically liable to thermal 

decomposition [63], which activate the formation 

and growth of gas bubbles in the polymer melt 

[62].  

In order to complete the kinetic triplet, the pre-

exponential factor A has to be found, along with 

the n of the kinetic model, and thus obtain a full 

mathematical description of the kinetic model. 

Taking into account that a suitable SKT should 

fulfill the Perez-Maqueda et al criterion (P-MC) 

[64]; that is, the independence of the activation 

parameters Ea, A on the heating rate β, the 

minimization of ξ in Eq. (10) will provide the 

best n for the modelization, and thereafter endow 

with the most accurate A, by averaging the Aβ 

obtained from the intercept at y=0 of Coats-

Redfern [65] equation (Eq. (11)) at each 

experiment with different heating rates β, as 

proposed in a previous study for the 

characterization of the thermal decomposition of 

poly(ethylene terephthalate) (PET) [45].  

,ሺ݊ߦ ሻߙ ൌ

∑ ቮሺെܴሻ 
ௗ

ௗ்
ቌ
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భ
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( 9 ) 

 

 

( 10 ) 

 

 

(11) 

 

Figure 9. Master plots based on the (a) differential and 
(b) integral forms of the general kinetic law compared 

to experimental data obtained for thermal 
decomposition of RPLA-2 (hollow circles). (Black 
solid lines: An; Grey solid lines: Fn; Dashed grey 

lines: Dn, Pointed black lines: Rn) 
. 
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Table 5 shows the results obtained by this 

methodology completing the SKT of thermal 

decomposition of PLA and its recyclates. Figure 

10 shows the fulfilment of the P-MC by VPLA 

and RPLA-1 as an example of the goodness of 

the results. It is important to notice that 

technologist may use the same experimental 

settings for the pyrolysis of PLA to the rest of its 

recyclates, by only smoothly adjusting 3 

parameters, since the thermal behaviour under 

inert atmosphere of the materials was essentially 

the same after the first recyclate. The thermal 

 

 

 

 

 

 

behaviour of PLA in presence of an oxidative 

ambient is different and calculations therefore 

followed a different path, as it is shown in the 

next section. 

3.5. Thermo-oxidative decomposition kinetics 

Figure 11 shows the results of the evaluation of 

the apparent activation energy (Eaα) under 

oxidative conditions. Fig 11a depicts the 

evolution of Eaα obtained by FWO, KAS and AIC 

methods, showing a good coincidence along the 

decomposition reaction, as also obtained for the 

  

 

 

 
SIMPLIFIED KINETIC TRIPLET 

MODEL ACTIVATION ENERGY PRE-EXPONENTIAL FACTOR 

Material Function n Ea (kJ·mol-1) e (%) lnA (s-1) e (%) 

VPLA 

An 

1.611 153 6.1 24.41 5.2 

RPLA-1 1.354 207 2.5 34.72 2.7 

RPLA-2 1.510 201 4.3 32.59 4.1 

RPLA-3 1.231 217 1.5 40.08 6.1 

RPLA-4 1.529 204 6.0 33.70 5.6 

RPLA-5 1.346 212 3.9 35.72 4.1 

 
ACTIVATION ENERGY / Ea 

PRE-EXPONENTIAL FACTOR 
/ lnA 

p1 p2 
R2 (%) 

p1 p2 R2 
(%) Material 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. Simplified kinetic triplets for the thermal decomposition of PLA and its recyclates. 

Table 5. Results of fitting of Ea and lnA to Eq. ( 15 ) 
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reprocessed materials. Fig 11b and 11c show the 

evolution of Eaα for all materials, split into two 

plots for simplicity. For comparison between 

virgin material and recyclates facing the thermo-

oxidative decomposition, the Eaα at a conversion 

rate of 0.2 is taken (that is, Ea0.2). An increase up 

to the second recyclate was registered, which was 

not followed by the successive reprocessed 

materials, which kept their Ea0.2 in similar 

values. In comparison to the behaviour shown 

under inert atmosphere, as expected, the Eaα 

needed to trigger the decomposition under 

oxygen was lower, since the reactions were 

enhanced by oxidation processes which led to the 

formation of radical species such as carboxylic-

ended species that accelerated the decomposition 

[63, 66-67]. In order to mathematically describe 

the evolution of Eaα throughout the 

decomposition process, a powered equation was 

chosen, based on the Freundlich model [68] for 

growing behaviours, according to Eq.(12): 

ሻߙሺ	ܽܧ ൌ ∗ܽܧ ܾ  ߙ



 

,where i is the number of slope changes in the 

curve, ܽܧ∗  is a fictive activation energy at  α = 0, 

b is a fitting parameter and p is a power that 

accounts for the shape of the curve; whether p < 

1, the increase is decelerative, and if p > 1, the 

increase is accelerative. Table 6 shows the 

powers resulted from the fitting of Eq. (12) to the 

Ea evolution of all materials. High regression 

coefficients from the fitting (R2 > 99 %), as well 

as narrow confidence bands in which the nominal 

powers laid (< 10 %), were obtained. These 

parameters were useful for the characterization of 

the thermal behaviour of PLA and its recyclates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Application of Perez-Maqueda et al. 
criterion to virgin PLA and first reprocessed material 

(inset) 
. 

 

Figure 11. (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; (c) Evolution of average isoconversional 
activation energy for RPLA-3, RPLA-4 and RPLA-5 

. 

 

( 11 ) 
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As can be seen, virgin PLA only showed a 

decelerative curve, while the rest of materials 

presented a change in tendency at advanced 

conversions, rapidly increasing its Eaα in an 

accelerative fashion.  It can be also observed how 

smaller p1 indicate a faster initial increase and 

vice versa, as clearly happened from VPLA to 

RPLA-2; on the other hand, smaller p2 also 

indicate more brusque changes in tendency to 

faster Eaα which increases along the 

decomposition reaction, as shown for RPLA-3 to 

5. The presence of shorter chains due to 

reprocessing may enhance the intramolecular 

transesterifications to produce intermediate 

lactide and cyclic oligomers, which 

decomposition into smaller volatiles would need 

higher energy to evolve.  

Provided that Eaα is not constant, its variation 

was considered in Eq. ( 10 ), and Eq. (9) was 

modified into Eq ( 12 ), since the application of 

Eq. ( 11 ) did not work, due to the increase of 

thermal energies (R·Tα) in x were overcome by 

the increase of Eaα, and therefore x increased 

with Tα, changing the tendency of the fraction 

p(x)·p(x0.5)
-1. Note that for Ea constant, x 

decreases with T, and p(x)·p(x0.5)
-1 increases. 

ሺߔ ௧݂, ሻߙ ൌ൭ሾ ௧݂ሺߙሻ െ ݂ሺߙሻሿଶ
ଵ

ఈୀ

൱
ఉ

; Δߙ

ൌ 0.025; ∀	 ௧݂		

The minimization of Φ in Eq. (13) was achieved 

for virgin PLA and its successive recyclates 

facing thermo-oxidative decomposition by the 

model An, with n ranging from 2 to 4, as shown 

in Table 7. Figure 12 shows the M-Pf of VPLA 

and RPLA-1 as an example of the goodness of 

this technique to predict the model of 

decomposition. In order to assure the value of n 

for each α that accounted for the variation of Eaα 

along the thermo-oxidative decomposition, the 

minimization of ξ in Eq. (10) was accomplished, 

considering Eaα instead of ܽܧప௦തതതതതതത in its 

formulation and therefore performing an 

isoconversional analysis of the data. Figure 13 

shows the evolution of n along the α range, 

which could be assumed to be almost constant 

within a confidence margin lower than 7%, as 

shown by n’’ in Table 7. Therefore, the 

suitability of model An was strengthened.  In 

addition, the possibility of using n’ (average of nβ 

in Table 7) is remarked, since closer values to 

those given by the analytical procedure (n’’) 

were obtained, thus permitting to continue the 

calculations with less time-consuming 

computations.  

 

 

 

 

 

 

 

 
Figure 12. 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). 
Models according to Table 1 (Black solid lines: An; 

Grey solid lines: Fn; Dashed grey lines) 

 

Finally, the evolution of the pre-exponential 

factor along the α decomposition range (lnAα) 

was obtained from the intercept at the origin in 

Eq. (11), considering Eaα and n’ in its 

calculation. Figure 13 shows the evolution of 

lnAα for VPLA and RPLA-2. The rest are not  

( 12 ) 
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nβ  

β (ºC·min-1) 

n’ 

n’’ 

Material 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 

Table 6. nβ :Values of n of the An model found for the thermo-oxidative decomposition of PLA and its recyclates at 

different β ; n’ : average of nβ  ; n’’ : values obtained from the minimization method (results at fixed α shown in Fig. 13) 

Figure 13. n evolution for An model of thermo-oxidative decomposition of virgin PLA and its 

successive recyclates. The number is the average of data (n’’ in Table 7) 
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presented to prevent overlapping of curves. It can 

be seen how lnAα was strongly connected to the 

behaviour of Eaα, since both presented similar 

shapes along the α range. Therefore, one may 

suggest that the application of Eq. (12) might 

also be suitable for fitting the experimental data 

and thus provide a mathematical description of 

lnAα evolution. The goodness of the fitting can be 

seen at Figure 14 and assessed at Table 6, since 

the obtained R2 values were >99.5%. In addition, 

the powers p1 and p2 were of the same order than 

those obtained for Eaα, thus permitting the use of 

the powers previously obtained for Eaα as 

initialization values in the iteration of the fitting 

of lnAα.  

 

 

 

 

 

 

 
 

Figure 14. lnA evolution given for VPLA and RPLA-2 
as an example of the goodness of  fitting of Eq. ( 12 ) 

to explain its behavior along the α range. Hollow 
symbols: obtained lnAα values; dashed lines: 

computed fittings. 
 

 

5. Conclusions 

Commercial polylactide was submitted to 5 

successive reprocessing cycles through multiple 

injection steps in order to simulate thermo-

mechanical degradation induced to the polymer 

by mechanical recycling. Multi-rate linear-non-

isothermal thermogravimetric (TGA) 

experiments under inert (Ar) and oxidative (O2) 

conditions were performed to virgin PLA and its 

recyclates in order to simulate the thermal 

behaviour of the materials facing pyrolysis and 

combustion processes.  

The release of gases was monitored by Evolved 

Gas Analysis of the fumes of the TGA 

experiment, by in-line FT-IR analysis, with the 

aid of 2D-correlation spectra. Main evolved 

gases were acetaldehyde, lactide and short-chain 

acids, as well as CO, CO2 and H2O. Reprocessed 

PLA did not modify the profile of evolved gases, 

and thus the transfer of technologies for the 

control of emitted gases is straightforward. 

The thermal stability was studied in terms of the 

Thermal Decomposition Behaviour (TDB), 

which permitted to predict the thermal 

performance of the materials under any linear 

heating profile. The Zero-Decomposition 

Temperatures (ZDT) were also proposed as 

proper indicators of degradation, showing the 

decrease of thermal endurance from the second 

recyclate on. 

A kinetic analysis methodology, consisting in the 

combination of six different methods (namely 

Flynn-Wall-Ozawa, Kissinger-Akashira-Sunose, 

Advanced IsoConversional method, Master-

Curves and Perez-Maqueda Criterion along with 

Coats-Redfern equation) was methodically 

applied, and its validity for being used with both 

constant and variable kinetic parameters was 

proven. A powered equation was used to explain 

the variations of the activation energies and the 

pre-exponential factors along the decomposition 

processes. The kinetic methodology provided the 

mathematical description of the thermal and 

thermo-oxidative decomposition of virgin PLA 

and its successive recyclates throughout the 

whole α range, as shown in Figure 15 as an 
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example. A nucleation and growth model (An) 

which gave importance to the formation of gas 

bubbles in the polymer melt was valid for all 

materials.  

 

 

 

 

 

 

 

Figure 15. Comparison of experimental DTG curves 
(symbols) to computed kinetic functions (dashed lines) 

obtained from the kinetic methodology for VPLA at 
both studied atmospheres. 

 

APPENDIXES 

APPENDIX A: 2D-Correlation IR Spectroscopy 

2D-Correlation IR Spectroscopy (hereafter 2D-

IR) has gained much attention since its 

introduction [36]. Basically, in 2D-IR, a 

spectrum is obtained as a function of two 

independent IR wavenumbers, due to the 

application of an external perturbance, such as 

temperature, and provides information that 

cannot be drawn from conventional one-

dimensional IR spectra. Although a deep 

description of this analytical procedure can be 

found elsewhere [36-37, 69-70], a short 

description with the basics to understand the 

discussion of results, is given hereafter. 

By applying the Hilbert transform method, the 

synchronous and asynchronous correlation 

spectra of two signals 1 and 2 at different 

wavenumbers  can be described by Eq. (14) and 

Eq. (15) , respectively: 

߮ሺଵ,ଶሻ ൌ

ሺ ܶ௫ െ ܶሻିଵ   ,ሺଵݕ ሻݐ 
்ೌೣ

்
,ሺଶݕ ሻݐ   ݐ݀

ሺଵ,ଶሻ ൌ ሺ ܶ௫ െ ܶሻିଵ

 න ,ሺଵݕ ሻݐ 
்ೌೣ

்

,ሺଶݖ̃ ሻݐ   ݐ݀

where Tmin and Tmax are the limit temperatures of 

the TGA experiment,  is the spectral variable 

(wavenumber in IR spectroscopy), ݕ is the 

dynamic spectra and ̃ݖ its Hilbert transform, 

which expressions are shown in Eq. (16) and Eq. 

(17) , respectively: 

,ሺݕ ሻݐ ൌ ൜
,ሺݕ ሻݐ െ ,തሺሻݕ 	ݐ ∈ 	 ሾ ܶ, ܶ௫ሿ

0, ݁ݏ݈݁
 

,ሺݖ̃ ሻݐ ൌ
1
ߨ
 න ,ሺݕ ሻ′ݐ 

்ೌೣ

்

ሺݐᇱ െ ሻିଵݐ   ′ݐ݀

being ݕത the reference spectrum usually time-

averaged as: 

,തሺݕ ሻݐ ൌ න ,ሺݕ ሻ′ݐ 
்ೌೣ

்

 ݐ݀

The synchronous spectra reflect the correlation of 

simultaneously varying of spectral intensity, 

while the asynchronous spectra reflect the non-

comparability of spectral intensity variations, due 

to ̃ݖሺ, ,ሺݕ ሻis orthogonal toݐ  and therefore	ሻݐ

appears when two signals are out-of-phase. 

Therefore the synchronous and asynchronous 

spectra are symmetrical and anti-symmetrical 

with respect to their diagonal lines, respectively. 

The discussion of both types of graphs is given in 

terms of auto and cross peaks.  

The auto-peaks (ଵ,ଵሻ , ሺଶ,ଶሻ	in synchronous 

spectra rely on the diagonal line and their 

intensity reflect the influence of the external 
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perturbation on the molecular groups of 

wavenumbers 1 and 2. Cross-peaks (ଵ,ଶሻ , 

ሺଶ,ଵሻ are located off-diagonal, and represent 

the synchronicity of groups corresponding to 

wavenumbers 1 and 2, highlighting the strong 

cooperation or interaction between their different 

molecular groups. A positive cross-peak 

describes the increase or decrease of the 

intensities of both 1 and 2, while a negative 

cross-peak indicates an increase in the intensity 

of 1 during a decrease of 2. 

The asynchronous spectrum has no auto-peaks by 

definition. The cross-peaks in this case represent 

the sequential changes of the spectral intensities 

1 and 2 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 shown 

as follows: 

1) If intensity in the synchronous spectrum is 

positive: ߮ሺଵ,ଶሻ  0 

1.1.) A positive cross-peak in the asynchronous 

spectrum ሺଵ,ଶሻ  0 is states the change in 

intensity of 1 occurs before the change in 2. 

1.2.) A negative cross-peak in the asynchronous 

spectrum ሺଵ,ଶሻ ൏ 0 is states the change in 

intensity of 2 occurs before the change in 1. 

2) If intensity in the synchronous spectrum is 

negative: ߮ሺଵ,ଶሻ ൏ 0, the rules above are 

reversed. 

APPENDIX B: Solid-state kinetics 

The intrinsic kinetics of solid-state 

decompositions are usually described by three 

parameters: activation energy (Ea), pre-

exponential factor (A or lnA) and kinetic function 

f(α), conforming the so-called kinetic triplet. 

These kinetic functions mathematically express 

different physical kinetic models. General kinetic 

models are proposed in literature for plastics and 

biomasses, which do not take into account the 

rigorous and exhaustive description of the 

chemistry of thermal decomposition of polymers 

and describe the process by means of a simplified 

reaction pathway. Each single reaction step 

considered is representative of a complex 

network of reactions [39]. Recently, Khawan and 

Flanagan [71] reviewed the relationship between 

the theoretical decomposition mechanisms and 

their mathematical models. Kinetic analysis of 

non-isothermal experiments is generally 

performed by using a single step kinetic 

equation: 

ߙ݀
ݐ݀

≡ ߚ 
ߙ݀
݀ܶ

ൌ ܣ  ݂ሺߙሻ  ݇ሺܶሻ

ൌ ܣ  ݂ሺߙሻ  ݁ି
ா
ோ் 

, where t is the time (s), T the temperature (K), α 

is the conversion degree, β the heating rate used 

in the TGA (K·s-1), R is the ideal gas constant 

(8.31 J·mol-1·K-1), A a pre-exponential factor (s-

1), f(α) the kinetic function  and Ea is the 

activation energy (J·mol-1). For 

thermogravimetric experiments, α = (m0-mt)/(m0-

m∞), where m stands for mass (g), and subscripts 

0, ∞ and t respond to initial, final and actual 

thermogravimetric values. The integration of Eq. 

(19), after rearranging, leads to: 
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, where g(α) is the inverse integral kinetic 

function. 

Under linear heating rate program, Eq. (20) does 

not have 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 lower error margin [72]. In this 

work, the Senum-Yang  [73] approximation 

shown at Eq. (21) truncated at its fifth term has 

been used, since it gives deviations from the 

exact value of the temperature integral lower 

than 10-8 % for x>10 [74], which permits its 

application in solid-state decomposition 

reactions, where x is usually higher. 
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5. REMARKABLE RESULTS 

 

Thermogravimetric analysis was useful for modelling energetic valorisation processes 

such as pyrolysis and combustion of virgin and reprocessed PET and PLA. The study of 

the evolved gases, the changes in thermal stability and the kinetics of decomposition 

pictured the behaviour of both polymers under both thermolytic processes. Several 

remarks could be concluded, regarding the following matters: 

Profiles of decomposition  

Both virgin PET and PLA, as well as their successive 5 recyclates, described a mass-loss 

driven by one decomposition stage in inert conditions and two in oxidizing conditions. In 

both cases, the first step could be ascribed to the pyrolysis of the backbone. The second 

mass-loss step under O2 was related to the decomposition of the remaining char, more 

present in PET (~20%) than in PLA (~2%).  

Evolved-gas analysis 

In the case of PET, a release of acetaldehyde and, with less presence benzaldehyde, 

followed by a release of CO and CO2, being the emission of the latter followed at higher 

temperatures, was found in inert conditions. However, the decomposition occurred firstly 

releasing mainly acetaldehyde, being followed by a noticeable production of CO2 under 

oxidative atmosphere. 

In the case of PLA, similar profiles were encountered except for the presence of benzene-

containing species. Thus, main evolved gases were acetaldehyde, lactide and short-chain 

acids, as well as CO, CO2 and H2O.  

The gas emission profiles given by virgin PET and PLA were also shown by all 

respective recyclates, thus the transfer of technologies for the control of emitted gases 

could be straightforward. 

Thermal stability 

The thermal performance of the materials under any linear heating profile was predicted 

by means of the proposed Thermal Decomposition Behaviour (TDB) model. The Zero-
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Decomposition Temperatures (ZDT) and particularly the use of the peak ZDTp were also 

used as proper indicators of thermo-mechanical degradation to monitor the weakening of 

the material against both thermal and thermo-oxidative decompositions. 

Kinetic analysis 

The combination of six different methods (namely Flynn-Wall-Ozawa, Kissinger-

Akahira-Sunose, Advanced IsoConversional method or Vyazovkin, Master-Curves and 

Perez-Maqueda Criterion along with Coats-Redfern equation) was methodically applied. 

Its validity for being used with both constant and variable kinetic parameters was 

confirmed. The variation of the kinetic parameters Ea and A was taken into account and 

their behaviours were modelled as well throughout the thermal decomposition range.  

The kinetic model that mathematically described the thermal and thermo-oxidative 

decompositions of PET, PLA and their recyclates was of the type An: nucleation and 

growth, which gave importance to the formation of gas bubbles in the melt.  

 

Effects of reprocessing 

From the second to the third reprocessing cycle, a change in tendency was shown by 

thermal stability and thermal activation parameters for both PET and PLA recyclates. 

Focusing on each process, under Ar the recyclates needed more energy and temperatures 

to decompose than virgin materials, whereas under O2 the decomposition of all recyclates 

was overcome at lower Ea than that of virgin materials. Thus controlled combustion 

could be an option to valorise both materials energetically. All the considerations shown 

in the work may provide technologist with plausible indicators for the selection of the 

adequate energetic recovery option of recycled PET and PLA.  
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1. BIODEGRADATION: GENERAL ASPECTS  

 
The design of polymeric materials moves towards the preparation of sustainable polymers 

with controlled degradability and enhanced bio-reintegration, or what is termed, from 

cradle to cradle. From a more open point of view, cradle-to-cradle design (C2D) enables 

the establishment of completely beneficial industrial systems driven by the synergistic 

search of positive economic, environmental and social goals. The practical, strategic 

expression of the eco-effective philosophy, C2D defines a framework for designing 

products and industrial processes that turn materials into nutrients by enabling their 

perpetual flow within both biological and technical metabolisms(1). Thus the 

understanding of the degradation mechanisms of both natural and synthetic polymers by 

microorganisms and enzymes should open new prospects in the field of biodegradable 

plastics.  

The biodegradation mechanisms of the polymeric materials should contribute to further 

developments of the next generation of materials having a high environmental 

acceptability and recyclability. Polymer degradation and transformation technologies are 

essential for polymer production and recycling. Nature-based polymers such as 

polylactides, bio-polyesters and microbial poly(amino acid)s may become the most 

promising commodity bio-based plastics because they can be produced from renewable 

resources, and thus they should be recycled by various routes, such as bio-recycling, bio-

refining, chemical recycling and material recycling. In order to develop technologies for 

the design of sustainable biodegradable and bio-recyclable polymers, the understanding 

of the biodegradation mechanism for each polymer would become a powerful tool (2).  

 

Figure 5. 1. Sustainable polymer production and recycling, as adapted from Ref (2).  
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Indeed, biodegradation is a natural complex phenomenon. Due to the great number of 

parameters synergically occurring during the biogeochemical valorisation of nature-based 

polymers, nature-like experiments are difficult to perform in laboratory conditions. 

Nevertheless, the biodegradability tests are necessary to estimate the environmental 

impact of industrial materials and to find solutions to avoid the disturbing accumulation 

of polymers. Several derived biodegradability tests have been developed by different 

research groups (see as example those works by Pagga (3), Rizarrelli (4), Wallström (5) and 

co-workers) which have conducted to different interpretations about the biodegradation 

mechanisms taking place. To compensate for this problem, it is necessary to explain the 

different phenomena involved in biodegradation, such as biodeterioration, 

biofragmentation and assimilation, in connection to the required estimation techniques 
(6).  

 

1.1. DEGRADATION AFTER SERVICE LIFE 

Many polymers that are claimed to be biodegradable are in fact bioerodable, 

hydrobiodegradable or photodegradable, or just partially biodegradable (7). These 

different polymer classes are grouped by some authors under the broader category of 

environmentally degradable polymers (EDP). EDP can be considered a group of 

natural-based and synthetic polymeric materials that undergo chemical changes under the 

influence of environmental factors. The chemical changes must be followed by complete 

microbial assimilation of degradation products resulting in carbon dioxide and water. 

When polymers fulfil their service life, most still posses their abilities intact during the 

disposal stage. The landfill has served mankind for much longer than any alternative 

disposal option. Landfilling is defined as the disposal, compression and embankment fill 

of waste at appropriate sites (8). More advanced options for biodegradable polymers 

include the composting plants, which operate at temperature and humidity conditions 

more favourable for the polymer degradation. Important factors that need to be taken into 

account for the correct function of the disposal sites are the selection of the site, the 

design and organization of the site, the operating performance and the life cycle and 

biodegradability of the wastes (9). The environmental impact of waste landfilling depends 

on the design and operational mode of the landfill facility and the nature of the waste 
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deposited (10). In both cases of landfilling or composting, the degradation of plastic waste 

should not result in contamination of the soil and pollution of the environment (including 

aesthetic pollution). The rate of disintegration and integration into the carbon cycle is 

driven by the degradation paths characteristics of each plastic. Describing plastics 

degradation, measuring it, and controlling it are all complicated by three major factors (7): 

Polymer composition  

Regardless the environment, the mechanism and rate of degradation depend on the 

chemical composition of the polymer. The rate of possible biodegradation in particular, 

depends on the polymers characteristics because the polymer is the substrate for the 

microorganisms or enzymes. One factor that determines the degradability or 

biodegradability of a polymer is the nature of the chemical bonds that are present. As 

well, the features of chain branching and even stereochemistry (the detailed spatial 

arrangement of atoms and bonds) are also important, because enzymes are often specific 

for attacking one particular type of chain branching and one particular stereochemistry. 

Other remarkable aspects to take into account are the molar mass of the polymer, chain 

flexibility, or morphology, including the extent of surface and the degree of crystallinity.  

Mechanisms 

Plastics can and do degrade by many routes, consecutively or simultaneously. 

Fragmentation often plays an important role in the early stages of degradation and can be 

brought about by physical forces of mechanical nature. Chemical changes within the 

plastic can occur and may begin with abiotic degradation, by interaction with chemicals 

and substances liable to react with the plastic. It generally involves chain scission within 

the polymeric backbones. For instance, the surface erosion can be the result of chain 

scission resulting from chemical hydrolysis. At some point, some specific plastics may be 

attacked effectively by microorganisms, which point out the induction of the biotic 

degradation, or biodegradation.  

Environmental conditions  

The degradation of plastics in particular conditions depends on the environment the 

plastics are exposed to, during their useful lifetime and the environment the polymer 

wastes are disposed to, afterwards. Concretely, the rates of degradation depend on 
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whether the environment is dry air, humid air, soil, a landfill, a composting environment, 

sewage, freshwater or a marine environment. Each environment has its own characteristic 

concentration profile of important factors such as oxygen, water, other chemicals, 

daylight or degrading microorganisms (11).  

• The environmental factors affecting the rate of degradation that is due to 

microorganisms include temperature, moisture level, atmospheric pressure, and 

pressure of oxygen, concentrations of acids and metals, and the degree of 

exposure to light.  

• Factors relating to microorganisms include their concentration, whether or not 

they have enzymes for which the polymer is substrate, the concentration of 

enzymes, the presence of trace nutrients for the microorganisms and the presence 

of inhibitors or predators (12). 

 

1.2. BIODEGRADATION PROCESSES 

The degradation process of EDP comprises two phases, disintegration and 

mineralization (13). During the initial phase, disintegration is significantly associated with 

the deterioration in physical properties, such as discoloration, embrittlement and 

fragmentation. The second phase, mineralization, is assumed to be the ultimate 

conversion of plastic fragments, after being broken down to molecular sizes, to CO2, 

water, cell biomass (aerobic conditions), and CH4, CO2 and cell biomass in the case of 

anaerobic conditions. The EDP degradation and assimilation must be complete and occur 

at a sufficiently rapid rate so as to avoid accumulation of materials in the environment (14). 

The different stages throughout biodegradable polymers degrade are exposed hereafter: 

 

1.2.1. BIODETERIORATION (6) 

The biodeterioration of thermoplastic polymers could proceed by two different 

mechanisms, those are, bulk and surface erosion (15). In the case of bulk erosion, 

fragments are lost from the entire polymer mass and the molar mass changes due to bond 

cleavage. This breakage is provoked by chemicals such as H2O, acids, bases, transition 
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metals and radicals, but not by enzymes, since they are too large to penetrate throughout 

the matrix framework. In the case of surface erosion, matter is lost but there is not 

change in the molar mass of polymers of the matrix. 

If the diffusion of chemicals throughout the material is faster than the cleavage of 

polymer bonds, the polymer undergoes bulk erosion. If the cleavage of bonds is faster 

than the diffusion of chemicals, the process occurs mainly at the surface of the matrix. A 

schematic representation of both erosion processes is shown in Figure 5. 2. 

 

Figure 5. 2. Schematic illustration of the changes in a polymer matrix undergone by surface and bulk 
erosion (adapted from Ref. (15)) 

 

1.2.2. BIOFRAGMENTATION (6) (7) 

A polymer is considered as fragmented when low molecular weight molecules are found 

within the media.  The fragmentation is a lytic phenomenon necessary for the subsequent 

assimilation of the broken up polymeric chains into the surrounding environment. Due to 

the high molar mass of a polymer, the macromolecules are unable to cross the cell 

wall and/or cytoplasmic membrane of microorganisms. It is therefore indispensable to 

cleave several bonds to obtain a mixture of oligomers and/or monomers. The energy to 

accomplish scissions may be of different origins: abiotic (thermal, light, mechanical, and 

chemical) and/or biotic (biological).  

Concerning biotic biofragmentation, microorganisms cleave polymers by different means, 

secreting specific enzymes or generating free radicals. Actually, the biodegradation is 
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generally considered as consisting of both enzyme-catalyzed hydrolysis and non-

enzymatic hydrolysis (16).  

A. Enzymatic degradation 

Enzymes are catalytic proteins that decrease the level of activation energy of molecules 

favouring chemical reactions. According to the IUPAC nomenclature, several enzymes 

can be found depending on the class of groups preferred during a given chemical reaction: 

oxidoreductases, transferases, hydrolases, lyases, isomerases or ligases. Enzymatic 

degradation can be carried out either by extracellular enzymes present in the 

microorganisms’ environment or by intracellular enzymes. Both result in chain scission 

whereby the polymer chains are cleaved into smaller segments. The enzymes may be 

either exoenzymes, which cleave terminal monomer units sequentially; or endoenzymes 

(such as endopeptidases and endoesterases) which cleave internal linkages randomly 

resulting in a more rapid decrease in molar mass. Under some conditions, microorganisms 

contribute to degradation of polymers through ingestion, mastication and excretion (7).  

The enzymes have a wide diversity and a remarkable specificity, but they are easily 

denatured by heat, radiations or surfactants (17). Constitutive enzymes are synthesised 

during all the cellular life, independently of the presence of specific substrates. Inducible 

enzymes are produced when a molecular signal due to the presence of a specific substrate 

is recognised by the cell. In this case, the enzymes are not synthesised instantaneously but 

a latent period is necessary to establish the cell machinery. The concentration of inducible 

enzymes increases as a function of time and stops at substrate exhaustion. When released 

into the extracellular environment, enzymes can be found as free catalysts (i.e. soluble 

within aqueous or lipophilic media) or fixed on particles such as soil organic matter, clays 

or sand. Fixed enzymes are stabilised and their catalytic activity is often increased. The 

activity of secreted enzymes can continue even if the producer cells are dead. 

Biodegradation is fundamentally an electron transfer process (12). Biological energy is 

obtained through the oxidation of reduced materials, where the enzymes catalyze the 

electron transfer. Electrons are removed from organic substrates to capture the energy that 

is available through the oxidation process. The electrons are moved through respiratory or 

electron transfer chains (metabolic pathways) composed of a series of compounds to 

terminal electron acceptors. A large proportion of the microbial population in soil 
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depends upon oxygen as the terminal electron acceptor for metabolism. Loss of oxygen 

induces a change in the activity and composition of the soil microbial population. 

Facultative anaerobic organisms, which can use oxygen when it is present or can switch 

to alternative electron acceptors, such as nitrates and sulphates, in the absence of oxygen, 

and obligate anaerobic organisms become dominant when oxygen is not available (12) , but 

aerobic biodegradation is typically more efficient.  

Enzymatic hydrolysis 

The enzymatic hydrolysis is mainly concerned by enzymes that belong to hydrolases. 

Cellulases, amylases and cutinases are hydrolases readily synthesised by 

soil microorganisms to hydrolyse natural abundant polymers like cellulose, starch or 

cutin. Regarding polyesters, lipases and esterases attack specifically carboxylic linkages.  

Enzymatic oxidation 

When the scission reactions by specific enzymes are difficult (i.e. crystalline area, 

hydrophobic zones and steric hindrances), other enzymes are implicated in the 

transformation of the molecular edifices. For instance, mono-oxygenases and di-

oxygenases (like oxidoreductases) incorporate, respectively, one and two oxygen atoms, 

forming alcohol or peroxyl groups that are more easily fragmentable. Other 

transformations are catalysed by peroxidases leading to smaller molecules. They are 

hemoproteins, enzymes containing a prosthetic group with an iron atom that can be 

electron donor or acceptor (i.e. reduced or oxidative form). Peroxidases catalyse reactions 

between a peroxyl molecule (e.g. H2O2 and organic peroxide) and an electron acceptor 

group as phenol, phenyl, amino, carboxyl, thiol or aliphatic unsaturation (6). 

 

Figure 5. 3. Assimilation of biodegradable plastics, as adapted from Ref. (18) 
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B.   Radicalar oxidation 

The addition of a hydroxyl function, the formation of carbonyl or carboxyl groups 

increases the polarity of the molecule. The increase of the hygroscopic character of the 

compound favours biological attack. Moreover, some oxidation reactions catalysed by 

various enzymes produce free radicals conducing to chain reactions that accelerate 

polymer transformations. However, crystalline structures and highly organised molecular 

networks are not favourable to the enzymatic attack, since the access to the internal part 

of these structures is extremely constrictive. Several soil decomposers, particularly fungi, 

are able to produce H2O2 that is an oxidative molecule very reactive allowing the 

enzymatic biodegradation of cellulose molecules (6).  

 

1.2.3. BIOASSIMILATION (6) (7) 

The assimilation is the unique event in which there is a real integration of atoms from 

fragments of polymeric materials inside microbial cells. This integration brings 

to microorganisms the necessary sources of energy, electrons and elements such 

as carbon, nitrogen, oxygen, phosphorus, or sulphur, among others, for the formation of 

the cell structure. Assimilation allows microorganisms to growth and to reproduce while 

consuming nutrient substrate (that is, polymeric materials) from the environment. 

Monomers surrounding the microbial cells must go through the cellular membranes to be 

assimilated. Inside the cells, the transported molecules are oxidised through catabolic 

pathways conducing to the production of adenosine triphosphate (ATP) and constitutive 

elements of cells structure. 

Depending on the microbial abilities to grow in aerobic or anaerobic conditions, there 

exist three essential catabolic pathways to produce the energy to maintain cellular 

activity, structure and reproduction:  

• Aerobic respiration: numerous microorganisms are able to use oxygen as the 

final electron acceptor. These microorganisms need substrates that are oxidised 

into the cell. Firstly, basic catabolic pathways (e.g. glycolysis, β-oxidation, 

aminoacids catabolic reactions, and purine and pyrimidine catabolism) produce a 

limited quantity of energy. Secondly, more energy is then produced by 
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the oxidative phosphorylations performed by electron transport systems that 

reduce oxygen to water (19). 

• Anaerobic respiration: several microorganisms are unable to use oxygen as the 

final electron acceptor. However, they can perform complete oxidation by 

adapted electron transport in membrane systems. They use final electron 

acceptors other than oxygen (like NO3
-, SO4

2-, S, CO2, Fe3+ or fumarate). The 

result is also the synthesis of larger quantities of ATP molecules than in an 

incomplete oxidation. 

• Fermentation: some microorganisms lack of electron transport systems. They 

are unsuitable to use oxygen or other exogenous mineral molecules as final 

electron acceptors. Fermentation, an incomplete oxidation pathway, is their sole 

possibility to produce energy. Endogenous organic molecules synthesised by the 

cell itself are used as final electron acceptors. The products of fermentation can 

be mineral and/or organic molecules excreted into the environment (e.g. CO2, 

ethanol, lactate, acetate and butanediol). Frequently, these molecules can be used 

as carbon sources by other organisms, since they have still a reduction power. 

Generally, mineral molecules released by microorganisms do not represent ecotoxicity 

risk, since they follow the biogeochemical cycles. On the contrary, microbial organic 

molecules excreted or transformed could present ecotoxic hazards in some conditions and 

at different levels (6). 

 

Figure 5. 4. Summary of degradation processes of biodegradable polymers  
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2. TESTING PROCEDURES FOR ASSESSING 

BIODEGRADATION  

 

Studies aimed to enhance the suitability and the reproducibility of laboratory methods to 

assess the biodegradation of Environmentally Degradable Polymers (EDPs) are in 

continuous progression. This is due to the fact that some operative difficulties can arise 

during the performance of the tests, thus affecting the accuracy of the measurements as 

based on the monitoring of suited parameters of choice, as well as the outstanding number 

of new and structurally different EDP-based materials (13). 

A relatively large number of specific problems might be encountered during the 

performance of tests designed to assess the extent of biodegradation as CO2 release or O2 

uptake especially under solid-state conditions and in the presence of organic rich 

incubation media such as mature compost. On the contrary, the tests carried out in 

aqueous medium are considered easier to set up and generally more reproducible, but are 

not significant for burying conditions. In particular, the biodegradation kinetics of a test 

material under solid state conditions can be influenced by the concentration of the 

material in the solid medium, as well as by the nature of the microbial populations; 

whereas the test results might vary significantly depending upon the test duration and the 

reference (positive) material designed in the standard test specifications (13). 

 

2.1. ANALYTICAL STRATEGIES 

Polymer biodeterioration can be tested by several methods: 

• The evaluation of macroscopic modifications in the materials, such as 

roughening of the surface, formation of holes and cracks, changes in colour or 

development of microorganisms over the surface (20) (21) (22) (23). There exist 

normalised tests to estimate the biodeterioration by the colonisation 

of microorganisms on Petri dishes (24). A positive result of the test is considered as 

an argument indicating the consumption of the polymer by the microbial species. 
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Notwithstanding, since microorganisms are able to use reserve substances and 

other molecules as impurities; this result cannot be accepted as an irrefutable 

conclusion. In this way, different microscopic techniques are used to refine the 

analysis: photonic microscopy (25), electronic microscopy (26)  , polarisation 

microscopy (27), and/or atomic force microscopy (28). 

 

• The measure of the weight loss is frequently used for the estimation of 

biodegradability, but actually the measure of the weight loss of samples even from 

buried materials is not really representative of a material biodegradability, since 

this loss of weight can be due to the vanishing of volatile and soluble impurities. 

 

• Internal biodeterioration can be evaluated by change of mechanical, rheological 

or thermal properties (29) (30).  

 

• Product formation can also be used as an indicator of biodeterioration. For 

instance the production of glucose can be followed to assert the degradation of 

polymeric materials containing cellulose (31). 

 

On the other hand, polymer bioassimilation is generally estimated by standardised 

respirometric methods (32) , which mainly consist in measuring the consumption 

of oxygen or the evolution of carbon dioxide). The decrease of oxygen is detected by the 

diminution of the pressure and may be fully automated. The experiment can be conduced 

with oxygen limitation or not. In anaerobic conditions, gases are released and the 

augmentation of the pressure is then measured. The identification of the evolved gases is 

realised by GC. This technique is also used to estimate the evolution of carbon dioxide, 

but in most cases, FTIR is preferred (33) . The quantity of carbon dioxide may be also 

determined by titration. Carbon dioxide is trapped in an alkaline solution to form a 

precipitate. The excess of hydroxide is titrated by an acid solution with a colour indicator 
(34) (35) . The durability of degradable plastics before the end of their useful life is of great 

importance to manufacturers of packaging and agricultural products such as mulching 

films. Provided the same standard procedures are used to simulate the effects of the 



                                                                            V. BIOLOGICAL VALORISATION  
 

417 
 

 

environment on degradable plastics in the pre-biodegradation stage (service life), it must 

be pointed out that they have no direct relevance to the rate of bioassimilation (36).  

 

2.2. STANDARDS FOR THE MEASUREMENT OF 

BIODEGRADATION  

The most common ISO standards used for determining the biodegradation of plastics 

have set the criteria by which biodegradable plastics are currently assessed:  

• Degradation in soil conditions: ISO 846: Action of microorganisms (37).  This 

norm is used to determine and evaluate the effect of fungi and bacteria on 

polymeric materials. The ISO 846 test proposes visual examination along with the 

measurement of mass and physical properties changes. This is the standard 

followed in this thesis, since it approaches non-controlled disposal conditions. 

 

• Composting conditions: ISO 14855: aerobic biodegradation under controlled 

conditions (38) (39). These norms specify a method for the determination of the 

ultimate aerobic biodegradability of plastics, based on organic compounds, under 

controlled composting conditions by measurement of the amount of carbon 

dioxide evolved and the degree of disintegration of the plastic at the end of the 

test. This method is designed to simulate typical aerobic composting conditions 

for the organic fraction of solid mixed municipal waste. The test material is 

exposed to an inoculum which is derived from compost. The composting takes 

place in an environment wherein temperature, aeration and humidity are closely 

monitored and controlled. The test method is designed to yield the percentage of 

conversion of the carbon in the test material to evolved carbon dioxide as well as 

the rate of conversion. Also specified is a variant of the method, using a mineral 

bed (vermiculite) inoculated with thermophilic microorganisms obtained from 

compost with a specific activation phase, instead of mature compost. This variant 

is designed to yield the percentage of carbon in the test substance converted to 

carbon dioxide and the rate of conversion.  
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A more detailed review of biodegradation laboratory tests, international standards and 

applications to EDPs is gathered in the papers by Eubeler et al (40) (41). 

 

2.3. STANDARIZATION AND CERTIFICATION 

The main critical parameters proposed by the International Standards Organisation (ISO) 

are either oxygen absorption or carbon dioxide evolution in the presence of 

microorganisms, as introduced above. The ISO14855 procedure is taken over directly by 

the European Standards Organisation (CEN) in EN 13432 (42). In this standard, the 

compostability is assessed by the following criteria, all of which must be satisfied.  

• Identification of packaging constituents, dry solid content, ignition residues, and 

hazardous metal residues. 

• Biodegradability: 90% of the total theoretical CO2 evolution in compost or 

simulated compost in six months. 

• Disintegration: not more than 10% shall fail to pass through a < 2 m-3 sieve. 

• Compost quality: no negative effects on density, total dry solids, volatile solids, 

salt content, pH, total nitrogen, ammonium nitrogen, phosphorus, magnesium and 

potassium eco-toxicity effects on two crop plants. 

 

Labelling serves to identify and verify the compostability of a product. The compostable 

logos are designed to address the confusion that has existed by building credibility and 

recognition for products that meet the compostability standards among consumers, waste 

management regulators and others (43). Labelling systems for compostable polymer 

materials exist in Europe, the USA and Japan.  

• European labelling organizations: DIN CERTCO (Germany), AIB Vinçotte 

(Belgium) and Finnish Solid Waste Association, FSWA  (Finland) 

 

• American labelling organizations: Biodegradable Products Institute/US 

Composting Council. 
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• Asiatic labelling organizations: Biodegradable Products Institute/US Composting 

Council 

 

 

 

 

Figure 5. 5. Certified labels of compostability in Europe: (left) DIN CERTCO; (middle) AIB Vinçotte; 
(right) FSWA 

 

 

 

 

Figure 5. 6. Certified labels of compostability in USA (left) and Japan (right) 

 

The worldwide cooperation of certification systems and the mutual recognition of 

certificates among institutions are of extreme importance. A cooperative network of 

certification institutions is set (see Table 5.10 in Ref (43)) at a global level to facilitate 

trade and the application of certified products by mutual recognition of composting 

methods and legislation.  
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3. BIODEGRADATION OF PLA 

 

It is known that the biodegradation of PLA proceeds via a two-stage mechanism (44). In 

the first step, after several months exposure to moisture, random non-enzymatic scission 

of ester linkage occurs, which can be accelerated by acid or bases and is affected by both 

temperature and moisture levels (45). In the primary degradation phase, no microorganisms 

are involved. Here, the PLA degradability is driven by the hydrolysis and cleavage of the 

ester linkages in the polymer backbone, which can be auto-catalyzed by the carboxylic 

acid end groups. In a second stage, as the molar mass diminishes, microorganisms present 

in the soil can begin to digest the low molecular weight PLA diffused out of the bulk 

polymer and, producing carbon dioxide and water. This two-stage mechanism of 

degradation is a distinct advantage of PLA over other biodegradable polymers, which 

typically degrade by a single-step process involving bacterial attack on the polymer itself. 

This is a useful attribute, particularly for product storage and in applications requiring 

food contact. PLA degrades rapidly in the composting atmosphere of high humidity and 

temperature but at lower temperatures and/or lower humidity, the storage stability of PLA 

products is considered to be acceptable (46). 

 

Factors affecting PLA biodegradation 

Although the degradation process in PLA is a simple hydrolysis, the degradation rate can 

be affected, as explained above, by many factors due to the complexity of the solid-liquid 

reaction system. The polymer degradation rate is mainly determined by polymer 

reactivity with water and catalysts. The effect of factors which affect the reactivity and 

the accessibility, such as particle size and shape, temperature, moisture, crystallinity, % 

isomer, residual lactic acid concentration, molar mass, molar mass distribution, water 

diffusion and metal impurities from the catalyst, are reported elsewhere (see references 

given by Auras et al in their review (45)) . 
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Figure 5. 7. PLA hydrolysis and molecular weight loss 

 

Degradation of PLA in composting facilities 

PLA is largely resistant to the attack of microorganisms in soil or sewage under ambient 

conditions. The polymer must first be hydrolysed at elevated temperatures to reduce the 

molar mass before biodegradation can be initiated. Thus, PLA will not degrade in typical 

garden compost in a reasonable time period (46).  

On the other hand, PLA is fully biodegradable when composted in a large-scale operation 

with temperatures of 60 ºC and above. The studies (46) indicate that PLA can be 

considered as a compostable material, being stable during use at mesophilic temperatures, 

but degrading rapidly during waste disposal in compost or anaerobic treatment facilities. 

The first stage of degradation of PLA takes about two weeks, and then the metabolization 

by microorganisms into carbon dioxide, water and biomass proceeds.  
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Enzymes such as proteinase K, pronase and bromelain have been used to bring about 

hydrolysis of polylactide in vivo. However, enzymes are large molecules and are unable 

to diffuse through the crystalline regions. As expected, little enzymatic degradation 

occurs at the beginning of the degradation process. Enzymatic involvement can produce 

pores and fragmentation, making more polymer regions accessible to the enzymes (45). 

An extended summary of studies and reports can be found in literature. Further readings 

are recommended in remarked books (2) (46)  and journal reviews (45) (47). 
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5. CONTRIBUTIONS IN THIS THESIS 

 

It has been shown that PLA is mainly biodegraded in composting conditions, when 

temperatures are fairly above the glass transition and high humidity grades. Both factors 

can favour the hydrolysis of the macromolecular chains. On the other hand, to obtain 

noticeable results in the case of biodegradation after burial in soil, long times of exposure 

are necessary, and thus few reports are published. In this thesis, with the aim of 

simulating the behaviour of PLA packaging goods under non-controlled disposal, the 

samples were buried during 450 days at 28 ºC in order to induce a low rate of 

degradation. 

 

Figure 5. 8. Diagram of contributions in the field of biological valorisation of PLA 

 

In addition, common measurements of biodegradation mainly involved the use of 

respirometric techniques, capable of identifying gases such as O2 and CO2, which may be 

interpreted as a way to test the biodegradation on the environment. However, the studies 

of the effects of biodegradation on the polymers themselves are reported with less 

frequency, and mainly tested on films. In this thesis, thicker plates (1 mm) were used.  As 
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well, the measurement of the mechanical and thermal properties was proposed for the 

monitoring of biodegradation on the sample. Particularly, the use of Thermal Analysis 

techniques (namely, Differential Scanning Calorimetry DSC, Dynamical-Mechanical 

Thermal Analysis DMTA and Thermogravimetric Analysis TGA) was stressed as suitable 

analytical strategies to monitor the changes induced by the polymer even at low 

degradation rates. 

The results of the study were reported in two contributions, as follows: 

CONTRIBUTION V-A: L. Santonja-Blasco, Rosana Moriana, J.D. Badia, A. Ribes-

Greus. Thermal analysis applied to the characterization of degradation in soil of 
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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

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
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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.

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

Fig. 1. Summary of parameters used to assess 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.

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. 2. Calorimetric and viscoelastic behavior of non-buried polylactide (a) calori-
metric thermogram and (b) log (E’) and log (E’’) versus temperature.

Fig. 3. Comparative first scan of the calorimetric thermograms at different degradation
times.
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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

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. 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).

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

Fig. 5. Arrhenius Maps obtained from multi-frequency DMTA analysis.
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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

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. 6. Thermal expansion coefficient vs. degradation time.

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

Fig. 7. Crystallization and melting enthalpies vs. degradation time.
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a partial areas study [33]. The following expression was employed
as deconvolution.

yi ¼ y0þA$

0
@ 1

1þexp
��ðx�xcþw1

2 Þ
w2
Þ
1
A$

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.

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.

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.

Table 3
Calorimetric parameters related to the melting transition.

Melting parameters

Time in soil (days) Tm1 (�C) lcmax1 (Ǻ) Area1
(% Areatotal)

Tm2 (�C) l cmax2 (Ǻ) Area2
(% Areatotal)

0 151.6 � 2.0 93.7 � 1.2 61 154.9 � 2.0 101.3 � 1.4 39
30 151.7 � 1.8 94.5 � 0.8 56 155.1 � 1.4 101.6 � 1.2 44
150 151.8 � 1.6 94.4 � 1.0 49 155.6 � 1.7 102.7 � 1.1 51
300 151.4 � 1.2 92.8 � 1.2 46 154.9 � 2.0 102.6 � 0.8 54
450 151.8 � 1.3 95.9 � 0.8 37 156.9 � 1.3 104.5 � 0.9 63

Fig. 9. Mnand Mw evolution calculated by GPC.
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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

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.
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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.

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.

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�
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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. 1. Methodology applied for the characterisation of the thermal decomposition kinetics of PLA submitted to degradation in soil.
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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.

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. 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.

Fig. 3. Effect of degradation in soil on the thermal stability temperatures obtained
from TGA experiments at 5 �C/min.
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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

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

Fig. 4. Kinetic methods applied to non-degraded PLA. a) Friedman method; b) Flynn-Wall-Ozawa method. c) Kissinger method. d) Criado method.

Table 2
Apparent activation energies values obtained by the Friedman (EaF), Flynn-Wall-Ozawa (EaFWO) and Kissinger (EaK) methods.

PLA_0 days PLA_30 days PLA_150 days PLA_300 days PLA_450 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 mol�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)

0.2 205.5 206.0

206.7

235.7 260.9

259.7

217.7 233.0

239.0

180.5 215.3

214.3

195.2 222.6

199.7

0.3 207.6 212.4 259.8 261.3 224.3 241.7 201.7 218.8 199.2 214.3
0.4 208.0 202.5 271.8 265.9 229.1 238.9 211.7 217.2 201.7 203.3
0.5 206.1 202.7 283.9 272.0 231.6 237.4 219.8 207.1 199.3 193.2
0.6 205.4 197.0 274.8 263.9 233.9 240.3 222.5 202.5 194.8 179.7
0.7 204.1 191.8 252.7 261.7 235.7 235.7 222.9 186.0 193.6 176.4
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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

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.

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

Table 3
Results of kinetic methodology. Evolution of kinetic triplet of PLA thermal decomposition throughout the degradation in soil process.

PLA degradation in soil

Burial in soil Criado analysis Coats-Redfern analysis Isoconversional analysis Kinetic triplet
Decomposition mechanism

Time (days) f (a) scope reduction Ea (kJ mol�1) lnA (s�1) R2 Average Ea (kJ mol�1) f (a) Ea (kJ mol�1) lnA (s�1)

0 n ¼ 1 378.7 67.4 0.998 205.0 A2 205.0 46.1
A2 205.1 46.1 0.999 Nucleation
R2 318.9 55.0 0.997
R3 337.7 58.3 0.998

30 n ¼ 1 300.3 50.3 0.998 262.4 R3 262.4 43.0
A2 161.1 37.4 0.995 Reaction

Contracting volumeR2 244.9 40.6 0.998
R3 259.3 43.0 0.999

150 n ¼ 1 240.4 40.2 0.956 232.5 R3 232.5 36.9
A2 135.7 32.2 0.949 Reaction

Contracting volumeR2 224.7 36.3 0.969
R3 229.8 36.9 0.975

300 n ¼ 1 253.9 43.5 0.985 210.7 R3 210.7 34.8
Reaction
Contracting volume

A2 142.4 33.6 0.987
R2 227.0 36.9 0.993
R3 214.6 34.8 0.996

450 n ¼ 1 354.7 62.1 0.997 198.4 A2 198.4 43.1
A2 193.2 43.1 0.997 Nucleation

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

Burial in soil was an effective degradation method to simulate the environmental 

conditions subjected by PLA goods under non-controlled disposal.  The changes in its 

physical and chemical properties could effectively assessed by Thermal Analysis 

Techniques, in comparison with Molar Mass Characterization.  The analytical 

methodology stood out as an interesting option for characterizing the macroscopic 

changes on PLA structure, as well as for establishing new insights on the morphological 

rearrangements involved during the biodegradation process. The main significant remarks 

are listed as follows, according to the next issues: 

Selection of indicators 

Different degradation indicators were highlighted: relative structural relaxation enthalpy; 

thermal expansion coefficient; onset, endset and peak cold crystallization and melting 

temperatures and enthalpies, as well as decomposition temperatures and kinetic 

parameters such as the apparent activation energy and the kinetic model.  

A kinetic analysis methodology, consisting in the combination of five different methods 

(namely Friedman, Flynn-Wall-Ozawa, Kissinger, Criado and Coats-Redfern) allowed 

the determination of the evolution for the kinetic triplet of thermal decomposition of PLA 

throughout the degradation in soil process.  

Effects of degradation in soil 

The PLA thermal decomposition mechanism was influenced by the biodegradation in 

soil. Two competitive different decomposition models: a Nucleation model (A2), which 

gave importance to specific decomposition sites; and a Reaction Contracting model (R3), 

which represented a particles release generalized on the whole polymer surface, ruled the 

thermal decomposition.  

After 300 days of burial, an increasing crystalline fraction (during the DSC run, due to the 

presence of shorter PLA chains) experienced a change from a uni-modal towards a multi-

modal melting behaviour, coinciding with the macroscopic molar mass decrease. These 

facts stress the relation between the heterogeneity acquired by PLA after chain scissions 

and the notable loss of properties due to a remarkable reduction in molar mass.  
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1. CONCLUSIONS  

 

The waste management processes such as material, energetic and biological valorisations 

on two key polyesters of the packaging industry, poly (ethylene terephthalate) (PET) and 

polylactide (PLA) require a rigorous assessment of the material properties along the 

whole life cycle.  

Several analytical strategies were used to propose the reliability of specific indicators of 

degradation to monitor the variations in the physico-chemical properties of the polymers, 

in correlation with the performance of PET and PLA. 

The control and monitoring of the proposed quality indicators may be a useful tool for 

ascertaining a suitable waste management, in terms of optimizing the successive service 

lives of the materials and reducing the amount of plastic wastes in the packaging sector. 

The conclusions obtained in this thesis were classified according to the following issues: 

 

Effects of material valorisation 

The DoE analysis on MALDI-TOF MS sample preparation 

The quality of the experimental sample preparation in MALDI-TOF MS measurements 

was improved by the application of a statistical Design of Experiments (DoE). 

The choice of matrix, analyte-to-matrix proportion and use of cationization agent were 

suitable parameters to be considered as factors for the DoE analysis.  

Quality parameters of the MALDI signal such as signal-to-noise ratio (S/N) and resolution 

(RES) were shown to be appropriate for data interpretation.  
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The application of DoE for the improvement of the MALDI measure of PET stated that 

the best combination of levels and factors was the following: matrix (dithranol), 

proportion analyte/matrix/cationization agent (1/15/1 V/V/V), and concentration of 

cationization agent (2g·L-1).  

The application of DoE for the enhancement of the MALDI measure of PLA showed that 

the best combination of factors and levels was: matrix (s-DHB), proportion analyte/matrix 

(1/5/1 V/V/V), and use of cationization agent (NO). 

 

Combination of techniques for the analysis of PET and PLA performance after material 

valorisation  

The synergetic application of structural (Mass Spectrometry MALDI-TOF MS, Fourier-

Transform Infrared Analysis FTIR, viscosimetry), thermal (Differential Scanning 

Calorimetry DSC) and thermomechanical (Dynamic Mechanical Thermal Analysis 

DMTA) analytical techniques showed to be a powerful combination to assess the effects 

of material valorisation on PET and PLA, in comparison with other techniques 

traditionally used in the industry such as Melt-Flow Rate MFR, tensile or impact tests.  

 

Structural changes 

General paths for thermo-mechanical degradation were proposed for both polymers, 

pointing out the action of intramolecular transesterifications and homolytic scissions. 

The ether links units of PET acted as potential degradation sites, since they suffered the 

reduction of diethylene glycol to ethylene glycol units in the flexible part of the PET 

backbone. Degradation primarily affected to initially predominant cyclic species, by 

dramatically decreasing the abundance of [GTC]n-G species, which was mainly 

transformed into [GTC]n, H-[GTL]n-GH and H-[GTL]n-OH.  
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In the case of PLA, the thermo-mechanical degradation primarily affected to initially 

predominant cyclic [LAC]n and linear HO-[LAL]n-H species, giving rise to a major 

abundance of CH3-O-[LAL]n-H  species. 

The occurrence of chain scissions in PET and PLA could be monitored by: 

- the study of the promotion of –OH terminated species and reduction of 

initially cyclic oligomers by FTIR and MS.  

- the evolution of the intrinsic viscosity,  

- the progress of the crystallization exotherm -in terms of specific enthalpy ΔhC 

and temperatures TC0, TC , and the melting endotherm in terms of partial areas 

or partial crystallinity degrees, or 

- the variation of the dynamic fragility parameters by DMTA. 

 

Microstructural changes 

The use of a three-fraction model, which involves the interaction between crystalline (C) 

and mobile (MAF) and rigid amorphous fractions (RAF), was significant to correlate the 

microstructural changes to the thermal and mechanical performance of mechanically 

reprocessed PET.  

Successive extrusion or injection operations modified the microstructure of PET, with the 

earlier and steeper formation of crystalline fractions of small lamellar thickness with each 

processing cycles.  The extrusion was more aggressive giving higher crystallinity and 

more extended crystal segregation than during injection moulding, since the operational 

parameters during the latter were better controlled. 

According to a three-fraction model, the rearrangement of chains of PET after cleavage of 

the MAF due to multi-injection cycles, was promoted towards the formation of RAF, 

which ruled the further thermal and mechanical performance of PET recyclates. 
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Conversely, multi-injected PLA did not show formation of crystalline domains due to 

reprocessing, and thus remained amorphous for all recyclates. However, the cold-

crystallization during the 2ndDSC heating suggested the apparition of shorter chains after 

each processing cycle, as also suggested by the reduction of the partial area at low 

melting temperatures.  

 

Effects on chain mobility 

The packing behavior after rearrangement showed different effects for PET and PLA. The 

former presented a drop in chain connectivity, due to decoupling of mobile (MAF) and 

rigid (C, RAF) phases, with an increase in free volume and a decrease in dynamic 

fragility. PLA showed bigger resistance to changes due to its amorphous character, but 

after the second recyclate, more packing defects (although in less extent than that shown 

by PET) were found.  

 

Influence on the mechanical performance 

The role of the RAF in PET, which acted as initiator of crystallinity during the strain of 

the tensile testing, caused a significant decrease in the mechanical parameters (stress and 

strain at break), in comparison to those shown by PLA (inherently lower than those of 

PET). The increase of crystalline fraction acted as a topological constraint for the impact 

of PET, while the amorphous PLA did not showed a critical drop of impact properties. 

 

Suitability of material valorisation for PET and PLA 

 

It was shown that PET suffered a general loss of properties after the second reprocessing 

step, arriving to a ground viscosity, and it should be considered its threshold for 

mechanical recycling. On the other hand, PLA could be considered more appropriate for 

material valorisation than PET since the changes after the second injection cycle were 
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less abrupt with no ground viscosity value, and only significant in terms of segmental 

dynamics. 

 

Effects of energetic valorisation 

A complete description of the energetic valorisation options  

An exhaustive analysis by means of Thermogravimetric Analysis TGA to compare the 

thermal and thermo-oxidative decomposition processes of virgin and reprocessed PET 

and PLA was given, as an approach for the application of pyrolysis and combustion in 

full-scale systems. 

The thermal stability was studied in terms of the Thermal Decomposition Behavior 

(TDB), which permitted to predict the thermal performance of the materials under any 

linear heating profile. The Zero-Decomposition Temperatures (ZDT) and particularly the 

use of the peak ZDTp were proposed as proper indicators of thermo-mechanical 

degradation to monitor the weakening of the material against both thermal and thermo-

oxidative decompositions. 

The suitability of the use of 2D-correlation IR spectra to monitor the release of gases 

from pyrolytic and combustion decompositions was proven. 

A kinetic analysis methodology, consisting in the combination of six different methods 

(namely Flynn-Wall-Ozawa, Kissinger-Akashira-Sunose, Vyazovkin or Advanced 

Isoconversional method, Master-Curves/Criado and Perez-Maqueda Criterion along with 

Coats-Redfern equation) was thoroughly applied, and its validity for being used with both 

constant and variable kinetic parameters was demonstrated. The reliability of a simplified 

kinetic triplet, where thermal activation parameters can be considered constant was 

guaranteed under thermal decomposition.  
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Profiles of decomposition  

Under inert atmosphere, both virgin PET and PLA, as well as their successive 5 

recyclates, described a mass-loss process driven by one stage of thermal decomposition. 

On the contrary, under oxidizing conditions, they were driven by two thermo-oxidative 

decomposition stages. The first step could be ascribed to the pyrolysis of the backbone in 

both cases, while the second mass-loss step was related to the decomposition of the 

remaining char, more present in PET (~20%) than in PLA (~2%).  

 

Evolved-gas analysis 

Under inert atmosphere, VPET mainly released acetaldehyde and, with less presence 

benzaldehyde, followed by a release of CO and CO2, being the emission of the latter 

followed at higher temperatures. Under oxidative atmosphere, the decomposition 

occurred firstly releasing mainly acetaldehyde, followed by a noticeable production of 

CO2. In the case of PLA, similar profiles were encountered except for the presence of 

benzene-containing species. Thus, main evolved gases were acetaldehyde, lactide and 

short-chain acids, as well as CO, CO2 and H2O.  

The gas emission profiles given by virgin PET and PLA were also showed by all 

respective recyclates, thus the transfer of technologies for the control of emitted gases 

could be straightforward. 

 

Kinetic analysis 

The kinetic model that mathematically described the thermal and thermo-oxidative 

decompositions of PET, PLA and their recyclates was of the type An: nucleation and 

growth, which gave importance to the formation of gas bubbles in the melt.  
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Energetic valorization of mechanically recycled PET and PLA 

Focusing on each process, under Argon, the recyclates needed more energy and 

temperatures to decompose than virgin materials whereas under O2, the decomposition of 

all recyclates was overcome at lower Ea than that of virgin materials. Thus controlled 

combustion could be an option to valorise both materials energetically.  

 

Effects of biological valorisation 

The use of thermal analysis for the characterisation of degradation in soil 

The application of DSC, DMTA and TGA, proposed as suitable techniques alternative to 

traditional methods for monitoring the effects of degradation in soil on PLA, showed that 

indicators such as the relative structural relaxation enthalpy, the thermal expansion 

coefficient, the cold-crystallization parameters, the decomposition temperatures and 

kinetic parameters were relevant for the evaluation. 

 

Effects of biodegradation 

Particularly after 300 days of burial, an increasing formation of crystalline domains 

during the DSC-heating run was indicative of chain scission, coinciding with the 

macroscopic molar mass decrease.  

A sustainable plastic waste management 

A brief summary of the suitable valorisation processes for a sustainable plastic waste 

management of PET and PLA is discussed. The mechanical recycling of both polymers 

should be promoted in order to obtain as much profit as possible from the materials 

themselves. One cycle of injection is advised in the case of PET, while up to 2 cycles 

could be applied for PLA without a dramatic loss of performance. Afterwards, in the case 

of PLA, as bio-based product, the optimal management option would be the biological 

valorisation, but if the rates of plastic waste increased to levels at which the facilities 
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2. CONCLUSIONES  

 

Los procesos de gestión de residuos plásticos, tales como las valorizaciones material, 

energética y biológica en dos poliésteres clave de la industria del embalaje, el poli 

(tereftalato de etileno) (PET) y polilactida (PLA),  requieren una evaluación rigurosa de 

sus propiedades a lo largo del ciclo de vida. 

En este trabajo se emplearon diversas estrategias de análisis para proponer indicadores 

específicos fiables que permitan monitorizar las variaciones en las propiedades físico-

químicas de los polímeros PET y PLA durante su uso y su consecuente degradación. 

 

El control y seguimiento de los indicadores de calidad propuestos pueden ser una 

herramienta útil para favorecer una adecuada gestión de los residuos, en términos de 

optimización de la vida en servicio de los materiales y de reducción de la cantidad de 

residuos plásticos en el sector del embalaje. 

Las conclusiones obtenidas en esta tesis se clasificaron en base a las siguientes temáticas: 

 

Efectos de la valorización material 

Análisis DoE de la preparación de muestras de ensayos MALDI-TOF MS 

La aplicación de un diseño estadístico de experimentos (DoE) permitió mejorar la calidad 

de la señal de ensayos de espectrometría de masas MALDI-TOF MS a partir de una 

correcta preparación experimental de muestras. 

La elección de la matriz, la proporción analito/matriz  y el uso de agentes de 

cationización fueron los parámetros adecuados para ser considerados como factores para 

el análisis del DoE. 



466 
 

 
 

Se mostró la idoneidad de los parámetros de calidad de las medidas de MALDI-TOF MS 

como la relación señal/ruido (S/N) y resolución de pico (RES) para ser empleadoscomo 

efectos en el DoE. 

La aplicación de DoE para la mejora de la medida de MALDI para PET estableció que la 

mejor combinación de los niveles y los factores fue la siguiente: la matriz (dithranol), la 

proporción de analito/ matriz /agente de cationización  (1/15/1 V /V/ V), y la 

concentración del agente de cationización (2 g· L-1). 

La aplicación de DoE para la mejora de la medida de MALDI para PLA mostró que la 

mejor combinación de factores y niveles fue: la matriz (s-DHB), la proporción de analito / 

matriz (1/5 V/V), sin necesidad de agente cationización (NO). 

 

Combinación de técnicas para el análisis del rendimiento de PET  y PLA tras la 

valorización material 

La aplicación sinérgica de técnicas analíticas estructurales (espectrometría de masas 

MALDI-TOF MS, Análisis infrarrojo con Transformada de Fourier FTIR, viscosimetría), 

térmicas (Calorimetría Diferencial de Barrido  DSC) y termo-mecánicas (Análisis 

Dinamo-Mecánico-Térmico DMTA)  es una combinación eficaz para evaluar los efectos 

de la valorización material de PET y PLA, en comparación con otras técnicas utilizadas 

tradicionalmente en la industria como índice de masa fluida MFR o los ensayos 

mecánicos de tracción o de impacto. 

 

Cambios estructurales 

Se han propuesto los mecanismos de degradación termo-mecánica para ambos polímeros.  

Las reacciones más frecuentes son las transesterificaciones intramoleculares y las 

escisiones homolíticas. 
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Los enlaces éter de PET son los puntos lábiles de las cadenas en el proceso de 

degradación, ya que potencian  la reducción de dietilenglicol a etilenglicol en la parte 

flexible de la cadena principal de PET.  La degradación afecta principalmente a las 

especies cíclicas, inicialmente predominantes, reduciendo drásticamente la abundancia de 

especies [GTC] n-G , que se transforman principalmente en [GTC]n, H-[GTL]n -GH y H-

[GTL]n-OH.  

En el caso de PLA, la degradación termo-mecánica afecta principalmente a las especies 

inicialmente predominantes cíclica [LAC]n  y lineal HO-[LAL]n-H , dando lugar a 

una mayor abundancia de especies CH3-O-[LAL]n-H. 

Las escisiones de cadenas en PET y PLA se pudieron monitorizar por: 

- El estudio mediante FTIR y MS de la aparición de especies –OH y la 

desaparición de grupos cíclicos, 

- la evolución de la viscosidad intrínseca, 

-la evolución de las exotermas de cristalización, en términos de entalpía específica 

y temperaturas de inicio y pico de la cristalización, así como de las endotermas de 

fusión, en términos de ares parciales o grados parciales de cristalinidad,  

-la variación de los parámetros de fragilidad dinámica obtenidos mediante DMTA. 

 

Cambios microestructurales 

El uso de un modelo de tres fracciones, que implica la interacción entre las 

fracciones cristalina (C) y amorfas móvil (MAF) y rígida (RAF), fue significativa para 

correlacionar los cambios microestructurales con las prestaciones térmicas y mecánicas 

del PET reprocesado mecánicamente. 
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La aplicación de operaciones sucesivas de extrusión o inyección modificaron la 

microestructura del PET, con una formación de fracciones cristalinas de pequeño 

espesor lamelar, a temperaturas más bajas y más pronunciada con cada ciclo de 

procesado. La extrusión fue más agresiva que el moldeo por inyección, obteniéndose una 

mayor cristalinidad y mayor segregación de los tamaños cristalinos. 

De acuerdo con un modelo microestructural de tres fracciones, la reordenación de las 

cadenas de PET después de la escisión de la MAF debido a los ciclos de inyección, 

favorece la formación de la RAF, lo que modifica el comportamiento   térmico y 

mecánico del PET reciclado. 

Por el contrario, tras sucesivas inyecciones de PLA, éste no muestra la formación de 

dominios cristalinos debido al reprocesado, de modo que  permanece amorfo durante 

todos los reciclados. Sin embargo, la cristalización en frío durante el segundo 

calentamiento de DSC sugiere la aparición de cadenas más cortas después de cada ciclo 

de procesado, lo que también apunta la reducción del área parcial del pico de fusión a  

baja temperatura. 

	

Efectos sobre la movilidad de cadenas 

El comportamiento de empaquetado y reordenamiento de las cadenas tiene efectos 

diferentes para PET y PLA.  

El PET  muestra una caída de la conectividad de las cadenas, debido a la disociación de la 

fracción móvil (MAF) y rígida  (C, RAF), con un incremento en el volumen libre y una 

disminución en la fragilidad dinámica.  

El PLA presenta una mayor resistencia a los cambios debido a su carácter amorfo, 

pero después de que el material fuera reciclado dos veces, se encontraron mayores 

defectos de empaquetamiento, aunque en menor medida a los mostrados por PET. 
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Influencia en el comportamiento mecánico 

 

El papel de la RAF en PET, que actúa como iniciador de la cristalinidad durante el ensayo 

a tracción,  provoca una disminución significativa en los parámetros mecánicos (tensión y 

deformación a la rotura), en comparación con los mostrados por PLA (inherentemente 

inferiores a los de PET).  El aumento de la fracción cristalina actúa como una restricción 

topológica para el impacto del PET, mientras que el PLA amorfo no muestra una caída 

importante en las propiedades de impacto. 

 

Eficacia de la valorización material de PET y PLA 

Se ha demostrado que el PET sufre una pérdida general de las propiedades después de dos 

ciclos de reprocesado, llegándose  a una viscosidad baja tope, pudiéndose considerar un  

umbral para el reciclado mecánico. Por otro lado, el PLA puede ser más apropiado para la 

valorización material que el PET ya que los cambios después del segundo ciclo de 

inyección fueron menos abruptos, sin valor límite de viscosidad, y sólo significativos en 

términos de fragilidad dinámica. 

 

Efectos de la valorización energética 

 

Descripción de la valorización energética 

 

Se aplicó un análisis exhaustivo por medio de análisis termogravimétrico TGA para 

comparar los procesos de descomposición térmica y termo-oxidativa de PET virgen y 

reprocesado y PLA, como una primera aproximación a la aplicación de la pirólisis y 

combustión en sistemas a gran escala. 
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La estabilidad térmica  se estudió en términos de comportamiento de 

descomposición térmica (TDB), que permite predecir el comportamiento térmico de los 

materiales correspondientes a cualquier perfil lineal de calentamiento. Las temperaturas 

de descomposición cero (ZDT) y en particular el uso de la ZDT pico (ZDTp) se tomaron 

como indicadores de degradación termo-mecánica, para así controlar el debilitamiento del 

material frente a las descomposiciones térmica y térmico-oxidativa. 

Se probó la idoneidad de la utilización de la espectroscopia IR con correlación 2D (2D-

IR) para controlar la emisión de gases de combustión y descomposición pirolítica. 

Asimismo, se propuso una metodología de análisis cinético, que consiste en la 

combinación de seis métodos diferentes (Flynn-Wall-Ozawa, Kissinger-Akashira- 

Sunose, Vyazovkin o el método Isoconversional avanzado, Master-Curves/Criado, 

Criterio  Pérez-Maqueda, junto con la ecuación de Coats-Redfern)  y se demostró su 

validez para su uso con los parámetros cinéticos constantes y variables. La fiabilidad de 

una tripleta cinética simplificada, donde los parámetros de activación térmica pueden 

considerarse constantes se garantiza en el caso de la descomposición térmica. 

 

Perfiles de descomposición 

 

Bajo atmósfera inerte, tanto el PET como el PLA vírgenes, así como sus sucesivos 

reciclados, se describe un proceso de pérdida de masa en una única etapa de 

descomposición térmica. Por el contrario, bajo condiciones oxidativas, la descomposición 

térmica se produce mediante dos etapas. La primera etapa se atribuye a la pirólisis de la 

cadena principal en ambos casos, mientras que la segunda etapa está asociada a la 

descomposición del residuo restante, más presente en el PET (20%) que en el PLA (~ 

2%). 

 

 

 



       VI. CONCLUSIONS 
 
 

 
471 

 
 
 

Análisis de gases emitidos 

  

Bajo atmósfera inerte, VPET  principalmente  emite acetaldehído y, con menor presencia, 

benzaldehído, seguida de una liberación de CO y CO2, siendo la emisión de este último 

continuada a temperaturas más altas. Bajo atmósfera oxidante, la descomposición produjo 

en primer lugar la liberación de  acetaldehído, seguido por una notable producción de 

CO2. En el caso de PLA, se encontraron  perfiles similares,  con excepción de la presencia 

de compuestos bencénicos. Por lo tanto, los principales gases desprendidos fueron 

acetaldehído, ácidos lácticos  de cadena corta, así como CO, CO2 y H2O.  

Los perfiles de las emisiones de gases definidos para PET y PLA vírgenes se encontró 

también para todos sus respectivos materiales reciclados, y por tanto la transferencia de 

tecnologías para el control de los gases de misión es viable. 

 

El análisis cinético 

 

El modelo cinético que describe matemáticamente la descomposición térmica y termo-

oxidativa de PET, PLA y sus materiales reciclados es del tipo An: nucleación y 

crecimiento, lo que da importancia a la formación de burbujas de gas en la masa fundida. 

 

Valorización energética de la  PET y PLA reciclados  

 

Centrándose en cada proceso, en atmósfera de argón, los productos reciclados necesitan 

más energía y temperaturas más altas para descomponerse  que los vírgenes, mientras que 

bajo O2, la descomposición de todos los materiales reciclados ocurre a menor Ea que los 

materiales vírgenes. Así, la combustión controlada puede ser una opción factible para 

valorar energéticamente ambos materiales. 
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Efectos de la valorización biológica 

 

El uso del análisis térmico para la caracterización de la degradación en el suelo 

 

La aplicación de DSC, TGA y DMTA, propuestas como  técnicas analíticas alternativas a 

los métodos tradicionales para controlar los efectos de la degradación del suelo en el 

PLA, demostró que indicadores tales como la entalpía de la relajación estructural, el 

coeficiente de expansión térmica, los parámetros de cristalización en frío, las 

temperaturas de descomposición y los parámetros cinéticos fueron relevantes para la 

evaluación. 

 

Efectos de la biodegradación 

 

Después de 300 días de degradación en tierra, la formación cada vez mayor de dominios 

cristalinos durante la ejecución del ensayo de calentamiento en DSC fue indicativo 

de procesos de escisión de cadena, coincidiendo con la disminución de la masa molar.  

 

Un modelo de gestión sostenible de residuos plásticos 

 

Los  procesos de valorización adecuados para una gestión sostenible de los residuos de 

plástico de PET y PLA deben entenderse de forma integrada. El reciclado mecánico 

de los polímeros se debe favorecer con el fin de obtener las mayores prestaciones posibles 

de los propios materiales en servicio. Un ciclo de inyección se recomienda en el caso 

de PET, mientras que más de 2 ciclos se podrían aplicar para PLA, sin  pérdida 

considerable de rendimiento. Posteriormente, en el caso de PLA, como bio-producto, la 

opción de gestión óptima sería su gestión mediante valorización biológica, pero si las 

tasas de residuos plásticos aumentaran a niveles en los que las instalaciones 

no pueden cubrir la demanda, la valorización energética sería recomendable. Tanto la 
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3. FUTURE RESEARCH LINES 

 

In order to promote the studies performed in this thesis and to widen the studies in the 

framework of bio-based polymers for the packaging industry, the following research lines 

could be implemented in several directions: 

 To upgrade mechanically-recycled PLA in order to enlarge its service life before 

further management. 

 To study the energetic valorisation of PET and PLA in medium-scale systems for 

pyrolysis, combustion or gasification, with the aim of optimizing the energetic 

rates. 

 To explore the microbiological world in search for specific microorganisms 

capable of biodegrading both PET and PLA, in order to tailor the bio-disposal 

processes and transfer them to full systems for biological valorisation. 

 To study the use of composting for the biological valorisation of reprocessed 

PLA. It is worth remarking that currently the pilot plant is designed and ready to 

start the study. 

 To widen the span of analytical techniques, mainly those focused on the 

microstructure of the materials, i.e. X-ray scattering or Modulated DSC. As well, 

to implement analytical methodologies to test the release of low molecular weight 

compounds by recycled PET and PLA. 

 To extent the study of the material, energetic and biological valorisations to PLA 

blends and composites. 
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