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Abstract 

The thermal pyrolysis of polystyrene (PS) and acrylonitrile-butadiene-styrene (ABS) from waste 

of electrical and electronic equipment (WEEE) was investigated by thermogravimetric analysis coupled 

with differential scanning calorimetry (TG/DSC). The experiments were performed under dynamic and 

isothermal conditions in inert atmosphere. Virgin PS with two different molecular weight distributions 

were studied and compared to waste PS. The thermal degradation of the waste plastics under air was 

studied as well.  

The TG results showed that the decomposition of waste PS occurs at higher temperatures than 

that of virgin PS. Waste polystyrene showed two degradation peaks, while virgin PS presented only one. 

Waste ABS decomposes in two degradation peaks as well. The TG results were used to study the 

kinetics of the decomposition of virgin PS and of waste plastic. The degradation of virgin PS is well 

described by a one component degradation model. The degradation of waste PS and ABS is well 

described by a two pseudo-component degradation model.  

The pyrolysis of PS in a bench-scale reactor was also studied and compared with virgin 

polystyrene. The products were analysed using gas chromatography. In terms of liquid yield, both PS 

samples produce in majority hydrocarbons in the range of C7 to C9, which may be used as feedstock for 

the chemical industry. C8 hydrocarbons are produced in higher quantity and are mostly constitute by 

styrene. These results show the possibility of the introduction of waste PS in a Circular Economy 

approach.  

Keywords: Circular Economy, Thermal Pyrolysis, WEEE plastic, Polystyrene, Acrylonitrile-

butadiene-styrene, Kinetic model  
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Resumo 

A pirólise térmica de poliestireno (PS) e acrilonitrila-butadieno-estireno (ABS) proveniente dos 

resíduos de equipamento elétrico e eletrónico (REEE) foi analisada recorrendo à análise simultânea de 

termogravimetria (TG) e análise de calorimetria diferencial de varrimento (DSC). Os ensaios foram 

realizados em condições dinâmicas e isotérmicas sob azoto. A degradação térmica sob ar destes dois 

plásticos também foi analisada. Duas amostras de poliestireno virgem com diferentes massas molares 

foram estudados e comparados com o resíduo de PS.  

Os resultados do TG mostram que o resíduo PS se degrada a temperaturas mais altas que o PS 

virgem. O PS virgem apresenta um único pico de degradação enquanto o resíduo apresenta dois. O 

resíduo ABS também apresenta dois picos de degradação. Os resultados do TG foram usados para 

estudar a cinética de degradação dos plásticos. O modelo considerando a degradação de um único 

componente descreve adequadamente os dados experimentais das duas amostras de PS virgens. A 

degradação dos resíduos ABS e PS é bem descrita com um modelo que considera a degradação de 

dois pseudo-componentes.  

A pirólise do PS virgem e resíduo foi também estudada num reator de bancada. Os produtos 

foram analisados através de cromatografia gasosa. Em termos de produtos líquidos, ambas as 

amostras PS  produzem essencialmente hidrocarbonetos na gama do C7 a C9, que poderão ser usados 

como matéria-prima na indústria química. Em maior quantidade são produzidos hidrocarbonetos C8 

principalmente estireno. Assim, o resíduo de PS poderá ser introduzido no conceito de economia 

circular. 

Palavras-chave: Economia Circular, Pirólise térmica, REEE plásticos, Poliestireno, Acrilonitrila-

butadieno-estireno, Modelos cinéticos  
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1. Introduction 

1.1 Motivation and Objective  

The world population is observing in the front line the environmental impact of plastic waste 

generation. “Ocean of plastic” is a concern nowadays and the society is becoming more aware of the 

excessive consumption of plastic. Due to plastic’s versatility and attractive qualities for a wide range of 

consumer and industrial application, the world plastic production has increased in the last 20 years 

nearly 200-fold. Linked with the increasing production is the plastic waste generation that is turning the 

plastic waste management into a critical issue. The waste of electrical and electronic equipment (WEEE) 

is currently considered to be one of the fastest growing waste streams in Europe, growing at 3 – 5 % 

per year. [1] In 2015, the quantity of WEEE amounted to 9.5 million tonnes, of which 1.2 million tonnes 

were plastic materials. [2] The European recycling industry is capable to recycle over 50 % of the plastic 

materials derived from WEEE into Post-Consumer Recycled (PCR) plastics. The remaining plastic 

materials can be used for incineration with energy recovery. [2] The challenge of recycling WEEE plastics 

lies on the complicated recycling process due to the existence of diverse plastic materials and additives, 

like flame retardants, colouring compounds, antioxidants, UV stabilizers, among others. [2,3] In this 

context, feedstock recycling, also known as chemical recycling is an attractive option for plastic waste 

management due to its particularity of converting plastic waste into valuable feedstock for the chemical 

industry. This technique allows also the treatment of mixed and unwashed plastic waste. Plus, it favours 

the introduction of plastic waste into a Circular Economy approach that focus on the minimization of 

waste by replacing the end-of-life concept of waste. [4] 

Pyrolysis is a process that can be used in feedstock recycling and is a process of chemical and 

thermal decomposition of a material at high temperatures and in the absence of oxygen, leading to 

smaller molecules. The products generated by pyrolysis, such as solids (char), liquid (oil) and non-

condensable gases, can be used as fuels, petrochemicals and monomers. [4,5] 

In this context, the objective of this Thesis is to study the pyrolysis of ABS and PS plastics present 

in waste of electrical and electronic equipment, with four specific goals:   

- Study of the thermal degradation of PS and ABS using the TG/DSC analysis. 

- Estimation of the reaction kinetic parameters using a mechanistic model.  

- Characterization of the products obtained by the thermal pyrolysis performed in a bench-scale 

reactor. 

- Evaluation of the introduction of waste PS in a Circular Economy approach. 

1.2 Organization of the Thesis 

The Thesis is organized into five chapters, starting with an introduction of this Thesis, a literature 

review of the critical aspects for the development of the work, the experimental methodology used, 

discussion of the results, conclusion and future perspectives. 
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2. Literature Review 

2.1 Plastics 

2.1.1 Plastic classification  

Plastics is the term commonly used to describe synthetic or natural materials made from 

polymers.[4] Polymers are macromolecules that are composed of smaller units, monomers, which react 

together to form a long chain. These monomers can be identical and in this case the polymer is named 

by prefixing “poly” to the name of the monomer from which it is derived, for example, the polymer from 

styrene is polystyrene.  

Polymers may be produced synthetically from simple starting materials by addition polymerisation 

or condensation polymerization [6] In addition polymerisation, monomers react to form a polymer, and 

no side products are formed.  [6] Some examples produced by this type of technique are: polyethylene 

and polystyrene, among others. In condensation polymerisation usually, elimination of water occurs. 

One example are polyamides.  

Plastics are divided into two categories: thermoplastics and thermosets. The thermoplastics can 

be heated and reformed repeatedly. Some examples of thermoplastics are polypropylene (PP), 

polyethylene (PE), polyethylene terephthalate (PET), polystyrene (PS) and acrylonitrile-butadiene-

styrene (ABS). The other group, the thermosets, cannot be reheated. Once these plastics are formed, 

reheating will cause the material to decompose rather than melt. Some thermosets plastics are 

polyurethane (PUR) and epoxy resins. [7]  

Plastic show some common characteristic properties, such as[4]:  

- An amorphous, i.e. non-crystalline structure related to the disorder among polymer chains;  

- Low thermal conductivity; 

- High electrical resistance;  

- Low softening temperatures; 

- Viscous-elastic behaviour.  

2.1.2 Plastic Production 

Worldwide the plastic production has increased since 1950 from 2 million tonnes [8] to 348 million 

tonnes in 2017 [7]. China is the country representing the major production (29 %) followed by the rest of 

Asia (21 %) and with Europe (EU) in third place (18 %), (see Figure 2.1). Within Europe, with a total 

demand for plastics of 51.2 million tonnes in 2017[8], Germany was the country with the highest plastic 

demand, followed by Italy and France, Figure 2.1. 
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Figure 2.1 - World plastic production by country (total of 348 million tonnes in 2017) and European plastic 
demand per country (total of 51.2 million tonnes in 2017). [8] 

Within the European market, the market sector that had in 2017 the highest demand for plastic is 

the packaging market, with 40 % of the total plastic demand. The building & construction market sector 

and automotive sector are the followers, representing 20 % and 10 %, respectively, of the total demand.  

The total quantity of plastics used to produce electric and electronic products amounted in 2017 ca. 3 

million tonnes, representing 6 % of the total demand for plastics in Europe, Figure 2.2. 

 

Figure 2.2 – Distribution of the European plastic demand by market sector, in 2017, for a total of 
51.2 million tonnes. [7] 

2.1.3 Plastic Waste Management 

Linked with the increase of plastic production is the increase of plastic waste. The waste stream 

of electric and electronic equipment waste is currently considered to be one of the fastest growing waste 

streams in the EU, growing at 3 – 5 % per year. [1] WEEE embraces diverse forms of electric and 

electronic equipment that are at the end of their lives or have been discarded by their owners.[9] In 2015 

in Europe, the quantity of waste from electric and electronic equipment amounted to some 9.5 million 

tonnes per year.[2] About 1.2 million tonnes were plastic material, composed in majority by high-impact 

polystyrene (HIPS) (27 %) and acrylonitrile-butadiene-styrene (ABS) (24 %), Figure 2.3.  
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Figure 2.3 - Composition of WEEE (total of 1.2 million tonnes in 2015 in Europe). HIPS = high impact 
polystyrene; ABS = acrylonitrile – butadiene – styrene; PP = polypropylene; PE = polyethylene; Others include 

polystyrene, HIPS and ABS with flame retardants, polycarbonate ABS, polyvinyl chloride, poly(phenyl oxide), etc. [2] 

There are four options available in the management of WEEE plastics: landfilling, mechanical 

recycling, energy recycling and feedstock recycling[9]:  

• Landfilling refers to roughly bury waste under layers of earth. However, it has some 

disadvantages as excessive land utilization, soil and groundwater contamination, air 

pollution, disruption of wildlife and emission of harmful greenhouse gases.[9] 

• Mechanical recycling involves reprocessing of WEEE plastic to form new similar plastic 

product with nearly the same or less performance level than the original products. 

Mechanical reformation of plastic involves a series of steps that include sorting, grinding, 

washing, drying and granulation. The granules can be moulded to various forms via 

extrusion and other techniques.[9,10] 

• Incineration is a conventional technique to recover energy from waste plastics, involving 

combustion of the material in the presence of oxygen or air to recover energy that can be 

used for heating or electric power generation. However, based on the type and 

composition of the plastic waste, it can lead to the emission of toxic volatile organic 

compounds (VOCs),among other contaminants. [11] 

• Chemical recycling is known as tertiary recycling with basic idea of converting plastics 

into fuels, original monomers or other valuable chemicals. [9,10] 

The European recycling industry is capable to recycle over 50 % of the plastic materials derived 

from WEEE into Post-Consumer Recycled (PCR) plastics. The remaining plastic materials can be used 

for incineration with energy recovery. The challenge of recycling WEEE plastics lies on the complicated 

recycling process due to the existence of diverse plastic materials and the presence of additives that 

are often hazardous and can change the material properties such as colour, melting point, flammability 

and density. These additives may be pigments (e.g., TiO2, ZnO, Cr2O3, Fe2O3, Cd), flame retardants 

(often brominated organics, such as polybrominated diphenyl oxide (PBDE), polybrominated biphenyls 

(PBB), 1,2 - Bistribromophenoxyethane (TBPE) and Tetrabromobisphenol A (TBBPA)[12,13]), 

antioxidants, UV stabilizers or plasticizers (e.g. compounds of Ba, Cd, Pb, Sn and Zn).[2,14–16] It is difficult 

to achieve to the separation of sufficiently pure polymers that are suitable for further treatment. 
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2.1.4 Polystyrene and Acrylonitrile-butadiene-styrene  

Polystyrene (PS) plastic is a transparent thermoplastic. It is available as a typical solid plastic, 

with applications in medical devices, CD cases, as well as in the form of a rigid foam material. The foam 

form of PS is used most often in the packaging industry.[17] Polystyrene is hard and brittle with low impact 

strength.[18] 

Polystyrene is typically a synthetic aromatic hydrocarbon homopolymer produced by the 

polymerization of styrene, Figure 2.4. 

 

Figure 2.4 - Polymerization of styrene leads to polystyrene.[6] 

Three major types of polystyrene include polystyrene foam, regular polystyrene plastic and 

polystyrene film. Amongst the different types of foam are expanded polystyrene (EPS) and extruded 

polystyrene (XPS). Some types of polystyrene plastics are copolymers. Often the homopolymer PS is 

modified by adding a polybutadiene rubber phase to improve the impact resistance, known in this form 

as high impact polystyrene (HIPS).[19] Polystyrene films can be stretched into oriented polystyrene 

(OPS). [18] 

HIPS is a composite material consisting of a PS phase and a dispersed polybutadiene (PB) rubber 

phase. Polybrominated compounds and antimony trioxide (Sb2O3) are synergistic flame retardant 

combinations that are frequently added to HIPS.[19,20] 

To facilitate the identification of the plastics used at different applications, for recycling purposes, 

they are classified by “Plastic Identification Codes”. The polystyrene identification code is shown in 

Figure 2.5. 

 

Figure 2.5 - Polystyrene recycling identification code. [10] 

 

Acrylonitrile-butadiene-styrene (ABS) is a synthetic copolymer thermoplastic produced by the 

polymerization of styrene, acrylonitrile and polybutadiene, Figure 2.6. The properties of ABS are based 

on the proportions of the three monomers. Typically, the composition is about 50 % styrene and the rest 

is balanced between butadiene and acrylonitrile. ABS has good mechanical properties, chemical 

resistance, good processing characteristics and relatively low cost. ABS is used in cases for electrical 

devices, parts for automotive, aircraft applications, toys, furniture, etc. [21–23] 

On the other hand, the high flammability of ABS limits its application where a controlled reaction to 

fire is required. In these cases, flame retardant additives are added to ABS. The most used flame 

retardant are halogenated compounds. [24] 
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Figure 2.6 - Structure of ABS. x – acrylonitrile, y – butadiene, z - styrene.[22] 

Its plastics identification code is depicted in Figure 2.7. 

 

Figure 2.7 - ABS recycling identification code.[25] 

Table 2.1 presents the main properties of both polymers, PS and ABS.  

Table 2.1 - PS and ABS properties. 

 

2.2 Chemical Recycling  

Chemical, or feedstock recycling is an innovative technology where post-consumer plastic waste 

is converted into valuable chemical that can be used as fuel or raw materials by the chemical industry. 

These technology includes pyrolysis, gasification, chemical depolymerization, catalytic cracking & 

reforming and hydrocracking [29] 

Pyrolysis is a process of chemical and thermal decomposition, generally leading to smaller 

molecules. It can be conducted at various temperature levels, reaction times, pressures and in the 

presence or absence of reactive gases or liquids, and of catalysts. The thermal decomposition of plastics 

can be proceeded at low (< 400 ºC), medium (400-600 ºC) or high temperature (> 600 ºC). Most 

commonly the pressure is atmospheric. The pyrolysis leads to gases, liquid products called pyrolytic oil 

and a small amount of solid carbonaceous residue called char, which can be applied as fuel, 

petrochemicals and monomers. [4] 

Pyrolysis processes involve breaking bonds and are often endothermic. The onset of the pyrolysis 

reaction is strongly influenced by the presence of additives, such as stabilizers, plasticizers and 

pigments. The required reaction time is determined principally by the reaction temperature. The 

formation of primary products, e.g. monomers, is favoured by short times, the formation of more 

thermodynamically stable products (H2, CH4, aromatics, carbon) by long ones. [4] The product yield can 

vary depending on the polymer type and the operation conditions. [9] High temperature (>600 ºC) favour 

Polymer 
Density 
(g/mL) 
KG/M3 

Glass transition 
temperature (ºC) 

Specific Heat 
Capacity 
(J/gºC) 

Melt 
temperature 

(ºC) 

Thermal 
conductivity 

(W/mK) 

PS[26,27] 
0.0130-

1.18 
83.0 - 100 1.2-1.5 170 - 280 0.170 

ABS[28] 0.882-3.50 105 – 109 1.96 – 2.13 149 – 323 0.128-0.187 
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the production of simple small gaseous molecules; low temperature (<400 ºC) leads to more viscous 

liquid products.[4] 

The major factors of influence determining the product distribution resulting from the plastic 

pyrolysis are summarized in Table 2.2.  

Table 2.2 - Factors affecting pyrolysis products distribution.[4] 

Factor of influence Effect 

Chemical 
composition of the 

resin 

The primary products from pyrolysis are directly related with the chemical 
structure and composition of the polymer, and also to the mechanism of its 

decomposition (thermal or catalytic). 

Temperature and 
heating rate 

High operation temperatures and heating rates enhance bond breaking and 
favour the production of small molecules. 

Time 
Longer residence times favours a secondary conversion of the primary 
products, yielding more coke, tar, as well as thermally stable products. 

Reactor type 
Determines the quality of heat transfer, mixing, gas and liquid phase 
residence times and the escape of primary products. Most used are: 

semibatch/batch, fixed bed and fluidized bed.  

Operating 
atmosphere 

The presence of reactive gases, such as air, influences the mechanism of 
degradation. 

Operating pressure Low pressure favours the production of primary products. 

Use of catalysts 
Influences kinetics and mechanism of degradation, and hence, the product 

distribution. 

Presence of 
additives 

The additives generally evaporate or decompose. Some may influence 
kinetics and mechanism. 

 

The thermal degradation of plastics, including kinetics factors and mechanism, can be 

investigated using different techniques, such as thermogravimetry linked with differential scanning 

calorimetry (see Chapter 2.5 Thermogravimetry analysis (TGA) and differential scanning calorimetry 

(DSC)). From the TG analysis it is possible to determine the behaviour of the sample with respect to 

time, temperature and heating rate and to determine the optimum temperature range for degradation. 

This information is useful for the design of reactor where the thermal decomposition of the solid takes 

place. 

2.3 Pyrolysis of PS 

2.3.1 Thermogravimetric analysis  

Various thermogravimetric studies on the thermal degradation of polystyrene were performed by 

other authors. Table 2.3 summarizes the results of these thermogravimetric studies. Regarding the 

decomposition under inert atmosphere, different researchers conclude that virgin polystyrene 

decomposes with one single peak. [30–32] The onset temperature varies between 276.00 ºC and 

340.85 ºC and the maximum degradation temperature between 379.85 ºC and 413.85 ºC. [30–32] When 

applying different heating rates still one decomposition peak is visible and only the maximum 

degradation temperature increases with the heating rate. [31,33] 

Singh et al. observed that the waste plastic shows an earlier loss of mass and a reduction in the 

maximum degradation temperature, when compared to virgin plastic and this is likely to be related to 

the presence of additives. They reported as well that individual plastics have a short degradation 

temperature range when compared to waste plastic. The presence of foreign materials also leads to an 
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increase in residue. [33] Kiran et al. reported that waste PS decomposes with one peak, with an onset 

temperature of 388 ºC and a maximum degradation temperature of 419 ºC. [34] 

Katančić et al. reported that HIPS without additives decomposes in one step. The maximum 

degradation temperature observed by these authors was 421 ºC.[35] 

Jakab et al. studied the thermal degradation of HIPS containing brominated flame retardants and 

trioxide antimony as synergist. The results showed that the brominated flame retardant decompose at 

the same temperature range as HIPS in the absence of Sb2O3. The presence of Sb2O3 changes the 

thermal decomposition of HIPS considerably indicating that the synergist Sb2O3 initiates the 

decomposition of brominated flame retardants and PS. The additives decompose during the first step 

and the majority of PS in the second step. [19] Peng et al. studied the thermal decomposition of a TV 

housing plastic sample, composed of flame-retarded HIPS containing PBDE and observed two stages 

for the decomposition of the sample. C-C and C-H bonds of HIPS are more stable than C-Br bonds of 

brominated flame retardants and therefore the C-Br bond should break first when heated. [20]  

Experiments under air have shown that virgin PS decomposes with one peak. The onset 

temperature varies between 237.55 ºC and 308.85 ºC and the maximum degradation temperature 

between 372.85 ºC and 409.85 ºC. [30–32] 

 



 
 

 

Table 2.3 - Results of the thermogravimetric studies made by others researches for polystyrene. 

Sample 
Degradation 

steps 
T profile 

(ºC) 
Atmosphere, Flow 

Rate (mL/min) 
Heating rate 

(oC/min) 
Sample 

mass (mg) 
T on set 

(oC) 
T max 
(oC) 

Residue 
(wt%) 

Reference 

Virgin 
PS 

1 35-700 N2, 20 10 5 299.85 379.85 * [31] 

Virgin 
PS 

1 RT-700 N2, 20 10 5 276.00 * * [32] 

Virgin 
PS 

1 25-700 N2, 20 10 5 340.85 413.85 * [30] 

Virgin 
PS 

1 35-700 Air, 20 10 5 237.55 372.85 * [31] 

Virgin 
PS 

1 RT-700 Air, 20 10 5 245.00 * * [32] 

Virgin 
PS 

1 RT-700 Air, 20 10 5 308.85 409.85 * [30] 

Waste 
PS 

1 RT-700 N2, * 10 * 388 419 0 [34] 

HIPS 1 25-550 N2, 100 5 10 * 421 1.1 [35] 

*Information not found. 

 



29 
 

2.3.2 Degradation mechanism 

The mechanism of the degradation of PS is generally described as a radical depolymerization, 

leading mostly to styrene monomers as products. [33,36] The degradation of polystyrene initiates by 

scission of polymer chains to form radicals. The radical then undergo a propagation reaction which is 

accompanied by intramolecular or intermolecular transfer of radicals. [37,38] The styrene monomer is 

produced via beta-scission of a chain end formed by the initial chain scission (end-chain mechanism), 

while dimer and trimer are evolved via radical transfer followed by beta-scission. [33,39,40]  

An overview of the mechanism for thermal degradation of PS can be visualized in Figure 2.8. The 

described steps are presented below Figure 2.8.  

Initiation 

Random scission: 

 

Chain-end scission: 

 

Propagation 

Intermolecular 
abstractions: 

 

Intramolecular 
abstractions: 

 

β-scission: 

 

Termination 

Recombination: 
 

 

Disproportionation 
reactions of radicals: 

 

 

Figure 2.8 - Reaction mechanism of polystyrene.[33,38] 

The steps in Figure 2.8 can be described as[33,38]: 

• Initiation - The reaction starts with a C-C- bond cleavage of the polymer chain to form 

radicals. Two types of initiation reactions can be identified:  

o Random scission:  forming of a primary radical (Rp) and a secondary benzyl radical 

(Rsb) with a strong benzylic resonance.  
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o Chain-end scission: forming of a secondary benzyl radical (Rsb) and a resonantly 

stabilized allyl benzene radical (Ra). 

• Propagation - The propagation reaction consists of the sequence of H-abstraction and 

beta-decomposition reactions. There are two types of H-abstraction reactions:  

o Intermolecular abstractions – the radicals abstract the hydrogen from a different 

molecule. The intermolecular abstraction is only considered on the tertiary carbon 

atom because the resonantly stabilized benzylic radical formed is very stable.  

o Intramolecular abstractions – the radicals Rsb  and Rp can form numbered rings 

intermediates from Rsb and Rp, which are also called as backbiting reactions.  

o β-scission:The tertiary benzylic radical Rt undergoes a scission of the C-C bond in 

beta-position to form a secondary benzylic radical and a polymer species with an 

unsaturated end.  

• Termination - The termination reactions can be: 

o Recombination reactions 

o Disproportionation reactions of radicals, which produced unsaturated ends.  

 

2.3.3 Pyrolysis reactor and products yield 

Experiments have been performed in laboratory scale reactors that provide a preliminary insight 

into pyrolysis. The product yields have been reported by several authors which are summarized in Table 

2.4. Achilias et al. obtained for the pyrolysis of virgin polystyrene at 510 ºC in a fixed bed reactor 91.8% 

liquid product, 2.5 % gas and 5.7 % char.[41]  

The pyrolysis of waste polystyrene has also been studied, in a fixed bed reactor at different 

temperatures, producing 65.71 % oil, 25.69 % gas and 8.60 % residue at 300 ºC.[42] As the temperature 

increased, the yield of oil and gases increases and of residue decreases. [42,43] However, the liquid yield 

reaches a peak at a certain operating temperature and then decreases.[42] At lower temperature 

(350 ºC[43] and 300 ºC[42]), for both virgin and waste polystyrene, the degradation is not complete, which 

results in high amount of residue. Sogancioglu et al. observed that the maximum liquid yield is obtained 

at 500 ºC. [33,42]. Encinar and González used a fluidized bed reactor to study the pyrolysis of waste 

polystyrene (10 g) at 800 ºC with a heating rate of 10 ºC/min, which produced 95.79 % oil, 3.40 % gas 

and 1.81 % char. [44] The composition of the product obtained differed when changing the heating rate. 

As the heating rate increases, the yield of gases increases and the yield of oil and wax decreases.[44] 

MSW PS has also been pyrolyzed. Williams and Slaney reported that MSW PS produced 71 % 

liquid, 2 % gas and 27 % residue at 500 ºC, using a batch reactor. [45] At 700 ºC, using a fixed bed 

reactor, Wiliams and Williams obtained a liquid yield of 83.8 %.[46] Achillias et al. observed that MSW 

PS had a lower liquid yield (77.8 %) comparing to virgin PS (91.8 %) at 510 ºC, using a fixed bed reactor. 

[41] Singh et al. observed that the liquid yield of MSW increases with temperature – from 70 % at 450 ºC 

to 600 at 80.5 %.[33] 

It has been found that styrene is the main oil product of the thermal degradation of virgin 

polystyrene [33,36] Zhang et al. and Lee et al. reported styrene, dimer, α-methylstyrene, toluene, 

ethylbenzene as main liquid products.[47,48]  
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Kiran et al. observed that the main products of waste polystyrene pyrolysis were styrene, toluene, 

naphthalene and xylene. [34] William and Stanley reported that the oil products of MSW PS pyrolysis are: 

styrene, toluene, alpha-methyl styrene, ethylbenzene, benzene, cumene, dimers, trimers, tetramers, 

indene derivatives, naphthalene derivatives, phenanthrene and anthracene. [45] For the main products 

styrene and dimers it was observed that as the temperature increases, the styrene yield decreases from 

81.54 % at 400 ºC to 55.14 % at 800 ºC, while the yield of dimers increases from 6.65 % at 400 ºC to 

16.20 % at 800 ºC.[45]  

Jakab et al. reported that the presence of brominated flame retardants and Sb2O3  highly affect 

the product distribution of HIPS: less styrene monomer, dimer and trimer are evolved and the formation 

of various other products (for example 2 -phenyl naphthalene and 1,3,5 – triphenyl benzene) is 

enhanced. [19] 

The gaseous products of waste PS decomposition are found to be pentane, 2-methyl-1-pentene, 

1-pentene, 1-heptene, hexane, benzene, toluene, octane, styrene and ethylbenzene. [42] Williams and 

Williams reported that the gaseous products of MSW PS pyrolysis are mostly methane, ethane, ethene, 

propane, propene, butane and butene. [46] 

Table 2.4 - Products distribution of the PS pyrolysis obtained by other authors. L = liquid; R = residue; G = 
gas. 

    
Product Yield 

(wt%) 
 

Sample 
Pyrolysis 

Temperature (ºC) 
Sample 

mass (g) 
Type of 
reactor 

L R G Reference 

Virgin 
PS 

510 (at * ºC/min) 1.5 Fixed bed 91.8 5.7 2.5 [41] 

Virgin 
PS 

350 (at * ºC/min) 2 
* 

59 40 1 [43] 
550 (at * ºC/min) 2 92 7 1 

Waste 
PSa 

800 (at 10ºC/min) 10 
Fluidized 

bed 
95.79 1.81 3.40 [44] 

Waste 
PSa 

300 (at 5ºC/min) * 

Fixed bed 

65.71 8.60 25.69 

[42] 

400 (at 5ºC/min) * 66.45 7.02 26.53 

500 (at 5ºC/min) * 67.23 6.21 26.56 

600 (at 5ºC/min) * 64.85 6.36 28.79 

700 (at 5ºC/min) * 67.12 4.95 27.93 

Waste 
PSb 

500 (at 5ºC/min) 30-40 
Batch-

autoclave 
71 27 2 [45] 

Waste 
PSb 

700 (25 ºC/min) 3 Fixed bed 83.8 3.5 3.4 [46] 

Waste 
PSb 

510 (at * ºC/min) 1.5 Fixed bed 77.8 18.6 3.6 [41] 

Waste 
PSb 

450  

* Semi-batch 

70 14 16 

[33] 
500 84 8 8 

550  82.5 6 11.5 

600 80.5 5 14.5 

*Information not found. 

aNot specified from which type of waste.  

bPS from MSW.  
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2.4 Pyrolysis of ABS 

2.4.1 Thermogravimetric analysis 

Various thermogravimetric studies on the thermal degradation of ABS were performed by other 

authors. Table 2.5 summarizes the results of the thermogravimetric studies. It has been reported that 

virgin ABS show only one decomposition peak [3,24,49–52], at different heating rates.[21,52]. Diverse authors 

performed the thermal degradation of ABS under nitrogen atmosphere, at  600 ºC with a heating rate of 

10 ºC/min and the results show that the onset temperature varies between 372.5 ºC and 385.5 ºC and 

the maximum degradation temperature between 410.7 and 423.8 ºC.[3,49,50] It has been observed that 

with the increasing of the heating rate, the TG curve shifts to higher temperatures. [21,53] Liu et al. 

explained that the poor thermal conductivity of particles limits the heat transfer inside the materials at 

higher heating rates. [21] Some authors obtained for 20 ºC/min a onset temperature of 387 ºC [51] and 

402 ºC [24], and a maximum degradation temperature of 433 ºC [51] and 440 ºC[24]. Suzuki and Wilkie 

verified that the onset temperature is 340 ºC [52]. 

Other researchers observed that, based on the different characterizing conditions, the 

degradation of ABS can occur with either one or two peaks, with a first maximum temperature of 443 ºC 

and a second one of 623 ºC. [54,55] 

Feng et al. has reported that the thermal degradation of virgin ABS results in a negligible quantity 

of residue at the end, while the introduction of additives, like flame retardants, leaves more residue at 

the end of the pyrolysis process. The maximum temperature degradation tends to decrease with the 

presence of these compounds. [24] 

ABS found in WEEE generally include brominated compounds as flame retardants and antimony 

trioxide as a synergist. [53,56]  Some researchers have studied the thermal degradation of this type of 

ABS and the TG analyses shows two degradation peaks, where the second peak has a higher weight 

loss associated. The two decomposition regions seem to result from the existence of the flame 

retardants and the synergist. [53,56] The first peak is likely to be the decomposition of the additive and the 

second the decomposition of ABS itself. [56] 

The thermal decomposition of ABS containing brominated flame retardant has also been studied 

by Bhaskar et al. and it showed that the bromine compound decreases the onset temperature of the 

virgin ABS decomposition from 400 ºC to 350 ºC. [57] 

Experiments under air have shown that virgin ABS shows either one or two decomposition peaks. 

The decomposition with only one peak showed an onset temperature of 370 ºC [58] and 371 ºC [51]. The 

maximum temperature reported by Song et al. is of 423 ºC. [51] The decomposition with two peaks under 

air showed a first maximum degradation temperature of 445 ºC and a second of 554 ºC. [55] Around 

470 ºC a plateau has been observed. [51,58] The transitory residue present at this plateau volatilised 

completely at 600 ºC. It indicates that oxidative dehydrogenation is an important process in the char 

formation of ABS in the presence of oxygen. [58] 
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Table 2.5 - Results of the degradation of ABS found in literature. 

Sample Additives 
Degradation 

steps 
Temperature 
Profile (ºC) 

Atmosphere, 
Flow Rate 
(mL/min) 

Heating 
rate 

(ºC/min) 

Sample 
mass 
(mg) 

T on 
set 
(oC) 

T 
max1 
(oC) 

T 
max2 
(oC 

Residue 
(%wt) 

Reference 

Virgin 
ABS 

 1 40-600 N2, 20 10 * 380 416 - * [49] 

Virgin 
ABS 

 1 40-600 N2, 50 10 5 372.5 410.7 - 0.9 [50] 

Virgin 
ABS 

 1 RT – 600 N2, 40 10 20 385.5 423.8 - * [3] 

Virgin 
ABS 

 2 RT-1000 N2, 25 10 5-10 * 443 623 0.3 [55] 

Virgin 
ABS 

 1 RT-600 N2, * 20 * 387 433 - 1.9 [51] 

Virgin 
ABS 

 1 35 – 800 N2, 35 20 10 402 440 - 0 [24] 

Virgin 
ABS 

 1 RT-600 N2, 30 20 40 340  - 4 [52] 

Virgin 
ABS 

 2 RT-1000 Air, 25 10 5-10 * 445 554 0.6 [55] 

Virgin 
ABS 

 1 RT-600 Air, * 20 * 371 423 - 0.22 [51] 

Virgin 
ABS 

 1 RT-600 Air, 90 10 100 370 * - 0 [58] 

Waste 
ABS 

Yesa  2 30 – 600 N2, 100 10 10-20 * 350 450 * [53] 

ABS Yesb 2 RT-600 N2, 400 25 2 350 * * * [57] 

*Information not found.  

a Brominated flame retardants and antimony trioxide. 

b Bromine. 
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2.4.2 Degradation mechanism  

According to the literature is was mostly found that a radical process with random scission seems 

to be the most appropriate reaction mechanism to describe the thermal degradation of ABS.[3] However, 

some authors also observed that the degradation is a radical process through both end-chain and 

random scissions.[55,58] Dewon et al. reported that there are many different possible theories on the 

degradation behaviour of ABS, however, the mechanism may be described in term of a radical 

depolymerization. [59] 

2.4.3 Pyrolysis reactor and products yield  

Experiments have been performed in laboratory scale reactors to study the pyrolysis of ABS. The 

product yields have been reported by several authors which are summarized in Table 2.6. A batch 

reactor has been used to study the pyrolysis of virgin ABS, producing 63.5 % oil, 7.8 % gas and 28.7 % 

of residue at 440 ºC. [60] Munteanu et al. used a semi-batch reactor and obtained at 450 ºC 65 % of oil, 

8 % of gas and 27 % of residue was produced [61], while Brebu et al. reported 72 % oil, 5 % gas and 

24 % residue at the same temperature. [62] Zhou et al. reported a yield at 500 ºC of 84.9 % oil, 7.9 % 

gas and 7.2 % residue, using a batch reactor. [63] 

The pyrolysis of ABS containing brominated flame retardant has also been studied using a semi-

batch reactor at 450 ºC. Bhaskar et al. reported a production of 39 % liquid, 4 % gas and 57 % residue 

[57], while Mitan et al.[64] had the following yields: 23.6 % liquid, 4.3 % gas and 72.1 % residue. Brebu et 

al. observed that the presence of brominated flame retardants decreases the oil yield when comparing 

to virgin ABS, namely from 72 % to 34 %, and increases the residue from 24 % to 61 %. [62] 

The pyrolysis of waste ABS found in WEEE has been also studied in a fluidized bed reactor at 

different temperatures. At 484 ºC it produces 77.42 % oil, 2.97 % gas and 19.61 % residue. [53] The oil 

yield increases with increasing temperature from 437 to 484 ºC, where it reaches a maximum, and then 

the yield decreases with increasing temperature. [53] 

At lower temperatures (360 ºC [60] and 437 ºC[53], for both virgin and waste ABS, respectively), the 

degradation is likely to be incomplete, yielding a high quantity of residue and low quantity of liquid 

products. [53]   

According to the literature, the hydrocarbons found in the oil product of virgin ABS decomposition 

are mostly butylene, cyclohexane, benzene, toluene, ethylbenzene, styrene, isopropylbenzene, alpha-

methylstyrene and 1,3- diphenylpropane.[60] Some researches published that the recovered oil products 

are mainly composed of styrene monomer and benzene. [21,65] Bozi et al. observed that styrene is the 

most significant decomposition products, but dimers and trimers composed of styrene and acrylonitrile 

monomer segments are also main components of the pyrolysis oil. [66]  

The main products found in the oil derived from the pyrolysis of virgin ABS containing brominated 

flame retardants and trioxide antimony are ethylbenzene, styrene and toluene. [67] 

The gaseous products of virgin ABS decomposition are found to be HCN, NH3 and a high quantity 

of hydrocarbons such as methane, ethylene, ethane, propylene, propane, unsaturated and saturated C4 

and C5,and traces of benzene, toluene, ethylbenzene and styrene. [60] 
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Table 2.6 - Products distribution of the ABS pyrolysis obtained by other authors. L = liquid; R = residue; G 
= gas. 

    
Product Yield 

(wt%) 
 

Sample 
Pyrolysis 

Temperature (ºC) 
Sample 
mass (g) 

Type of 
reactor 

L R G Reference 

Virgin 
ABS 

360 (at 3ºC/min) 

10 Semi-batch 

23.7 72.9 3.4 

[60] 
 380 (at 3ºC/min) 38.9 56.9 4.2 

 400 (at 3ºC/min) 49.5 43.3 7.2 

 420 (at 3ºC/min) 56.0 37.5 6.5 

 440 (at 3ºC/min) 63.5 28.7 7.8 

Virgin 
ABS 

450 ºC (x) 10 Semi-batch 72 24 5 [62] 

Virgin 
ABS 

450 ºC(10 ºC/min) 8 Semi-batch 65 27 8 [61] 

Virgin 
ABS 

500 (at 10ºC/min) 10 Batch 84.9 7.2 7.9 [63] 

ABSa 450 ºC (10 ºC/min) 10 Semi-batch 39 57 4 [57] 

ABSa 450 ºC (x) 10 Semi-batch 34 61 5 [62] 

ABSb 450 ºC (x) 10 Semi-batch 23.6 72.1 4.3 [64] 

Waste 
ABSb 

437 (at * ºC/min) 

300 
Fluidized 

bed 

64.14 34.74 1.12 

[53] 468 (at * ºC/min) 75.87 20.91 3.21 

484 (at * ºC/min) 77.42 19.61 2.97 

510 (at * ºC/min) 73.98 22.62 3.4 
a containing bromide compound as flame retardant. 

b containing brominated flame retardants and antimony trioxide. 

(x) complex temperature program. 

 

2.5 Thermogravimetry analysis (TGA) and differential scanning calorimetry (DSC)  

Thermogravimetry analysis (TGA) and differential scanning calorimetry (DSC) are commonly 

used methods to investigate the thermal stability of polymers. TGA is a technique in which the mass of 

a substance is monitored as a function of temperature or time as the sample is subjected to a controlled 

temperature program in a controlled atmosphere. The TGA thermal curve shows the weight loss that 

occurred during the temperature profile. From these results it is possible to measure the onset 

temperature, T onset, which corresponds to the initial temperature of weight loss, as well as the 

maximum temperature of degradation, which corresponds to the point of inflection of the TG curve. The 

DTG (derivative thermogravimetry) has a minimum which corresponds to the maximum degradation 

temperature, Tmax.[4,68] 

The onset temperature can be graphically obtained from the TG curves as the intersection 

between the starting mass line and the maximum gradient tangent to the TG curve, Figure 2.9. [69,70] The 

temperature at maximum mass loss rate is represented in the DTG.[70]  
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Figure 2.9 - Representation of a TG curve. Adapted [71]. 

DSC is a technique in which the difference in the amount of heat required to increase the 

temperature of a sample and reference is measured as a function of temperature. The DSC curve, 

Figure 2.10, allows to identify the temperature range of degradation of the sample as well as to measure 

the specific heat and enthalpies of phase transition and chemical processes. [4,68] Endothermic peaks 

can correspond to melting, loss of mass of the sample (evaporation of water, additives or volatile 

products from the reaction of decomposition), while exothermic peaks are usually associated with 

processes like crystallization, polymerization reactions, oxidation, oxidative degradation or 

adsorption. [71] 

 

Figure 2.10 - Representation of a DSC curve. Adapted [71]. 

2.6 Kinetic models 

Munteanu et al. assumed that the cleavage of bonds in random scission processes follows a first 

order kinetics.[61] Achillias et al. found that the kinetic parameters vary with the heating rate and the type 

of temperature profile (dynamic or isothermal). As the heating rate increases, the activation energy and 

the kinetic constant decrease.[41]  

2.6.1 PS 

Several authors have studied the kinetics of the degradation mechanism of polystyrene using 

different models. Table 2.7 summarizes the results of the kinetic parameters obtained by other 

researches for the thermal decomposition of polystyrene. 

The reported activation energies for virgin PS vary between 190 and 262 kJ/mol under dynamic 

conditions. [30,72–75]. Jellinek reported that the activation energy is independent on the molecular weight 

[76] and Funt and Magill observed the same behaviour for molecular weights above 360 000 g/mol [77]. 

Katančić et al. reported an activation energy between 261 and 268 kJ/mol for virgin HIPS. [35] 
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Peng et al. observed two decomposition stages for HIPS containing flame retardant and reported 

an activation energy of 149.87 kJ/mol for the first stage and 219.98 kJ/mol for the second. It can be 

inferred that the first activation energy reflects the thermal degradation of low-thermostability 

compounds, while the second reflect compounds of high thermostability. [20] 

Kiran et al. reported an activation energy of 269 kJ/mol for waste PS. [34] Encinar and González 

observed that under isothermal conditions the activation energy of waste PS is 136.64 kJ/mol and under 

dynamic conditions is 231.90 kJ/mol. [44] 

Table 2.7 - Kinetic parameters obtained by different authors for the decomposition of polystyrene. 
n=reaction order, Ea=activation energy. 

Plastic Conditions Model n 
Ea 

(kJ/mol) 
Reference 

Virgin 
PS 

Dynamic conditions, different 
heating rates 

Kissinger method * 195.00 [30] 

Virgin 
PS  

Dynamic conditions, 5 ºC/min 
Model fitting 

method 
1 199.20 [73] 

Virgin 
PS 

Dynamic conditions, different 
heating rates 

First-order 
reaction model 

1 217.90 [74] 

Virgin 
PS 

Dynamic conditions, different 
heating rates 

Friedmann 
method  

* 190.00 [75] 

Virgin 
PS 

Dynamic conditions * 2.1 262 [72] 

HIPS Dynamic conditions One step model * 261-268  [35] 

HIPSa Dynamic conditions * 
0.11 
1.2 

149.87 
219.98 

[20] 

Waste 
PS 

Dynamic conditions 
Freeman-Caroll 

method 
* 269 [34] 

Waste  
PS 

Dynamic conditions, 10 ºC/min 
First-order 

reaction model 
1 231.90 [44] 

Waste 
PS 

Isothermal conditions 
First-order 

reaction model 
1 136.64 [44] 

*Information not found. 

a Containing brominated flame retardant and Sb2O3. 
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2.6.2 ABS 

The kinetics of the degradation mechanism of ABS has also been studied by different authors. 

Table 2.8 summarizes the results of the kinetic parameters obtained by others researches for the 

thermal decomposition of ABS. The reported activation energies for virgin ABS vary between 121.6 and 

332 kJ/mol under dynamic conditions [44,61,78] and between 118.31 and 134.18 under isothermal 

conditions.[44,55] 

 

Table 2.8 - Kinetic parameters obtained by different authors for the decomposition of ABS. n=reaction 

order, Ea=activation energy. 

Plastic 
Conditions Model n Ea 

(kJ/mol) 
Reference 

Virgin 
ABS 

Dynamic conditions, different 
heating rates 

Friedman method  
178.90 

[78] 

Virgin 
ABS 

Dynamic conditions, 10 
ºC/min 

First-order reaction 
model 

1 
121.6 

[44] 

Virgin 
ABS 

Dynamic conditions * 0.8-
1.5 

142-332 
[61] 

Virgin 
ABS 

Isothermal conditions Freeman and Carroll 
method  

 
134.18 

[55] 

Virgin 
ABS 

Isothermal conditions First-order reaction 
model 

1 
118.31 

[44] 

*Information not found.  

2.7 Market demand  

Toluene, styrene and alpha-methylstyrene are some of the main products of the thermal pyrolysis 

of polystyrene[34,79] and ABS[60,67] . It is interesting to understand the market demand of these products.  

Toluene is used to manufacture benzene, p-xylene for polyethylene terephthalate (PET) resins, 

and toluene diisocyanates (TDI) for polyurethane applications, and is widely used as a solvent. Toluene 

is also frequently used as an octane booster in gasoline.[80] About 47% of all toluene was consumed to 

make on-purpose benzene, mixed xylenes, and p-xylene in 2017. The major consumers of toluene are 

China, United States and South Korea (data for 2017). Although Western Europe, North America, South 

America, and Japan may experience small or no capacity increases (or even declines), overall world 

capacity will increase during 2017–22. [81]  

The major markets of styrene are polystyrene, acrylonitrile-butadiene-styrene (ABS)/styrene-

acrylonitrile (SAN) resins, styrene-butadiene copolymer latexes, styrene-butadiene rubber (SBR) 

elastomers and latexes, and unsaturated polyester resins (UPR). In 2017 the major consumer of styrene 

was China, followed by Western Europe. Overall, styrene consumption is forecast to grow  at an average 

rate of only 2% per year in 2017–22. [82] 

Alpha-methylstyrene finds a variety of applications across a diverse set of industries including 

plastics, adhesives, and chemicals among others. In plastics industry, alpha-methylstyrene is used to 

manufacture ABS. Until 2026 it is expected that the growing demand from the chemical industry will 

drive the growth of the global alpha-methylstyrene market. [83] 

  



39 
 

3. Experimental Procedures and Apparatus 

This chapter describes the methods and techniques used to study the degradation of ABS and 

PS. Firstly, it covers a description of the plastic materials. Secondly, the experimental conditions 

performed in the thermogravimetric and differential scanning calorimetric analysis. Finally, it includes a 

description of the reactor system used for the pyrolysis of polystyrene and of the gas chromatographs 

used to analye the gaseous and liquid pyrolysis products.  

3.1 Plastic materials 

The materials used for the experiments were waste ABS coming from a food blender and waste 

PS derived from an outer casing from a television (Figure 3.1). The plastics were collected in Portugal 

by Ambigroup Reciclagem. The samples were prepared at the Geolab of Instituto Superior Técnico1 as 

follows: the collected equipment was manually dismantled; chipped on a guillotine to fit the Retsch 2000 

mill feed; in the mill, the plastics were fragmented to a calibre of less than 8 mm and thereafter the two 

plastics were classified by dry screening in the particle sizes <2 mm and 4-5.6 mm (Figure 3.1). 

Two virgin polystyrene samples with different molecular weight (MW) were purchased from 

Sigma-Aldrich, namely pellets of polystyrene with MW~192 000 - designated as PS1 - and pellets of 

polystyrene with MW ~350 000, Mn ~170 000 and density of 1.04 g/mL at 25 ºC - designated as PS2 – 

(Figure 3.2).  

 (a) (b) 

(c) (d) 

Figure 3.1 – Images of the waste plastic sample. (a) - ABS food blender, (b) - PS television outer casing, 
(c)- 2mm and (4-5,6) mm pieces of ABS, (d) – 2 mm and (4- 5,6) mm pieces of PS. 

                                                      
1 Prepared by Francisca Rey.  
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 PS1  PS2 

Figure 3.2 – Images of the virgin polystyrene: PS1 and PS2. 

3.1.1 Proximate Analysis 

The proximate analysis was carried out using the TG/DSC equipment described in Chapter 3.2. 

The samples were first pyrolyzed under nitrogen up to 900 ºC with a heating rate of 10 ºC/min. The 

volatile matter was calculated using Equation 3.1. The remaining residue was combusted under air to 

determine the fixed carbon and ash content, using Equation 3.2 and Equation 3.3. 

Equation 3.1 - Volatile Matter. 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (%) =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝑀𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠
 ×  100 

Equation 3.2 - Fixed Carbon. 

𝐹𝑖𝑥𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑛  (%) =
𝑀𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 − 𝑀𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠
 ×  100 

Equation 3.3 - Ash. 

𝐴𝑠ℎ (%) = 100 −% 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 − % 𝐹𝑖𝑥𝑒𝑑 𝐶𝑎𝑟𝑏𝑜𝑛 

3.1.2 Ultimate Analysis 

The chemical composition of the plastics in terms of C, H, N and S was determined by an 

elemental analysis executed by Laboratório de Análises of Instituto Superior Técnico. 

3.2 Thermogravimetric (TG) and Differential Scanning Calorimetric (DSC) analysis 

3.2.1 Sample preparation 

All the TG/DSC experiments were conducted in a Perkin-Elmer STA 6000 simultaneous thermal 

analyser. A continuous nitrogen flow rate of 20 mL/min was used to purge all the air from the system 

and to act as protector of the equipment. All the samples were prepared using an analytical balance 

(with an error of ± 0.1 mg) and placed in an alumina TG crucible. 

For the TG/DSC analysis waste ABS and PS samples with grain size < 2 mm were used. In all 

experiments around 20.3 ± 1.8 mg of waste plastic samples were prepared. Regarding the virgin 

polystyrene samples of 33.4 mg of PS1 and 27.7 mg of PS2 was used.  

3.2.2 Temperature Profile  

Experiments at dynamic and isothermal conditions were performed under nitrogen with a continuous 

flow rate of 20 mL/min.  
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For the dynamic conditions, the temperature was raised to 900 ºC with heating rates of 5, 10, 20, 

50, 100 and 200 ºC/min. The temperature profile was as followed: 10 min equilibration at 40 ºC, 

temperature raise from 40 ºC to 900 ºC at different heating rates, holding for 10 min at 900 ºC and then 

cooling to room temperature (Figure 3.3).  

The experiments under isothermal conditions were performed with a heating rate of 10 ºC/min and 

a holding time of 1 h. The temperature profile was as follow: 10 min equilibration at 40 ºC, temperature 

raise from 40 ºC to desired temperature at 10 ºC/min, holding for 60 min at that temperature and then 

cooling to room temperature (Figure 3.4). 

A combustion experiment was performed to study the behaviour of the samples under air. The 

samples were heated at 10 ºC/min until 700 ºC for PS and 900 ºC for ABS under a flow rate of 20 mL/min 

of air. To analyse the composition of the remaining residue at the end of the pyrolysis experiments as 

well as to clean the TG crucible, additional combustions experiments were performed for ABS and PS, 

respectively. A flow rate of 20 mL/min of air was applied and the temperature ranged from 40 ºC to 

700 ºC at a heating rate of 100 ºC/min.  

For each experiment baseline experiments were conducted without samples to compensate for the 

apparent weight change of the empty crucible. The apparent weight change occurring during an 

experiment with an empty crucible is caused by several factors, such as changes in buoyancy, 

convection effects within the furnace, crucible geometry, radiation effects and the atmosphere in the 

furnace.[84] 

 

 

Figure 3.3 - Temperature Profile for the TG at dynamic conditions. 

 

 

Figure 3.4 - Temperature Profile for the TG at isothermal conditions. 
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3.2.3 Equipment 

The TG/DSC apparatus consists of three components:  

1. Sensitive recording balance.  

2. Furnace and associated controller/atmosphere management.  

3. Computer with special data system and recorder.  

The TG/DSC instruments are presented in Figure 3.5.  

  

 

Figure 3.5 - TG/DSC equipment. 1 - Computer; 2 - TG/DSC equipment; 3 – N2  line; 4- reconstituted air 
line; 5 - Refrigerator; 6 – Furnace; 7 – TG alumina crucible. 

3.3  Pyrolysis Reactor 

3.3.1 Sample preparation 

For all the experiments approximately 10 g of virgin and waste polystyrene was placed in the 

reactor. For waste PS a granulometry of 4-5.6 mm was used.  

3.3.2 Procedure 

The pyrolysis experiments were carried out using a bench-scale reactor in semi-batch operation 

at atmospheric pressure. The reactor works as a reactive distillation system. The reactor was initially 

flushed with nitrogen for 10 minutes to inertize the system. The samples were heated at 10 ºC/min to 

different set point temperatures (400, 450 and 500 ºC) and maintained 90 minutes at that temperature, 

Figure 3.6.  
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Figure 3.6 - Temperature profile used in the reactor. 

A Schlenk-type glass vessel of around 0.1 L was placed in a furnace. The reactor is equipped 

with a thermocouple to monitor the temperature inside the reactor. The reactor was insulated with glass 

wool and aluminium foil to reduce heat losses. The gaseous products rise and condense in the liquid 

collector when it comes in contact with ambient temperature. The liquid collector is connected with a 

condenser to promote the condensation of the liquid products. The coolant feeding to the condenser 

was controlled by a thermostat at 20 ºC to control the exit of the products in the gaseous phase. The 

products that are gases at atmospheric temperature exit by the top of the condenser and are collected 

in a gas collector. All the products generated from the pyrolysis (solid, liquid and gas phase) were 

collected and analysed.  

The quantity of solids (residue inside the reactor) and the liquid phase were weighted using an 

analytical balance with an error of ± 0,1 mg to calculate the pyrolysis yield (see Chapter 3.4.1.). 

3.3.3 Equipment  

The reaction system is presented in Figure 3.7. It consists of the following components:  

1. TermoLab Furnace from Fornos Elétricos, Lda 

2. Reactor 

3. Liquid collector 

4. Condenser 

5. Flask of gas collection  

6. Thermostatic Bath 

 



44 
 

 

 

Figure 3.7 – Experimental pyrolysis reactor. 1 – Furnace, 2 -Reactor, 3 – Liquid collector, 4 – Condenser, 
5– Flask of gas collection, 6 – Thermostatic Bath.  

3.4 Product Analysis  

3.4.1 Yield 

The yields of the solid and liquid products were calculated using Equation 3.4 and Equation 3.5, 

respectively. The solid yield is the ratio between the mass of solid weighted at the end of the reaction, 

𝑚𝑠𝑜𝑙𝑖𝑑, and the initial sample weight, 𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟 . The liquid yield is the ratio between the weighted mass 

of liquid collected in the liquid collector, 𝑚𝑙𝑖𝑞𝑢𝑖𝑑 , and the initial sample weight, 𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟. The gas liquid 

is obtained by difference, assuming no mass losses, Equation 3.6. 

 

Equation 3.4 - Solid yield. 

𝑌𝑖𝑒𝑙𝑑𝑠𝑜𝑙𝑖𝑑(%) =
𝑚𝑠𝑜𝑙𝑖𝑑
𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟 

 𝑥 100 

Equation 3.5 - Liquid yield. 

𝑌𝑖𝑒𝑙𝑑𝑙𝑖𝑞𝑢𝑖𝑑(%) =
𝑚𝑙𝑖𝑞𝑢𝑖𝑑

𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 𝑥 100 

Equation 3.6 - Gas yield. 

𝑌𝑖𝑒𝑙𝑑𝑔𝑎𝑠(%) = 100 − 𝑌𝑖𝑒𝑙𝑑𝑙𝑖𝑞𝑢𝑖𝑑(%) − 𝑌𝑖𝑒𝑙𝑑𝑠𝑜𝑙𝑖𝑑(%)  

 

3.4.2 Gas Chromatography  

The products obtained on pyrolysis of the polymer in gaseous and liquid phases were analysed 

by gas chromatography (GC).  
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3.4.2.1 Gas chromatography – Gas phase product 

The chromatograph used to analyse the gaseous products was Shimadzu GC-9A gas 

chromatograph (Figure 3.8). The chromatograph works at 2 bar and is equipped with a 50 -meter 

capillary column PLOT (KCl/Al2Cl3), a flame ionization detector where the outlet gas was analysed, and 

a split/splitless injector (with a splitting ratio of 100/1) was used. Further GC specification are given in 

attachment (I – Gas chromatography, Table I. 1). The gas chromatograph (GC) was coupled to a 

Shimadzu C-R3A integrator that was used to analyse the chromatographic signal and to integrate the 

peak. The gases introduced in FID ignite under a flowrate of hydrogen and air of the 0.6 kg/cm2 and 0.5 

kg/cm2, respectively. 

 

Figure 3.8 – Shimadzu GC-9A chromatograph.  

The temperature profile of the chromatograph is presented in Figure 3.9.  

 

Figure 3.9 - Temperature Profile of the chromatograph. 

To identify the products, pure hydrocarbons were injected to obtain their retention times as 

reference (see Annex II). The products were grouped based on their respective GC retention times. The 

percentage of area of the various products obtained was calculated from Equation 3.7, where 𝐴𝑖 is the 

area of the peaks corresponding to the product i and 𝐴𝑡𝑜𝑡𝑎𝑙 is the sum of the area of all the peaks in the 

chromatogram.  
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Equation 3.7 - Area. 

𝐴𝑟𝑒𝑎 (%) = (
𝐴𝑖
𝐴𝑡𝑜𝑡𝑎𝑙

) 𝑥100 

 

3.4.2.2 Gas chromatography – Liquid phase product 

For the liquid phase, the chromatograph used was a Perkin-Elmer 680 gas chromatograph (Figure 

3.10) equipped with a flame ionization detector (FID) and an SFE BP1 capillary column 

30 m long x 0.25 mm width. The injector and detector were kept at 250 ºC, and nitrogen was used as 

carrier gas. The flow rates used in the detector were 45 cm3/min of hydrogen and 450 cm3 /min of air, 

measured at atmospheric pressure and room temperature. Further GC specification are in attachment 

(I – Gas chromatography, Table I. 1).  

The temperature profile and products analysis were performed the same way as explained in 

Chapter 3.4.2.1. for the Shimadzu GC-9A gas chromatograph. 

 

Figure 3.10 - Perkin- Elmer 680 chromatograph. 

3.4.3 Solid analysis  

The solid obtained from the thermal pyrolysis was analyzed using the TG/DSC analysis. The 

samples were heated under inert atmosphere from room temperature to 700 ºC at 10 ºC min and 

maintained during 10 min at 700 ºC.   
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4. Results and discussion 

This chapter includes in first place the material characterization obtained by the proximate and 

ultimate analysis.  

Secondly, it covers the TG/DSC results and discussion for the thermal degradation of virgin PS, 

waste PS and waste ABS. The analysis includes the influence of the heating rate in a non-isothermal 

way and the influence of the temperature in isothermal conditions. The TG/DSC analysis was used 

further to determine the experimental conditions of the bench-scale reactor, such as temperature, 

heating rate and residence time and to study a kinetic model capable of describing the decomposition 

of both plastics.  

Different kinetic models were studied for PS and ABS decomposition allowing the estimation of the 

kinetic parameters.  

The results of the thermal pyrolysis performed for waste and virgin PS in a bench-scale reactor is 

analyzed in terms of yields. The obtained products are characterized by gas chromatography.    

4.1 Proximate Analysis 

The samples were heated up to 900 ºC under nitrogen in the TG/DSC apparatus, as described in 

Chapter 3.1.1. After the pyrolysis the remaining residue was burnt to determine the fixed carbon and 

ash values.  

 Table 4.1 presents the proximate analysis of both virgin polystyrenes. PS1 has 99.83 % volatile 

matter. PS2 has 99.04 % volatile matter.  

Table 4.1 - Proximate Analysis of both virgin polystyrenes. 

 PS1 PS2 

Initial Mass (mg) 33.54 27.78 

Mass after pyrolysis (mg) 0.06 0.27 

Volatile Matter (%) 99.83 99.04 

Fixed Carbon (%) * * 

Ash (%) * * 

*The remaining quantity of residue was very low (less than 1 %). The combustion was not 

performed. 

 

For waste PS and ABS three sets of experiments were performed for both plastics. The 

corresponding TG and DTG curves for waste PS are shown in Figure 4.1. The average values and 

standard deviations are shown in Table 4.2. The results show that waste PS has around 95 % of volatile 

matter, 4 % fixed carbon and less than 1 % non-volatile inorganics.  

(a) 
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(b) 

Figure 4.1 – TG and DTG curve for the 3 experiments - waste PS. 

Table 4.2 - Proximate Analysis of waste PS. 

 
Experiment 

1 
Experiment 

2 
Experiment 

3 
Standard 
deviation 

Average 
values 

Initial Mass (mg) 19.73 19.83 19.87 - - 

Mass after 
pyrolysis (mg) 

0.83 0.73 
1.31 

- - 

Mass after 
combustion (mg) 

0.08 0.07 
0.13 

- - 

Volatile Matter (%) 95.78 96.34 93.43 1.26 95.18 

Fixed Carbon (%) 3.80 3.29 5.91 1.13 4.34 

Ash (%) 0.42 0.37 0.66 0.13 0.48 

Total (%) 100.00 100.00 100.00 - 100.00 

 

The corresponding TG and DTG curve of waste ABS are shown in Figure 4.2. Table 4.3 presents 

the average values and standard deviations results of the proximate analysis of waste ABS. ABS waste 

has around 96 % of volatile matter, 3 % of fixed carbon and less than 1% ash.  

(a) 
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(b) 

Figure 4.2 - TG and DTG curve for the 3 experiments - waste ABS 

Table 4.3 - Proximate Analysis of waste ABS. 

 
Experiment 

1 
Experiment 

2 
Experiment 

3 
Standard 
deviation 

Average 
values 

Initial Mass (mg) 22.05 21.82 19.47 - - 

Mass after 
pyrolysis (mg) 

0.08 0.23 1.17 - - 

Mass after 
combustion (mg) 

* 0.02 0.00 * - 

Volatile Matter (%) 99.64 98.93 94.01 2.46 96.47 

Fixed Carbon (%) * 0.96 5.99 2.51 3.48 

Ash (%) * 0.11 0.00 0.05 0.05 

Total (%) * 100.00 100.00 - 100.00 

*The remaining quantity of residue was very low (less than 1 %). The combustion was not 

performed. 

 

4.2 Ultimate Analysis 

Two ultimate analysis for waste PS and ABS were performed. The average values and the 

respective standard deviation for the ultimate analysis are presented in Table 4.4. For PS the content in 

nitrogen is under the limit of detection and for both plastics the content in sulphur is also under the limit 

of detection. 

The results show that PS has 77.63 % carbon and 6.79 % hydrogen atoms, making a total of 

84.42 %. The remaining unknown composition of 16 % may be related with the presence of additives, 

since typically, for virgin polystyrene, the sum of carbon and hydrogen atoms makes up to 99.8%. [36] 

ABS is composed of 5.63 % nitrogen, 84.42 % carbon and 7.84 % hydrogen atoms, making up to 

97.89 % of the total composition. The remaining unknown composition may be related with the presence 

of additives, since, for virgin ABS the sum of carbon, hydrogen and nitrogen atoms makes up to 

99.03 %.[21] 

Table 4.4 - Ultimate Analysis. 

Sample N (%) C (%) H2 (%) S (%) Total (%) 

PS < 0.5 77.63 6.79 < 2 84.42 

Standard deviation - 0.08 0.04 - - 

ABS 5.63 84.42 7.84 < 2 97.89 

Standard deviation 0.05 0.01 0.12 - - 
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4.3 Virgin PS versus waste PS 

Figure 4.3 presents the TG, DSC and DTG results for the decomposition of waste PS and virgin 

polystyrene at a heating rate of 10 ºC/min.  

From the TG curve it is possible to estimate the temperature at which the polymer starts to 

degrade, which corresponds to the onset temperature. The weight loss starts when the polymer bonds 

start to break with the input of energy and volatile lighter products evaporate from the TG crucible. The 

recorded weight will decrease as more energy is given to the sample and more products will evaporate. 

The TG results (Figure 4.3a and Table 4.5) show that the onset temperature of PS1 is 386.34 ºC and of 

PS2 388.72 ºC. The onset temperature of waste PS is 355.19 ºC, showing that waste plastic starts to 

degrade at lower temperatures than virgin polystyrene, which is likely related with the presence of 

additives, that decompose at lower temperatures than polystyrene. [33]  

The DSC coupled with the DTG curve gives information about the phenomena that occur during 

the experiment. An endothermic peak related with weight loss will correspond to the decomposition of 

the polymer, since it consumes energy to break the bonds and volatile lighter products will evaporate. 

On the other hand, endothermic peaks at lower temperatures with no weight loss associated is related 

with the melting of the plastic, since it will consume energy to melt, but no mass will evaporate.  

The DSC curve (Figure 4.3b) shows one endothermic peak for both virgin plastics in the 

temperature range of 370 ºC and 450 ºC, which has been observed by other authors as well. [30–32] In 

contrast, the DSC curve for waste PS shows two endothermic peaks between 350 ºC and 500 ºC. The 

DTG curve confirms that during this endothermic peak a maximum weight loss occurs, indicating that 

this temperature range corresponds to the decomposition of the plastic. The maximum degradation 

temperature of PS1 is 417.71 ºC and of PS2 414.88 ºC (Table 4.5). Waste PS has two maximum 

degradation temperatures of 364.73 ºC and 417.78 ºC (Table 4.5). The first maximum degradation 

temperature is lower than of virgin PS and this first peak is likely to be related to the degradation of 

additives. [33] The second degradation temperature is close to the maximum degradation temperature of 

virgin PS, indicating that this second peak is likely the degradation of polystyrene itself. [19]  

The heat consumed during the pyrolysis process will depend on the number of broken bonds. 

The results presented in Table 4.5 show the heat consumed during pyrolysis: 449.17 J/g for waste PS, 

677.54 J/g for PS1 and 535.26 J/g for PS2.  

The presence of foreign materials in the waste leads to an increased residue [33]: Waste PS has 

4.22 % remaining residue at the final of pyrolysis, while PS1 has 0.17 % and PS2 0.96 % (Table 4.5).  

Comparing both virgin PS with different molecular weight, it is possible to see that the 

decomposition behaviour is similar, presenting only slightly differences: the starting temperature is 

2.4 ºC earlier for the plastic with lower MW; the maximum degradation temperature differs in 3 ºC and 

the final remaining residue is less than 1 % for both virgin plastics. Thus, the molecular weight of the 

polymer seems to not affect significantly the thermal behaviour of the polymer in accordance with what 

has been observed by Marcilla and Beltrán as well.[74]  
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(a) 

 (b)  

 (c) 

Figure 4.3 – TG(a), DSC (b) and DTG (c) curve for the thermal degradation of waste PS, PS1 and PS2. 

Table 4.5 - TG results (onset temperature, maximum degradation temperature, residue and heat 
transferred) for waste PS, PS1 and PS2. 

Plastic Initial Mass (mg) Tonset (ºC) Tmax1 (ºC) 
Tmax2 

(ºC) 

Heat 
transferred 

(J/g)* 

Residue 
(%) 

Waste PS 19.73 355.19 364.73 417.78 449.17* 4.22 

PS1 33.54 386.34 417.71 - 677.54 0.17 

PS2 27.78 388.72 414.88 - 535.26 0.96 

*Corresponds to the heat consumed by the global pyrolysis process. 
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4.4 TG/DSC analysis - dynamic conditions 

4.4.1 PS 

The waste polystyrene was heated up to 900 ºC at 10 ºC/min. The TG, DSC and DTG curves are 

presented in Figure 4.4. The TG curve shows that the polystyrene starts to degrade at 355.19 ºC.  

The DSC curve (Figure 4.4b) shows two endothermic peaks between 350 ºC and 500 ºC, 

approximately. The first endothermic peak is sharp, while the second is more an endothermic curve. 

The DTG curve (Figure 4.4b) confirms the existence of two decomposition peaks. Usually the first peak 

is related with the decomposition of additives and brominated flame retardants[19,33] since the C-Br 

bounds are weaker than C-C bonds [20], and the second to the decomposition of the polymer. The first 

maximum temperature, at which the maximum weight loss occurs, is 364.73 ºC and the second 

maximum temperature is 417.78 ºC.  

The DSC signal does not show any melting peaks indicating that polystyrene is possibly 

amorphous.  

The comparison of the obtained results with literature shows that two decomposition peaks were 

observed only for the decomposition of HIPS containing brominated flame retardants and trioxide 

antimony as synergist by Jakab et al. [19] and by Peng et al.[20]. Kiran et al. reported one decomposition 

peak for waste PS. [34] The obtained onset temperature is lower than the one obtained by Kiran et al. [34] 

The second maximum temperature observed for the waste PS in study is close to the one reported by 

Kiran et al. (419 ºC). [34] 

 (a) 

 (b) 

Figure 4.4 – TG curve (a), DSC vs DTG curves (b) for waste polystyrene degradation at 10 ºC/min. 
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The effect of the heating rate on the thermal decomposition of waste polystyrene was studied by 

conducting experiments at different heating rates (5, 10, 20, 50, 100 and 200 ºC/min). TG, DSC and 

DTG curves for the degradation of waste PS at different heating rates are shown in Figure 4.5.  

The TG and DTG curve for the PS degradation (Figure 4.5a and c) show that the onset and 

maximum degradation temperatures shift to higher temperatures with the increase of the heating rate. 

This behaviour is likely related with kinetic effects and possible heat transfer limitations. As the heating 

rate increases, there is less time for heat to transfer inside the particles, which will leads to a 

decomposition at apparently higher temperatures. [85] The onset temperature increases in fact with the 

heating rate from 339.92 ºC at 5 ºC/min to 393.09 ºC at 100 ºC/min.  

The DSC signal (Figure 4.5b) shows an endothermic curve in the temperature range of 40 ºC to 

approximately 350 ºC that becomes more pronounced as the heating rate increases.This endothermic 

curve doesn’t have weight loss associated (Figure 4.7a).  

The DSC curve (Figure 4.5b) shows that the endothermic peaks in the temperature range 350 ºC 

to 500 ºC, approximately, shifts to higher temperatures as the heating rates increases. The DTG curve 

(Figure 4.5c) confirms that during this temperature range a maximum weight loss occurs, indicating that 

these endothermic peaks correspond to the decomposition of the plastic. The maximum degradation 

temperatures (Tmax 1 and Tmax 2) increase with the heating rate (Table 4.6) and tend to stabilize 

(Figure 4.6).  

The DSC curve (Figure 4.5b) shows an exothermic peak for higher heating rates (50, 100 and 

200 ºC) after the degradation peak of the polymer. However, these peaks are not accompanied by 

significant mass loss, as confirmed by Figure 4.7 for the experiment at 50 ºC/min. To analyze the 

reproducibility of the experiments, this experiment was performed a second time (see Section 4.4.1.1). 

The second experiment performed didn’t present any exothermic peak. This result indicates that the 

exothermic peak can be related with the position of the TG crucible in the furnace and with the 

asymmetry of the TG crucible, which can induce variations on the heat flow. [86] 

The heat consumed by the pyrolysis process varies between 478.35 J/g (at 5ºC/min) and 

413.55 J/g (at 100 ºC/min).  

From 5 to 20 ºC/min the percentage of residue increases from 2.66 % to 4.58 % (Table 4.6). 

However the amount of residue does not show a regular pattern for higher heating rates (50, 100 and 

200 ºC/min), which is likely related with thermal transpiration and air buoyancy effects that induce 

changes in the apparent weight. This has been observed in the reproductibility experiments, too (see 

Section 4.4.1.1).  
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(a) 

 

 (b) 

(c) 

Figure 4.5 - TG (a), DSC (b) and DTG (c) curve for PS degradation at different heating rates. 

Table 4.6 - Heating rate, onset temperature, maximum temperatures of degradation and percentages of 

residue for waste PS degradation at different heating rates. 

Plastic 
Heating 

rate 
(ºC/min) 

Tonset (ºC) Tmax1 (ºC) Tmax2 (ºC) 
Heat 

transferred 
(J/g) 

Residue (%) 

PS 5 339.92 351.24 409.79 478.35 2.66 

 10 355.19 364.73 417.78 449.17 4.22 

 20 372.27 379.81 437.57 464.34 4.58 

 50 382.88 395.64 460.96 455.40 1.22 

 100 393.09 403.38 473.88 413.55 3.00 

 200 386.22 400.51 473.35 357.30 0.99 
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Figure 4.6 - Maximum degradation temperatures as function of the heating rate for the waste PS 
decomposition. 

 

(a) 

(b) 

Figure 4.7 - DTG and DSC curves (a), TG and DTG curves (b) for PS degradation. 

4.4.1.1 Reproducibility  

The reproducibility of the experiments is important to understand not only the confidence of the 

obtained results but also the variability of the samples. There are different aspects that can influence 

the reproducibility of the experiments, namely:  

- The initial mass of the sample. Some authors observed that the initial sample weight can 

slightly influence the conversion of reaction. However, for values lower than 45 mg, the 

conversion is almost independent of the initial mass.[44] 

- The position of the TG crucible in the furnace induce variation on the consumed heat flow 

because of the non-uniformity of hot zones in the furnace [86] 

- The possible unevenness of the temperature throughout the sample, particularly if it has a 

low thermal conductivity[86] , which is the case of plastics[4] 
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- The TG crucible geometry. [86] 

- The crucible material. [86] 

To analyse the reproducibility of the experiment, the thermal decomposition until 900 ºC at 

50 ºC/min was performed a second time. Figure 4.8 presents the results of the TG, DSC and DTG 

analysis. The TG and DTG results (Figure 4.8a and c) show that the weight loss curve is very similar 

within the two experiments, indicating that the samples does not show significant variability, although a 

difference in the final amount of residue can be observed. The average values and the respective 

standard deviations were calculated (Table 4.7). The onset temperature is 384.08 ± 1.20 ºC; the first 

maximum degradation temperature is 395.14 ± 0.50 ºC; the second Tmax is 458.53 ± 2.43 ºC; the heat 

transferred during pyrolysis is 433.05 ± 22.36 J/g and the conversion 97.03 ± 1.75 %.  

The DSC curve (Figure 4.8b) shows a large similarity until 500 ºC. From that temperature on, the 

exothermic peak present in the first experiment doesn’t appear in the second experiment. Some aspects 

that can influence this result are the position of the TG crucible in the furnace, which can induce 

variations on the heat flow and the asymmetry of the TG crucible, but also the variability of the sample 

itself. 

(a) 

(b) 
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(c) 

Figure 4.8 - Reproducibility of the experiments for the polystyrene experiments. Thermal decomposition until 

900 ºC at 50 ºC/min. TG curve (a), DSC curve (b) and DTG curve (c). 

Table 4.7 - Results of the reproducibility for the polystyrene experiments. Thermal decomposition until 
900 ºC at 50 ºC/min. 

 
Initial 

Weight 
(mg) 

Tonset 
(ºC) 

Tmax1 
(ºC) 

Tmax2 
(ºC) 

Heat 
transferred 

(J/g) 

Conversion 
(%) 

1st experiment 19.49 382.88 395.64 460.96 455.40 98.78 

2nd experiment 19.87 385.29 394.64 456.10 410.69 95.27 

Average 19.68 384.08 395.14 458.53 433.05 97.03 

Standard 
deviation 

0.19 1.20 0.50 2.43 22.36 1.75 

 

4.4.2 ABS 

The waste ABS was first heated up to 900 ºC at 10 ºC/min. The TG, DSC and DTG results are 

presented in Figure 4.9. The TG curve (Figure 4.9a) shows that ABS starts to degrade at 393.24 ºC. 

From the DSC and DTG (Figure 4.9b) it is possible to see a well-defined endothermic peak followed by 

a “shoulder” between 380 ºC and 500 ºC, approximately, which corresponds to the decomposition of the 

plastic. The first maximum temperature is 415.89 ºC and the second is 437.55 ºC.  

The onset temperature is higher than the ones found in literature for virgin ABS [3,49,50] and for 

ABS contaminated with brominated flame retardants [57].  

The maximum degradation temperatures are lower than the ones obtained by Yang et al. for virgin 

ABS. Yang et al. observed two degradation peaks for virgin ABS and reported a first maximum 

degradation temperature of 445 ºC and a second of 554 ºC. [55] Jung et al. obtained for waste ABS 

containing brominated flame retardants and antimony trioxide different maximum degradation 

temperatures than ABS in study, namely a first Tmax of 350 ºC and a second of 450 ºC. [53] The differences 

to the literature can be related with the operational conditions and/or with composition of the plastic 

itself, due to the different percentages of acrylonitrile, butadiene and styrene and because of the 

additives.  

The DSC signal does not show melting peaks indicating that ABS is possibly amorphous.  
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 (a) 

 (b) 

Figure 4.9 - TG curve (a), DSC vs DTG curves (b) for the ABS degradation at 10 ºC/min. 

The effect of the heating rate on the thermal decomposition of ABS was studied by conducting 

experiments at different heating rates (5, 10, 20, 50, 100 and 200 ºC/min). TGA, DSC and DTG curves 

for the degradation of waste ABS at these different heating rates are shown in Figure 4.10 .The main 

observation and conclusion are the same as for waste PS, namely that the onset and maximum 

degradation temperature increase with the heating rate (see Chapter 4.4.1). 

With the increase of the heating rate the onset temperature of waste ABS increases from 384.29 ºC 

at 5 ºC/min to 419.52 ºC at 100 ºC/min (Table 4.8). The onset temperature at 20 ºC/min is found to be 

similar to literature for virgin ABS, differing 1 ºC. [24]  

The first endothermic curve in the DSC signal (Figure 4.10b) between 40 ºC and approximately 

390 ºC becomes more pronounced as the heating rate increases. There is no mass loss involved (Figure 

4.12). 

The DSC curve shows that the two endothermic peaks in the temperature range of 390 to 500 ºC, 

approximately, shift to higher temperatures as the heating rates increases. The DTG curve (Figure 

4.10c) confirms that during this temperature range a maximum weight loss occurs, indicating that these 

endothermic peaks correspond to the decomposition of the plastic. The maximum degradation 

temperatures (Tmax 1 and Tmax 2) increase with the heating rate (Table 4.8 and Figure 4.11) 

The DSC signal (Figure 4.10b) shows an exothermic curve for higher heating rates, namely for 

100 ºC/min and 200 ºC/min. Figure 4.12 confirms that this exothermic curve is not accompanied by any 

significant weight loss.  

From 5 to 50 ºC/min the residue increases from 0.10 % to 1.03 % (Table 4.8) and becomes 

approximately constant for higher heating rates. 
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The heat consumed by the pyrolysis process increases with the heating rate from 391.93 J/g at 

5 ºC/min to 502.30 J/g at 20 ºC/min. At higher heating rates (50, 100 and 200 ºC/min), the heat 

consumed during pyrolysis tends to decrease (Table 4.8).  

 

 (a) 

 (b) 

 (c) 

Figure 4.10 - TG (a), DSC(b) and DTG(c) curves for ABS degradation at different heating rates. 
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Table 4.8 – Heating rate, onset temperature, maximum temperature and percentage of residue for ABS 
decomposition at different heating rates. 

Plastic 
Heating rate 

(ºC/min) 
T onset (ºC) Tmax1 (ºC) Tmax2 (ºC) 

Heat 
transferred 

(J/g) 
Residue (%) 

ABS 5 384.29 403.99 * 391.93 0.10 

 10 393.24 415.89 437.55 489.24 0.36 

 20 401.34 427.59 453.34 502.30 0.90 

 50 419.54 445.00 461.72 489.10 1.03 

 100 419.52 449.80 472.44 286.57 0.85 

 200 405.44 436.07 * 233.68 1.05 

* no clear peak. 

 

Figure 4.11 - Maximum weight loss temperatures as function of the heating rate for the waste ABS 
decomposition. 

(a) 

 

(b) 

Figure 4.12 -DTG and DSC curves (a); TG and DTG curves (b) for ABS degradation with a heating rate of 
100 ºC/min. 
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4.5 TG/DSC analysis - isothermal conditions 

4.5.1 PS 

Isothermal experiments were performed at different temperatures to analyse the degradation of 

waste polystyrene at these conditions. The TGA, DSC and DTG results are present in Figure 4.13.  

The TG curve (Figure 4.13a) shows that the plastic starts to degrade at around 350 ºC for all 

isothermal experiments. As the temperature increases, the conversion increases. The conversion 

values are summarized in Table 4.9. After the isothermal run, at 300 ºC only 9.37 % of the initial sample 

weight was converted. At 400 ºC the conversion is approximately 92.60 % and from this temperature on 

the conversion tends to stabilize, reaching 96 % at 500 ºC (Figure 4.14). This observation can be 

confirmed by the DTG curve (Figure 4.13b). As the temperature increases, the weight loss rate 

increases. From 400 ºC to 500 ºC two peaks are visible. The DSC curve (Figure 4.13d) shows for the 

isothermal at 400 ºC to 500 ºC two endothermic peaks at the same time range where the maximum 

weight loss occurs, which are related with the degradation of the plastic. 

The weight loss during the heating ramp increases with temperature, which is expected since the 

time to react during the heating increases, for the same heating rate (Table 4.9).  

 (a) 
 

(b) 
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(c) 

(d) 

Figure 4.13 - TG curve (a), DTG curve (b), close-up of DTG curve (c) and DSC curve (d) of waste polystyrene 
degradation under isothermal conditions. 

Table 4.9 - Data obtained from the isothermal experiments for PS. 

Plastic 
Isothermal 

temperature (ºC) 

Weight loss 
during heating 

(%) 

Weight loss at the 
isothermal (%) 

Total conversion after 
isothermal run (%) 

PS 300 0.45 8.95 9.37 

 320 0.98 22.48 23.37 

 350 3.62 45.88 49.46 

 370 5.30 80.88 86.12 

 400 39.46 53.10 92.60 

 420 57.44 35.67 93.20 

 440 75.76 17.73 93.57 

 500 93.34 2.68 96.00 

 

 

Figure 4.14 - Conversion as function of temperature. 
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4.5.2 ABS 

Isothermal experiments were also performed at different temperatures to analyse the degradation 

of ABS at these conditions. The TGA, DSC and DTG results are present in Figure 4.15. 

The TG curve (Figure 4.15a) shows that the plastic starts to degrade at around 390 ºC for all the 

isothermal experiments. As the temperature increases, the conversion increases (Figure 4.16). At 

380 ºC approximately 84 % of the initial mass was converted, while at 500 ºC the conversion reaches 

98.52 % (Table 4.10).  

The weight loss during the heating ramp increases with temperature, which is expected since the 

time to react during the heating increases, for the same heating rate (Table 4.10).  

 

(a) 

 (b) 

 (c) 

Figure 4.15 - TGA(a), DTG(b) and DSC(c) curves for ABS degradation at isothermal conditions. 
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Table 4.10 - Data obtained from the isothermal experiments for ABS. 

Plastic 
Isothermal 

temperature 
(ºC) 

Weight loss during 
heating (%) 

Weight loss at the 
isothermal (%) 

Total 
conversion after 
isothermal run 

(%) 

ABS 380 3.26 81.16 84.43 

 400 8.00 85.99 93.98 

 420 28.60 66.92 95.58 

 440 67.60 29.69 97.28 

 500 96.59 1.85 98.52 

 

 

Figure 4.16 - Conversion vs temperature for ABS degradation at isothermal conditions. 

 

4.6 Combustion  

4.6.1 PS 

The degradation of waste polystyrene under air was analysed. The TGA, DSC and DTG results 

are presented in Figure 4.17.  

The TG curve (Figure 4.17a) shows that the degradation under air presents a different behaviour 

from 450 ºC on, comparing to the degradation in nitrogen. The DSC signal (Figure 4.17b) confirms that 

at approximately 450 ºC an exothermic peak appears, followed by a second one at 500 ºC. The DTG 

curve (Figure 4.17c) shows an extra weight loss peak at 500 ºC. Comparing the DSC and DTG curves 

together (Figure 4.18) it is possible to see that the first two weight loss peaks are related with the 

degradation of the plastic. The first exothermic peak occurs during the degradation of the plastic. The 

second exothermic peak is associated with the third weight loss peak, indicating that an oxidative 

degradation takes place.  

The temperature range of degradation under nitrogen conditions is approximately from 350 to 

500 ºC, while under air conditions it is shortened, ending at approximately 450 ºC. The heat transferred 

during the global thermal degradation of the polystyrene under air conditions is lower than under 

nitrogen: 335.94 J/g and 449.17 J/g, respectively (Table 4.11). 

The onset temperature under air is 353.43 ºC and under nitrogen 355.19 ºC (Table 4.11). The 

onset temperature reported in literature for the degradation of virgin PS under air conditions is in the 

range of 237.55 to 308.95 ºC[30–32]. The onset temperature of waste PS is higher than the reported in 

literature for virgin PS.  
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The maximum degradation temperature is 364.73 ºC under inert atmosphere and 361.74 ºC for 

combustion, (Table 4.11). Values for virgin PS found in literature had a maximum temperature in the 

range of 372.85  to 409.85 ºC, under air.[30–32] 

The combustion of the plastic leads to less remaining residue (Table 4.11) when compared with 

inert atmosphere, namely 0.83 % and 4.22%, respectively, because the non-volatile heavy 

hydrocarbons are degraded.  

(a) 

(b) 

(c) 

Figure 4.17 - TG (a), DSC (b) and DTG (c) curves for PS decomposition under air and nitrogen atmosphere. 

Table 4.11 - Results of PS decomposition under air and nitrogen atmosphere. 

Plastic Atmosphere 
Initial 
Mass 
(mg) 

T onset 
(ºC) 

T max1 
(ºC) 

T max2 
(ºC) 

Heat 
transferred 

(J/g) 

Residue 
(%) 

PS Air 19.25 353.43 361.74 * 335.94 0.83 

 Nitrogen 19.85 355.19 364.73 417.78 449.17 4.22 

*difficult to determine. 

**Corresponds to the heat consumed by the global thermal degradation process. 
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Figure 4.18 - DSC curve vs DTG curve for the degradation of PS under air conditions. 

 

4.6.2 ABS 

The degradation of waste ABS under air was also analysed and the TG, DTG and DSC curves 

are presented in Figure 4.19.  

The TG curve (Figure 4.19a) shows that the degradation under air presents a different behaviour 

for temperatures above 450 ºC, when comparing to the degradation under nitrogen. The DSC signal 

(Figure 4.19b) confirms that at approximately 550 ºC an exothermic peak appears. The DTG curve 

(Figure 4.19c) shows one extra weight loss peak at 550 ºC for the degradation of ABS under air. 

Comparing both TG and DTG curve (Figure 4.20) it is possible to see that the exothermic peak that 

appears at 550 ºC is associated with the extra weight loss peak, indicating that an oxidative degradation 

takes place. Interesting to notice is that after the first endothermic peak, a plateau between 450 and 

500 ºC is formed, which may indicate that a stable residue is formed due to the presence of oxygen, 

which will then degrade at 550 ºC. This observation has been reported in literature, too. [87] 

The temperature range of degradation under air conditions is wider than under nitrogen 

atmosphere. 

Under inert atmosphere the onset temperature is 393.24 ºC and under air it decreases to 

391.26 ºC (Table 4.12). In literature the onset temperature for the degradation of virgin ABS under air is 

around 370 ºC. [51,58] The onset temperature of waste ABS is higher than the reported for virgin ABS.  

The first and second maximum degradation temperature obtained under air is 417.47 ºC and 

560.82 ºC, respectively (Table 4.12).  

The remaining residue decreases under air when compared to the process under nitrogen, 

namely from 0.36 % to 0.11%, probably because non-volatile heavier hydrocarbons are degraded. [48] 
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(a) 

(b) 

(c) 

Figure 4.19 - TG (a), DSC (b) and DTG (c) curves for ABS decomposition under air and nitrogen atmosphere. 

Table 4.12 - Results of ABS decomposition under air and nitrogen atmosphere. 

Plastic Atmosphere 
Initial 
Mass 
(mg) 

T onset 
(ºC) 

T max1 
(ºC) 

Tmax 2 
(ºC) 

Heat 
transferred 

(J/g)* 

Residue 
(%) 

ABS Air 21.61 391.26 417.47 560.82 964.01 0.11 

 Nitrogen 22.05 393.24 415.89 437.55 489.24 0.36 

*Corresponds to the heat consumed by the global thermal degradation process. 
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Figure 4.20 - DSC curve vs DTG curve for the degradation of ABS under air conditions. 
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4.7 Kinetic model 

Different kinetic models were built and analysed for PS and ABS decomposition using the TG/DTG 

data.  

The reaction rate can be described by Equation 4.1, where 𝑘(𝑇) is the temperature-dependent 

kinetic constant, 𝑛 is the reaction order (for this work was considered as 1) and 𝑊 is the fractional weight 

of the sample at the time 𝑡. 

Equation 4.1 - Reaction rate. 

𝑑𝑊

𝑑𝑡
= −𝑘(𝑇)𝑊𝑛 

The kinetic constant 𝑘(𝑇) is described by the Arrhenius Equation (Equation 4.2), where 𝑘0 is the 

pre-exponential factor, s-1; 𝐸𝑎 is the activation energy, J/mol; 𝑅 is the gas constant, J/(molK) and T the 

sample temperature, K. A kinetic constant reference, 𝑘𝑟𝑒𝑓(𝑇𝑟𝑒𝑓) (Equation 4.3) is introduced to reduce 

the correlation between the pre-exponential factor and the activation energy during the fitting processes, 

where 𝑇𝑟𝑒𝑓 is a reference temperature chosen within the range of the experimental values (673,15 K 

was chosen for this work). The resulting kinetic constant is described by Equation 4.4.  

Equation 4.2 - Kinetic constant. 

𝑘(𝑇) = 𝑘𝑜𝑒
−
𝐸𝑎
𝑅𝑇   

Equation 4.3 - Kinetic constant reference. 

𝑘𝑟𝑒𝑓(𝑇𝑟𝑒𝑓) = 𝑘0𝑒
−

𝐸𝑎
𝑅𝑇𝑟𝑒𝑓 

Equation 4.4 - Kinetic constant as function of the kinetic constant reference. 

𝑘(𝑇) = 𝑘𝑟𝑒𝑓(𝑇𝑟𝑒𝑓)𝑒
−
𝐸𝑎
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
 

To calculate the fraction weight, the Euler method was used. All the models were fitted to the 

experimental TG curve. The model parameters were estimated by a least-squares procedure, using the 

sum of the squares of the residues on the fractioned weight as the objective function to be minimized 

(Equation 4.5).  

Equation 4.5 - Objective Function (O.F). 

𝑂. 𝐹 =  ∑ (𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑)
2

𝑎𝑙𝑙 𝑑𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡𝑠

 

The optimization procedure was carried out using the Solver tool from Microsoft ® Office Excel.  

4.7.1 Discrimination of models 

To discriminate the studied models the R squared and adjusted R squared coefficients were 

applied. The R squared quantifies how well a model fits the data. A perfect fit will result in an R2 value 

of 1, a very good fit near 1 and a poor fit near 0.[88,89] The adjusted R2 accounts for the number of 

parameters that are being used to fit the model to the experimental data, indicating if a higher number 

of parameters induces a better fit or not. [89] 

R2 is given by Equation 4.6. [88] 
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Equation 4.6 - R squared equation. 

𝑅2 = 1 −
𝑆𝑆𝐸

𝑆𝑆𝑦𝑦
 

where 𝑆𝑆𝐸 = ∑(𝑦 − 𝑦̂)2,  𝑆𝑆𝑦𝑦 = ∑(𝑦 − 𝑦̅)
2, 𝑦 is the actual experimental value, 𝑦̂ is the predicted 

value of 𝑦, and 𝑦̅ is the mean of the 𝑦 values.  

The adjusted R2 is given by Equation 4.7. [89] 

Equation 4.7 - Adjusted R squared equation. 

𝐴𝑑𝑗𝑢𝑠𝑒𝑑 𝑅2 = 1 −
𝑆𝑆𝐸/ (𝑛𝑝 − 𝐾)

𝑆𝑆𝑦𝑦/(𝑛𝑝 − 1)
 

where SSE is the sum-of-squares of the discrepancy between the 𝑦 value of the curve and the 

predicted value of 𝑦; 𝑆𝑆𝑦𝑦 is the sum-of-squares of the differences between the overall 𝑦 mean and each 

𝑦 value; np is the number of data points, and K is the number of parameters fit. 

The adjusted R2 is smaller than the ordinary R2  whenever the number of parameters (K) is greater 

than 1. [89] By adding useful variables, the adjusted R squared will increase, and the addition of useless 

variables decreases the adjusted R squared. [90] 

4.7.2 Estimation of errors in the estimated kinetic parameters 

The bootstrap is a resampling method that permits to quantify uncertainty by calculating standards 

errors and confidence intervals by sampling a dataset with replacement. The sample data is assumed 

to represent the population from which it was taken.[91] A bootstrap sample 𝑥∗ = (𝑥1
∗, 𝑥2

∗, … , 𝑥𝑛
∗) is 

obtained by randomly sampling n times, with replacement, from the original data points 𝑥1, 𝑥2,…, 𝑥𝑛 . For 

example, with n=7 one possible bootstrap sample is 𝑥∗ = (𝑥5, 𝑥7, 𝑥5, 𝑥4, 𝑥7, 𝑥3, 𝑥1). 
[92] 

In the case of the ABS and PS modelling, bootstrapping was performed by creating a bootstrap 

sample (new sample) with the same size as the original sample using the function random from Excel. 

The random number generated was used to establish a weight of 0, 1 or 2 to be applied to each 

experimental data point. Thus, a function was applied to the random number: if the number is lower than 

1/3 than the number should stay; if It is lower than 2/3 it should be throwed away; and if it is not of these 

cases than it equals 2. These weights were used in calculation of the sum of the squares of the residuals; 

the Solver tool from Excel was used to estimate a new set of kinetic parameters by the same least-

squares procedure.  

To estimate the standard deviation of the estimated kinetic constants this procedure was carried-

out 10 times, generating 10 resampled sets of data for each model.  

4.7.3 Virgin PS  

4.7.3.1 Understanding of the degradation mechanism 

The TG/DSC results presented in Chapter 4.3 show one decomposition peak for virgin PS, which 

is in agreement with literature.[30–32] Therefore, the model studied considers a one-component 

decomposition (Equation 4.8). The reaction rate is given by Equation 4.9. The reaction order, n, is 

considered as 1.  

Equation 4.8 - Reaction. 

𝐶1
𝑘1
→𝑝𝑟𝑜𝑑. 
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Equation 4.9 - Reaction rate. 

𝑑𝑊𝐶1
𝑑𝑡

= −𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐶1

𝑛1 

 
The TG and DTG curve for the model and experimental data of PS1 are present in Figure 4.21. 

The model was fitted to the TG curve. The results show that the fitting is very good and thus the model 

describes the degradation mechanism of PS1.  

(a) (b) 

Figure 4.21 - Model vs experimental data for PS1. (a) - TG curve; (b) - DTG curve. 

The TG and DTG curve for the model and experimental data of PS2 are present in Figure 4.22. 

The model was fitted to the TG curve. The results show that the fitting is very good and thus the model 

describes the degradation mechanism of PS2.  

(a) (b) 

Figure 4.22 – Model vs experimental data for PS2. (a) - TG curve; (b) - DTG curve. 

4.7.3.2 Discrimination of the model 

To analyse the fitting of the model to the experimental data a non-linear regression was 

performed, and the R squared was calculate, as described in Chapter 4.7.1. The obtained R squared 

are 0.999967 for PS1 and 0.999899 for PS2 (Table 4.13). This result indicates that the fitting is good.  

Table 4.13 - Discrimination of PS1 and PS2 model. 

Polymer/Parameter 𝑺𝑺𝑬 𝑺𝑺𝒚𝒚 R2 

PS1 1.87 𝑥 109 5.58 𝑥 1013 0.999967 

PS2 5.69 𝑥 109 5.66 𝑥 1013 0.999899 

 

4.7.3.3 Kinetic parameters 

The bootstrap method, explained in Chapter 4.7.2, was used to estimate the standard deviation 

of the estimated variables. Table 4.14 presents the average kinetic parameters obtained and their 

standard deviation. For PS1 an activation energy of 282.07 ± 0.04  kJ/mol was obtained and for PS2, a 

value of 375.00 ± 0.10 kJ/mol. Both virgin polystyrene samples showed larger activation energies, 
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although with the same order of magnitude, as those found in literature (between 190.00 and 217.9 

kJ/mol) [30,73–75], which have used another methods to estimate the kinetic parameters (see Chapter 

2.6.1). 

The results indicate that the molecular weight has some influence on the activation energy, 

namely that polystyrene with a higher molecular weight presents a higher activation energy. Both virgin 

PS have different particle size, which might influence the kinetics. 

Table 4.14 – Average kinetic parameters obtained for virgin PS1 and PS2. W= fractioned weight, 

n=reaction order, kref= reference kinetic constant (s-1), Ea=activation energy (kJ/mol). 

Polymer/Kinetic parameters PS1 PS2 

𝑾𝑪𝟏 1 1 

𝒏𝟏 1 1 

𝒌𝒓𝒆𝒇,𝟏 (1/s)  5.02 𝑥 10−3 ± 2.57𝑥 10−7  4.59 𝑥 10−3 ± 8.76𝑥 10−7 

𝑬𝒂,𝟏 (kJ/mol) 282.09 ± 0.05 375.01 ± 0.10 

 

4.7.4 Waste PS 

4.7.4.1 Study of the possible model/Understanding of the degradation mechanism 

The degradation pattern for the waste PS samples is somewhat more complicated than the one 

for the virgin PS samples. Different models were studied for the decomposition of polystyrene since its 

degradation mechanism is known to be very complex [93–95]. While the TG analysis showed only one 

decomposition peak for virgin PS, it showed two distinct decomposition peaks for the waste PS sample.  

As a first approach, six models were studied, which tried to model the experimental TG and DTG 

curve under dynamic conditions at 10 ºC/min. This first attempt was elaborated with the intention of 

finding a model that better describes the decomposition of waste polystyrene. 

Table 4.15 summarizes the models that were constructed. All the models were fitted to the 

experimental TG curve. For all the models it was considered the existence of a fixed quantity of residue 

that doesn’t degrade and is maintained constant throughout the degradation.  

• Model 1: Considers the degradation of one pseudo-component to a product. 

• Model 2: Considers a two-component decomposition in parallel. The pseudo-components are 

independent from each other.  

• Model 3: Considers three pseudo-components that decompose in parallel. The components are 

independent from each other. 

• Model 4: Considers that a pseudo-component degrades in a parallel reaction to a product and 

an intermediate, which degrades as well with different kinetic parameters. This reaction model 

has been considered by other authors found in the literature. [74] 

• Model 5: It considers a reaction in series, in which a pseudo-component decomposes to a 

product and an intermediate and the intermediate decomposes to a product as well.  

• Model 6: It is a more complex version of model 5, considering a second pseudo-component and 

intermediate.  
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Table 4.15 - Kinetic models considered for the decomposition of waste polystyrene. 

PS 

Model Reaction Equations 

1 

𝐶1
𝑘1
→  𝑝𝑟𝑜𝑑. 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

 

𝑑𝑊𝐶1
𝑑𝑡

= −𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐶1

𝑛1 

𝑊𝑡 = 𝑊𝐶1 + 𝑊𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝑡
𝑑𝑡

=
𝑑𝑊𝐶1
𝑑𝑡

 

2 

𝐶1
𝑘1
→𝑝𝑟𝑜𝑑. 

𝐶2
𝑘2
→𝑝𝑟𝑜𝑑. 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

 

𝑑𝑊𝐶1
𝑑𝑡

= −𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐶1

𝑛1 

𝑑𝑊𝐶2
𝑑𝑡

= −𝑘𝑟𝑒𝑓,2𝑒
−
𝐸𝑎,2
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐶2

𝑛2 

𝑊𝑡 = 𝑊𝐶1 +𝑊𝐶2 + 𝑊𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝑡
𝑑𝑡

=
𝑑𝑊𝐶1
𝑑𝑡

+
𝑑𝑊𝐶2
𝑑𝑡

 

3 

𝐶1
𝑘1
→𝑝𝑟𝑜𝑑. 

𝐶2
𝑘2
→𝑝𝑟𝑜𝑑. 

𝐶3
𝑘3
→𝑝𝑟𝑜𝑑. 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

 

𝑑𝑊𝐶1
𝑑𝑡

= −𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐶1

𝑛1 

𝑑𝑊𝐶2
𝑑𝑡

= −𝑘𝑟𝑒𝑓,2𝑒
−
𝐸𝑎,2
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐶2

𝑛2 

𝑑𝑊𝐶3
𝑑𝑡

= −𝑘𝑟𝑒𝑓,3𝑒
−
𝐸𝑎,3
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐶3

𝑛3 

𝑊𝑡 = 𝑊𝐶1 +𝑊𝐶2 +𝑊𝐶3 + 𝑊𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝑡
𝑑𝑡

=
𝑑𝑊𝐶1
𝑑𝑡

+
𝑑𝑊𝐶2
𝑑𝑡

+
𝑑𝑊𝐶3
𝑑𝑡

 

4 

𝐶1
𝑘1
→ 𝐼∗ 

𝐶1
𝑘2
→𝑝𝑟𝑜𝑑. 

𝐼∗
𝑘3
→ 𝑝𝑟𝑜𝑑. 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝐶1
𝑑𝑡

= −𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
(𝑥𝑊𝐶1)

𝑛1 − 𝑘𝑟𝑒𝑓,2𝑒
−
𝐸𝑎,2
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
((1 − 𝑥)𝑊𝐶1)

𝑛2 

𝑑𝑊𝐼
𝑑𝑡

= 𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
(𝑥𝑊𝐶1)

𝑛1 − 𝑘𝑟𝑒𝑓,3𝑒
−
𝐸𝑎,3
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐼

𝑛3 

𝑊𝑡 = 𝑊𝐶1 +𝑊𝐼 + 𝑊𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝑡
𝑑𝑡

=
𝑑𝑊𝐶1
𝑑𝑡

+
𝑑𝑊𝐼
𝑑𝑡

 

5 

𝐶1
𝑘1
→ 𝑝𝑟𝑜𝑑.+𝐼∗ 

𝐼∗
𝑘2
→ 𝑝𝑟𝑜𝑑. 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝐶1
𝑑𝑡

= −𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐶1

𝑛1 

𝑑𝑊𝐼
𝑑𝑡

= 𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
(𝑥𝑊𝐶1)

𝑛1 − 𝑘𝑟𝑒𝑓,2𝑒
−
𝐸𝑎,2
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
(𝑊𝐼)

𝑛2  

𝑊𝑡 = 𝑊𝐶1 +𝑊𝐼 + 𝑊𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝑡
𝑑𝑡

=
𝑑𝑊𝐶1
𝑑𝑡

+
𝑑𝑊𝐼
𝑑𝑡
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6 

𝐶1
𝑘1
→ 𝑝𝑟𝑜𝑑.+𝐼1

∗ 

𝐼1
∗
𝑘2
→  𝑝𝑟𝑜𝑑. 

𝐶2
𝑘3
→ 𝑝𝑟𝑜𝑑.+𝐼2

∗ 

𝐼2
∗
𝑘4
→ 𝑝𝑟𝑜𝑑. 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝐶1
𝑑𝑡

= −𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐶1

𝑛1 

𝑑𝑊𝐼
𝑑𝑡

= 𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
(𝑥𝑊𝐶1)

𝑛1 − 𝑘𝑟𝑒𝑓,2𝑒
−
𝐸𝑎,2
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
(𝑊𝐼)

𝑛2  

𝑑𝑊𝐶2
𝑑𝑡

= −𝑘𝑟𝑒𝑓,3𝑒
−
𝐸𝑎,3
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
𝑊𝐶2

𝑛3 

𝑑𝑊𝐼,2
𝑑𝑡

= 𝑘𝑟𝑒𝑓,3𝑒
−
𝐸𝑎,3
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
(𝑥2𝑊2)

𝑛3 − 𝑘𝑟𝑒𝑓,4𝑒
−
𝐸𝑎,4
𝑅
(
1
𝑇
−
1

𝑇𝑟𝑒𝑓
)
(𝑊𝐼,2)

𝑛4 

𝑊𝑡 = 𝑊𝐶1 +𝑊𝐼 + 𝑊𝐶2 +𝑊𝐼,2 + 𝑊𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝑡
𝑑𝑡

=
𝑑𝑊𝐶1
𝑑𝑡

+
𝑑𝑊𝐼
𝑑𝑡

+
𝑑𝑊𝐶2
𝑑𝑡

+
𝑑𝑊𝐼,2
𝑑𝑡

 

 

Figure 4.23 presents the fitting of the models to the experimental data, the first observation are 

the following:  

• Model 1: The model shows only one peak, as expected. It is clearly inadequate to describe the 

observed results. 

• Model 2: The model begins the decomposition at lower temperatures and has a slightly more 

intensive maximum. However, overall the model provides an adequate description of the 

experimental data.   

• Model 3: It was built in an attempt to improve model 2. The TG curve shows that the fractioned 

weight of the 3rd pseudo-component is practically zero and neglectable.  

• Model 4: The model doesn’t adequately describe the initial weight loss neither the first 

degradation peak visible in the DTG curve.  

• Model 5: The model doesn’t describe the initial weight loss neither the first degradation peak 

visible in the DTG curve. 

• Model 6: The TG curve shows that the fractioned weight of both intermediates is practically zero 

and despicable.  
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Figure 4.23 - Kinetic models for PS decomposition. 
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The first approach to the models shows that model 2, which considers a two pseudo-component 

degradation is the model that better describes the experimental data.  

4.7.4.2 Discrimination of the model  

The R2 and adjusted R2 of all models were calculated (Table 4.16). The result shows that model 

2 and 3 have the highest R-squared and adjusted R-squared. Comparing both, model 3 has the highest 

adjusted R-squared. However, when fitting model 3 it was realized that the weight fraction of the third 

component was negligible and therefore this model was rejected. Hereupon, model 2 is the model that 

provides an overall better description of the experimental data.  

 

Table 4.16 - Discrimination of waste PS models. 

Model/Parameter 𝑺𝑺𝑬 𝑺𝑺𝒚𝒚 R2 N K R2 adjusted 

Model 1 5.99 ×  1010 4.67 ×  1013 0.99871875 27271 3 0.99871865 

Model 2 4.23 ×  109 4.67 ×  1013 0.99990949 27271 6 0.99990948 

Model 3 4.06 ×  109 4.67 ×  1013 0.99991309 27271 9 0.99991306 

Model 4 9.64 ×  109 4.67 ×  1013 0.99979370 27271 8 0.99979365 

Model 5 1.01 ×  1010 4.67 ×  1013 0.99978308 27271 6 0.99978304 

Model 6 6.43 ×  109 4.67 ×  1013 0.99986243 27271 12 0.99986238 

 

4.7.4.3 Validation of the model for the different heating rates  

The best fitting model, model 2, was applied for different heating rates in order to: 

1. Ensure that a single set of kinetic parameters describes the experimental data.  

2. Understand and validate the model at these conditions.  

The results present in Figure 4.24 show that the model fits for the heating rates of 5 and 10 ºC/min. 

At 20 ºC/min and for higher heating rates some deviations between the model and the experimental 

data appears (see Annex IV.1, Figure I 2). This result may be related with limitation to mass and heat 

transfer that may become more pronounced at higher heating rates [44] and the model doesn’t have 

these limitations into account, or to other kinetic effects that were not taken into consideration. The 

particle size may have also some effect on the heat transfer.  
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Figure 4.24 - Application of the model to different heating rates (for PS).  

4.7.4.4 Validation of the model with isothermal experiments 

Model 2 was applied to the different isothermal runs, with the same objective as when it was 

applied for different heating rates. The same set of kinetic parameters obtained in dynamic conditions 

is maintained. The results presented in Figure 4.25 show that the model describes the isothermals from 

400 to 500 ºC. At lower temperatures, however, the deviation between the experimental data and the 

model are significant. At 350 ºC, before the onset temperature, the model, with the kinetic parameters, 

is not able to describe the peak. 
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Figure 4.25 - Application of the model to the different isothermals (for PS). 
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4.7.4.5 Kinetic parameters 

As mentioned before, model 2 was applied for dynamic and isothermal conditions with a single 

set of kinetic parameters. The kinetic parameters were estimated by making an overall fitting to the 

experimental data at dynamic conditions. The objective function minimized was the sum of the sum of 

the squares of the residues on the fractioned weight of the different heating rates. 

The bootstrapping method, explained in Chapter 4.7.2, was used to estimate the standard 

deviation of the estimated variables. Table 4.17 presents the average kinetic parameters obtained and 

their standard deviation. Waste PS has a first activation energy of 814.73 ± 1.96 kJ/mol and a second 

of 128.14 ± 0.75 kJ/mol. 

Table 4.17 - Average kinetic parameters obtained for waste PS. W= fractioned weight, n=reaction order, 
kref= reference kinetic constant (s-1), Ea=activation energy (kJ/mol). 

  Waste PS 

𝑾𝑪𝟏 0.14 ± 2.60 𝑥 10−3 

𝑾𝑪𝟐 0.79 ± 1.83𝑥 10−3 

𝑾𝒓𝒆𝒔𝒊𝒅𝒖𝒆 0.07 ± 7.84 𝑥 10−4 

𝒏𝟏 1.00 

𝒌𝒓𝒆𝒇,𝟏 (s
-1)  283.95 ± 13.55 

𝑬𝒂,𝟏 (kJ/mol) 814.73 ± 1.96 

𝒏𝟐 1.00 

𝒌𝒓𝒆𝒇,𝟐 (s
-1)  2.96 𝑥 10−3 ± 2.90𝑥 10−5 

𝑬𝒂,𝟐 (kJ/mol) 128.14 ± 0.75 

 

4.7.5 Waste ABS 

4.7.5.1 Study of the possible model/Understanding of the degradation mechanism 

Different models were studied for the decomposition of the waste ABS sample, since its 

degradation mechanism is known to be very complex. [59] The TG analyses for waste ABS showed two 

decomposition peaks.  

As a first approach, three models were studied, which tried to model the TG and DTG curve for 

the experiments under dynamic conditions at 10 ºC/min. This first attempt was elaborated with the 

intention of finding a model that better describes the decomposition of waste ABS. 

Table 4.18 summarizes the models that were constructed. For all the models it was considered 

the existence of a fixed quantity of residue that doesn’t degrade and is maintained throughout the 

degradation.  

• Model 1: Considers a one-component degradation.  

• Model 2: Considers a two-component degradation. Both pseudo-components are independent 

from each other and degrade in parallel.  

• Model 3: A reaction in series mechanism is considered, in which a single pseudo-component 

decomposes to a product and an intermediate and the intermediate decomposes to a product 

as well.  
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Table 4.18 - Kinetic models considered for the decomposition of waste ABS. 

ABS 

Model Reaction Equations 

1 
𝐶1

𝑘1
→ 𝑝𝑟𝑜𝑑. 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝐶1
𝑑𝑡

= −𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1
𝑇𝑟𝑒𝑓

)
𝑊𝐶1

𝑛1 

𝑊𝑡 = 𝑊𝐶1 +𝑊𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝑡
𝑑𝑡

=
𝑑𝑊𝐶1
𝑑𝑡

 

2 

𝐶1
𝑘1
→ 𝑝𝑟𝑜𝑑. 

𝐶2
𝑘2
→ 𝑝𝑟𝑜𝑑. 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝐶1
𝑑𝑡

= −𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1
𝑇𝑟𝑒𝑓

)
𝑊𝐶1

𝑛1 

𝑑𝑊𝐶2
𝑑𝑡

= −𝑘𝑟𝑒𝑓,2𝑒
−
𝐸𝑎,2
𝑅
(
1
𝑇
−
1
𝑇𝑟𝑒𝑓

)
𝑊𝐶2

𝑛2 

𝑊𝑡 = 𝑊𝐶1 +𝑊𝐶2 +𝑊𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝑡
𝑑𝑡

=
𝑑𝑊𝐶1
𝑑𝑡

+
𝑑𝑊𝐶2
𝑑𝑡

 

3 

𝐶1
𝑘1
→ 𝑝𝑟𝑜𝑑. +𝐼1

∗ 

𝐼1
∗ 𝑘2→ 𝑝𝑟𝑜𝑑. 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝐶1
𝑑𝑡

= −𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1
𝑇𝑟𝑒𝑓

)
𝑊𝐶1

𝑛1  

𝑑𝑊𝐼
𝑑𝑡

= 𝑘𝑟𝑒𝑓,1𝑒
−
𝐸𝑎,1
𝑅
(
1
𝑇
−
1
𝑇𝑟𝑒𝑓

)
(𝑥𝑊𝐶1)

𝑛1 − 𝑘𝑟𝑒𝑓,2𝑒
−
𝐸𝑎,3
𝑅
(
1
𝑇
−
1
𝑇𝑟𝑒𝑓

)
(𝑊𝐼)

𝑛2 

𝑊𝑡 = 𝑊𝐶1 +𝑊𝐼 +𝑊𝑟𝑒𝑠𝑖𝑑𝑢𝑒 

𝑑𝑊𝑡
𝑑𝑡

=
𝑑𝑊𝐶1
𝑑𝑡

+
𝑑𝑊𝐼
𝑑𝑡

 

 

Figure 4.26 presents the fitting of the models to the experimental data, the first observation are 

the following:  

- Model 1: The model doesn’t describe well the beginning of the decomposition and the 

maximum degradation peak is not fitted.  

- Model 2: The model provides a better description of the experimental data than model 1.  

- Model 3: The TG curve shows that the beginning of the decomposition isn’t perfectly fitted by 

the model.   
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Figure 4.26 - Kinetic models for ABS decomposition. 

The first approach to the models shows that model 2 and 3 provide adequate descriptions of the 

experimental data.  

4.7.5.2 Discrimination of the model 

The R2 and adjusted R2 of all models was calculated (Table 4.19). The result confirms that model 

2 has the highest R-squared. Model 2 presents also the highest adjusted R-squared, indicating that the 

3 variables introduced are useful variables, comparing to model 1.  

Table 4.19 – Discrimination of waste ABS models. 

Model/Parameter 𝑺𝑺𝑬 𝑺𝑺𝒚𝒚 R2 n K R2 adjusted 

Model 1 3.63 ×  1010 5.03 ×  1013 0.99927817 27271 3 0.99927812 

Model 2 7.79 ×  109 5.03 ×  1013 0.99984520 27271 6 0.99984517 

Model 3 1.31 × 1010 5.03 ×  1013 0.99973898 27271 6 0.99973893 

 

4.7.5.3 Validation of the model for the different heating rates 

The best fitting model, model 2, was applied for different heating rates for the same reasons as 

for waste PS (see Chapter 4.7.4.3). The results present in Figure 4.27 show that the model fits for the 

heating rates of 5, 10 and 20 ºC/min. At 50 ºC/min and for higher heating rates a deviation between the 

model and the experimental data appears (see Annex IV.2,Figure I 3). This result may be related with 

limitation to mass and heat transfer at higher heating rates [44] and the model doesn’t have these 

limitations into account. It should also be noted that at higher heating rates a shoulder starts to appear 

after the main peak, which may indicate a process that might not have been fully taken into consideration 

in the model, as this behaviour is also observed in the model but not with the same intensity. 
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Figure 4.27 - Application of the model to different heating rates (for ABS).  

4.7.5.4 Validation of the model with isothermal experiments 

Model 2 was applied for the different isothermals to understand the behaviour of the model at 

these conditions. The same set of kinetic parameters obtained in dynamic conditions is maintained. The 

results present in Figure 4.28 show that the model describes the experimental data at 420 ºC to 500 ºC. 

At lower temperatures the model deviates somewhat from the experimental data.  
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Figure 4.28 - Application of model 2 to different isothermals (for ABS). 
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4.7.5.5 Kinetic parameters 

The kinetic parameters were estimated by making an overall fit to the experimental data at 

dynamic conditions as explained for waste PS (see Chapter 4.7.4.5). 

The bootstrapping method, explained in Chapter 4.7.2, was also used to estimate the standard 

deviation of the estimated variables. Table 4.20 presents the average kinetic parameters obtained and 

their standard deviation. Waste ABS has a first activation energy of 255.43 ± 3.26 kJ/mol and a second 

of 193.34 ± 4.52 kJ/mol. 

Table 4.20 - Average kinetic parameters obtained for waste ABS. W= fractioned weight, n=reaction order, 
kref= reference kinetic constant (s-1), Ea=activation energy (kJ/mol). 

 Waste ABS 

𝑾𝑪𝟏 0.69 ± 0.03 

𝑾𝑪𝟐 0.29 ± 0.03 

𝑾𝒓𝒆𝒔𝒊𝒅𝒖𝒆 0.02 ± 0.00 

𝒏𝟏 1.00 

𝒌𝒓𝒆𝒇,𝟏 (s
-1)  3.19 𝑥 10−3 ± 9.10𝑥 10−5 

𝑬𝒂,𝟏 (kJ/mol) 255.43 ± 3.26 

𝒏𝟐 1.00 

𝒌𝒓𝒆𝒇,𝟐 (s
-1)  1.11 𝑥 10−3 ± 5.45𝑥 10−5 

𝑬𝒂,𝟐 (kJ/mol) 193.34 ± 4.52 
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4.8 Bench-Scale Reactor Pyrolysis2 

For comparison with the results obtained in the TG kinetic analysis, experiments using a bench-

sclae reactor were conducted to study the pyrolysis of virgin and waste polystyrene. The experiments 

conditions, such as temperature, heating rate and residence time, were based on the TG analysis.  

4.8.1 Yield 

Experiments at three different set point temperatures (400, 450 and 500 ºC) were performed to 

study the effect of temperature on the product yields for virgin PS1 and waste PS pyrolysis. The product 

distributions (liquid, solid and gas) of virgin and waste PS are represented in Figure 4.29 and Figure 

4.30, respectively. Virgin PS yields 31 % liquid at 400 ºC and 86 % at 500 ºC, while waste PS produces 

21 % liquid at 400 ºC and 59 % ate 500 ºC. Both results show that as the temperature increases, the 

liquid yield increases, while the solid yield decreases. The gas yield is approximately constant and low. 

At 500 ºC (with a isothermal of 90 minutes), waste PS produces 59 % liquid and 3 % gas. The 

TG results (see Chapter 4.5.1) have shown that at 500 ºC (with a isothermal of 60 minutes) the 

conversion is 96 %. The lower conversion obtained in the reactor may be due to the reflux that occurs 

inside the reactor. As explained below (Chapter 4.8.1.1), the inside temperature of the reactor is always 

lower than the set point, due to heat losses, endothermicity of the reaction and inside reflux. The 

temperature profile also shows that the average internal temperature of the reactor for waste PS is 

always lower than of virgin PS, and this may be due to the presence of additives that influence the 

kinetics and thus the reaction. In fact, virgin PS produces more liquid at all the set point temperatures 

(Figure 4.29 and Figure 4.30).  

The yields obtained are different from the ones found in literature, which might be related with 

the sample itself, operational conditions and type of reactor. The liquid yield reported in literature for 

virgin PS, at around 500 ºC is 91.8 %[41] and 92 %[43]. However, both obtained as well a very low quantity 

of gas (2.5 %[41] and 1 %[43]). For waste PS, Sogancioglu et al. obtained for waste PS between 67.23 % 

at 500 ºC using a fixed bed reactor.[42] However, Sogancioglu et al. obtained a very low quantity of solid 

(6.21 %) [42] and a higher quantity of gas (26.59 %) [42] comparing to the results obtained in this Thesis. 

Other authors obtained for waste PS from MSW more than 70 % of liquid yield. [33,41,45,46] 

 

Figure 4.29 - Product distribution of the thermal pyrolysis of virgin PS at different temperatures. 

 

                                                      
2 Bench-scale experiments and product analysis were done with Dr. Bruna Rijo. 
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Figure 4.30 - Product distribution of the thermal pyrolysis of waste PS at different temperatures. 

4.8.1.1. Temperature Profile of the Reactor  

Both the temperature of the furnace (set point temperature) and the internal temperature of the 

reactor were recorded. Figure 4.31 presents the temperature profile of the furnace and of the reactor for 

an experiment without sample, for virgin PS and for waste PS. The internal temperature of the reactor 

is always lower than the set point temperature, which is associated with heat losses. The degradation 

of the plastic is an endothermic reaction and thus it absorbs heat, lowering the temperature reached 

inside the reactor, comparing to an experiment without sample, which has been observed by Singh et 

al, too. [33] Additionally to the endothermicity of reaction, the temperature inside the reactor is influenced 

by the existent reflux that is associated with the compounds that are volatilized but do not leave the 

reactor and condense.  

 

Figure 4.31 - Temperature Profile of the reactor with and without sample. 

Figure 4.32 and Figure 4.33 present the temperature profile for virgin and waste PS, respectively, 

for different set points.  

At a set point of 400 ºC, the temperature inside the reactor for virgin PS reaches a maximum of 

around 380 ºC at 60 minutes. At a higher set points (450 and 500 ºC) the temperature inside the reactor 

reaches a maximum of around 390 ºC.  

The degradation of waste PS starts at lower temperature than virgin PS (350 ºC for all the set 

point temperatures), which is likely related with the presence of additives, as it has been observed in 

the TG results.  

The average internal temperature during the isothermal was calculated, Table 4.21. The results 

show that the average internal temperature of the reactor for virgin PS increases with the increase of 

the set point from 340.65 ºC (at 400 ºC) to 414.92 ºC (at 500 ºC). The results for waste PS show that an 
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increase of the set point temperature from 400 ºC to 450 ºC doesn’t change the average internal 

temperature, which is approximately of 316 ºC. At 500 ºC the average internal temperature of the reactor 

is 344.19 ºC. The average internal temperature of the reactor for virgin PS is always higher than of waste 

PS, and this may be related with the presence of additives that influence the kinetics and thus the 

reaction.  

 

Figure 4.32 - Temperature profile for thermal pyrolysis of virgin PS. 

 

 

Figure 4.33 - Temperature profile for thermal pyrolysis of WEEE PS. 

Table 4.21 - Average of the internal temperature of the reactor in the thermal pyrolysis of waste and virgin 
PS during the isothermal.  

Set point 
temperature (ºC) 

Average Internal 
Temperature (ºC) - Virgin PS 

Average Internal 
Temperature (ºC) - Waste PS 

400 340.65 315.58 

450 355.24 315.81 

500 414.92 344.19 

 

4.8.2 Gas phase products 

Figure 4.34 presents the gaseous composition of waste PS as function of temperature. For virgin 

polystyrene the quantity of gas produced was very low, making it impossible to analyse the gas. 

The results show that the gas products of waste PS are within the range of C2 and C6 hydrocarbons. 

As the reaction temperature increases the formation of C2 hydrocarbons is promoted and the formation 

of C3 -C6 hydrocarbons decrease, with complete disappearance of hydrocarbons in C5 and C6 range. 

Williams and Williams reported the same hydrocarbons range for the gaseous products.[46] The 
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composition of the gaseous products in terms of specific compounds was difficult to estimate due to the 

low resolution of the chromatogram and low quantity that is formed. 

 

Figure 4.34 - Gas composition of waste PS pyrolysis at different temperatures. 

4.8.3 Liquid phase products  

The composition of the liquid derived from the pyrolysis of virgin and waste PS is shown in Figure 

4.35 and Figure 4.36, respectively.  

Virgin PS leads in higher quantity to the formation of C8 hydrocarbons, which might comprehend 

in majority styrene, followed by ethylbenzene. C7 and C9 hydrocarbons products are obtained as well, 

which are in majority toluene and possibly α-methylstyrene, respectively. These results are concordant 

with Singh et al.[33]., Wu et al.[36], Zhang et al.[47] and Lee et al. [48] 

Waste PS produces hydrocarbons in the range of C7 to above C10. See Annex III, Figure I 1 for 

an example of a chromatogram. C8 hydrocarbons are produced in majority, however, in lower amount 

than virgin PS. The results show that styrene is the main compound and ethylbenzene is not produced. 

The waste plastic produces more C9, C10 and >C10 hydrocarbons than virgin PS. Thus, the pyrolysis of 

waste PS produces high-value hydrocarbons that may be used as feedstock as well as gasoline-range 

hydrocarbons (C5 to C8) [96].  

The increase in temperature causes a small increase of the amount of heavier hydrocarbons, 

in particular of C10 and compounds higher than C10. With the increase in temperature there is a more 

extensive cracking [97], lowering the amount of solid yield (Figure 4.30).  

 

Figure 4.35 - Liquid composition of virgin PS pyrolysis at different temperatures. 
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Figure 4.36 - Liquid composition of waste PS pyrolysis at different temperatures. 

4.8.4 Solid analysis 

The solid products were analysed as described in Chapter 3.4.3. Figure 4.37 and Figure 4.38 

present the results of the DTG and DSC curve of the solid obtained by the thermal degradation of virgin 

and waste PS, respectively. The results show that the pyrolysis produces solids with compositions and 

different degradation temperatures. For the solid of virgin PS, the DTG curves for the set point 

temperatures of 400 and 450 ºC show a degradation peak at around 415 ºC, which is related with an 

endothermic peak in the DSC curve. This might be indicative of unreacted polymer, indicating that the 

degradation of the polymer may be incomplete in the reactor. [42,43] For waste PS, the same observation 

can be made but only for a set point temperature of 400 ºC. For higher temperature it can be seen that 

there are mass losses at lower temperature, which indicates that the solid obtained is probably already 

partially converted. The lower temperature also indicates that the solid compounds are, at least, partially 

volatile. 

  

Figure 4.37 – DTG and DSC curve for the solid from virgin PS pyrolysis. 

  

Figure 4.38 – DTG and DSC curve for the solid from waste PS pyrolysis. 
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5. Conclusion 

5.1 General Conclusion 

The TG/DSC analysis was used to study the thermal behaviour of polystyrene (PS) and 

acrylonitrile-butadiene-styrene (ABS) from WEEE. Experiments under dynamic and isothermal 

conditions in inert atmosphere were performed to study the influence of the heating rate and of the 

temperature on the degradation behaviour of both plastics. The thermal degradation under air was 

studied as well.  

For waste PS the results were compared to virgin PS. Waste PS showed two degradation peaks, 

while both virgin PS samples presented one degradation peak. The first degradation peak of waste PS 

is likely related with the degradation of additives, while the second with the degradation of polystyrene 

itself. As the heating rate increases, the onset temperature and maximum degradation temperatures 

increases. This behaviour is likely related with kinetic effects and possible heat transfer limitations. With 

the increase of the heating rate, the sample has less time to uniformly distribute the heat, which will lead 

to a decomposition at higher temperatures.  

Waste ABS presented two degradation peaks and the observation and conclusion of the influence 

of the heating rate and temperature is the same as for PS.   

The degradation under air performed for both waste plastic showed an extra degradation peak, 

when compared to degradation under nitrogen. This extra degradation peak is associated with an 

exothermic peak, which is indicative of an oxidative degradation. The final remaining residue at the end 

was less than 1 % for both plastics, meaning that both have less than 1 % of inorganic material. 

Two virgin polystyrene samples, with different molecular weight, were studied and the TG results 

showed that the molecular weight of the polymer doesn’t affect significantly the thermal decomposition 

of the polymer.  

Analysing the data extracted from the TG/DSC results, it is possible to estimate the kinetic 

parameters using mechanistic models. A one-component degradation model adequately describes the 

decomposition of both virgin polystyrenes. Virgin PS with lower molecular weight (PS1) showed an 

activation energy of 282.09 ± 0.05 kJ/mol. It is lower than the value obtained for virgin PS2, which is of 

375.01 ± 0.10 kJ/mol. These results indicate that the molecular weight has some influence on the 

kinetics. A two pseudo-component degradation model with a presence of a fixed quantity of residue fits 

the experimental data for waste PS. A single set of kinetic parameters, with a first activation energy of 

814.73 ± 1.96 kJ/mol and a second of 128.14 ± 0.75 kJ/mol, provides an adequate description of the 

experimental data for different heating rates and isothermals. 

The degradation of waste ABS is also well described by a two pseudo-component degradation 

model with the presence of a fixed quantity of residue. As for waste PS, a single set of kinetic parameters 

describes the ensemble of data, with a first activation energy of 255.43 ± 3.26 kJ/mol and a second one 

of 193.34 ± 4.52 kJ/mol. 

The pyrolysis of waste polystyrene was also carried-out in a bench-scale reactor at different set 

point temperatures (400, 450 and 500 ºC) and compared to virgin PS. For both waste and virgin PS, as 

the temperature increases, the liquid yield increases, while the solid yield decreases. The gas yield is 

approximately constant and very low.  
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At 500 ºC (with a isothermal of 90 minutes), waste PS produces 59 % liquid and 3 % gas. The 

TG results have shown that at 500 ºC (with a isothermal of 60 minutes) the conversion of waste PS is 

96 %. The lower conversion obtained in the reactor may be due to the reflux that occurs inside the 

reactor. The temperature inside the reactor is always lower than the set point, due to heat losses, the 

endothermicity of the reaction and occurrence of reflux conditions. The temperature profile also shows 

that the average internal temperature of the reactor for waste PS is always lower than of virgin PS, and 

this may be due to the presence of additives that influence the kinetics, and thus the reaction, but also 

the heat generation and consumption, as these additives may be predominantly flame retardants. In 

fact, virgin PS produces at 500 ºC yields more liquid and gas than waste PS, namely of 86 % and 1 % 

gas.  

The DTG curve of the solid obtained by the thermal pyrolysis at 400 ºC of virgin and waste PS 

shows a degradation peak that might correspond to unreacted polymer, indicating that at a set point of 

400 ºC, under the conditions used, the reaction is likely to be incomplete.  

The products obtained from the pyrolysis were analysed by gas chromatography. Virgin 

polystyrene produced a very small quantity of gas making it impossible to analyse. The gas products of 

waste PS are within the range of C2 and C6 hydrocarbons. As the reaction temperature increases the 

formation of C2 hydrocarbons is promoted and the formation of C3 -C6 hydrocarbons decrease, 

eventually with the complete disappearance of hydrocarbons in C5 and C6 range.  

In terms of liquid yield, both virgin and waste PS produce in majority hydrocarbons in the range 

of C7 to C9. The C7 hydrocarbons probably correspond to toluene. Both produce in higher quantity C8 

hydrocarbons, which might correspond in majority to styrene. The C9 hydrocarbons might correspond 

to alpha-methylstyrene.  

Thus, the pyrolysis of waste PS produces high-value hydrocarbons that might be used as 

feedstock for the petrochemical industry. Therefore, waste PS may be adequate for feedstock recycling 

in the chemical industry plus possibly introduced in a Circular Economy approach as it generates the 

monomers that can be used to produce new polystyrene.  

 

5.2 Future perspective  

As a future perspective it would be interesting to complement this Thesis research with the 

following development:  

• Improve the kinetic models by introducing heat and mass transfer phenomena.   

• Confirmation of the pyrolysis products by use of patterns in GC or by use of mass 

spectrometry.  

• Co-pyrolysis of PS and ABS with different ratios and/or with another WEEE plastics. 

• Study of the pyrolysis of ABS in the reactor. 

• Optimization of the conditions of the bench-scale reactor.  

• Large – scale reactor.  

• Study of the economic feasibility of the process.  

• Reactor modelling.   
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Annexes  

I - Gas chromatography 

Table I. 1 – Gas chromatography. 

 
Gas chromatography 

Shimadzu 
Gas chromatography 

Perkin-Elmer 

Column PLOT (KCl/Al2Cl3) BPI 

Column Length 50m x 320 μm 30m x 250 μm 

Carrier Gas N2 N2  

Flow rate/Pressure 2 bar 0.5 mL/min 

Split 120 mL/min 50 mL/min 

Injection Temp. 250 ºC 250 ºC 

Detector Temp. 250 ºC 250 ºC 

Injection Volume of Sample 200 μL  0.1 μL  

 

II- Calibration of Gas Chromatography  

 
Shimadzu GC-9A 

Table I. 2 – Pattern samples – Shimadzu GC-9A. 

Pattern Samples Chemical Formula Retention Time (min) 

n-Pentane C5H12 3.058 

1-Pentene C5H10 4.342 

n-Hexane C6H14 5.777 

1-Hexene C6H12 6.312 

n-Heptane C7H16 8.283 

1-Heptene C7H14 8.807 

 
Perkin Elmer – Clarus 680  
 

Table I. 3 - Pattern samples - Perkin Elmer -Clarus 680. 

Pattern Samples Chemical Formula Retention Time (min) 

1-Pentene C5H10 2.300 

n-Pentane C5H12 2.352 

1-Hexene C6H12 2.773 

n-Hexane C6H14 2.859 

1-Heptene C7H14 3.661 

n-Heptane C7H16 3.809 

Toluene C7H8 4.695 

n-Octane C8H18 5.332 

1-Nonene C9H18 6.751 

1-Decene C10H20 8.461 

n-Decane C10H22 8.569 
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III – Example of a chromatogram 

Liquid of waste polystyrene at a set point of 450 ºC 

 
Figure I 1 - Example of a chromatogram. Legend: y-axis: Height (mV) and x-axis: Time (min). 

 

Possibly styrene 

Possibly alpha-methylstyrene 

Toluene 
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IV – Kinetic model - dynamic conditions 

IV.1 Waste Polystyrene 

 

  

  

  

Figure I 2 - Fitting of model 2 for waste PS to higher heating rates (50,100 and 200 ºC/min). 
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IV.2 Waste ABS 

 

  

  
Figure I 3 - Fitting of model 2 for waste ABS for higher heating rates (100 and 200 ºC/min). 


