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The rise of electronic waste (e-waste) generation around the globe has become a major concern in recent times and their recycling is mostly focussed on the recovery of valuable metals such as gold (Au), silver (Ag) and copper (Cu) etc. However, a significant weight fraction of e-waste consists of plastics (25 -30%) that are either discarded or incinerated. There is a growing need for recycling of these e-waste plastics majority of them are made from high-quality polymers (composites) such as acrylonitrile butadiene styrene (ABS), high impact polystyrene (HIPS); polycarbonate (PC); polyamide (PA); polypropylene (PP); and epoxies. However, these plastics are contaminated with hazardous materials such as brominated flame retardants (BFRs) and heavy metals (such as lead and mercury). Under any thermal stress, the bromine element (Br) present in the e-waste plastics produces environmentally hazardous pollutants, such as hydrogen bromide or polybrominated diphenyl ethers/furans (PBDE/Fs). The discarded plastics can lead to the leaching of toxins into the environment. Therefore, removal of the toxics chemicals from the e-waste plastics is pre-requisite before considering any thermal process.

This review article gives a detailed account of e-waste plastics recycling and recovery using thermochemical processes, such as extraction and pyrolysis. A basic framework of the existing processes has been established by reviewing the most interesting findings in recent times and the prospects that they open in the field recycling of e-waste plastics.

Introduction

Plastics are considered as synthetic and semisynthetic materials that are produced from large organic molecules, mixed with different additives, like flame retardants, stabilizers, plasticizers, colours and pigments. Additives improve the physical and chemical properties of the plastic end products. Extensive use of plastics in the manufacturing industry could be attributed to their superior physical and chemical properties, such as high tensile strength, durability, lightweight, flexibility, heat and chemical resistance etc. A recent report estimated that till date the production of virgin plastics amounted to 8300 million metric tons (MMT) and out of which 6300 MMT becomes waste [START_REF] Geyer | Production, use, and fate of all plastics ever made[END_REF].

Both plastic production and plastic generation have been increasing due to wide spread application of plastics and its low life span such packaging plastics. Sector wise demand of plastics in Europe is shown in Fig. 1. It was estimated in 2015, that around 55 percent of global plastic waste was discarded, 25 percent was incinerated and only 20 percent was recycled (Fig. 2). Out of the total plastic waste produced between 1950 and 2015, only 9 percent was recycled [START_REF] Geyer | Production, use, and fate of all plastics ever made[END_REF]. Most of the discarded plastics are non-biodegradable and take hundreds of years to degrade naturally. The majority of plastics waste can be traced back to its original source such as packaging, building material and automobile waste. However, only 6-7% of plastic waste comes from the e-wastes. The presence of e-waste plastics in the waste stream makes it problematic since they may contain contaminated toxins, such as brominated flame retardants (BFRs) and heavy metals [START_REF] Wang | Forecast of electronic waste generated worldwide from 2010 to 2018[END_REF][START_REF] Forum | A New Circular Vision for Electronics -Time for a Global Reboot[END_REF]. Due to the rapid technological advancement in the field of household appliance, mobile communication and computers, the global generation of e-waste keeps on increasing and becomes a burden to the waste management systems. The quantity of e-waste generation varies with countries based on the economy and lifestyle of the country [START_REF] Wang | Take responsibility for electronic-waste disposal[END_REF]. The per capita generation of e-waste is highest in Norway which was estimated to be 28.5 kg/person (2016). The countries, like China, India, Philippines and African nations, hugely processed the electronic wastes generated in developed countries. Electronic waste contains a variety of substances including precious gold, silver, copper along with toxic substances, such as lead (Pb), polybrominated diphenyl ethers (PBDEs), polychlorinated and polybrominated dioxins and furans [START_REF] Tsydenova | Chemical hazards associated with treatment of waste electrical and electronic equipment[END_REF]. The emission of these toxic substances during recycling may cause serious health hazards to the lives of workers and other livelihoods present in the surrounding [START_REF] Grant | Health consequences of exposure to e-waste: a systematic review[END_REF].

The generation of electronic and electrical waste increases continuously in recent years due to the fast growth of the use of home appliances, consumer electronics gadgets, like cell phones, tablets, video game consoles, music player, digital camera, laptops, set-top boxes, etc. E-wastes definition usually comprises of discarded electronic, electrical pieces of equipment, light bulbs, and batteries. The waste generator can be the manufacturer (due to defect or obsolescence) or the consumer when the equipment reached its end of their service life [START_REF] Robinson | E-waste: An assessment of global production and environmental impacts[END_REF]. Fig. 3 shows the trends of generation of electronic and electrical waste in recent years. An increase of 47% of e-waste generation has been observed from the year 2010 to 2018 [START_REF] Baldé | The Global E-waste Monitor 2017: Quantities, Flows, and Resources[END_REF]. The United Nation's recent assessment reported that about 44.7 MMT of e-waste was generated globally in the year 2016 and only 20% (8.9 million metric tonnes) was recycled. The amount of e-waste generation was projected to reach 52.2 MMT by 2021 [START_REF] Forum | A New Circular Vision for Electronics -Time for a Global Reboot[END_REF]. Of these discarded e-waste, 80% go either in landfills or incineration. An extra amount of complexity in the treatment of these e-wastes arises from their toxic content and potential hazardous emissions which makes it paramount to search for sustainable solutions for their recycling.

Most of modern electrical and electronic pieces of equipment use engineering plastics in the manufacturing of their outer body. Inner components also use plastics/epoxy, such as insulating foams, printed circuit boards (PCBs), component's packaging, cables insulators, wirings, connector, switches etc. To ensure both safety and longevity of electronic devices, additives like BFRs, bromine bearing hydrocarbons, are added to the plastics to improve their fire resistance [START_REF] Altarawneh | Thermal decomposition of brominated flame retardants (BFRs): Products and mechanisms[END_REF]. But if BFRs are efficient flame retardant they may also produce toxins during waste treatment. Apart from BFRs, e-waste plastics may contain trace amounts of metals and heavy metals, such as Pb, Cu, Ni, Al, Zn, Ba, Ag, Au, Sn, etc. These are very profusely present within plastics from PCBs, their soldered components or in plastics in their near vicinity (Nnorom and Osibanjo, 2009). Heavy metals are also sometime added as additive (for example as pigment) to the plastics [START_REF] Cherif Lahimer | Characterization of plastic packaging additives: Food contact, stability and toxicity[END_REF]. Heavy metals contamination also limits the recovery of the e-waste plastics for the recycle and reuse. The plastic used in Waste Electrical & Electronic Equipment (WEEE) are fabricated from polymers that are produced from fossil fuels (petroleum/coke) and are rich in carbon and hydrogen. Depolymerisation or control degradation can revert back plastics into useful feed stock or in last resort into fuel for transport industry. The latter being the least favourable from an entropy point of view, it allows to recover the contained energy but waste all the chemical treatment that has been put into its manufacturing process. Common plastics used in WEEEs with respective calorific values are listed in Table 1. The utilization of plastics as energy source is significant as a vast quantity of plastics goes into the waste stream every day. Indeed, the global energy consumption increases constantly and it was estimated to be around 20,000 million tons of oil equivalent by the year 2050 [START_REF] Coyne | World Energy 2018-2050: World Energy Annual Report (Part 1)[END_REF]. In the year 2018, the rate of growth of energy consumption to the previous year was 2.9% which was the highest rate of growth compared to the previous seven years and double the average of last 10 years along with 2% growth of carbon emission due to energy production [START_REF] Global | BP Statistical Review of World Energy[END_REF]. Due to carbon emission and the shortage of fossil fuel resources, the world is moving towards renewable and sustainable energy sources, such as solar, wind, tidal, hydropower, geothermal, bio-energy, etc.

About 80% of the current global energy demand is currently provided by fossil fuel and 90% of world transportation runs on petroleum oil [START_REF] Jefferson | A global energy assessment[END_REF]. Around 14% (total) of global energy demand is supplied by renewal sources (Fig. 4). The fraction of energy supplied by renewal energy sources increases continuously over the years to minimize the energy dependency on fossil fuel. Previous review articles mostly focused on the impact of toxins present in e-wastes on the environment as well as on the recovery of metals from e-waste. Therefore, in addition to the impact of e-waste plastics on the environment, we will compare here the different recycling processes enabling their transformation into valuable products, discuss the significance of recycling e-waste plastics, the effect of the toxins present in the plastics and the complexity involved in the removal of toxins to recover original polymers. Hence, this review article addresses the gaps in the current status quo of the industrial recycling of e-waste plastics and the latest developments in this field. This critical study will furthermore help future researchers and engineers to choose how to process and recycle their mixed stream of plastic wastes containing e-waste plastics including their possible conversion into energy.

Plastic waste and its environmental impact

The global generation of plastic waste keeps on increasing as the production of new plastics keeps on increasing. In the year 2015, an estimated amount of 381 MMT of plastics (polymer resin and fibre) was produced globally [START_REF] Geyer | Production, use, and fate of all plastics ever made[END_REF]. Around 44% of global plastic production consumed in packaging application such as single-use containers, bottles, bags etc. [START_REF] Geyer | Production, use, and fate of all plastics ever made[END_REF]. The life span of plastics products varies, from weeks for packaging plastics to several years for electronics, electrical equipments and building appliances [START_REF] Buekens | Introduction to feedstock recycling of plastics[END_REF][START_REF] Lazarevic | Plastic waste management in the context of a European recycling society: Comparing results and uncertainties in a life cycle perspective[END_REF].

Most plastics are non-biodegradable and the growing plastic waste generation leads to huge garbage accumulation in landfills as well as various natural surroundings like rivers and oceans.

In 2010 an estimated amount of 4.8 to 12.7 MMT of plastic waste debris entered in to the oceans from 192 coastal countries [START_REF] Jambeck | Plastic waste inputs from land into the ocean[END_REF]. This situation is worsening due to the global increase of plastic waste generation, which raise the concern regarding the adverse consequences to marine life, ecosystem sustainability and potentially to human health [START_REF] Lebreton | River plastic emissions to the world's oceans[END_REF]. This threat is even more significant than initially estimated due to the mechanical degradation of plastics into microparticles [START_REF] Hurley | Microplastic contamination of river beds significantly reduced by catchment-wide flooding[END_REF]. Solid waste plastics are also responsible for many socio-environmental complications in many developed as well as developing countries, such as soil contamination, ground water pollution, floods, deadly diseases, animal death due to direct consumption or strangling and surface water pollution [START_REF] Rigamonti | Environmental evaluation of plastic waste management scenarios[END_REF].

WEEEs are generally treated separately from MSW as they contain many toxic substances, such as mercury (Hg), lead (Pb), selenium (Se), cadmium (Cd), hexavalent chromium (Cr(VI)), polybrominated diphenyl (PBD) and BFR. Sorted out e-wastes undergo separate treatments for dismantling, separation of metallic and non-metallic fractions. Non-metallic fractions, mainly containing plastics, undergo recovery and recycling processes. E-waste plastics have diverse composition but are mostly made up of ABS, HIPS, HDPE, PA, PP, PC, etc. Flame retardants are essential to electronic and electrical pieces of equipment due to meet requirements from fire safety codes. Most common form of flame retardants used in the plastics of electronic products are BFRs. Most abundantly used commercial flame retardants were polybrominated diphenyl ethers (PBDEs), tetrabromobisphenol A (TBBPA), hexabromocyclodecane (HBCD), Decabromodiphenyl ether (deca-BDE) etc., however, due to environmental safety, use of these BFRs was restricted and they have been replaced by less harmful ones based on nitrogen, phosphorous and other inorganics [START_REF] Singh | Ignition, combustion, toxicity, and fire retardancy of polyurethane foams: a comprehensive review[END_REF]. Polybrominated diphenyl ethers (PBDEs) were some of the most commonly used BFRs over the last few decades. More specifically, BFRs such as HBCDs and TBBPA are still extensively used despite being considered as persistent organic pollutants (POP) and referred as novel BFRs [START_REF] Covaci | Novel brominated flame retardants: A review of their analysis, environmental fate and behaviour[END_REF]. During any thermal stress, the BFRs in the e-waste plastics can produce brominated aromatic compounds which are precursors to the polybrominated dibenzo-p-dioxins (PBDD)

and polybrominated dibenzo furans (PBDF) [START_REF] Weber | Relevance of BFRs and thermal conditions on the formation pathways of brominated and brominated-chlorinated dibenzodioxins and dibenzofurans[END_REF][START_REF] Zhang | Brominated flame retardants and the formation of dioxins and furans in fires and combustion[END_REF]. Trace Metal hydroxides, such as Gibbsite (aluminium trihydroxide, ATH), magnesium di-hydroxide (MDH), and Boehmite (Aluminium-oxide-hydroxide, AOH), are among the most common inorganic ones [START_REF] Qian | Organic/inorganic flame retardants containing phosphorus, nitrogen and silicon: Preparation and their performance on the flame retardancy of epoxy resins as a novel intumescent flame retardant system[END_REF]. Flame retardants are also used based on their compatibility with polymer resins such as melamine cyanurate and melamine phosphate which are compatible with polyamides and polypropylene, respectively [START_REF] Liu | Preparation of polyamide resin-encapsulated melamine cyanurate/melamine phosphate composite flame retardants and the fire-resistance to glass fiber-reinforced polyamide 6[END_REF]. Although most European countries restricted the use of halogenated flame retardants, a worldwide replacement with non-halogenated FR is not yet achieved and BFRs are still the primary source of flame retardants in various regions of the world. Due to the huge volume accumulation of e-waste most European countries and USA export the e-waste to Asia or Africa for recycling, where ewaste recycling workers often put themselves into high health risk due to the lack of sustainable technology and safe practice know-how (Zhu et al., 2008;[START_REF] Muenhor | Brominated flame retardants (BFRs) in air and dust from electronic waste storage facilities in Thailand[END_REF][START_REF] He | Antimony pollution in China[END_REF][START_REF] Malliari | Children's exposure to brominated flame retardants in indoor environments -A review[END_REF][START_REF] Li | Human exposure to brominated flame retardants through dust in different indoor environments: Identifying the sources of concentration differences in hair from men and women[END_REF]. Open burning of e-waste to recover metals is a common practice in African countries [START_REF] Cao | Bioaccessibility and human health risk assessment of metal(loid)s in soil from an e-waste open burning site in Agbogbloshie, Accra, Ghana[END_REF] [START_REF] Luo | Heavy metal contamination in soils and vegetables near an e-waste processing site, south China[END_REF][START_REF] Wu | Heavy metal contamination of soil and water in the vicinity of an abandoned e-waste recycling site: Implications for dissemination of heavy metals[END_REF][START_REF] Damrongsiri | Heavy metal contamination characteristic of soil in WEEE (waste electrical and electronic equipment) dismantling community: a case study of Bangkok, Thailand[END_REF][START_REF] Zhang | Heavy metals in human urine, foods and drinking water from an e-waste dismantling area: Identification of exposure sources and metal-induced health risk[END_REF].

Surface water contamination due to non-regularised and un-licensed e-waste recycling facilities is also a major concern. Leaching and lixiviation of toxic chemicals (PAHs, heavy metals) from e-waste landfilling and waste acidic waters from recycling sites led to significant surface and ground water contamination [START_REF] Wu | Heavy metal contamination of soil and water in the vicinity of an abandoned e-waste recycling site: Implications for dissemination of heavy metals[END_REF]. Air borne pollutants are also generated by open burnings, incinerations and combustions. Heating or burning of e-waste that contain halogenated compounds, such as BFRs, may lead to the emission of environmentally hazardous substances, like polybrominated, diphenyl ethers (PBDEs), polychlorinated dibenzo dioxins (PCDDs), polybroclorobenzo dioxins and polychlorobenzofurans (PBCDD/Fs) [START_REF] Vehlow | Thermal treatment of electrical and electronic waste plastics[END_REF][START_REF] Vehlow | Bromine in waste incineration partitioning and influence on metal volatilisation[END_REF][START_REF] Wang | Distribution of polybrominated diphenyl ethers (PBDEs) and polybrominated dibenzo-p-dioxins and dibenzofurans (PBDD/Fs) in municipal solid waste incinerators[END_REF]. Such toxins from e-wastes can cause chronic and acute health conditions to human [START_REF] Kiddee | Electronic waste management approaches: An overview[END_REF]. Traces of toxic substances like brominated or chlorinated fire retardants and heavy metals were found in the human (recycle workers) blood, urine, and milk and hair samples [START_REF] Grant | Health consequences of exposure to e-waste: a systematic review[END_REF]. These pollutants and toxic chemicals can cause serious health risk to human as well as animals. The recycling processes of plastic wastes from different sources require sincere attention in removal of toxics and contaminants before converting the waste into useful resources.

Plastic waste management and disposal techniques

Physical properties of plastics vary with polymer types, class of additives and manufacturing techniques employed. Polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET) and polystyrene (PS) etc. are widely used for packaging and single use plastic products.

On the other hand, polyvinyl chloride (PVC), acrylonitrile butadiene styrene (ABS), Nylon 6, Nylon 6,6, polyamide (PA), polybutylene terephthalate (PBT), polycarbonate (PC), polyetheretherketone (PEEK), polyetherketone (PEK), polysulphone (PSU), polytetrafluroethylene (PTFE/Teflon), etc, are known as engineering plastics used as building materials and in automobile parts. The service life of most engineering plastics are higher than that of single use or packaging ones. ABS, HIPS, PC, PP, PA, etc., are also found in electronic or electrical plastic wastes. Due to the turnover rate of lifestyle electronic goods like mobile phones, computers, tablets, etc., there is a significant increase in e-waste plastic generation in recent years.

Around 10 -12 % of MSW of the world consists of plastic waste [START_REF] Diaz | Composting and Recycling Municipal Solid Waste[END_REF]. The recycling of solid waste like plastics depends of efficient collection and segregation which is influenced by the economic status of the country [START_REF] Joshi | Status and challenges of municipal solid waste management in India: A review[END_REF]. The techniques of plastics recycling can be classified into primary secondary and tertiary recycling, which we will review in subsequent sections.

Primary and secondary (mechanical) recycling

Primary and secondary recycling deal with the mechanical means of recycling of plastic wastes, such as grinding, washing, separating, drying, re-granulating, extrusion and compounding [START_REF] Al-Salem | Recycling and recovery routes of plastic solid waste (PSW): a review[END_REF]. Mechanical processes are utilized to produce recyclates from plastic waste.

Primary recycling is the process of producing the same or similar products, whereas secondary recycling produces products with substandard quality, such as dustbins, furniture, plastic vases, etc. Primary recycling needs pure and homogenous plastic wastes (in-plant scrap), while secondary recycling uses post-consumer plastic. High production costs are the concern in the implementation of primary and secondary recycling. Mechanical processing is at the basis of any recycling process, especially for electronic wastes that comprise of a complex mixture of many materials (valuable and hazardous, or not) including metals (ferrous or non-ferrous) and non-metals like plastics, glass, ceramics with various sizes and shapes. Hence, it is important to utilize cost effective sustainable mechanical processes to separate the different components of e-wastes as best as possible. WEEEs undergo dismantling and sorting steps at the beginning of the recycling process. Complex components, such as PCBs, after being extracted from their original equipment usually undergo grinding and the separation of metallic (ferrous and nonferrous) and non-metallic fractions. In Fig. 6, a process flowchart is shown that is rigorously followed in many waste PCB recycling industries. Separation processes include screening [START_REF] Wilson | The application of mineral processing techniques for the recovery of metal from post-consumer wastes[END_REF], shape separation [START_REF] Furuuchi | Shape separation of particles[END_REF][START_REF] Furuuchi | Shape separation of particulates by a rotating horizontal sieve drum[END_REF], magnetic separation [START_REF] Veit | Utilization of magnetic and electrostatic separation in the recycling of printed circuit boards scrap[END_REF], electric conductive base separation [START_REF] Meier-Staude | Electrostatic separation of conductor/nonconductor mixtures in operational practice[Elektrostatische Trennung von Leiter-/Nichtleitergemischen in der betrieblichen Praxis[END_REF], density base separation [START_REF] Schubert | AUFBEREITUNG DER NE-METALLSCHROTTE UND NE-METALLHALTIGEN ABFALLE[END_REF], etc. Wäger et al. [START_REF] Wäger | Environmental impacts of the Swiss collection and recovery systems for Waste Electrical and Electronic Equipment (WEEE): A follow-up[END_REF] confirmed that mechanically recycled electronic and electrical waste plastics have five times lower environment impact than virgin plastics in the manufacturing of plastic products.

However, past studies suggested that 25 -30 wt% of the collected e-waste plastics have BFR as additive and it is difficult to recycle them mechanically [START_REF] Brennan | Recycling of acrylonitrile-butadiene-styrene and high-impact polystyrene from waste computer equipment[END_REF][START_REF] Stenvall | An analysis of the composition and metal contamination of plastics from waste electrical and electronic equipment (WEEE)[END_REF][START_REF] Baldé | The Global E-waste Monitor 2017: Quantities, Flows, and Resources[END_REF]. Tertiary or chemical recovery of plastic waste is a promising aspect in the recovery of valuable chemicals and fuels [START_REF] Achilias | Chemical recycling of plastic waste made from polyethylene (LDPE and HDPE) and polypropylene[END_REF][START_REF] Yildirir | Recovery of carbon fibres and production of high quality fuel gas from the chemical recycling of carbon fibre reinforced plastic wastes[END_REF][START_REF] Zhou | Potential source and emission analysis of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans in China[END_REF]. Its principle lies behind the alteration of the polymer's chemical structure by depolymerisation. Major advantages of chemical recycling over mechanical recycling is that it allows processing of heterogeneous and contaminated plastics with limited pre-treatment opportunities. Chemical recycling can convert plastics like polyethylene terephthalate (PET) and nylon into their monomer units (feedstock recycling) [START_REF] Veregue | Ultrasmall Cobalt Nanoparticles as a Catalyst for PET Glycolysis: A Green Protocol for Pure Hydroxyethyl Terephthalate Precipitation without Water[END_REF][START_REF] Choi | Eco-friendly, Expeditious Depolymerization of PET in the Blend Fabrics by Using a Bio-based Deep Eutectic Solvent under Microwave Irradiation for Composition Identification[END_REF][START_REF] Jehanno | Organocatalysis for depolymerisation[END_REF][START_REF] Vesnin | POLYETHYLENE TEREPHTHALATE WASTE RECYCLING TECHNOLOGY TO PRODUCE TEREPHTHALIC ACID AMIDE[END_REF], while the polyolefin type of plastics produce a mixture that can be precursor to liquid fuel (Coates and Getzler). Processes, such as dissolution, hydrogenation, gasification, pyrolysis, and catalytic cracking, come under chemical recycling of plastics. WEEE by means of dissolution/re-precipitation and pyrolysis. More than 90% recovery of polymers was reported by the dissolution process where pyrolysis converted the model PC sample into 63% liquid product. Pyrolysis or thermolysis of plastics is a process of thermal decomposition of plastics under inert or oxygen-starved conditions. These processes are able to convert high molecular weight plastics into low molecular weight hydrocarbons and chemicals [START_REF] Kaminsky | Olefins from polyolefins and mixed plastic by pyrolysis[END_REF][START_REF] Adrados | Pyrolysis of plastic packaging waste: A comparison of plastic residuals from material recovery facilities with simulated plastic waste[END_REF]. The process of plastic waste into oil (fuel) through pyrolysis has been developed and practiced. Processes like Thermofuel TM (Ozmotech Pty Ltd), Smuda process, Royco process (EZ-oil generator), Reentech process, Hitachi process, Chiyoda process (Chiyoda corp. Japan), Blowdec process, Conrad processes are some of the processes available for the commercial utilization [START_REF] Scheirs | Feedstock recycling and pyrolysis of waste plastics[END_REF]. These processes are mostly handled polyolefin types of plastics available in MSW. By reducing the process cost and up-scaling the present capacity of the technologies may lead to a wide-scale industrial application of plastic pyrolysis. The heat recovery processes like combustion, incineration and gasification are also considered as tertiary recycling processes, however, these techniques are sometimes separately identified as quaternary recycling processes [START_REF] Al-Salem | Recycling and recovery routes of plastic solid waste (PSW): a review[END_REF].

Regarding PCBs' epoxy resin, they are usually used as fuel in pyrometallugy plants that recover precious metals. Since they are made of cross-linked polymers with the aim of high chemical, time and temperature stabilities their up-cycling is a difficult problem. In the field of depolymerisation, it is worth noting that in 2019, [START_REF] Chen | Recycling Waste Circuit Board Efficiently and Environmentally Friendly through Small-Molecule Assisted Dissolution[END_REF] reported an original process enabling the dissolution of anhydride epoxy thanks to a transesterification reaction occurring between the -OH group in ethylene glycol, used as solvent, and the ester bond within the epoxy network. To be efficient, the reaction uses the transesterification catalyst (1,5,.0]dec-5-ene). Also, a diffusion solvent (N-Methyl-2-Pyrrolidinone) allows for the swelling of the resin, allowing for both the ethylene glycol and catalyst to penetrate within the cross-linked epoxy network. Reaction time varied from 6h to 40 min when using reaction temperatures of 100 °C and 180 °C, respectively.

4 Removal of toxic molecules from e-waste plastics E-waste plastics a notoriously known to be tainted with toxic compounds such as BFRs and heavy metals [START_REF] Tange | Waste electrical and electronic equipment plastics with brominated flame retardantsfrom legislation to separate treatmentthermal processes[END_REF][START_REF] Das | A novel flowsheet for the recovery of metal values from waste printed circuit boards[END_REF][START_REF] Li | Determination of brominated flame retardants in electrical and electronic equipments with microwave-assisted extraction and gas chromatography-mass spectrometry[END_REF][START_REF] Peng | Debromination of flame-retarded TV housing plastic waste[END_REF][START_REF] Damrongsiri | Heavy metal contamination characteristic of soil in WEEE (waste electrical and electronic equipment) dismantling community: a case study of Bangkok, Thailand[END_REF][START_REF] Debnath | Sustainability of metal recovery from Ewaste[END_REF]. Over the years, the European Union regulated and restricted various substances in plastics particularly in the case of electronics and electrical goods (E.U., 2015). Table 2 lists restricted substances and their permissible limits in such goods. The science of removal of the toxic chemicals from e-wastes has been explored and a number of technologies were investigated that optimize energy and material consumptions.

The removal of metal contamination at the molecular level is difficult by mechanical and physical means described in section 3.1 [START_REF] Kurose | Heavy metals removal from automobile shredder residues (ASR)[END_REF][START_REF] Li | Recycle Technology for Recovering Resources and Products from Waste Printed Circuit Boards[END_REF]. Although hydrometallurgical processes like leaching assisted with cyanide, thiourea, thiosulfate or halide have been developed mainly for to recover precious metals from waste PCBs (Cui and [START_REF] Peak | Metallurgical recovery of metals from electronic waste: A review[END_REF]Zhang et al., 2012), they can also be used for the removal of contaminated metal from e-waste plastics. Regarding PCBs, they are an essential part of any electronic equipment and represent between approximately 2-3% of total e-waste generated worldwide [START_REF] Vats | E-Waste characteristic and its disposal[END_REF]. PCBs are also abundant in small electronic devices, such as mobile, tablets and other smart devices. A typical PCB is constructed with a Cu-clad laminate which consists of glass fibre reinforced with epoxy resin, plastics and metals [START_REF] Hsu | Advancements in the treatment and processing of electronic waste with sustainability: a review of metal extraction and recovery technologies[END_REF]. It was approximated that a PCB contains roughly 40% metals, 30% organics and 30% refractory (ca. fibre glass) [START_REF] Shuey | Review of Pyrometallurgical Treatment of Electronic Scrap[END_REF]. PCBs are generally treated for the extraction of some of the valuable metals they contain, such as Cu, Al, Ag and Au [START_REF] Oh | Selective leaching of valuable metals from waste printed circuit boards[END_REF]. The pre-treatment process follows the common processes stated in section 3.1 (Fig. 6) to separate the metallic fraction (MF) and the non-metallic fraction (NMF). The MF then undergoes intense chemical treatment to recover valuable chemical components. The non-metallic part of the PCBs is most toxic as it contains traces of solders made from Pb/Sn and BFRs. Although, recent PCBs are lead free solder most old PCBs have 2-5% of Pb in their solder [START_REF] Ghosh | Waste Printed Circuit Boards recycling: an extensive assessment of current status[END_REF]. 

Removal of BFR from e-waste plastics

The BFRs are relentless and bioaccumulative toxins in nature, and their decomposition pathways during thermal treatment have been previously reported (Ma et al., 2016a). The treatments to recover BFR free plastics or products are discussed in the subsequent sections.

Solvothermal processes to remove BFRs from e-waste plastic

High extraction efficiencies can be achieved with conventional solvent extraction with organic solvents [START_REF] Suzuki | Heavy metal and persistent organic compound contamination in soil from Wenling: An emerging e-waste recycling city in Taizhou area, China[END_REF]Zhang and Zhang, 2012b). Toluene, methanol, 1-propanol, isopropanol, acetonitrile, and ethanol are some of the common organic solvents used [START_REF] Altwaiq | Extraction of brominated flame retardants from polymeric waste material using different solvents and supercritical carbon dioxide[END_REF][START_REF] Evangelopoulos | Reduction of brominated flame retardants (BFRs) in plastics from waste electrical and electronic equipment (WEEE) by solvent extraction and the influence on their thermal decomposition[END_REF]. Different extraction processes, such as pressurised [START_REF] Vilaplana | Analysis of brominated flame retardants in styrenic polymers: Comparison of the extraction efficiency of ultrasonication, microwave-assisted extraction and pressurised liquid extraction[END_REF] reported the use of mixed solvent systems (isopropanol/hexane and isopropanol/methanol) and achieved a high recovery of BFRs. Complete recovery of TBBPA and HBCD was reported by the process of MEA, using isopropanol/n-hexane as solvents at 130°C for 60 min, however UAE gives recovery rates that are strongly temperature dependant and that increase with temperature [START_REF] Vilaplana | Analysis of brominated flame retardants in styrenic polymers: Comparison of the extraction efficiency of ultrasonication, microwave-assisted extraction and pressurised liquid extraction[END_REF][START_REF] Romarís-Hortas | Microwave assisted extraction of iodine and bromine from edible seaweed for inductively coupled plasma-mass spectrometry determination[END_REF]. Hence, optimal conditions for extraction processes vary for different types of feedstock. carried out extraction of deca-BDE from HIPS matrix using an ionic liquid (IL) prepared with by the mixture of 1-bromobutane, 2-(2chloroethoxy) ethanol and 3-bromopropionitrile. The IL was able to achieve 92.7% of BDE recovery from the HIPS. ILs can be designed based on the material property and improve the extraction efficiency, however in plastic waste recycling processes, operational costs play a vital role which as yet precluded the industrial use of ILs so far. Zhang and Zhang (2012a) studied three alcohols (methanol, ethanol and isopropanol) as solvent for the extraction of TBBPA from e-waste plastics inside a pressurised vessel reactor, and reported that methanol was the most suitable one under optimum conditions of 90°C, 2h of extraction time and liquid to solid ration of 15:1, respectively. It should be noted that at high extraction temperature it was observed that plastics underwent marginal swelling, but this did not seem to affect it properties.

Properties of the solvent plays a critical role in the solvothermal treatment in removal of BFRs from plastic. The solvents must have swelling capacity without dissolving the plastic and at the same time must have the affinity to dissolve the BFRs. Mixed solvents with polar and nonpolar solvents tends to increase the efficiency of the extraction if we are dealing with different types of analytes having contrasting polarity and molecular weight [START_REF] Vandenburg | Factors Affecting High-Pressure Solvent Extraction (Accelerated Solvent Extraction) of Additives from Polymers[END_REF].

Temperature play a crucial role in the extraction process. The optimum temperature for the extraction of additives from the plastics should not exceed the glass transition temperature [START_REF] Lateef | Extraction of components of composite materials: ionic liquids in the extraction of flame retardants from plastics[END_REF]. High temperature may result excessive swelling and collapse of the polymer structure.

Supercritical carbon dioxide (Sc-CO2) extraction processes have also been proposed, as early as 2000 [START_REF] Gamse | Solubility Studies of Organic Flame Retardants in Supercritical CO2[END_REF], as possible advanced sustainable processes for BFR removal [START_REF] Altwaiq | Extraction of brominated flame retardants from polymeric waste material using different solvents and supercritical carbon dioxide[END_REF][START_REF] Walters | Extraction of flame retardants from electronic printed circuit board by supercritical carbon dioxide[END_REF] and the decontamination and recovery of pure plastics from the contaminated e-waste plastics [START_REF] Gamse | Solubility Studies of Organic Flame Retardants in Supercritical CO2[END_REF][START_REF] Nakajima | Method for treating thermoplastic resin composition containing flame retardant[END_REF]Ma et al., 2016a;[START_REF] Ben Said | Modeling of supercritical CO2 extraction of contaminants from post-consumer polypropylene: Solubilities and diffusion coefficients in swollen polymer at varying pressure and temperature conditions[END_REF][START_REF] Egerer | Recycling of Printed Circuit Boards Employing Supercritical Carbon Dioxide[END_REF]. The interest in using Sc-CO2 reside in its intermediate properties between liquid and gas which enable for fast diffusion within polymer and reasonable solubilizing capacity. High extraction efficiency has however only be reported when using organic co-solvents which significantly reduce the environmental advantage as well as increase running costs. More research is therefore needed to enable a pure ScCO2 based extraction process allowing for plastics decontamination and reuse.

In 2020, Zhang and Zhang (2020) reported a high efficiency Sc-CO2 based process for dehalogenation of e-waste plastics into halogen-free products without the need of any catalysts or additives. When temperature in the range of 375-550°C dehalogenation of up to 99.51% could be achieved producing halogen-free products (solid carbon materials as well as organic chemicals). This study performed at the laboratory scale will still need further investigations to prove its industrial potential and economic viability.

These results indicate that significant amount of work is required for the development and optimization of large scale extraction processes adapted to additive BFRs. In cases of reactive BFRs, which cannot be lixiviated out, a thermochemical treatment is usually required. Bromine or its derivatives must be separated during the pyrolysis process from the oil/gas products, ideally into solid residues, by using suitable catalysts. The following sections will discuss the thermochemical treatment of plastic waste and role of high temperature processes, such as incineration, combustion and pyrolysis in the recycling of e-waste plastics.

Thermochemical treatment of plastic waste

Thermochemical approaches of recycling e-waste plastics entail processes, such as incineration, combustion or pyrolysis. Incineration and combustion involve burning the waste (oxidation) and pyrolysis is here referred as a process of degradation by heating the material under an oxygen-starved environment (Das and Tiwari, 2018b).

Incineration/combustion process for plastic disposal:

Incineration and combustion of MSW are usually carried out to reduce the amount of waste to landfill as well as whenever possible to recover some of its chemical energy, to convert it into electricity [START_REF] Liu | Novel Incineration Technology Integrated with Drying, Pyrolysis, Gasification, and Combustion of MSW and Ashes Vitrification[END_REF]. As most plastics are produced from petroleum resources, they intrinsically have high calorific value. Up to now, incineration/burning of post-consumer plastic waste is one of the traditional ways of retrieving energy from waste, and incineration plants are successfully operated in many developed countries. A major advantage of incineration of plastics is the solid volume reduction by 90 -99% [START_REF] Arvanitoyannis | 14 -Waste Management for Polymers in Food Packaging Industries[END_REF]. With reduced volume, it is easy to dispose of the solid residue. The major plastic types found in the waste stream are highly carbonaceous and have a very high heat of combustion (Table 3).

Within well controlled incineration chambers an efficient burning can produce heat energy that can be utilized to produce steam and subsequently the electrical energy. Contrary to the latter, pyrolysis processes convert highly carbonaceous materials (like plastics) into useful chemicals and fuels, in the solid, liquid and gas forms. Both incineration and pyrolysis have advantages and disadvantages. Incineration destroys the plastic to produce energy that can be utilized as electrical power, which is not sustainable. Whereas, pyrolysis can transform the material into other useful forms and therefore is more sustainable. However, both incineration and combustion lead to toxic emissions through gas and the residues. Proper gas filtration systems and careful handling of residual solids or ashes can make incineration processes an acceptable solution to dealing with a large spectrum of plastic wastes.

On the contrary, narrow process windows coupled with consumption of energy for heating and sorting out suitable feed restrict pyrolysis process to more specific and precisely defined feedstock.

Hence, an in-situ generated supply of product fuel gas from the pyrolysis furnace could lead to a cost effective pyrolysis process for the disposal of plastic waste. Pyrolysis products, such as plastic derived oil, may fulfil a fraction of petroleum product demand due to the continuous depletion of fossil fuel reserves. Thus, producing value-added oil and chemicals from plastics waste by pyrolysis could be an efficient way to dispose of plastic wastes.

Heating the plastic under inert condition may lead to depolymerisation, breaking of long chain polymeric chain into small chain hydrocarbons, which can be a source of petroleum products and chemicals (Das and Tiwari, 2018b). Presence of plastics improves the MSW quality as it improves the overall heating value of the MSW. Although garbage burning is not encouraged due to emissions, it is one of the viable solutions for the huge accumulation of solid waste in the natural habitats, especially when land is scarce and therefore landfilling is not an option.

The incineration/burning of e-waste plastics is or should not however be practiced as they contain brominated and chlorinated components, such as BFRs, which may lead to severe toxic emissions.

Vehlow et al. [START_REF] Vehlow | Thermal treatment of electrical and electronic waste plastics[END_REF] mixed e-waste plastics with household MSW to find out the toxic emission in the different exit streams from an incineration plant. Increasing the ewaste plastic fraction in the feedstock increases organic compounds related to flame retardants, such as poly brominated diphenylethers (PBDPE), polybrominated biphenyls (PBB), tetrabromo-bisphenol A (TBBA), as well as active elements like bromine (Br), chlorine (Cl) or phosphorous (P). The chlorine and bromine elements were found more in the flue gas stream than in the other exit streams, such as fly ash, grate ash, boiler ash, etc. The process' combustion temperature influences the production of PCDD/Fs and PBDD/Fs. It was found that incomplete combustion may results in more PCDD/Fs and PBDD/Fs than what is measured when it is complete. The chances of emission of PCDD/Fs and PBDD/Fs are more when the combustion takes place at low temperature whereas at a very high temperature (>600 ℃) the Cl and Br get reduced to HCl and HBr [START_REF] Duan | Characterization and Inventory of PCDD/Fs and PBDD/Fs Emissions from the Incineration of Waste Printed Circuit Board[END_REF]. Since incineration is a high temperature operation,

Cl and Br containing plastic may produce hydrogen halides which may corrode the equipment and create serious problem in downstream plants.

Pyrolysis of plastic waste

As previously mentioned, pyrolysis is a process that turns organic material into gas, oil and char thanks to degradation processes induced by the application of heat under an oxygen starving environment. Pyrolysis end products can be valuable petroleum-like feedstock, which can be treated in oil refineries for the synthesis of various chemicals and fuels. Under pyrolysis, macromolecular structures of polymers present in plastic wastes are broken down into smaller molecules and produce a wide range of hydrocarbons. Product distribution and quality of the pyrolytic products depend primarily on temperature, heating rate, feedstock composition, residence time, etc. [START_REF] Williams | Analysis of products derived from the fast pyrolysis[END_REF]Das and Tiwari, 2018a). Furthermore, using a particular type of catalyst and reactor design could influence the reaction rate and product distribution.

The impact of time and temperature on pyrolytic product distribution has been studied extensively [START_REF] Ma | Study of the Low Temperature pyrolysis of PVC[END_REF]López et al., 2011a;[START_REF] Xue | Fast pyrolysis of biomass and waste plastic in a fluidized bed reactor[END_REF][START_REF] Singh | Time and temperature depended fuel gas generation from pyrolysis of real world municipal plastic waste[END_REF]Das and Tiwari, 2018a, b). Pyrolysis temperatures of plastics were determined based on the material degradation temperatures. Degradation temperatures of plastics have been evaluated using thermogravimetric analysis (TGA) [START_REF] Das | Thermal degradation kinetics of plastics and model selection[END_REF]. It was found out that the degradation temperature of plastics increases with an increase in heating rate [START_REF] Das | Thermal degradation kinetics of plastics and model selection[END_REF]. TGA coupled with Fourier transform infrared spectroscopy (TG-FTIR) as well as pyrolysis coupled with GCMS (Py-GC/MS) have been used to determine real-time compositions of evolved gases during plastics' degradation under thermal stress [START_REF] Fries | Identification of polymer types and additives in marine microplastic particles using pyrolysis-GC/MS and scanning electron microscopy[END_REF][START_REF] Jin | Evaluation of the co-pyrolysis of lignin with plastic polymers by TG-FTIR and Py-GC/MS[END_REF].

The feasibility of pyrolysis technology to convert waste plastics into valuable products has been studied extensively and was adopted for industrial scale production. Hence, polyolefins pyrolysis can produce more than 80% of liquid oil, which can be easily blended with conventional oil (Das and Tiwari, 2018b). The quality of the liquid product can be improved by post pyrolysis distillation to produce petroleum derivatives, including gasoline and diesel grade fuel [START_REF] Sharma | Production, characterization and fuel properties of alternative diesel fuel from pyrolysis of waste plastic grocery bags[END_REF]. Dr Heinrich W. Smuda developed the Smuda process for the pyrolysis of polyolefins waste to produce fuel at the temperature range of 300 -450°C in presence of catalyst made by silicates of iron, cobalt, nickel, magnesium, cadmium, copper, chromium and zinc catalyst [START_REF] Smuda | Method of obtaining liquid fuels from polyolefine wastes[END_REF]. The Smuda process can tolerate high levels of nonpolyolefin plastics, such as PET, in which under heat decarboxylation can produce benzoic acid and benzoate [START_REF] Scheirs | Feedstock recycling and pyrolysis of waste plastics[END_REF]. The PET increases the aromatic content of the fuel oil. However, the PET is not considered in the pyrolysis process due to the formation of troublesome terephthalic acid (TPA) that makes solid deposits in the downstream pipelines and condensers. The presence of oxygen in the PET molecules results in the acidic component of the liquid oil. Likewise, PVC plastics in the feed causes hydrochloric acid (HCl) production [START_REF] Williams | Interaction of plastics in mixed-plastics pyrolysis[END_REF]. Material selectivity influences the product distribution of any pyrolysis process.

The e-waste plastic stream is composed of different types of plastic, such as ABS, PS and PC etc. (Fig. 7). Pyrolysis of polycarbonate (PC) produces phenolic components [START_REF] Antonakou | Catalytic and thermal pyrolysis of polycarbonate in a fixedbed reactor: The effect of catalysts on products yields and composition[END_REF] and pyrolysis of ABS and PS results in aromatic hydrocarbons, like styrene, ethyl benzene [START_REF] Rutkowski | Acrylonitrile-butadiene-styrene copolymers (ABS): Pyrolysis and combustion products and their toxicity-a review of the literature[END_REF][START_REF] Chaukura | Potential uses and value-added products derived from waste polystyrene in developing countries: A review[END_REF]. PCBs have plastics as well as organic epoxy in addition to its metallic fraction. Evangelopoulos et al. [START_REF] Evangelopoulos | Investigation of the thermal decomposition of printed circuit boards (PCBs) via thermogravimetric analysis (TGA) and analytical pyrolysis (Py-GC/MS)[END_REF] investigated the degradation behaviour of PCBs in a temperature range of 400 -900°C by TGA and Py-GC/MS. It was observed that PCBs' decomposition starts at ~120°C and around 20 -25 % of volatile matters was evolved at different temperature programs. Epoxy resins present in the PCBs decomposed along with other non-metallic components. The py-GC/MS detected a wide range of organic compounds that entailed brominated components (e.g. bromomethane, bromophenol), hydrocarbons, phenolic compounds and furans (e.g. benzofuran, 2methyl-benzofuran). Brominated molecules were produced due to the presence of significant amount of BFRs in the PCBs. It should be noted that a detailed analysis of the pyrolysis products from the pyrolysis of individual types of e-waste plastics with or without BFR is still lacking. Availability of such data would have a great influence in future development of processes for the disposal and recycling of e-waste plastics. supported over a sieve plate. A schematic representation of the setup is displayed in Fig. 8. The fast pyrolysis of halogenated plastics produces halogenated organic components and hydrogen halides. These molecules are unwanted in the plastic derived oil for its usage as fuel. Dehalogenation of the plastic sample seems to be a pre-requisite for fast pyrolysis although fast pyrolysis with catalyst can still be utilized for simultaneous degradation and de-halogenation of e-waste plastics [START_REF] Sakata | Development of a catalytic dehalogenation (Cl, Br) process for municipal waste plastic-derived oil[END_REF]. 

Catalytic pyrolysis of plastics

In conventional catalytic pyrolysis, catalysts are used to enhance the production of specific chemical components or to reduce the energy or time needed for degradation. A wide range of catalysts were mentioned in the literature, most of these catalysts are used extensively in the industry. The catalysts were categorised into homogeneous catalysts, acidic or non-acidic mesoporous materials, zeolites, metallic oxides, smectite clays as well as their pillared derivatives, etc. [START_REF] Brebu | Removal of nitrogen, bromine, and chlorine from PP/PE/PS/PVC/ABS-Br pyrolysis liquid products using Fe-and Ca-based catalysts[END_REF][START_REF] Lopez-Urionabarrenechea | Catalytic stepwise pyrolysis of packaging plastic waste[END_REF]De Stefanis et al., 2013b). Zeolites (ZSM5, HZSM etc.) are effective in plastics degradation as discussed in numerous past studies [START_REF] George Manos | Catalytic Degradation of High-Density Polyethylene over Different Zeolitic Structures[END_REF][START_REF] Bagri | Catalytic pyrolysis of polyethylene[END_REF]. López et al. (2011b) even used red mud, a Bauxite by-product waste from alumina production industry, as a catalyst for waste plastics pyrolysis as it favours hydrogenation reactions, but the high catalyst activity was only found at high temperatures (>500°C). On the other hand, catalyst like ZSM-5 was found to be active at lower temperature (440°C) and also to promote the Catalysts were able to reduce the temperature of cracking down to 300°C, as compared to 650°C or more for non-catalysed pyrolysis. In comparison to zeolites, clay based catalysts were found superior in producing liquid hydrocarbon from plastic wastes as they favour the production of liquid hydrocarbons in the gasoline and diesel range liquid from the polyethylene plastics.

Bromine fixation from BFR containing e-waste plastics degradation

Hall and [START_REF] Hall | Analysis of products from the pyrolysis of plastics recovered from the commercial scale recycling of waste electrical and electronic equipment[END_REF] performed pyrolysis experiments with brominated ABS plastics originating from old computer monitor casings in a fluidised bed reactor system heated using an externally heated furnace , an air preheater (450°C) for fluidizing the fine (300 -425 µm)

sand particles used as bed material. The reactor was externally attached with condensers and scrubbing systems. They successfully converted the Br-ABS waste into more than 91% of oil.

98% of the bromide was found in oil fraction and no bromine was found in the solid char one.

In catalytic pyrolysis, it is possible to fixate the bromine into different product stream (Ma et al., 2016b). Hence, catalytic pyrolysis is also utilized for simultaneous de-halogenation and degradation of e-waste plastics. [START_REF] Sakata | Development of a catalytic dehalogenation (Cl, Br) process for municipal waste plastic-derived oil[END_REF] proposed iron oxide and calcium carbonate as the catalyst/sorbent for dehalogenation process. The process can follow two approaches (Fig. 9). One approach advocated the degradation of plastics followed by dehalogenation of the halogenated products. In the other approach, both degradation and dehalogenation occurs simultaneously in presence of a suitable catalyst. 4 compares the reduction of Bromine content in the oil fraction using different catalysts when compared with non-catalytic pyrolysis.

PCB pyrolysis is an energy intensive process since their thermal decomposition is endothermic. [START_REF] Guo | Study on low-temperature pyrolysis of largesize printed circuit boards[END_REF] were able to recover 10.17 wt% gas, 18.23% of oil/tar and 71.60% of solid residue by doing the low temperature (~500°C) pyrolysis of FR4 (epoxy composite) type PCBs.

The calorific values of gas and tar samples are 2.38 MJ/kg and 4.5 MJ/kg respectively, which amounted around 35% of the total energy consumption for the pyrolysis. Gases such as CO, CO2 and 2-methyl propene, were major components of the gaseous fraction. Regarding the tar fraction, it consisted of mostly phenols and alkyl aromatics along with brominated hydrocarbons. 

Effect of pyrolysis reactor configuration

We have seen that pyrolysis is a possible solution for e-waste plastics degradation and dehalogenation. As discussed in the previous section, thermal treatment of e-waste plastics with BFR can be carried out in three ways: Firstly, dehalogenation is followed by pyrolysis of ewaste plastics; secondly, both dehalogenation and pyrolysis are performed simultaneously;

thirdly, contaminated plastics undergo pyrolysis which is followed by a product up-gradation step to produce more useful products without toxins [START_REF] Yang | Pyrolysis and dehalogenation of plastics from waste electrical and electronic equipment (WEEE): A review[END_REF]. For these approaches, different reactor configurations were used including batch reactor, semi-batch reactor, catalytic bed reactor, two-stage drop down reactor, fluidized bed reactor, rotary kiln reactor, screw kiln reactor, etc. Industrially, batch, fluidized bed and rotary kiln reactors are commonly considered for waste plastic pyrolysis.

Batch/semi-batch reactors

Batch/semi-batch reactors are often used in the laboratory scale studies as they enable to easily maintain reaction conditions, such as temperature and pressure. For example, [START_REF] Hall | Removal of organobromine compounds from the pyrolysis oils of flame retarded plastics using zeolite catalysts[END_REF] performed catalytic pyrolysis in a batch reactor and examined the potentials of zeolite based catalyst in the process of removing brominated organic compounds from the oil products. They reported that zeolites: (i) significantly reduced the brominated organic components within the pyrolysis oil when treating BFR containing ABS and HIPS; (ii) but at the same time however, deteriorated the overall product quality by reducing the production of valuable chemicals, such as styrene and cumene. 

Fluidized bed reactors

Where X = Cl or Br

Two stage pyrolysis reactors

Two-stage reactors were used in which the pyrolysis reaction occurs in the first stage and the evolve gases passes through a catalytic bed in the second stage [START_REF] Williams | Two stage pyrolysis of oil shale using a zeolite catalyst[END_REF][START_REF] Ratnasari | Catalytic pyrolysis of waste plastics using staged catalysis for production of gasoline range hydrocarbon oils[END_REF]. [START_REF] Ratnasari | Catalytic pyrolysis of waste plastics using staged catalysis for production of gasoline range hydrocarbon oils[END_REF] 

Auger (screw kiln) reactor

As reported recently, low temperature pyrolysis of carbonaceous material, such as plastics, with long holding times undergoes consecutive degradation to produce lighter hydrocarbon liquid fractions (Das and Tiwari, 2018b). However, at high temperature, ultra-pyrolysis (flash/fast pyrolysis) indulges more production of gaseous hydrocarbon [START_REF] Alvarez | Sewage sludge valorization by flash pyrolysis in a conical spouted bed reactor[END_REF][START_REF] Lopez | Waste truck-tyre processing by flash pyrolysis in a conical spouted bed reactor[END_REF]. Slow pyrolysis experiments were conducted mostly in batch or semi-batch reactors. For continuous production, a screw kiln reactors/auger reactors can be used for low to moderate temperature pyrolysis. Auger reactors use a screw to convey the feedstock down the length of the externally heated tube [START_REF] Campuzano | Auger reactors for pyrolysis of biomass and wastes[END_REF]. The temperature of the reactor can be programmed to vary along the length of the reactor tube. A typical auger reactor used for the pyrolysis of biomass is shown in Fig. 11 [START_REF] Campuzano | Auger reactors for pyrolysis of biomass and wastes[END_REF]. 

Microwave assisted pyrolysis

In microwave pyrolysis, microwaves are used as the energy source. Microwave are electromagnetic waves with wavelength ranging between 1 mm and 1 m [START_REF] Undri | Microwave pyrolysis of polymeric materials: Waste tires treatment and characterization of the value-added products[END_REF].

Materials like water, biomass, metals and carbon particles, are considered good microwave absorbers (dielectric materials). Polymers and plastics are transparent to microwave because they have low microwave absorption capacity [START_REF] Cheng | Municipal solid waste (MSW) as a renewable source of energy: Current and future practices in China[END_REF]. However, these latter materials can undergo pyrolysis by mixing them with dielectric ones, such as carbon particles or metal particles, in a microwave reactor. The control of pyrolysis temperature in microwave heating is however tricky due to the formation of hot spots during heating caused by localized microwave field that are due to the difference in dielectric properties of the various material and large wavelength of the radiation [START_REF] Undri | Microwave pyrolysis of polymeric materials: Waste tires treatment and characterization of the value-added products[END_REF].

Microwave heating has been used for pyrolysis of biomass [START_REF] Zhao | A microwave reactor for characterization of pyrolyzed biomass[END_REF][START_REF] Zhang | Effects of feedstock characteristics on microwave-assisted pyrolysis -A review[END_REF], waste plastics (Ludlow-Palafox and Chase, 2001), scrap tyres [START_REF] Undri | Microwave pyrolysis of polymeric materials: Waste tires treatment and characterization of the value-added products[END_REF] and electronic waste [START_REF] Sun | Recycling of Waste Printed Circuit Boards by Microwave-Induced Pyrolysis and Featured Mechanical Processing[END_REF]. [START_REF] Aishwarya | Microwave Assisted Pyrolysis of Plastic Waste[END_REF] 

Conclusion and outlooks

The recovery of toxic free plastics from e-waste plastics is an interesting field of waste utilization and conversion. An extensive amount of studies of thermochemical conversion of waste plastics have been carried out in recent years and many significant technological advances have been achieved. However, a pyrolytic solution is still lacking that is capable of dealing with waste quantities as large as the ones that can be treated using conventional waste treatments, such as incineration and land filling. Major hurdle for plastic pyrolysis is the nonhomogeneity of plastic waste. Plastics like PVC and PET in the feedstock can lead to different types of end products compared with polyolefin based plastics. On the other hand, plastic wastes from WEEEs contain various types of plastics including styrene based plastics (ABS, HIPS), polycarbonates, polyamides and polyolefins containing environmentally harmful toxins, such as BFRs and heavy metals. Special attention is needed to recover the non-toxic plastics from such e-waste plastics. Extraction processes of BFRs from the latter have been studied extensively with different solvents, such as methanol, propanol, hexane, etc., with good extraction efficiencies. However, it is advisable to do extractions of toxins in a sustainable way by using green technology, such as using supercritical CO2 as solvent, bio solvents, ionic liquids, etc.

Pyrolysis of e-waste plastics have been performed particularly with various catalyst based on different metals, such as Ni, Fe, Ca, Mg etc, which might help in reducing the brominated organic hydrocarbon content in pyrolysis products. Pyrolysis is one of the most recommended technique in the treatment of e-waste plastics to convert them into value added products, however complete detoxification of e-waste plastics by pyrolysis remains the limiting factor.

The scope of utilizing thermochemical conversion of e-waste plastic into oil and chemicals is significant and helps to deal with the massive and global problem of plastic as well as e-wastes.

The pros
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 12 Fig. 1: Distribution of plastics demand by segments in Europe 2017 (Europe, 2018; Forum, 2019)
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 3 Fig. 3: Trend of worldwide e-waste generation in recent years[START_REF] Wang | Forecast of electronic waste generated worldwide from 2010 to 2018[END_REF] 
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 4 Fig. 4: Primary global energy consumption by sources (Agency, 2014)

  amount of PBDD and PBDF can cause severe health hazards. Toxicity profiles of different isomers of PBDD/Fs depend on the number of Bromine atoms and what positions they attached to. Basic PBDE and PBDF structures are given in Fig. 5.
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 5 Fig. 5 : Molecular structure of PBDD and PBDF
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 6 Fig. 6: schematic representation of the physical separation process of MF and NMF of PCB

  et al.[START_REF] Achilias | Chemical recycling of polymers from Waste Electric and Electronic Equipment[END_REF] carried out chemical recycling of PC, PABS, and PS from

  liquid extraction (PLE), ultrasonic assisted extraction (UAE), microwave assisted extraction (MAE) and simple Soxhlet extraction have been proposed and investigated for BFRs extraction[START_REF] Vilaplana | Analysis of brominated flame retardants in styrenic polymers: Comparison of the extraction efficiency of ultrasonication, microwave-assisted extraction and pressurised liquid extraction[END_REF].Chandrasekaran et al.[START_REF] Chandrasekaran | Materials and Energy Recovery from E-Waste Plastics[END_REF] recovered 89% of pure PC from the mixture of PC/PA (from waste cell phones) by solvent extraction using N-methyl-2pyrrolidone (NMP). NMP was preferred to dichloromethane (DCM) for selective dissolution of PC and to avoid the use of the chlorinated solvents. The study also emphasize the important of the factors such as solid matrix, initial BFR content, solvent polarity, solid liquid ratio, temperature and pressure affecting the BFR removal efficiency and temperature being the most dominant factor in the extraction process.Vilaplana et al. 
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 7 Fig. 7: Typical composition of e-waste plastics in UK, 2006 (Keith Freegard; Alston et al., 2011)

Fig. 8 :

 8 Fig. 8: Schematic representation of the fluidized bed pyrolysis reactor. Reprinted (adapted) with permission from (Energy Fuels 2006, 20, 4, 1536-1549). Copyright (2006) American Chemical Society (Hall and Williams, 2006)

  production of lighter hydrocarbons (gas/liquid) with high aromaticity. Still regarding nanoporous aluminoslicates, De Stefanis et al. (2013a) reported three possible catalysts from restructured smectite clays: saponite, montmorillonite and beidellite. Catalysts were substantiated for their performance in the catalytic pyrolysis of a medium-density polyethylene.

Fig. 9 :

 9 Fig. 9: Two steps and single step dehalogenation and degradation of halogenated plastics (Sakata et al., 2003)

  performed pyrolysis experiments in a two stage pyrolysis unit where in the second stage, a multi-layered structured mesoporous (MCM41) catalyst stacked on top of a micro-porous catalyst (ZSM5) layer to ensure more gasoline type hydrocarbon production from waste plastics. Two stages reactors are also utilized for the catalytic pyrolysis and bromine removal of the non-metallic fractions of waste PCBs. Ma and Kamo (2018) applied low cost Fe and Ni catalysts in a two stage fixed bed reactor for the pyrolysis of waste PCBs and reported that Fe particles have excellent bromine removal efficiencies from the pyrolysis product. The schematic representation of the two stage fixed bed pyrolysis setup is shown in Fig. 10.
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 10 Fig. 10: Schematic representation of the two-stage fixed-bed reactor system.(Ma and Kamo, 2018) [Reprinted from the article: C. Ma and T. Kamo, Journal of Analytical and Applied Pyrolysis, 134, (2018) 614, with permission from Elsevier]
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 11 Fig. 11: Single-auger reactor for pyrolysis of biomass [Reprinted from the article: Campuzano, Felipe Brown, Robert C. Martínez, Juan Daniel, Auger reactors for pyrolysis of biomass and wastes, Renewable and Sustainable Energy Reviews, 102, (2019) 372, with permission from Elsevier

  successfully carried out the pyrolysis of simulated plastic mixtures in a microwave assisted pyrolyser which had a power of 5 kW and was integrated with 4 magnetron generating microwaves continuously. Ludlow-Palafox and Chase (2001) successfully recovered aluminium and hydrocarbons from high density polyethylene and aluminium/polymer laminates (empty toothpaste tubes) by microwave induced pyrolysis in a semi-batch reactor using carbon particles as microwave absorbing materials.[START_REF] Hussain | The conversion of waste polystyrene into useful hydrocarbons by microwave-metal interaction pyrolysis[END_REF] used a microwave heating aluminium coil reactor for the pyrolysis of waste polystyrene into useful products. The heating was controlled by changing the size and shape of the metal reactor. Major factors affecting the microwave pyrolysis include the feedstock's properties, feeding pattern, heating program, microwave power, microwave power delivery, reactor design, susceptor type, catalytic properties of the susceptors and other reaction conditions. A typical microwave assisted pyrolysis setup is shown in Fig.12[START_REF] Sun | Recycling of Waste Printed Circuit Boards by Microwave-Induced Pyrolysis and Featured Mechanical Processing[END_REF].

Fig. 12 :

 12 Fig. 12: Diagram of the reactor system for microwave-induced pyrolysis of WPCBs: (1) nitrogen cylinder, (2) rotameter, (3) microwave oven, (4) quartz reactor, (5) thermocouple, (6) data collection, (7) condensing system, (8) glass wool trap, (9) deionized water, (10) gas bag [Reprinted (adapted) with permission from (J. Sun, W. Wang, Z. Liu and C. Ma, Industrial & Engineering Chemistry Research, 50, (2011) 11763.). Copyright (2011) American Chemical Society."]

Table 1 : Heating values of plastics found in solid waste stream (Walters et al.; Othman et al., 2009)

 1 

	Plastics	Calorific value (MJ/kg)
	PE (LD/HD)	47.7
	PP	45.3
	PET	24.1
	PS	41.4
	PVC	14.1
	PC	26.7
	PMMA	24.1
	PA	26.5
	ABS	35.2
	HIPS	37.8

  The e-waste plastics with BFR are not suitable for primary and secondary recycling. Pre-treatment processes like solvent extraction, chemical leaching and other chemical treatment (with acid/alkalis) can remove the toxic chemicals from e-waste

plastics and convert them into mechanically reusable plastics. BFRs that are not chemically bound to the polymer chain can be removed from the plastic matrix by the solvent extraction processes. Efficient and sustainable solvent extraction process assisted by microwave, ultrasonication or supercritical CO2 extraction processes can be developed for BFR extraction from e-waste plastics. On the other hand, thermal degradation can remove chemically bonded Br in the plastics.

Table 2 : Restricted substances used in the electronic and electrical goods by EU

 2 

	(E.U.,

Table 3 : Heat of combustion some of the plastics found in waste stream
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	Waste Plastic (s)	Heating value (MJ/kg)	Reference
	PE	47.74	
	PP	45.8	Lyon et al. (1998)
	PS	43.65	
	PVC	18	
	PET	24.13	
	ABS	39.84	Costiuc et al. (2011)
	PC	31.30	
	PMMA	26.81	
	PCB	24.12	Areeprasert and
	ABS/PC	37.5	Khaobang (2018)

Table 4 : Effect of catalyst in the reduction of Br from the pyrolysis liquid product compare to the non-catalytic pyrolysis liquid product 632
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	Catalyst	Material	% reduction of Br from the	Reference
			non-catalytic pyrolysis	
	Y-Zeolite	Waste ABS+PC (80:20) with BFR	75%	
		PCB with BFR	8.1%	
	ZSM-5	Waste ABS+PC (80:20) with BFR	75%	
		PCB with BFR	7.7%	
	Bio-char (BC)	Waste ABS+PC (80:20) with BFR	60%	
		PCB with BFR	54%	
	Electronic waste char (EWC)	Waste ABS+PC (80:20) with BFR	81%	
		PCB with BFR	58.6%	Areeprasert and
	Iron oxide loaded Y-Zeolite (Fe/YZ)	Waste ABS+PC (80:20) with BFR	81%	Khaobang (2018)
		PCB with BFR	19%	
	Iron oxide loaded ZSM-5 (Fe/ZSM-5)	Waste ABS+PC (80:20) with BFR	89.1%	
		PCB with BFR	46.3%	
	Iron oxide loaded biochar (Fe/BC)	Waste ABS+PC (80:20) with BFR	90.5%	
		PCB with BFR	58.6%	
	Iron oxide loaded electronic waste char	Waste ABS+PC (80:20) with BFR	98.1%	
	(Fe/EWC)	PCB with BFR	70.9%	
	Fe-Ni/MCM-41	Waste ABS with TBPPA+Sb2O3	~60%	Chen et al. (2020)
	Zeolite catalyst (HY)		~42%	
	Zeolite catalyst (Hβ)		~50%	
	Zeolite catalyst (HZSM5)	Br-ABS	~39%	Ma et al. (2016b)
	MCM-41 (All silica)		~11%	
	Al2O3		~40%	
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