
  i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pyrolysis of Waste Electrical 

and Electric Equipment 

(WEEE) for Energy 

Production and Material 

Recovery 

P A N A G I O T I S  

E V A N G E L O P O U L O S  

Master of Science Thesis 

Stockholm 2014 



ii 
 

 



iii 
 

 

 

  

TRITA-IM yyyy:xx 

ISSN 1402-7615 

 

Industrial Ecology, 

Royal Institute of Technology 

www.ima.kth.se 



iv 
 

Acknowledgements  

 

For conducting this master thesis, I would really like to thank Olga Kordas who 

recommended me to Docent Weihong Yang, my supervisor in order to perform this 

incredibly interesting subject. I want also to thank Weihong Yang since he gave me the 

opportunity to become a part of an innovative project and of course to learn a lot of 

things under his guidance.  

 

I want also to thank Efthymios Kantarelis for his help, guidance and support during 

my entire thesis work and for his patience to explain me everything I was asking for. He 

was always present when I needed him and he was willing to discuss with me all the 

uncertainties I had during this period. 

 

I really want to thank Monika Olsson for being very cooperative and for allowing me 

to perform this master thesis. Finally, I would really like to thank my family, friends and 

everyone who directly or indirectly supported me during my master thesis work. 

 

Panagiotis Evangelopoulos  

Stockholm 17
th

 June 2014  



v 
 

Abstract 

This master thesis focuses on pyrolysis of electronic waste (e-waste) for energy 

production and material recovery. Firstly, in the  theoretical section a description of 

electronic waste their composition and  the current waste management techniques is 

presented in order to get insights about their properties. As more and more sustainable 

solutions are required for waste handling, the advantages and disadvantages of the current 

treatment methods are analyzed in order to compare them with the innovative technique 

of waste pyrolysis. The substrate used for pyrolysis in terms of this master thesis was the 

printed circuit boards’ fraction (PCBs) and thus a particular description of this fraction is 

included. Furthermore, the pyrolysis as a thermal treatment method is fully described for 

getting an overview of the entire process.  

 

The next section of the current master thesis includes a description of the 

instrumentation used for conducting the experimental part, the thermogravimetric 

analysis (TGA) and the Analytical Pyrolysis (PY-GC-MS). 

 

The experimental part included as well the samples preparation in order to obtain a 

homogeneous mixture since various substances are used for PCBs manufacturing. 

Furthermore, samples were sent to an external company for elemental, proximate and 

ultimate analysis. After the samples preparation, the TGA and GC-MS were both used as 

analytical tools in order to identify the main substances produced, the reactions kinetics 

taking place, and various others important parameters. Furthermore, the results derived 

from the experimental were further analyzed using various calculations tools such as 

Microsoft Office Excel and Matlab as well as the software of GC-MS. The results section 

also includes a deep discussion of the results since the pyrolysis of electronic waste is 

still under research an extensive analysis is necessary.  

 

Summarizing, the results illustrates all the data gathered from the composition 

analysis, the TGA curves and a qualitative and quantitative analysis. The main product of 

pyrolysis of printed circuit boards is phenol and hydrocarbons with high heating value, 

while the increased ash content is promising for the recovery of metals.  

 

Finally, the report includes several recommendations for the future work to be done 

and the basic directions for the research of pyrolysis process for materials and energy 

recovery should get.  
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1. Introduction 

 

Nowadays, it has being a growing concern concerning the rapid population growth 

and generally the improvement of standard of living which contribute to increased 

energy, material and resources consumption. The concept of sustainable usage of 

resources has become a top priority subject globally. The energy demand of the human 

society is increasing while on the same time the energy resources are depleting. 

Therefore, the scientific community focuses on searching new sustainable solutions for 

energy production in order to increase the total energy capacity alongside with 

minimizing the environmental impacts. The energy generation from alternative sources 

such as waste has become of great concern for a sustainable future.  

 

Currently, the waste management system globally is based on landfill, incineration 

and recycling. However, more sustainable solutions are required in order to minimize the 

waste impacts and to transform the waste into valuable resource. Specifically the 

European Commission has already set regulations and derivatives regarding the waste 

management all across Europe which should be followed by the European Member 

States. 

 

The electronic waste (e-waste) is a new and fast growing fraction in the developed 

countries since most of their citizens consume electronic and electrical appliances. The 

current techniques for handling e-waste in Europe are a)landfilling and incineration 

which is the simplest form of waste handling, b)export to low-cost regions like Africa 

and Asia, c) regional material recycling, and d) direct reuse (Zoeteman, et al., 2010). 

Countries from the developed world export to Africa or Asia tones of e-waste for illegal 

dumping where toxic substances are being released in the environment affecting the local 

population to a high extent (Vidal, 2013). Countries such as Sweden, the Netherlands, 

Belgium and Switzerland has already adopt the European Commission Derivative for e-

waste (The European Parliamentand the council of the European union, 2003) through 

national recovery systems, while other countries in the European Union lacks of proper 

waste management system for this fraction (Zoeteman, et al., 2010). Moreover, the 

current treatment techniques are just waste management techniques with limiting benefits 

in terms of material and energy recovery (Williams, 2005). 

Pyrolysis is a new promising technique for waste handling as material and energy 

recovery are accomplished simultaneously with waste management and minimization. 

This technology is a thermal treatment method which can convert the waste fraction into 

carbon rich fuels while on the same time the valuable substances such as metals and silica 

can be easily regenerated. The fuel produced through pyrolysis is either in the form of 

methane rich gas or hydrocarbon rich oil in liquid form according to the process 

conditions. Metals recovered during pyrolysis such as gold (Au), copper (Cu) and 
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palladium (Pd) are being regenerated in a pure form since no oxygen is present and thus 

no metal oxides are formed. (Kantarelis, 2009). 

Printed circuit boards (PCBs) which are under examination in this master thesis 

constitute a specific fraction of e-waste which is currently one of the biggest fractions in 

the field of e-waste. While the technology is developing, more and more PCBs will be 

used in all kind of electrical appliances such as fridges, cars, televisions and telephones. 

Their composition is very complex since a lot of different materials used during 

manufacturing such as ceramics, polymers and metals. This master thesis examines the 

pyrolysis of printed circuit boards as a sustainable solution for e-waste treatment. The 

current studies show that pyrolysis of e-waste is a valuable alternative concerning 

material recovery, energy production and waste minimization. However, the data 

available are still in laboratory and pilot scales. This method is not commercially used 

yet, since more research is necessary in order to be applied on industrial scale in the 

coming years. The pyrolysis of PCBs has though several limiting factors basically 

derived from their varying composition. 

 

1.1.Aim 

 

The aim of this master thesis is to examine the feasibility of pyrolysis of waste 

electrical and electronic equipment (WEEE) for energy production, materials recovery as 

a waste management option. 

 

1.2.Objectives 

 

 To identify the composition of printed circuit boards 

 To identify the current waste management techniques of electrical and electronic 

waste 

 To identify the principals and benefits of pyrolysis  

 To experimentally study the pyrolysis of printed circuit boards and the experimental 

conditions 

 To examine the rate of energy recovery through the products  of pyrolysis  

 To analyze the feasibility of pyrolysis process as an efficient energy production and 

material recovery method 
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2. Methodology 

 

This master thesis includes extensive literature review of various related articles, 

books and publications in order to identify all the appropriate background information for 

pyrolysis, waste management, electronic waste, printed circuit boards, and materials 

recovery from waste.  

 

The second part of this thesis involves experimental research performed in the 

laboratory located in the division of Energy and Furnace Technology at KTH. The 

experimental work focused on pyrolysis of printed circuits boards’ fraction in order to 

discover how the temperature variations contribute to feasible energy and materials 

recovery. The basic experiments were accomplished in gas chromatographer – mass 

spectrometer (GC-MS) analytical tool while the last part of experiments was performed 

in thermogravimetric analysis (TGA) instrument for defining the mathematical model of 

the reactions taking place.  

 

Finally, the results interpretation is based on calculations performed in both Matlab 

and GC-MS software. Compositional analysis of the raw samples used for pyrolysis was 

provided by an external lab.  
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3. Theoretical part 

 

The theoretical part includes all the necessary information about the composition of 

the waste from electrical and electronic equipment and especially the printed circuit 

boards which is the examined fraction. Therefore, the expected compounds released from 

the pyrolysis process can be easily identified. Moreover, the principals of pyrolysis are 

described in order to obtain an overview of the entire process.  

 

3.1.Electronic Waste 

 

The electrical and electronic equipment (EEE) is one of the most growing productions 

globally. Simultaneously, the fraction of waste of EEE is also growing on similar rates, 

approximately 3-5% according to Eurostat (Eurostat, 2012) and will probably increase on 

the upcoming decades. Therefore the necessity of developing a proper and efficient waste 

management system for waste from electrical and electronic equipment (WEEE) is 

crucial for reducing the amount of waste while on the same time recovering energy and 

materials. The European Commission (EE) has already recognized the importance of 

collecting and treating such waste, by promoting and adopting the derivative 2002/96/EC 

on WEEE. This legislation offers the creation of disposal sites, where consumers can 

handle their waste equipment without any charge and implies the reuse and recycling of 

70-80% of the waste handled (The European Parliamentand the council of the European 

union, 2003). 

 

3.1.1. Printed Circuits Boards 

 

The fraction of all electrical and electronic equipment contains approximately 6 wt% 

printed circuit boards (PCBs), which represent almost 500,000 tons per year in Europe 

(Williams, 2010). PCBs are heterogeneous mix of organic materials, glass fibers and 

metals, which complicates the process of recycling. Therefore, the average recycling rate 

has been reported relatively low (almost 15%) (Williams, 2005).  

 

 
Figure: 1 Sample Printed Circuit Board 
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3.1.2. Composition of Printed Circuit Boards 

 

The manufacturing process and the raw materials used for PCB production depends 

on their applications. PCBs can be single sided, double sided or multilayer types and can 

also be flexible, rigid or a combination of both. In order to produce all these different 

structures, it requires different layers of materials. A typical composition of PCB contains 

40 wt% of metals, 30 wt% of plastics and 30 wt% of ceramic material (Williams, 2005). 

 

 
Figure 2: Composition of Printed Circuit Boards according to the literature (Williams, 2005) 

 

Ceramics used for the printed circuit board manufacturing process 

 

The PCBs’ base is made from composite materials usually reinforced plastics from 

ceramic material. The ceramic materials used for PCB production are mainly silica or 

alumina but also alkaline earth oxides, mica and barium titanate have been used 

(Williams, 2010). 

 

Plastics used for the printed circuit board manufacturing process 

 

 The most common structure of the printed circuit boards is made by glass fiber 

reinforced epoxy resign and by cellulose paper reinforced phenolic resin. The plastics 

used for the PCBs production are polyethylene, polypropylene, polyesters, PVC, epoxy 

resigns, PTFE and nylon. All of them also requires a hardener in order to form the cross 

linking of the resign which attach all their properties and creates a thermoset plastic. The 

most commonly used is the dicyanodiamide, but also 4,4-diaminosiphenyl sulfone and 

4,4- diaminodiphenyl mehtene are used. Moreover, the PCBs contain brominated and 

chlorinated organic compounds, which are flame retardants in order to prevent fire 

damage (Williams, 2010).  

 

40% 30% 

30% 

Printed Circuit Board's Composition 

Metals Ceramic material Plastics

(Williams, 2005) 
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Plastics are a group of synthetic or natural materials, composed of high molecular 

chains and consist of a repeatable molecule unit, the monomer. The main element 

included on the polymeric chain is the carbon (C) with structural combinations of other 

elements such as oxygen (O), hydrogen (H), nitrogen (N) and other organic and 

inorganic. In most cases, plastics are bounded with additives of different nature and 

constitution in order to form or improve their final properties. Those additives are 

antioxidants, heat and lighting stabilizers, plasticizers, impact resistance enhancers, 

pigments, colorants and dyestuffs, flame retardants, mould-release agents, foaming 

agents and fillers. All these additives can influence the process behavior of pyrolysis for 

thermal waste treatment of the plastics and especially those which are used in the 

manufacturing process for initiating or terminating the polymerization reaction (John 

Scheirs & Kaminsky, 2006). Therefore, the analysis of the plastics’ fractions, properties 

and additives is high importance before the designing of a plastics waste treatment 

process.   

 

Polyethylene 

 

Polyethylene or PE is a thermoplastic polymer consists of long hydrocarbons’ chains 

and its worldwide yearly production is approximately 80 million tons. This simple alkene 

polymer is also called chain-growth polymer because its formation is based in a chain 

reaction process in which an initiator adds to a carbon-carbon double bond to yield a 

reactive intermediate. The reaction continues and the intermediate reacts with a second 

molecule of the monomer and so on. The monomer of polyethylene is the ethylene and 

the polymerization usually occurs in high pressure (1000-3000 atm) and relatively high 

temperature (100-250 
o
C) in the present of radical initiators such as benzoyl peroxide 

(McMurry, 2010). 

 

Polypropylene 

 

Polypropylene or PP is also a thermoplastic polymer consist of long hydrocarbon 

chain as well as polyethylene. It is also an alkene polymer since the monomer molecule 

used for its production is propylene. The polymerization process is very similar with the 

polyethylene process but can vary in the presence of different catalysts which can 

contribute to three different structures (isotactic, syndiotactic and atactic) with different 

properties (McMurry, 2010).  

 

Polyesters 

 

Polyesters or PET are step-growth polymers according to the (McMurry, 2010) 

because each bond in the polymer is formed in a discrete step, independent of the others. 
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The key bond-forming step is usually a nucleophilic acyl substitution of a carboxylic 

acid. The most common polyester is made by reaction between dimethylterephthalate 

(dimethyl 1,4-benzenedicarboxylate) and ethylene glycol (1,2-ethanediol). Polyesters are 

also used in clothing fiber applications and in recording tapes because of their high 

tensile strength which is close to the strength of steel (McMurry, 2010). 

 

Polyamides or Nylons 

 

Polyamides polymers are also step-growth polymers and the production process is 

similar to the polyesters. The production process is by allowing a diamine and a diacid 

chloride react and then each partner could form two amide bonds, linking more and more 

molecules together concluding a giant polyamide. The nylon is the mostly commonly 

used for the reinforcement of composite materials with fibers made from polyamides 

(McMurry, 2010).  

 

Polyvinyl chloride 

 

Polyvinyl chloride or PVC is also a thermoplastic polymer and the third most widely 

produced polymer after PE and PP. The manufacturing process of this polymer include 

the monomer of this polymer is the 1,2-dichloroethane or ethylene dichloride as a starting 

material (McMurry, 2010). For the polymerization, initiators are also necessary in the 

early beginning of the process, which are usually dioctanoyl peroxide and dicetyl 

peroxydicarbonate. In order to sustain a uniform rate of polymerization, a combination of 

different initiators is used for balancing the reaction because some initiators start the 

reaction quickly and then decay and others have exactly the opposite effect. The final 

product has an average molecular weight range from 200,000 to 45,000 (Salil & Manas, 

2006). 

 

Flame retardants 

 

One of the major challenges in waste management on WEEE is the presence of 

hazardous materials in most electronic waste fractions such as the flame retardants. The 

flame retardants have been widely used on the manufacturing processes of electronics 

since the 1970’s for taking advantage of their properties. The flame retardants have the 

ability to resist igniting when exposed to a flame or elevated temperature; therefore the 

printed circuit boards should include these additives (Rosenberg, et al., 2011).  

 

The chemicals used are mostly brominated flame retardants (BFRs) and especially for 

the printed circuit boards the main compound in commercial use is tetrabromobisphenol-

A (TBBP-A) according to the Brominated Flame Retardant Industry Panel (EBFRIP, 
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2008). The TBBP-A is an aromatic compound and can be chemical bounded in polymer 

chains either by grafting onto the backbone or by becoming a part of the backbone. A 

number of studies have been carried out about the toxicity and the health risks concerning 

the human exposure in TBBP-A on recycling sites. The TBBP-A has the ability to mimic 

the structure of T-4 thyroid hormone and can bond more strongly to the thyroid hormone 

transport protein causes increased risk of viral infection and tumor formation (Kibakaya, 

et al., 2009). 

 

Metals used for the printed circuit board manufacturing process 

 

The function of PCB requires electrical conductors made by metals, which covers the 

40 wt% of the total mass. The most widely used metal is copper (usually varies between 

10 to 27 wt%), which is the most common material for the formation of the electrical 

circuits, but PCBs contains also other metals such as iron, silver, gold and palladium. 

Although copper covers the higher concentration among the metals, the recycling process 

is mainly driven by the content of precious and rare metals. An interesting fact is that the 

high quantity of coppers covers almost the 10% of the total intrinsic value of the PCB, 

while the low concentrations of gold (0,1 wt%), palladium (0,03 wt%) and silver (0,3 

wt%), represent more than the 80% of the total intrinsic value. Moreover, the PCBs may 

contain low concentrations of hazardous metals such as lead, nickel, antimony, cadmium, 

arsenic, chromium and mercury, which can cause significant environmental impacts if 

they escape from the recycling process (Williams, 2005).  

 

3.1.3. Recycling Methods and their Risks 

 

Before the recycling of the PCBs, a pretreatment stage is essential in order to remove 

the larger components for reuse. Capacitors, resistors, integrated circuit chips, thermistors 

and others are being removed from PCB through manual disassembly or by using high 

heat for de-solder. Then the PCB is ready for recycling using thermal, hydrometallurgical 

or mechanical method.  

 

The thermal recycling includes the pulverizing of the PCB to fine particles’ size and 

then the combustion of the polymeric components in high temperatures (1200 
o
C). The 

polymeric compounds are evaporated and the residual is a black metal with high 

concentration of copper. The more precious metals are being separated by electro fining 

and they are being recovered afterwards by leaching, melting and precipitation route from 

the anodic sludge (Williams, 2010).  

 

The hydrometallurgical is another commonly used recycling method, which includes 

also electro fining stage by dissolving the PCB in concentrated nitric acid or hydrochloric 
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acid/nitric acid or cyanide solution for mostly gold recovery. The mechanical recycling is 

the simplest among the previous recycling methods. It includes also size decreasing 

through shredders and mechanical separation with magnetic field (Tsydenova & 

Bengtsson, 2011).  

 

The recycling methods of PCBs mentioned above are associated with serious hazards 

and risks. The primary hazards are associated with the mechanical treatment of PCBs, 

during the size reduction step. The dust generated by shredders and grinding includes as 

mentioned before, plastics, ceramic material, metals and silica, which can be carried out 

through inhalation and dermal exposure to the workers and can become a risk on 

environmental contamination. Specifically, studies have showed that the working 

environment of recycling PCBs has high levels of cadmium and lead, which can cause 

continuous exposure of workers to toxic metals and substances (Tsydenova & Bengtsson, 

2011).  

 

Furthermore, the thermal process of recycling can be a source of fumes of metals, 

mainly by the metals with low melting point like copper, cadmium and lead. Other 

hazardous substances produced by the thermal treatment of PCBs are the formation of 

brominated and chlorinated dibenzofurans and dioxins in burning process due to the 

halogens in the plastic parts, but the installation of a proper gas cleaning system or 

lowering the temperature in the burning process can minimize the risks. Moreover the 

hydrometallurgical process is associated with the risk of exposure to acid fumes and acid 

in its liquid form and of course the exposure on cleaning solvents used for shreds 

preparation (Tsydenova & Bengtsson, 2011). 

 

3.1.4. Available Waste Management Techniques 

 

Usually the PCBs or the PCBs’ recycled residue are either incinerated or landfilled. 

The incineration of PCBs is much safer and controlled method, because it can be carried 

out through controlled combustion conditions, including an efficient flue gas treatment 

for minimizing the environmental impacts (Tsydenova & Bengtsson, 2011). The 

incineration of PCBs can lead to the formation of brominated compounds resulting from 

the brominated flame retardants, which are rather toxic (Williams, 2010). Additionally, 

the combustion of PCBs can also be used as a mean of recovering the energy content of 

plastics contained in PCBs. On the other hand, the landfill although it is also a controlled 

process and leachate sealed, it can lead to leaching toxic substances to the aquifer and 

there is also a risk of vaporization of volatile hazardous compounds (Tsydenova & 

Bengtsson, 2011) (Bereketli, et al., 2011).  
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3.2. Pyrolysis 
 

Pyrolysis is the thermal degradation of organic waste in the absence of oxygen to 

produce a carbonaceous char, oil and combustible gases. How much of each product is 

produced is dependent on the process conditions, particularly temperature and heating 

rate according to Williams, 2005 on page 326. The word “pyrolysis” comes from the 

Greek word “πυρ” (pyr) which means fire and the Greek word “λύσις” (lysis) which 

means breakdown and separation emphasizing the disintegration of matter due to heat. 

Pyrolysis is also known as thermolysis, thermal cracking, dry distillation, destructive 

distillation, etc. (Kantarelis, et al., 2013).  

 

The process of pyrolysis can be used in plastics which are composed of large polymer 

chains, which are breaking down to lighter compounds with shorter molecular weight 

chains and molecules (Williams, 2005). The three main products of pyrolysis are the 

solid residue commonly known as char, the vapors/liquids, aromatics, water, products of 

low degree of polymerization, tars, etc. and the gases which is mainly CO, CO2, CH4, H2 

and other light hydrocarbons (Kantarelis, et al., 2013). 

 

3.2.1. Types of Pyrolysis 

 

The pyrolysis process generally starts on 250 
o
C according to Young, et al. 2013, 

where the thermal decomposition of waste printed circuit boards occurs and continues up 

to 900 
o
C. According to the operating conditions such as heating rates and residence time, 

pyrolysis can be classified as (i) conventional or slow pyrolysis, (ii) intermediate 

pyrolysis and (iii) flash or fast pyrolysis (Kantarelis, et al., 2013). In the case of plastics, 

pyrolysis process can be also classified according to the temperature as low (<400 
o
C), 

medium (400-600 
o
C) or high temperature (>600 

o
C) (John Scheirs & Kaminsky, 2006). 

 

3.2.2. Pyrolysis of Plastics 

 

Generally, the thermal decomposition of plastics or plastic mixture fractions 

through pyrolysis process yields gases, distillates and char in relatively wide variable 

amounts and composition. The basic applications for these products of pyrolysis are 

additives on fuels, petrochemicals and monomers. The variations on the gaseous and 

liquid products are strongly dependent on the polymer or the polymer mixture used as 

feedstock and on the operating conditions of the process, complicating the processes of 

fractionating the effluents, upgrading to commercial applications and separating the 

undesirable impurities. Therefore, in order to overcome these difficulties and to adopt the 

optimum method for specific cases, more investigation on each case is required. On the 

other hand, the char is much more stable in composition, since it incorporates only 

pigments, fillers and ash (John Scheirs & Kaminsky, 2006).  
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3.2.3. Operating Conditions on Pyrolysis of Plastics 

 

The chemical composition of the feedstock polymer or polymeric mixture is 

strongly connected with the pyrolysis products, since the gas, liquid and solid produced 

consist of the same elements as the raw plastic. The raw plastic’s elements are 

redistributed among the products with hydrogen and chlorine enriching the gas phase and 

the carbon enriching the solid phase. Moreover, there is a correlation between the 

polymer structure and its primary products, even though second reactions occur to more 

stable and less reactive products. The primary products seem to be produced from bond 

breakage reactions followed by the molecular or free radical rearrangement. Additionally, 

these reactions occur preferably on higher temperatures. Furthermore, the additives such 

as stabilizers, plasticizers and pigments can influence the onset of pyrolysis (John Scheirs 

& Kaminsky, 2006). 

 

The temperature is probably the most important factor among the operating 

conditions of the pyrolysis, since the rate of thermal decomposition and the stability of 

feedstock and the reaction products are determined by this variable. Generally, the 

production of simple gaseous molecules are favored by high temperature and both 

vacuum and product dilution while low temperatures and high pressure increase the 

production of liquid products with high viscosity and further on increase the rate of 

pyrolysis, dehydrogenation and higher coking tendency (John Scheirs & Kaminsky, 

2006).  

 

The retention time is also an important variable and it is also connected with the 

reaction temperature. The formation of the primary products such as monomers require 

short reaction time while more stable products such as high heating value gases and 

liquids (H2, CH4, aromatics, carbon) require long reaction time (John Scheirs & 

Kaminsky, 2006).  

 

Additionally there are other factors that can affect the product distribution of the 

pyrolysis of plastics. The reactor type for instance, determines the quality of heat transfer, 

the mixing of the polymers and the escape of the primary products. Furthermore, the 

presence of reactive gases (air) or the usage of catalysis can influence the chemical 

equilibriums and kinetics and mechanisms respectively (John Scheirs & Kaminsky, 

2006).  

 

3.2.4. Decomposition Modes on Pyrolysis of Plastics 

 

As it is already described, the pyrolysis of plastics is very complex and cannot be 

described by one or more chemical reactions. On the other hand, there are ways to 
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formulate empirical formulas simulating fractional stoichiometric coefficients or 

comprehensive systems of elementally reactions. Even though these can define a general 

description of the processes, molecular structure variations such as chain irregularities or 

incorporation of initiators and catalysis can vary. Decomposition modes can be divided 

according to followed reaction patterns, which mainly concern the molecular structure: 

 

 Decomposition into monomer units, known as unzipping. The monomer units are 

released through the pyrolysis process and can be used for polymerization or other 

applications such as additive on waxes and lubricants.   

 Random Fragmentation of the initial polymer chain into intermediate length 

structural fragments. These can also be used as waxes and oils. 

 Decomposition according to previous schemes. 

 Elimination of side-chains 

 Eliminations of simple stable molecule (John Scheirs & Kaminsky, 2006) 
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4. Instrumentation 

 

The instrumentation chapter describes briefly the two analytical tools, the 

thermogravimetric analysis (TGA) and the gas chromatographer – mass spectrometer 

(GC-MS) used for this report in order to gather the necessary data for the analysis of the 

results. The description includes information about the functions, the technique and the 

characteristics of each analytical tool. 

 

4.1.Thermogravimetric Analysis (TGA) 

 

Thermogravimetric Analysis (TGA) is an analytical experimental technique used for 

the determination of materials thermal stability and its fraction of volatile components by 

monitoring the differences on weight in correlation with the temperature and time. The 

experiments are carried out normally in air atmosphere or in an inert atmosphere of 

helium (He), nitrogen (N) or argon (Ar) and the weight differences are recorded in a 

constant heating rate. In this specific case, the experiments are carried out in nitrogen 

atmosphere in order to simulate the pyrolysis conditions (Gabbott, 2008).  

 
Figure 3: Typical Instrumentation of Thermogravimetric Analysis (TGA) 

The results of TGA measurement are usually reflected on a TGA curve in which 

sample’s mass or percent of sample’s mass is plotted against temperature or time. 

Moreover, the TGA measurements can be presented as the first derivative of weight loss 

through temperature or time. These curves show the rate at which part of the initial mass 
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decreases or increases while several reactions occurring either with the atmosphere or 

with the different compounds included in the initial mass. In this specific case, reactions 

with the atmosphere such as oxidation cannot occur since the experiments will be carried 

out under non-oxygen conditions for simulating the pyrolysis process (Gabbott, 2008).  

 

The most common reactions in this specific case can be classified as follows: 

 

 Evaporation of the volatile compounds which is presented on the beginning of the 

curves, since it occurs in lower temperatures. 

 Thermal decomposition with the formation of gaseous products, which can 

usually, occurs in several steps. 

 Secondary chemical reactions, (Gabbott, 2008) 

 

4.2. Analytical pyrolysis (Py-GC-MS) 

 

The gas chromatography–mass spectrometry (GC-MS) is an analytical tool which 

combines the features of gas chromatography for separation of the injected components 

and the features of mass spectrometry for identification of each compound. The 

combination of GC-MS has become popular in both research and commercial analytical 

laboratory applications due to its advantages. GC-MS is a user friendly analytical tool 

and reasonable inexpensive and can provide validated data in high range of substances in 

both laboratories and on site applications (McMaster, 2007).  

 

As mentioned before, the gas chromatographer leads the injected mixture into an inert 

gas stream, which travels through a capillary coated column where different substances 

according to their chemical and physical properties are separated. The different 

substances are escaping the column in different times, known as retention time, which 

corresponds to the molecular weight of each substance. Specifically, the substances are 

being released in an increasing molecular weight sequence. The important variations and 

settings on this equipment which should be adjusted according to the injected mixture are 

the type and the size of column, the type and the flow of the carrier gas and the 

temperature of the column. All these parameters should be set according to the 

manufacture’s instruction and the literature review from previous studies (Oxienqun, 

2003). 
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Figure 4: Typical Instrumentation of Gas Chromatography (GS) 

 

The mass spectrometry is the most sensitive method of its kind and it can be applied 

for a variety of qualitative and quantitative analysis. The substances, which have been 

separated from the gas chromatographer, are injected into the mass spectrometry and pass 

through an ion source under extremely low pressure. The ion source, which in our case is 

electron impact (EI) ionizes the substances which are accelerated. Then, the ionized 

substances pass through a detector which detects and records the differences in current to 

mass/charge ratio. The final result of the mass spectrometry is a chromatogram which can 

be also compared with a library and identifies the different substances qualitatively. The 

quantitative analysis requires calibration of the MS with specific and certified standards 

in order to obtain verified results. On the other hand, an approximate analysis can be 

made according to the area of each pick from the chromatogram (Oxienqun, 2003).  

 
Figure 5: Typical Instrumentation of Mass Spectrometry (MS) 

 

The GC-MS usually accepts either gas or liquid samples for the analysis, so it 

contains an inlet with one or more sockets for the samples. For simulating the pyrolysis 

process, the instrumentation was also including a pyrolyser for injecting the pyrolysis 

product’s gas mixture to the GC-MS. The pyrolyser is an external unit which simulates 
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the pyrolysis process in different temperatures and gas flows. Therefore, the products 

from the pyrolyser were led straight to the GC after passing through filtering in order to 

remove some carried mass from the char.  

 
Figure 6: Typical Instrumentation of Pyrolyzer (PY)  
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5. Experimental Part 

 

The experimental part includes all the necessary information regarding the 

experiments which were conducted at the laboratory located at the division of Energy and 

Furnace Technology and at the department of Polymer and Fiber Technology at KTH for 

this master thesis. 

 

5.1.Sample Preparation 

 

Three printed circuit boards were gathered from the university’s recycling facility. 

Then, the components from the PCBs such as capacitors, batteries and plastic sockets for 

Peripheral Component Interconnect (PCI) cards were removed and the rest material was 

shredded and crushed. The pretreatment of the PCBs was necessary in order to be 

suitable for the experimental methods used. Additionally, homogenization of the samples 

was also a very important stage in order to achieve repeatability of the results since the 

sample should have homogenous composition. The size reduction was achieved with a 

shredder provided and the homogenization was achieved through extensively mixing of 

the pulverized material.  

 

5.2.Conducting Thermogravimetric Analysis (TGA) 

 

The Thermogravimetric Analysis (TGA) used for this master thesis is located in the 

department of Fiber and Polymer Technology-Polymeric Materials in the School of 

Chemical Science and Engineering of the Royal Institute of Technology.   

 

 
Figure 7: Thermogravimetric Analysis (TGA) used for this report 

As mentioned before the powder selected for these experiments was <0,06mm in 

order to minimize the heat transfer losses. The experimental method required four 

different heating rates which were selected according to the literature review (Chan & 
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Valix, 2014). Therefore, the experiments were carried out at 5
 o

C/min, 10
 o

C/min, 20
 

o
C/min and 40 

o
C/min.    

 

For conducting the experiments, eight crucibles were used, two for each different 

heating rate, one for the blank experiment and one for the sample’s experiment. The four 

crucibles included a sample of 12 mg (+/-2 mg). The blank was necessary for removing 

the error of the analytical tool in every different heating rate. Therefore, four different 

curves were gathered presenting the mass loss of the sample with the increasing 

temperature and time (TGA curves) and four different curves presenting the heat flow 

with the increasing temperature and time. The methodology used for analysis of the 

pyrolysis kinetics will be presented on the chapter pyrolysis kinetics while the curves will 

be presented and analyzed on the results part and the analytical data will be enclosed on 

the appendix.  

 

 
Figure 8: Samples inside the crucibles used for the experiments  

 

5.2.1. Pyrolysis Kinetics 

 

The pyrolysis of printed circuit boards is generally a complex process and includes 

several steps. The level of homogeneity is relatively low compared with other waste 

fractions.  It is extremely difficult to conduct a full kinetic analysis of such complex 

systems while an average kinetic description is also required. The overall kinetic 

reactions of printed circuit boards can be described by the following equation: 

 

  

  
  ( ) ( ) 

(eq-1) 
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Where, 

a is the normalized conversion of the raw materials’ decomposition and  

f(a) depends on the mechanism of the thermal decomposition 

 

The normalized conversion described above can be defined as: 

 

  
     

     
 

(eq-2) 

 

Where,  

 

m0 is the initial mass of the sample  

mt is the mass of the sample at time t and 

mf is the final mass of the sample 

 

The dependence of the rate constant is described by the Arrhenius law: 

 

 ( )    ( 
 
  
)
 

(eq-3) 

 

Where, 

 

E is the activation energy 

A is the pre-exponential factor and  

R is the gas constant 

 

Printed circuit boards are heterogeneous materials with complex structure and its 

mechanisms are still unknown. Therefore, the determination of the activation energy of 

thermal decomposition can only be described by model free methods. Iso-conventional 

methods are model free methods which can evaluate the kinetic parameters such as the 

activation energy (E) at progressive conversion values of normalized conversion (a).  

(Vyazovkin & Sbirrazzuoli, 2006). 

 

As long as the temperature is increasing through time with a constant heating rate β 

the temperature (T) can be expressed by the following equation: 

 

        

(eq-4) 
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Differentiating the above correlation, the equation is formed: 

 

       

(eq-5) 

 

By combining the eq-1 with the eq-5 derives the following equation: 

 ( )  ∫
 

 

    

  

  
 
     

(eq-6) 

(Kantarelis, 2009) 

 

Kissinger-Akahira-Sunose (KAS) Method 

 

The Kissinger-Akahira-Sunose (KAS) Method is one of the most accepted iso-

conventional method in the scientific community. This method describes that the relation 

between heating rate and the temperature is: 

 

  (
 

  
)      (

  

  ( )
)  

 

 
 
 

 
 

(eq-7) 

 

Where, 

 

β is the heating rate in K/sec 

T is the temperature in K 

A is the pre-exponential factor 
 

E is the activation energy in J/mol 

R is the gas constant in J/molK 

 

So, by plotting ln(β/T
2
) vs. 1/T at constant conversion values will produce a straight 

line, at which the slope is the activation energy for the specified value of conversion. By 

doing that on the whole range of conversion, it will produce the activation energy profile. 

(Kantarelis, 2009) 

 

Coats – Redfern Method 

 

The devolatilization kinetic parameters from TG data can be derived by using the 

Coats-Redfern Method, which is a model-fitted method. 
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Since iso-conventional methods are more reliable and accurate for the estimation of 

the activation energy of the thermal decomposition, the method of Coats-Redfern will be 

used in order to estimate the activation energy and determine the pre-exponential factor 

and the reaction order. The equations for numerical determination of the kinetic 

parameters of the Coats –Redfern are: 
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(eq-9) 

 

Where, 

 

n is the order of the reaction 

β is the heating rate of the sample 

R is the global gas constant 

A is the pre-exponential 

E is the activation energy. 

 

For simplification of the eq-8 and eq-9 the   [
   (   )

  
] and the   [

(   )     

(   )  
], which 

are depending on the reaction order can be referred as lnB. 

 

Then plotting the lnB vs. 1/T will produce a straight line, which slope would be equal 

to  
 

 
, while its interception would be equal to   [

  

  
(  

   

 
)].  

 

Assuming that the 2RT<<E, the  
   

 
  , then we get this equation: 
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(eq-10) 

(Kantarelis, 2009) 
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5.3.Conducting Analytical Pyrolysis (Py-GC/MS) 

 

The Analytical Pyrolysis (Py-GC/MS) system is located in the department of Material 

Science and Engineering in the Division of Energy and Furnace Technology of the Royal 

institute of Technology.  

 

 
Figure 9: Pyrolyser – Gas Chromatographer – Mass Spectrometer (Py-GC-MS) used for the experiments  

 

The equipment used is the Pyrola® 2000 system (PY) which consists of a process 

unit with a Pt filament, a control unit, an optic cable and a Windows based software 

coupled to an Agilent 6890A gas chromatograph (GC) and the Agilent 5973C MSD mass 

spectrometer (MS). The column used by the GC is DB-1701ms type, 0.25mm diameter 

and 60m long. 

 

The samples used for each experiment were weighted before the pyrolysis process 

and each sample was 1,5 mg (±0,3mg). Furthermore, the char residue after the pyrolysis 

was also weighted for calculations.  

 

The samples were pyrolysed under isothermal conditions in different temperatures 

between 400
 o

C to 900 
o
C. The chromatograms gathered from the MSD were qualitative 

and quantitative analyzed in order to calculate the production of different substances 

through the pyrolysis as well as the quantity of them. The method used for the analysis of 

the mass spectrometry was according to literature with some modifications. The initial 

temperature was 40 
o
C and afterwards the temperature increased with the rate of 2 

o
C/min 

until the 180 
o
C, then the temperature was increasing with the rate of 5 

o
C/min until the 
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temperature of 300 
o
C. Totally, every experiment lasted 100min. For this master thesis, 

seventy four experiments where performed in order to minimize the errors and to 

conclude to more accurate results. 

 

 
Figure 10: Sample of Printed Circuit Boards on the top of the Pt filament of the Pyrolyser  
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6. Results and Discussions 

 

This section includes the results derived from the experiments conducted in terms of 

this master thesis work. Furthermore, an extensive analysis and discussion are also 

included in order to explain all the correlations identified. 

 

6.1.Composition of Printed Circuit Boards Sample 

 

The composition of the printed circuit boards was already found according to the 

literature (Williams, 2005). On the other hand, in order to achieve more accurate results 

and to compare the product of pyrolysis with the initial composition, a proximate 

analysis, an ultimate analysis and an elemental analysis was conducted. This laboratory 

analysis was performed by an external lab.  

 

The received results from this analysis and the certified methods used are summarized 

in the following tables (see Tables 1,2,3).   

 

6.1.1. Proximate Analysis 

 

Table 1 includes the proximate analysis of the printed circuit board sample. 

 
Table 1: Proximate Analysis of Sample Printed Circuit Board 

Proximate analysis 

Moisture 105 
o
C 0,20wt%  SS-EN 14774:2009/15414:2011 

Ash (db) 550 
o
C 79,50wt%  SS-EN 14775:2009/15403:2011 

Volatile (db) VM 20,15wt%  SS-EN 15148:2009/15402:2011 

Fixed Carbon (db)  0,15wt%   

 

The proximate analysis shows that the printed circuit boards have a high amount of 

ash, 79,5 wt% in total, which can be explained due to its high concentration in metals and 

ceramic compounds. The volatile compounds was also relatively high, 20,15 wt % due to 

its high concentration in organic compounds, plastics and resins. Finally the moisture 

content is relatively low as expected from similar studies.  
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6.1.2. Ultimate Analysis 

 

Table 2 includes the ultimate analysis of the printed circuit board sample. 

 
Table 2: Ultimate Analysis of Sample Printed Circuit Board 

Ultimate analysis 

Carbon (db) (C) 18,90wt% SS-EN 15104:2011/15407:2011 

Hydrogen (db) (H) 1,90wt% SS-EN 15104:2011/15407:2011 

Nitrogen (db) (N) 0,57wt% SS-EN 15104:2011/15407:2011 

Chlorine (db) (Cl) 0,09wt% SS-EN 15289:2011/15408:2011 

Sulphur (db) (S) 0,06wt% SS-EN 15289:2011/15408:2011 

 

The ultimate analysis shows the percentages of Carbon, Hydrogen, Nitrogen, 

Chlorine (Cl) and Sulphur (S) contained in the examined fraction of printed circuit 

boards. The ultimate analysis can also give us information about the energy content of 

this fraction. Knowing that a high amount of the sample consist of ash79,5%, which is 

mainly incombustible inorganic material, the heating value is relatively low. On the other 

hand, the carbon which is 18,9% is relatively high comparing with the rest substances 

derived from the ultimate analysis. By this data it can be assumed that the pyrolysis 

products by removing the ash which always stays as a char will be rich in carbon 

compounds. Therefore, the heating value of the pyrolysis products can be relatively high 

in comparison with other fraction such as biomass which has high concentration in 

oxygen.   

 

6.1.3. Elemental Analysis 

   

Table 3 includes the elemental analysis of the printed circuit board sample. The 

elemental analysis shows, as expected from the literature that the most abundant metal in 

the printed circuit board fraction is the copper due to its high application on conductors of 

the motherboard. Furthermore, silica concentration is also high due to its use as a ceramic 

materials and fibers. Although, the concentration of gold, silver, platinum and palladium 

is low, the prices in the market can work as a driving force for recovery of those metals 

too. Moreover, lead, nickel, antimony, cadmium, arsenic, chromium and mercury which 

are hazardous substances has high concentrations which can cause environmental impacts 

as mentioned in previous chapters if they escape from the recycling facility. 
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Table 3: Elemental Analysis of Sample Printed Circuit Board 

Elemental Analysis 

Element Symbol mg/kg % Element Symbol mg/kg % 

Gold Au 6,61 0,00% Barium  Ba   1645 0,16% 

Palladium Pd 11,6 0,00% Lead  Pb   49611 4,96% 

Platinum Pt 0,0101 0,00% Boron  B   2470 0,25% 

Silica  Si   101855 10,19% Cadmium  Cd   0,23 0,00% 

Aluminium  Al   25700 2,57% Cobalt  Co   3,23 0,00% 

Calcium  Ca   34000 3,40% Copper  Cu   338690 33,87% 

Iron  Fe   10300 1,03% Chromium  Cr   237 0,02% 

Potassium  K   300 0,03% Mercury  Hg   3,65 0,00% 

Magnesium  Mg   530 0,05% Molybdenum  Mo   0,187 0,00% 

Manganese  Mn   78 0,01% Nickel  Ni   1340 0,13% 

Sodium  Na   852 0,09% Tin  Sn   1530 0,15% 

Phosphorus  P   99,5 0,01% Vanadium  V   14,8 0,00% 

Titanium  Ti   1372 0,14% Zinc  Zn   9410 0,94% 

Antimony  Sb   40,8 0,00% Silver  Ag   398 0,04% 

Arsenic  As   0,264 0,00%     

 

 

6.1.4. Ash Properties 

 

The analysis from Belab AB includes the ash properties of the sample which are 

summarized on the table 4. This analysis shows under which temperature the ash is 

shrinking, deforming, melting as a hemisphere and flowing. All these temperatures are 

important in order to set the temperature’s boundary conditions at which the pyrolysis 

test should be made. Moreover, these test shows under which temperatures the ash 

content becomes unstable and can cause functional problems to a bigger scale plants.  

 
Table 4: Ash Properties Analysis of Sample Printed Circuit Board 

Ash properties 

Shrinking Temperature (SST) 940 
o
C 

Deformation Temperature (IT) 990 
o
C 

Hemisphere temperature (HT) 1040 
o
C 

Flow Temperature (FT) 1060 
o
C 

 

The shrinking temperature or shrinkage starting temperature (SST) is the initial 

temperature at which the sample first starts to shrink, due to sintering, while the volatile 

matter in this specific case has been reacted in lower temperatures. The deformation 
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temperature or initial deformation temperature (IT) is the temperature at which the 

sample shows the first signs of rounding due to melting. The HT is the temperature at 

which the sample has been melted and has form a hemisphere. The FT is the temperature 

where the sample has been effectively melted and has been spreading over. 

 

 
Figure 11: Illustrated view of the Ash Properties (Technology, n.d.) 

6.2.Thermogravimetric Analysis (TGA) 

 

The thermogravimetric analysis as it was mentioned before; it was conducted on four 

different heating rates, 5 
o
C/min, 10

 o
C/min, 20

 o
C/min and 40

 o
C/min, for a temperature 

range between 50 
o
C to 900

 o
C. The samples was carefully and extensively shredded to 

<0,06 mm in order to achieve lower heat transfer losses for more accurate results. In each 

different heating rate a blank experiment was also conducted for calibration of the TGA 

and for optimization of the results according to the manufacture’s instruction.  

 

The Thermogravimetric curve shows the correlation between mass loss percentage 

and temperature. As expected the mass loss ends on the percentage of almost 80 % which 

can be explained from the high ash content. The mass has barely changed from the 

beginning of the experiment until the 120 
o
C as can be expected from the low moisture 

content, considering that the moisture escapes in greater temperatures than 100
 o

C. The 

higher mass loss rate were recorded on the temperature range between 250
 o

C to 370
 o

C 

as can be exploited from both the figure 12 and the figure 13, where the derivative of 

mass loss was sufficient decreased.  

 

Furthermore, an important observation from both figures is than both TGA curve and 

derivative thermogravimetric (DTG) curve was shifted to higher temperatures as the 

heating rate was increased. This delayed decomposition contributes to heat transfer 

resistance of the system. As the thermal energy is supplied to the system with higher 

rates, the system requires longer periods to reach the equilibrium temperature. Therefore, 

the higher heating rate, the higher residence time is needed for the sample to reach the 

decomposition temperature.  
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Figure 12: TGA curve Mass loss% vs Temperature of the sample Printed Circuit Boards 

 

 

 
Figure 13: DTG curve Mass loss derivative% vs Temperature of the sample Printed Circuit Boards 

6.2.1. Pyrolysis Kinetics 

 

The data extracted from the Thermogravimetric analysis shows that the main reaction 

occurs between the temperature of 250 
o
C and 370 

o
C, where the mass loss rate becomes 

maximum. Therefore, the analysis of the activation energy as long as other kinetic 

parameters will be calculated by the KAS method between these temperatures.  
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Furthermore, in order to have more accurate results, the method Coats – Redfern will 

be also used for calculating all the pyrolysis kinetic parameters for the entire process for 

the four different heating rates, which the experiments were conducted. Moreover, the 

method of Coats – Redfern will be used separately for the two main reaction stages for 

more accurate results. 

 

The data extracted from these analyses can be used as a path providing the necessary 

information for the process of pyrolysis of printed circuit boards. On the other hand it has 

to be mentioned that the data calculated describes apparent and average reactions which 

can substitute the real reactions occurred on this process.  

 

6.2.2. Activation Energy Estimation using the KAS method 

 

According to the analysis of the kinetic model KAS mentioned in previous chapters 

(see eq9), by plotting the ln(β/T
2
) vs. the inverse temperature (1/T) can calculate the 

activation energy for conversions ranging from 0,05 to 0,90 which almost cover all the 

conversion process in the temperature range of 250 
o
C to 370 

o
C.  

 

 
Figure 14: Activation Energy estimated by KAS method, ln(β/Τ2) vs. 1/T 
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Table 5: Activation Energy estimated by KAS method in each different normalized conversion and the R2 factor 

Normalized conversion 

(a) 

Activation Energy 

(kJ/mol) 
R

2
 

0,05 167,304 0,98055 

0,10 154,336 0,990275 

0,15 151,841 0,99247 

0,20 150,336 0,99474 

0,25 149,530 0,995042 

0,30 147,402 0,996685 

0,35 149,673 0,995598 

0,40 149,571 0,996221 

0,45 150,982 0,994174 

0,50 153,247 0,992627 

0,55 154,656 0,990272 

0,60 155,275 0,992208 

0,65 157,987 0,988189 

0,70 161,695 0,983028 

0,75 166,655 0,975541 

0,80 170,893 0,966591 

0,85 180,612 0,939702 

0,90 189,190 0,871459 

 

The activation energy estimated by the KAS method varies from 147,402 KJ/mol to 

189,190 KJ/mol. These variations are common in complex component’s reactions, while 

the reactions occurred and the decomposition mechanisms are also complex. The 

apparent activation energy that can be extracted from the KAS method is the average of 

158,954 KJ/mol with the standard deviation of 11,387.  

 

6.2.3. Activation Energy Estimation using Coats – Redfern Method 

 

The Coats –Redfern method is able to estimate the activation energy from a single 

heating rate. In this specific case, the experiments were conducted in four different 

hearing rates, therefore, the activation energy as long as the reaction order and the pre-

exponential factor will be more accurate. As mentioned in previous chapters, the 

activation energy derives from the slope of plotting the lnb vs. the inverse temperature 

(1/T) (see equation 10). 

 

Firstly the activation energy (E), the pre-exponential factor (A) and the reaction order 

(n) of the apparent reaction can be calculated separately for the different heating rates 

examined in the TGA analysis. The calculation procedure includes the entire range of the 

reaction from 100 % of the initial sample’s mass to the final conversion occurred. The 
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data extracted from the calculations according to the Coats – Redfern method are 

summarized on Table 7.  

 

Furthermore, the pyrolysis kinetic data calculated for the apparent reaction were 

simulated on Matlab software in order to identify if the simulated trend fits to the 

experimental data. The analytical description of the code used for Matlab’s simulations 

can be found on the appendix. Since the coefficient of determination is rather low for 

each heating rate, the correlation between the simulated and experimental trend is not as 

high as it was expected. As it was mentioned before, the complexity of the reactions 

taking place and the complexity of the sample’s composition are limiting factors which 

complicate the desired outcome of the apparent reactions.  

 
Table 6: Activation Energy, Pre-exponential Factor, Reaction Order and the Coefficient of Determination 

estimated by Coats-Redfern Method on Different Heating Rates for the Entire Range of the Apparent Reaction 

Heating Rate 5 
o
C/mim 10 

o
C/mim 20 

o
C/mim 40 

o
C/mim 

Activation Energy (J/mol) 69 830 130 703 128393 97 527 

Pre-exponential factor 6,23 x 10
2
 6,34 x 10

8
 3,99 x 10

8
 1,24 x 10

6
 

Reaction Order  4,06 5,27 4,57 4,21 

R
2
 0,674 0,876 0,900 0,843 

 

Figures 15, 16, 17 and 18 illustrate the mass loss of the samples examined plotted 

against temperature for both the experimental and simulation data for heating rates 5 

K/min, 10 K/min, 20 K/min and 40 K/min respectively. As expected between 

temperatures of 300 K to 500 K no mass loss is observed which means that no reaction 

occurs. The apparent reaction begins at the temperature of 500 K (approx. 227 
o
C). 

Furthermore, the apparent reactions illustrated with the simulation’s curve are completed 

at almost the same mass loss percentage as the experimental data for all the examined 

heating rates.  
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Figure 15: Mass Loss against Temperature for Experimental and Simulation Data for 5 K/min Heating Rate 

 

As it is expected from the low Coefficient of Determination (R
2
) of the simulated 

apparent reaction on 5K/min, the trend is not perfectly matching with the experimental 

data. 

 

 

Figure 16: Mass Loss against Temperature for Experimental and Simulation Data for 10 K/min Heating Rate 
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Figure 17: Mass Loss against Temperature for Experimental and Simulation Data for 20 K/min Heating Rate 

 

 

 

Figure 18: Mass Loss against Temperature for Experimental and Simulation Data for 40 K/min Heating Rate 

 

The experimental data extracted from the TGA curves indicate a large and rapid mass 

loss between the conversion rates from beginning of the mass loss to 55 % conversion 

and from 55 % to the end of conversion a lower and more linear mass loss. This can be 

also extracted from the figure 19. Therefore, the entire reaction can be divided into two 

different reactions in order to calculate two different apparent pyrolysis kinetic reactions 

which should describe more clearly the total mass loss conversion.  
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Figure 19: Conversion Rate in 5 K/min, 10 K/min, 20 K/min and 40 K/min Heating Rates 

 

Therefore, the calculation of the pyrolysis kinetics and all the necessary factors were 

calculated firstly between the conversion rates of from the zero conversion (0 %) to 55 % 

of conversion as 1
st
 reaction parameters and then for the rest of the conversion as 2

nd
 

reaction parameters. Analytically the calculated data with the method of Coats – Redfern 

(see equation 10) by plotting the lnb against inverse temperature are presented on the 

table 7 below as the 1
st
 reaction data and on the table 8 as 2

nd
 reaction data.  

 

 
Table 7: 1st Reaction Pyrolysis Kinetics Data (Activation Energy, Pre-exponential Factor, Reaction Order and 

the Coefficient of Determination estimated by Coats-Redfern Method) on Different Heating Rates (5 K/min, 10 

K/min, 20 K/min and 40 K/min) 

Heating Rate 5 
o
C/mim 10 

o
C/mim 20 

o
C/mim 40 

o
C/mim 

Activation Energy (J/mol) 191273 170425 155142 107312 

Pre-exponential factor 4,57 x 10
14

 4,27 x 10
12

 1,39 x 10
11

 8, x 10
6
 

Reaction Order 1,741231 0,916192 0,299818 0 

R
2
 0,98 0,97 0,98 0,95 

Initial Temperature (K) 507 510 518 503 

Final Temperature (K) 656 635 637 642 
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Table 8: 2nd Reaction Pyrolysis Kinetics Data (Activation Energy, Pre-exponential Factor, Reaction Order and 

the Coefficient of Determination estimated by Coats-Redfern Method) on Different Heating Rates (5 K/min, 10 

K/min, 20 K/min and 40 K/min) 

Heating Rate 5 
o
C/mim 10 

o
C/mim 20 

o
C/mim 40 

o
C/mim 

Activation Energy (J/mol) 34173 48576 46769 21246 

Pre-exponential factor 0,018 1,929 0,754 0,005 

Reaction Order 1,01 2,05 1,85 1,33 

R
2
 0,83 0,84 0,89 0,84 

Initial Temperature (K) 656 635 637 642 

Final Temperature (K) 1166 1166 1165 1162 

 

After these calculations, the data extracted from the Coats – Redfern method were 

imported again to Matlab Software for simulating the total mass conversion into two 

steps reactions. The data from Matlab were again plotted against temperature with the 

experimental data from the TGA in order to compare if the calculated parameters were 

fitting each other. Therefore, the following charts are formed.   

 

 
Figure 20: Mass Loss against Temperature for Experimental and Simulation Data for 5 K/min Heating Rate for 

1st and 2nd reaction 
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Figure 21: Mass Loss against Temperature for Experimental and Simulation Data for 10 K/min Heating Rate 

for 1st and 2nd reaction 

 

 

 
Figure 22: Mass Loss against Temperature for Experimental and Simulation Data for 20 K/min Heating Rate 

for 1st and 2nd reaction 
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Figure 23: Mass Loss against Temperature for Experimental and Simulation Data for 40 K/min Heating Rate 

for 1st and 2nd reaction 

 

It is clearly shown on the figures 20, 21, 22 and 23, that by separating the entire 

reaction into two stages as 1
st
 and 2

nd
 reaction, the plotting on experimental and 

simulating data against temperature fits more accurate.  
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6.3.Analytical pyrolysis (Py-GC-MS) 

 

This section includes the analysis of the results derived from the Py-GC-MS 

analytical experiments. 

6.3.1. Qualitative Analysis 

 

The experiments conducted on the Pyrolyser - Gas Chromatography - Mass 

Spectrometry were performed in order to determine the basic products from pyrolysis of 

printed circuit board’s sample. The methodology followed for the experimental procedure 

is mentioned on the methodology part of this master thesis. A typical form of 

chromatograms gathered for this analysis is illustrated on figure 24 as long as the main 

substances represent each peak.  

 

 
Figure 24: Typical Chromatogram extracted from the PY-GC-MS  

 

The products which were continuously revealed after the library search on the mass 

spectrometry are summarized on the following table as long as their retention time, their 

chemical formula and their molecular weight. The products were also categorizer 

according to their chemical properties and their substance formation. The instrumentation 

of Py-GC-MS could not estimate several substances which probably are produced such as 

hydrogen (H2), carbon monoxide (CO), methane (CH4) etc. due to experimental 

limitations. The Py-GC-MS cannot trace substances with lower molecular weight than 24 

g/mol and higher molecular weight 500 g/mol. 
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The table below shows a variety of hydrocarbons produced from the pyrolysis of 

printed circuit boards. These hydrocarbons have high heating value rates and can be used 

as fuels either for the process of pyrolysis or for external use for oil or gas production. 

Furthermore, chemicals such as phenols, aldehydes, ketones and acids can be used after 

their separation for feedstock recycling processes as raw chemicals or can be used also as 

fuel due to their high heating value content. On the other hand, products with high 

toxicity such as bromine containing compounds and furans are a limiting factor for the 

process feasibility, due to the fact that extensive cleaning of the process’s exhausts should 

be made.  

 
Table 9: Qualitative analysis of compounds produced from the pyrolysis of printed circuit boards 

# Library Compound Retention time 

(minutes) 

Molecular 

Weight  

(g/mol) 

Formula 

Min  Max 

Bromine Containing Compounds 

1 Methane, bromo- 4.584 4.631 94,939 CH3Br 

2 Bromo Phenol 38.060 38.155 173,010 C6H5BrO 

3 Isopropenyl bromide 6.517 6.610 120,976 C3H5Br 

4 Phenol 2,4-dibromo 59.176 59.219 251,900 Br2C6H3OH 

Hydrocarbons 

5 Pentadiene 4.845 4.863 68,117 C5H8 

6 Butane 5.400 5.438 58,122 C4H10 

7 Benzene 6.920 7.427 78,112 C6H6 

8 Toluene 11.226 11.276 92,140 C7H8 

9 Styrene 19.452 19.476 104,150 C8H8 

10 Methyl styren 25.581 25.604 118.18 C9H10 

Gases 

11 Carbon Dioxide 4.221 4.285 44 CO2 

Ketones 

12 Acetone 5.232 5.264 58,080 (CH3)2CO 

Aldehyde 

13 2-Propenal 5.145 5.180 56,063 C3H4O 

Acids 

14 Acetic acid 8.749 8.836 60,050 C2H4O2 

15 2-Propenoic acid 14.412 14.473 72,063 C3H4O2 
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Phenols 

16 Phenol 37.339 37.493 94.11 C6H6O 

17 Phenol 2 methyl 40.855 40.932 108,130 C7H8O 

18 Phenol 2,6-dimethyl 41.998 42.041 122,160 C8H10O 

19 Phenol, 4,4'-(1-methylethylidene)bis 92.815 92.862 228,286 C15H16O2 

20 P-Cresol 43.349 43.422 108,130 C7H8O 

Nitrile 

21 Methyl isocyanide 5.643 5.655 41,052 C2H3N 

22 2-Propenenitrile 5.908 6.046 53,063 C3H3N 

Alcohols 

23 2-Propen-1-ol 6.270 6.320 58,079 C3H6O 

Furans 

24 Benzofuran 25.357 25.378 118.13 C8H6O 

25 Benzofuran, 2-methyl- 36,651 36,661 132.1592 C9H8O 

 

 

The detection of bromophenol dibromophenol and other similar in structure 

substances indicates the type of the flame retardant used for the manufacturing of the 

examined printed circuit boards. The presence of bromine as a substance indicates 

probably the formation of HBr which cannot be traced by PY-GC-MS as its molecular 

weight is lower that the detect limits. According to the literature (Balabanovich, et al., 

2005), the production of the HBr in early stages of the pyrolysis process increase the 

production of a wide range of brominated aromatic species, which are also detected on 

this master thesis experiments.  

 

6.3.2. Quantitative Analysis  

 

The experiments conducted on the PyGCMS were performed also for determining a 

quantitative analysis of the pyrolysis products. Since the chromatograms gathered from 

each experiment were fully analyzed and compared with the library identification of the 

substances from the mass spectrometer. The results gathered from this analysis are 

translated to area percent according to the selected integration. This could be an indicator 

of the quantity of every substance produced. On the other hand, these results cannot be 

translated to actual mass value since the response factor of each substance is not 

determined.  

 

Firstly, the bromine containing compounds are summarized on the figure 25. 

According to the data collected, the more abundant substances which contain bromine are 
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the bromo-methene, the bromo-phenol, the isopropenyl bromine and the Phenol-2,4-

dibromo. The bromine substance is included on the printed circuit boards as flame 

retardants. The quantities of these compounds are nearly stable. A small peak of the 

quantity can be visible on the temperature range between 500 
o
C and 600 

o
C for the 

bromophenol. This can be explained because the bromophenol is aromatic compound and 

the higher temperature can partially break further and decompose it to compounds with 

lower molecular weight.  

 

 

Figure 25: Bromine Containing Compounds Quantity against Temperature 

 

The hydrocarbons produced through the pyrolysis of printed circuit boards were 

mainly in low quantity comparing with other substances. According to the data extracted, 

the quantity of styrene, methylstyren, benzene and toluene is increasing in proportion 

with the increasing temperature and this can be explained since in higher temperature, 

other high molecular weight substances are decomposed to lighter and more stable 

products as these hydrocarbons.  
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Figure 26: The Hydrocarbons Butane, Styrene and Methyl Styrene Quantity against Temperature 

 

 

Figure 27: The hydrocarbons Pentadiene, Benzene and Toluene Quantity against Temperature 

 

The carbon dioxide is the first compound detected on the chromatogram as well as the 

lower traceable substance has 44 g/mol molecular weight. Therefore, the results could be 

affected by the analytical tool’s error. On the other hand, by comparing the figure 28 

which illustrate the carbon dioxide’s quantity against temperature, the quantity increases 

as the temperature increase. This can be explained by the decomposition of brominated 

epoxy resigns which produce mainly methylbromide, acetone and carbon dioxide.  
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Figure 28: Carbon dioxide Quantity against Temperature 

Phenol and phenolic compounds are the most abundant substances produced from the 

pyrolysis of printed circuit boards as illustrated from the figure 29 and also were further 

mentioned on literature. The phenol seems to have a maximum peak between 450 
o
C and 

600 
o
C and in higher temperatures the quantity is decreasing. This decrease can be 

explained from secondary reactions which occur in higher temperatures and probably this 

product is further decomposed. The quantity of phenol reaches the percentage of 50 % to 

the total products produced through this process; therefore it can be used as chemical raw 

material for feedstock recycling. The other phenolic products seem to have a stable 

quantity through temperatures variations.  

 

Figure 29: Phenol, phenol-2-methyl and phenol-2,6-dimethyl Quantity against Temperature 
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Figure 30: Acetone, 2Propenal, Acetic acid and 2-Propenoic acid Quantity against Temperature 

 

Furans as mentioned on the theoretical part are highly toxic components and can 

influence the process negatively. Their quantity is really low in lower temperatures and is 

increasing in proportional rates with the temperature.  

 

Figure 31: Benzofuran and Benzofuran-2-methyl Quantity against Temperature 
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7. Conclusions 

 

Concerning all the results and the discussions, it can be summarized that pyrolysis 

process of printed circuit boards can become a feasible method for energy production and 

material recovery.  

 

Firstly, the metals which can be recovered after the pyrolysis process have relatively 

high quantity in precious metals such as gold, palladium, silver and platinum and high 

quantity in copper and other conventional metals. The high quantity of these metals, 

almost 40% of the total mass, can contribute to the additive value of the pyrolysis 

process. Furthermore, the quality of the recovered metal should be high due to the lack of 

oxygen in the process which usually contributes to formation of metal oxides.  

 

The proximate analysis of the PCBs showed that the energy recovery cannot reach 

high levels since almost 80% of the total mass consists of ash. On the other hand, since 

the oxygen content of this fraction is relatively low, the produced gas and liquid fuel 

should expect to have high energy content. On the other hand, the quantity of phenol and 

phenolic compounds produced through the pyrolysis showed that feedstock recycling is a 

better option than producing fuels. Furthermore, because of GC-MS limitation, the 

production of energy rich gasses such as methane, hydrogen and light hydrocarbons was 

not recorded to obtain a whole overview of the process. Since the TGA experiments 

illustrates a rapid reaction on lower temperatures (250
 o

C -350
 o

C) while GC-MS could 

not detect any products on this range, so probably the product of this reaction have lower 

molecular weight than the detectable limits of the analytical tool used.  

 

The pyrolysis process’s limitations were set by the ash properties analysis to 900
 o

C, 

while in higher temperatures the ash starts to deform and becomes unstable. Furthermore, 

the quantification of the pyrolysis products showed that in higher temperature, the carbon 

dioxide increases as well as hydrocarbons, while the phenol decreases. Therefore, the 

process’ conditions should be set according to the desirable products. Moreover, the 

bromine containing compounds seems to have stable quantity on the entire temperature 

range, so a removal strategy through catalysis or other alternatives are necessary.  

 

Printed circuit boards are highly complex materials and the kinetic parameters can 

only be calculated through iso-conventional methods. The pyrolysis kinetic parameters 

founded through KAS and Coats - Redfern methods describes well the reactions occurs 

on this process as one apparent reaction either on one or on two stages (1
st
 reaction and 

2
nd

 reaction). On the other hand, all these parameters are averages and should be further 

investigated for scaling up conditions.  
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Finally, by summarizing the whole research, the pyrolysis of printed circuit boards 

can be a valuable option not only for materials and energy recovery but also as better 

waste management technique.  
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8. Future Research 

 

This research indicates the basic principles and properties of the pyrolysis of printed 

circuit boards in micro scale. All the results and the conclusions are based on experiments 

and analysis made in micro conditions. The next step of this research should be scaling 

up of the process in order to investigate limitations and restriction on a bigger scale of 

process. The results extracted by this work can be used as base conditions for further 

investigation. Furthermore, the fraction examined was only PCBs, which is only one 

component of electrical appliances. The research can be extended to several component’s 

fractions or mixtures of fractions with higher plastic content for extensive production of 

oil and gas fuels.  

Another step to improve this research is to conduct more experiments both on TGA 

and PY-GC-MS in order to minimize the error of composition’s variations since the 

sample is very complex. Moreover, a calibration on the MS can be performed with 

standardized solutions in order to have more accurate results quantitatively.  
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