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Current worldwide production of plastics is around 300 million tonnes/year, 

with 57 million tonnes/year produced in the European Union (PlasticsEurope, 

2015) (Figure 1).  

  

 

 

 

Source : Plastics the Facts 2014/2015, Plastics Europe 2015

Fig. 1. Plastics production
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Plastics are used in a wide variety of applications as shown in Figure 2 and 

Table.1  

 

 

The two main types of plastic are thermoplastics which soften when heated and 

harden again when cooled and thermosetts which harden by curing and cannot 

be re-moulded.  Thermoplastics are by far the most common types of plastic 

comprising almost 75% of the plastics used in Europe (Figure 2), they are also 

the most easily recyclable.  

The extensive and largely increase in the use of plastics products is attributed to 

their flexibility to be moulded into different shapes and sizes resulting in 

products with diverse applications; also plastics represent a light weight and 

cheaper alternative when compared with other materials, due to their corrosion 

resistance and durability, and also to their low thermal and electrical 

conductivities. Table 1 shows some applications of thermoplastics and 

thermosets. 

Source : Plastics the Facts 2014/2015, Plastics Europe 2015

Fig. 2. Plastics use
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Currently about 90% of all worldwide plastics production is based on non-

renewable fossil resources, which might represent a problem due to the 

predictions in the availability for this raw material. It has been estimated that 

about 4% of the annual oil production in the world, is destined for the plastics 

sector. 

 

 

Thermoplastic materials exhibit good mechanical properties and 

can be repeatedly softened or hardened by means of heating or 

cooling respectively, resulting in physical changes. In addition to 

their flexibility, thermoplastics also involve low processing costs 

resulting in the formation of polymers, such as polystyrene (PS), 

polypropylene (PP), polyethylene (HDPE & LDPE), 

polyethylene terephthalate (PET), and poly (vinyl chloride) 

(PVC). Thermoplastics contribute about 80% of global plastics 

consumption, and are typically used in packing products and also 

to produce textile fibres and coatings. 

Thermosets, can only be heated and shaped once. Thermoset 

materials are normally liquids during their manufacture; 

afterwards they are subjected to further processing such as 

oxidation, heat, and radiation, normally in the presence of curing 

agents or catalysts, via polymerization and/or cross-linking. The 

curing process allows thermosets to maintain and retain the 

specific properties making them infusible and insoluble even 

when heated or when exposed to severe environmental 

conditions. Therefore the final thermoset becomes firm, “cured”, 

or set with thermal energy and cannot be further re-softened or 

reprocessed. There are various types of thermosetting polymers 

or resins including alkyl and phenolic resins. 
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Table 1. Applications and uses of thermoplastics and 

thermosets 

 

 Plastic Type Typical Application 
 

 [1] Thermoplastics 
 
 High density polyethylene (HDPE) Bottles for household chemicals, bottle caps 
 toys, housewares 
 Low density polyethylene (LDPE) Bags, sacks, bin liners, squeezy bottles, cling 
 film, containers 
 Polyvinyl chloride (PVC) Blister packs, food trays, bottles, toys, cable 
 insulation, wallpaper, flooring, cling film 
 Polystyrene (PS) Egg cartons, yoghurt pots, drinking cups,  
 tape cassettes 
 Polyethylene terephthalate (PET) Drinks bottles, food packaging 
 Polypropylene (PP) Margarine tubs, packaging film 
  
[2] Thermosets 
 
 Epoxy resins Automotive parts, electrical equipment, 
 adhesives 
 Phenolics Appliances, adhesives, automotive parts, 
 electrical components 
 Polyurethane Coatings, cushions, mattresses, car seats 
 Polyamide Packaging film 
 Polymethylmethacrylate Transparent all weather electrical insulators 
 Styrene copolymers General appliance mouldings  
 

Plastics are high molecular weight polymers made up of thousands of atomic 

unit cells called monomers.  The monomers are joined together by chemical 

polymerization mechanisms to form polymers (Figure 3). The raw material 

from which the polymer is manufactured comes mainly from fossil fuels such as 

oil, natural gas or coal. These are processed to produce the raw chemicals which 

are the feedstock for the polymers such as, ethane, propene, butene etc. which 

are used to produce e.g. polyethylene or polypropylene. The fossil fuels are also 

used to produce aromatic feedstocks such as benzene, and xylene which are 
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used to produce e.g. polystyrene, polyesters etc. To produce the polymer from 

the monomer they are polymerised. The polymerisation process involves either 

addition reactions or condensation reactions in the presence of catalyst. 

Combining monomers can produce specifically designed polymers for particular 

applications. The polymers usually also contain additives used to modify the 

polymer’s properties (mechanical, chemical, surface, etc.), and to enhance the 

ability of the polymer to be processed or as fillers to reduce the cost of the 

polymer. There are a variety of different processing methods used to convert 

polymers into finished products, including extrusion, film blowing, injection 

moulding, blow moulding, expanded bead blowing, rotational moulding, 

compression moulding etc. (American Chemistry Council, 2005). 

Fig. 3.  Chemical structures of common polymers 
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[b] Styrene-Butadiene Rubber (SBR)

[c] Polybutadiene Rubber (BR)
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Much of the plastic used in the wide variety of products will end up in the waste 

stream and in the EU more than 25 million tonnes of waste plastics are 

generated each year.  Post-consumer plastic waste generation in Europe is 

approximately 25 million tonnes per year, of which 6.6 million tonnes are 

recycled mainly through mechanical recycling, 8.9 million tonnes are processed 

by energy recovery facilities and 9.6 million tonnes are disposed to landfill 

(Figure 4) (Plastics Europe, 2014).  Plastic waste is a generic term used to refer 

to plastics coming from industrial or household activities, that have been 

collected, sorted, cleaned, reclaimed, and processed for recycling.  Municipal 

solid waste contains post-consumer plastics which consist of mainly, high-

density polyethylene (HDPE), low density polyethylene (LDPE), polypropylene 

(PP), polystyrene (PS), polyvinylchloride (PVC) and polyethylene terephthalate 

(PET). 
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Another major category of waste plastics is contained in waste electrical and 

electronic equipment (WEEE). Among the most common polymers types used 

during electrical and electronic equipment manufacture, are polypropylene and 

polyurethane for large household appliances, and styrenics such as Acrylonitrile 

butadiene styrene used in computers and telecommunication equipment. Waste 

electrical and electronic equipment includes small and large appliances such as 

computers, fridges, TV-sets, tools, toys, and mobile phones. WEEE in Europe is 

one of the fastest-growing waste streams; with a growing rate between 2.5 to 

2.7% per year and estimates of up to 12 million tonnes predicted by the year 

2020.  

The EU has recognised the importance of the WEEE stream and its potential 

impact on the environment and has introduced the Waste Electrical and 

Electronic Equipment Directive (EC Directive, 2003).  The Directive aims to 

promote the re-use, recycling and other forms of recovery of electrical and 

electronic waste.  A large proportion of WEEE in the EU is disposed of in 

landfill sites or via incineration, depending on national or local practices 

representing a waste of resource.  The WEEE Directive requires the setting up 

collection systems where the consumer will be able to return the waste 

equipment.  The Directive therefore requires the separate collection of electrical 

and electronic waste thereby producing a separate waste stream.  The collected 

waste should be transferred to an authorised treatment facility where any 

potentially hazardous components and materials such as, fluids, batteries, 

mercury containing components, polychlorinated biphenyl containing 

capacitors, cathode ray tubes, liquid crystal displays etc., are removed.  The 

separate collection and treatment of electrical and electronic waste as a separate 

waste stream facilitates the prospects for economic recycling of the various 

components of the electrical and electronic equipment.   
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A range of are carried out to ensure that all plastic waste meets 

specific characteristics, through inspections upon receipt and inspections prior 

to dispatch. For example some methods specifying delivery condition 

characteristics for different plastics types (PE, PP, PVC, PS PVC, and PET), are 

included in the standards EN 15342, EN 15344, EN 15345, EN 15346 and EN 

15348. A list of several standards related to plastic waste and recycled plastic 

waste is shown in Table 2 (Villanueva and Eder, 2014). 

Table 2. Common regulations for recycled plastics 
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Around the world different management measures for collecting, processing and 

management of plastic solid waste have been adopted according to local 

regulations and sometimes international specifications. The recycling options 

can be divided into four different types, each alternative offers diverse 

advantages depending on the location, application or end requirements. These 

option as well as methods used are shown in Figure 5 (Lettieri and Al-Salem, 

2011; Zia et al., 2007). 

Fig. 5.  Recycling options for waste plastics 

 

 

(Source; Lettieri and Al-Salem, 2011; Zia et al., 2007). 

 

The process options for recycling waste plastics in the EU are dominated by 

mechanical recycling and <5% is recycled via feedstock or tertiary recycling 

(Plastics Europe, 2013).  Mechanical recycling involves sorting, shredding, 

washing drying and pelletising of the plastic producing a recyclate material.  

The process maintains the molecular structure of the plastic polymer and the 

recyclate can be used to produce new plastic products.   
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Primary recycling is also referred to as re-extrusion, and basically reintroduces 

scrap, industrial or single-polymer plastics to the extrusion cycle (sometimes a 

pristine polymer is also introduced), to obtain specific final articles (Al-Salem et 

al:, 2009; Pielichowska, 2014). Nowadays most of the plastic solid waste (PSW) 

recycled is process scrap that comes from primary recycling techniques used in 

the industry, but also some post-consumer plastics from households can be 

subjected to re-extrusion. The latter involves a series of challenges as the nature 

of this stream is quite heterogeneous, requiring additional selection during 

collection such as kerbside sorting systems and/or using purpose built stillage 

vehicles (WRAP, 2008). Therefore this recycling method is not the most cost-

effective as it is focused on the segregation of particular mixed PSW from large 

and heterogeneous streams from diverse sources (Lettieri and Salem, 2011). 

  

Plastic solid waste (PSW) must be sorted prior to mechanical recycling, which 

involves operations such as melting, shredding or granulation. The sorting 

process can be manual or automatic, and aims to segregate plastics into single-

polymer types (e.g. PE, PP, PS, etc.). Automatic segregation processes uses X-

ray, infrared, flotation and electrostatic techniques. After segregation, plastics 

can be shredded into flakes and processed into granules, and then melted and 

shaped (Al-Salem et al., 2009; Wong 2010).  

In general mechanical recycling involves physical treatment; one common 

method used for plastics separation is a sink/float technique, based on 

separation according to density and is mostly used for mixtures of plastics 

containing few components, and frequently further separation is required. Other 

separation techniques include manual dismantling, surface modification/froth 
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flotation, selective dissolution electrostatic separation, selective stickiness, 

softening/centrifugation, colour sorting, and infrared/UV/X-ray laser 

identification or separation (Pomykala et al., 2007). 

One of the major issues associated with mechanical recycling is the stability of 

the polymers, as most of the polymerization reactions used during plastics 

production including addition and condensation might be reversible. Photo-

oxidation or polymer branching might occur as a result of the formation of 

oxidised compounds or by supplying heat or power. Once these changes or 

modification are well known, mechanical recycling represents an economic and 

viable process specially to recover foams and rigid plastics. However 

sometimes mixtures of plastics segregated from the main waste stream (e.g. 

household) can undergo several mechanical separation steps to be further 

treated for energy recovery.  

The combination of operations used during mechanical recycling, depend upon 

the desired final characteristics of the plastic waste. Therefore some operations 

can be focused on modifying the size and/or shape of the PSW, removing 

specific contaminants, blending in additives, etc. However most of them do not 

affect to a large extent the chemical structure of the plastic waste 

 

 

 

When mechanical recycling cannot be used, chemical recycling technologies 

can be applied. Tertiary recycling uses processes aimed to produce feedstock 

chemicals for the chemical industry or fuel feedstocks for the petroleum 

industry. This is achieved through breaking down the molecular structure of the 

polymers into their original monomers or other valuable chemicals that can be 

used as fuel or as feedstock for other industrial processes. The main products 
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obtained are gases and liquids or chemicals and fuels that are normally treated 

or purified to be used again and produce either the same material or similar 

polymers. The main approaches for chemical recycling include: 

depolymerisation (glycolyisis, hydrolysis, solvolyisis or acidolysis), partial 

oxidation and cracking (thermal, catalytic and hydrocracking). Among thermal 

technologies also pyrolysis and gasification processes can be included (Selke, 

1999; Panda et al, 2010; Al-Salem et al, 2010). 

 

There are several chemical processes that have been studied and applied using 

plastic waste and plastic waste mixtures, the main one related to 

depolymerisation reactions, including alcoholysis, solvolysis, hydrolysis, 

glycolysis, Ford hydroglycolysis, fractionation, Dow’s aminolysis, etc. In the 

following sections glycolysis and hydrolysis will be briefly described (Szycher, 

1999. 

 

 

The depolymerisation process includes reversible synthesis reactions; for 

example when PET is recycled using glycolysis or methanolysis processes, 

diols and dimethyl terephthalate compounds can be obtained and further used to 

produce virgin PET. The depolymerization reaction route for PET is shown in 

Figure 36. Recycling options involving either depolymerisation or re-

polymerization reactions are more suitable for single polymers including PET, 

polyurethane or nylon (Selke, 1999; Merrington, 2011). 
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The hydrolysis process is carried out using heat in an oxygen-free environment, 

in order to break down plastics chains into oils, solids, and gases. For example 

during the hydrolysis of polyurethane, the polymer is mixed up with water to 

produce polyols and amine intermediates that can be later used as fuels and raw 

material for the polyurethane components respectively. 

 

Superheated steam around 288°C can be also used to obtain a polyol with 

excellent characteristics to be used in polyurethane foam production; it was also 

found that higher temperatures decreased the polyol recovery yield (Zia et al., 

2007). 

 

The hydrolysis of PET can be catalysed by contaminants such as acid, base or 

even water; resulting in lower-molecular-weight compounds containing 

carboxylic acid that can further catalyse the PET hydrolysis, producing an 

autocatalytic degradation. A major issue is also the contamination of PET by 

PVC, as it modifies the PET-processing temperatures also releasing 

hydrochloric acid that can also act as a catalyst during the PET hydrolysis 

(Merrington, 2011). 

Thermochemical treatment of waste plastics includes, pyrolysis, gasification 

and hydrogenation. 

 

Pyrolysis is an  route which aims to convert 

the plastic into oils and gases which can be processed back into the plastics 
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production process.  Pyrolysis is one such feedstock recycling process, where 

the plastic is thermally degraded at moderate temperature (~500 °C) in the 

absence of air to produce shorter molecular chains and low molecular weight 

molecules to produce an oil and gas product. 

 

There have been several reviews on the management of waste plastics which 

include pyrolysis (Al-Salem et al., 2009; Al-Salem, et al., 2010; Sannita et al., 

2012; Brems et al., 2012; Panda et al, 2010).  For example, Al-Salem (2009) 

reviewed the range of recycling and recovery routes for plastic solid waste, 

including mechanical recycling and energy recovery, but also a range of other 

options, including pyrolysis, gasification, hydrogenation and solvolysis.  They 

concluded that the tertiary recycling options are more sustainable, in that the 

petrochemicals from which the plastics are produced can be recovered for re-use 

in the petrochemical industry. Panda et al. (2010) also reviewed the range of 

options available for management of waste plastics and reported that pyrolysis 

has some disadvantages in that the process requires high temperature and a 

broad product range is produced.  

 

The plastics found in municipal solid waste mainly consist of the 

thermoplastics, high density polyethylene (HDPE), low density polyethylene 

(LDPE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC) and 

polyethylene terephthalate (PET) (Delgado et al., 2007). Pyrolysis of these 

thermoplastics produces a gas and oil/wax product where the hydrocarbon 

composition based on the original structure of the polymer.   

For example, is thermally degraded through random scission of 

the polymer C ─ C bonds to produce a wide range of hydrocarbon fragments 

which stabilise to form a series of mainly n-alkanes from C1─ C60, and also at 

lower concentrations, alkenes and alkadienes containing C = C bonds. The 
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extent of bond scission and hence the proportion of oil and gas produced 

depends mainly on the pyrolysis temperature, where higher temperatures lead to 

higher levels of bond scission and hence more C1-C4 gases (Schiers and 

Kaminsky, 2006).  is also a polyalkene plastic and will 

similarly produce a series of alkanes, alkenes and alkadienes (Schiers and 

Kaminsky, 2006).  The thermal degradation of polyalkene plastics at ~ 500 °C 

leads to an oil/wax with an exclusively aliphatic product composition and 

negligible aromatic content (Williams and Williams, 1999a; 1999b). However, 

alteration of the process conditions can lead to the formation of aromatic 

compounds.  For example, high temperature and long residence times lead to 

secondary Diels-Alder type aromatisation reactions. For example, pyrolysis of 

low density polyethylene in a fluidised bed at 700 °C produced an oil/wax 

product of 28.6 wt.% with a high content of benzene, xylene, toluene and 

polycyclic aromatic hydrocarbons (Williams and Williams 1999).  Fluidised bed 

pyrolysis of polyethylene at 740 °C with recycling of the pyrolysis product gas 

produced a benzene concentration of 19.2 wt.% (Kaminsky et al, 2004). The 

higher temperature and secondary reactions of the recycled pyrolysis gases 

leading to higher aromatic compound formation.   

 has an aromatic polymer structure and thermal cracking of the 

polymer produces an aromatic product slate consisting of high concentrations of 

styrene (~50-79 wt.%), together with the styrene dimer and trimer and other 

aromatic compounds including toluene, xylene alkylated benzenes.  

 has a polymer chain structure and might be expected to 

produce a mainly aliphatic product slate.  However, the presence of chlorine in 

the structure leads to low temperature dechlorination and the evolution of 

hydrogen chloride gas. As the chlorine is progressively removed from the 

polystyrene structure, C = C bonds are formed followed by cyclisation to 
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produce aromatic compounds such as benzene, toluene, indene, naphthalene and 

alkylated naphthalenes (Schiers and Kaminsky, 2006). The thermal 

decomposition of  is initiated by the breaking 

of the carbon-oxygen bond in the polymer structure and leads to the formation 

of carboxyl, hydroxyl and aldehydes.  

 

 

 



 

17 
 

 

The Mogami-Kiko Co. Ltd plastics pyrolysis plant, Yamagata, Japan 

 

Fluidised bed gasifiers have been used to process polymers at temperatures 

between 450 and 550 °C; at these temperatures the polymer breaks down and 

releases solid fibres and fillers, these products are carried out downstream to be 

The plastics pyrolysis plant is a fixed-bed, batch-pyrolysis system which is used to 

process mixed plastics collected from municipal solid waste. The unit operates as 

two pyrolysis lines.  The main pyrolysis vessels would typically process one tonne 

per day of plastics.  External heating of the vessel is via combustion of the product 

oil or gas. Initial heating of the plastic wastes at ~400 °C produces a hydrogen-

chloride rich off-gas due to decomposition of the polyvinyl chloride in the waste 

plastics.  This low-temperature pyrolysis gas, containing hydrogen chloride and 

hydrocarbons, is combusted and then cooled and scrubbed, using an alkaline 

scrubbing solution to remove and collect the hydrogen chloride.  After the primary 

de-chlorination process at lower temperature, the evolved pyrolysis gases are 

switched away from the de-chlorination system and the temperature of pyrolysis is 

raised to 500 °C. Pyrolysis of the main bulk of plastics then takes place over a period 

of 12-15 hours to produce a medium and light oil and the non-condensed gases are 

flared.  The product oil is used partially as fuel for the pyrolysis process. 
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later separated. The polymer products are treated in a combustion chamber to 

recover heat and/or energy. The main advantage of using this type of gasifier, is 

their suitability to process mixtures of plastics and/or contaminated materials 

(Job, 2010). 

 

The main advantage of using gasification as a recycling option is that it prevents 

the formation of aromatic compounds as well as dioxins; using in an efficient 

way the chemical energy since the process transforms almost all the waste input 

into materials with a potential to be used in further processes. The hydrogen 

content in the syngas can be increased through the co-gasification of plastic 

waste and biomass or other materials. For example in Finland a 40MW fluidised 

bed gasifier is used for processing of metallic aluminium and polyethylene 

waste (Brems et al., 2012). 

 

The hydrogenation process involves the addition of hydrogen by chemical 

reaction. Similar to the pyrolysis process, hydrogenation yields gases and oils, 

however under pressure and heat resulting in a hydrogen product which is purer 

(Zia et al, 2007). However it has been reported that the use of hydrogenation of 

PSW on a large scale has not been very successful. One of the main 

technologies used for PSW is the Veba process (Veba Oel AG ®), based on coal 

liquefaction resulting in the main products of naphtha and gas oil. The section 

used for PSW in this process includes a depolymerisation/dechlorination section 

(Al-Salem et al, 2010). The hydrogenation process is exothermic and sometimes 

is used in conjunction with the cracking endothermic process, making them 

energetically complementary. One of the key parameters is hydrogen pressure 
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as it must be high enough to avoid the polymerisation process taking place. In 

general terms catalysts are used to enhance the hydrocracking process itself 

(Brems et al, 2012). 

 

 

In general terms quaternary recycling involves complete or partial oxidation of 

the PSW, in order to produce heat, power and/or gaseous fuels, oil, and char; 

and as a by-product also ash is formed (Al-Salem et al, 2010). Therefore the 

main aim of quaternary recycling is to recover energy as electricity and/or 

thermal heat; through the use of processes including incineration and 

gasification (Lettieri and Al-Salem, 2011). Reaction systems with different 

designs including fluidized-bed, rotary kiln, two-stage, etc., can be used for both 

incineration and gasification processes. 

 

The processing of plastic waste for energy recovery represents an alternative to 

recycling, involving economic advantages as the plastic waste can be sold as 

fuel and also the resulting hydrocarbon polymers can be used as substitutes for 

fossil fuels. Most of the commodity plastics, have similar or higher gross 

calorific value than coal, therefore techniques such as incineration with energy 

recovery represent an attractive alternative for plastics recycling. Some other 

wastes such as municipal solid waste (MSW), are co-incinerated with plastic 

waste mixtures in order to increase the calorific value of the fuel, with the 

benefit of recovering the energy content of plastic waste. 

The heating value of plastics sometimes is higher than 40 MJ/kg (e.g. PE), 

attributed to the low ash and high carbon and hydrogen contents; therefore 

plastics have a high potential to substitute for the use of fossil fuels towards the 

use of energy recovery alternatives.   
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List of Abbreviations 

 

ABS Acrylonitrile butadiene styrene co-polymer 

CIS Commonwealth of Independent States 

EfW Energy from Waste 

ELTs End-of-life Tyres 

EPRO 
European Association of Plastics Recycling and Recovery 

Organisations 

EPS Expandable polystyrene 

HDPE High density polyethylene 

ISWA International Solid Waste Association 

LCA Life-cycle assessment 

LDPE Low density polyethylene 

MSW Municipal Solid Waste 

NAFTA North American Free Trade Agreement 

PA Polyamide 

PBPs Petroleum-based plastics 

PC Polycarbonate 

PE Polyethylene 

PET Polyethylene terephthalate 

PHAs Polyhydroxyalkanoates 

PMMA Polymethylmethacrylate 

POM Polyoxymethylene 

PP Polypropylene 

PS Polystyrene 

PSW Plastic Solid Waste 
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PTT Poly(trimethylene-terephtalate) 

PUR Polyurethane 

PVC Poly(vinyl chloride) 

SAR Special Administrative Area 

TPS Thermoplastic starch 

WEEE Waste electrical and electronic equipment 
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