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Abstract

:

This paper examines the degradation trends of polymeric materials during heat conversion and solvolysis processes. The presence of different fractions of polymeric materials, such as PET, PP, SBR, ABS, resin, and tier waste, necessitates the use of different procedures for degradation, transformation, and further elimination from the natural environment. A significant part of the work was devoted to discussing the issue of thermal pyrolysis, taking into account the chemical composition and the possible impact of the process reaction mechanism, the type of raw material used, and the influence of the process temperature on the yields of low, medium, and high boiling products. The issue was extended to the possibility of decomposition of polymers based on the use of catalytic additives for the improvement and efficiency of the process and the structural modification of reactors. The major goal of this investigation of these various options was to generate a spectrum of accessible strategies for polymeric material degradation. The optimal technique depends on the polymer type and predicted final product qualities. Different catalysts, such as ZSM-5 (Zeolite Socony Mobil-5 one of the most efficient catalysts), ZSM-5 with ammonium groups, and ZSM-5 with 10% Ni, improved the efficiency of several heating processes. The final products after polymeric material degradation were determined by the type and conditions of the degradation processes, results of the materials characterisation, and the scale of the reactors utilised.
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1. Introduction


The production of various waste fractions is one of the most important variables influencing the advancement of social and economic development. For many years, increases in a country’s gross domestic output were linked to increased garbage generation. As a result, the most developed countries generate the greatest amount of waste. Polymers are a large class of multi-particulate materials whose global output has climbed from 1.5 million tons in the early 1950s to 322 million tons in 2019. During this time, nearly 7.8 billion tons of polymers were manufactured. Global production continued to rise from 2016 to 2019, and the global plastics output totalled 368 million metric tons in 2019. The amounts of thermoplastics, polyurethanes, thermosets, elastomers, adhesives, coatings, sealants, and polypropylene fibres are included in that group of materials. The COVID-19 pandemic in 2020, together with its influence on the industry and the local economy, has exacerbated this situation. Plastics manufacturing has been declining annually for many years. COVID-19’s effects are expected to diminish output by around 0.3 percent in 2020 [1]. The automotive, electrical, and electronics industries generate the most demand for polymeric materials [2]. The main materials used in these industries include polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS), styrene–butadiene rubber (SBR), polyethylene terephthalate (PET), and acrylonitrile–butadiene–styrene (ABS) [2,3,4]. Polymeric materials wide use in industry and services is governed by their resistance to degradation by biological and chemical processes, as well as their low manufacturing costs [5]. They are frequently utilised to manufacture household goods, buildings, and packaging [6]. Polymers make up a significant share of plastic materials. However, because each good is defined by its time of use, after which it is transformed into waste that must be removed from the environment, the massive demand for polymeric materials is responsible for the massive amounts of waste that pose a hazardous risk to the environment [7]. This impacts the polymers’ resilience to external conditions, causing problems with their disposal. Soil and groundwater are the parts of the environment most vulnerable to the impact of polymers. As a result, reducing the emission of polymeric waste into the environment through removal and neutralisation is critical [8]. Polymeric materials can be treated by thermal processing in the event of hazardous biomass and biomaterial waste [9,10,11,12,13]. However, the most desirable direction for waste management should be prevention. The design of products, technological processes, and activities that produce the least amounts of byproducts, or if such an opportunity exists, is reuse and recycle. However, there is no way to completely avoid byproduct creation in all processes. As a result, preparation for reuse, recycling, recovery, and disposal are alternate pathways [14].



The processing of polymeric waste by pyrolysis, which, similar to combustion and gasification, is a thermal process, is the principal direction of this alternate route for polymeric waste transformation. The contrasts between the three thermal conversion techniques of organic matter, including plastic waste, are depicted schematically [15]. This was later revised by [16]. Waste management with the smallest environmental impact is a widespread problem and a serious challenge. As a result, it can be carried out in a variety of ways. The primary goals are the disposal and prevention of its formation. Waste prevention is the most desirable, but it is impossible to completely exclude byproduct creation from activities. The two most important methods are landfilling and recycling via various procedures. Landfilling is the most hazardous waste disposal method owing to its high environmental impact due to dust and leachate. As a result, different strategies have been investigated [17]. Some procedures, such as mechanical processing, allow for the preparation of raw materials for the further processing of primary and secondary products. Selected secondary goods are crushed into lower fractions and recycled using chemical processes. Blended fractions can be used to make RDF/SRF (solid-recovered fuels), which can be used as alternative fuels in thermal processes such as gasification, pyrolysis, and combustion. Co-processing allows for the blending of fractions with diverse origins and their applications in thermal processes. Biological recycling is a significant category of approaches whose primary application is in the treatment of wastewater and leachate byproducts. Hazardous sludges can be stabilised to neutral post-materials while producing combustible biogas that can be used for energy in such procedures.



The most desirable advantage of energy processes from an energy standpoint is the possibility of energy recovery [18]. As shown by the data in Table 1, the primary goal of all conceivable technical solutions aimed at the thermochemical conversion of fuel is, in most cases, the recovery of heat and power via co-generation. This yield is possible because of the right way liquids, heat, char, gas, and syngas are changed. Aside from the raw materials used, energy efficiency is heavily reliant on technological solutions for specific operations. As demonstrated by the Institute of Energy and Fuel Processing Technology tests, one of the primary technological problems is, aside from the proper design of a technological process, its transition from laboratory-size to pilot-scale. Then, while executing the solution at full industrial scale, solutions must be adjusted as much as is feasible so that the achieved pilot-scale effects operate and fulfil technological functions with full industrial scale implementation.



As a result, in addition to technical knowledge, the use of numerical tools and methodologies is critical for the precise mapping of chemical phenomena, as well as the appropriate dynamic processes. Post-consumer plastic garbage is now disposed of by either recycling (31.1%) or preparation with energy recovery technologies (41.6%) [4]. A wide range of approaches and methodologies for the transformation of polymeric materials may be applied. Thermal processes, in addition to providing useable energy in the form of heat and calorific combustible gases, can also provide important compounds such as BTEX (benzene, toluene, ethylbenzene, and xylene) through pyrolysis [19]. The article discusses a number of issues related to the disposal and challenges related to the degradation of polymeric materials. The problem of thermal conversion has been developed, taking into account the importance of the application of specific materials to the charge, the reaction mechanism, together with the chemistry and dynamics of the process, among others, with the use of closed-loop and polymer chain degradation reactions. Among the basic processes used to transform plastics, the main types of processes were indicated along with their limitations resulting from the scale and design of the reactors used. The influence of the process temperature on the type of produced fractions depending on their molecular weight was discussed. The importance of the use of catalytic additives as tools to increase the efficiency of the process was indicated. It is not without significance that all the indicated processes should have the lowest possible impact on the environment, thus constituting a tool for its protection with the use of the so-called best available techniques and opportunities for the disposal of plastics. The conducted scientific review consists of an analysis of scientific and research works spanning the years 1994 to 2022, and a selection of books published between the years 1960 and 1980 that serve as the source of essential and fundamental knowledge [20,21].




2. Thermal Pyrolysis


Liquefaction is another method for degrading waste polymers or waste composites. The first method relies on transesterification reactions between the hydroxyl groups of the reaction mixture’s components, which include ethylene glycol, an organic solvent, and a catalyst, and the ester bonds found in the epoxy network of epoxy and polyester resins used in the production of composite materials [22]. This type of process can be carried out under a wide range of conditions, including different temperatures, pressures, and solvent-to-catalyst ratios. The design of experiments approach can be used to determine the optimal process conditions that result in the maximum degree of productivity (DOE) [23]. Statistical and chemometric analysis of experimental data can be utilised to identify the most relevant elements influencing the degradation of waste composite materials. The second method, known as the hydrothermal wet oxidation of rubbish, is relatively new, and its primary purpose is to reduce solid waste composed mostly of plastic. The waste degrades in water via wet oxidation at subcritical pressures (20–150 bar) and temperatures (150–320 °C). The oxygen-pressurized hydrothermal vessel maintains the liquid-state contents. Reducing waste volume [24,25], recovering phosphate from sewage sludge [26], reducing heavy metals in sewage sludge [27], recovering valuable substrates from waste [28], and producing organic acids—but only from sewage sludge [29,30]—are currently the focus of research using the aforementioned method. Hydrothermal processing is widely used in laboratories to treat and degrade organic compounds. As a result, there are few studies on the hydrothermal treatment of municipal solid waste, for example, plastics and products manufactured from them, such as fibres and fabrics used to make disposable masks. Because of the significance of this relationship, it is critical to understand how municipal solid wastes are handled using hydrothermal techniques. Municipal solid wastes are tough and sluggishly broken down in landfills, and they harm the environment when thermally processed. The gradual deterioration of the ecosystem promotes microplastic contamination, which has already been discovered in glacier snow. Investigations on the oxidative melting of plastics have only examined the impact of basic process variables such as temperature or pressure [31], and they have only examined one type of plastic, polyethylene (PE) [32].



2.1. Feedstock Types and Possible Degradation Reactions


Polymeric materials are a common raw material in a wide range of industries, sectors, and services. One of their most significant advantages is their ease of processing and high applicability to diverse technological solutions. Polymers have numerous industrial applications that have been well documented for many years and are composed of several assemblies of simple monomers. However, some fractions are more important than others in applications. Their significance can be seen in the share of their global consumption shown in Table 2.



Polymeric materials are applied in a wide range of industries, including automotive, construction, furniture, electronics, and telecommunications. Furthermore, polymers are used in healthcare, but unlike the previously mentioned uses, this sector does not allow for material recovery because medical materials must be disposed of neutrally. The most common materials are PE (polyethylene), PP (polypropylene), and PVC (polyvinyl chloride) (Table 2), which account for nearly 70% of total plastic applications and demand globally. Their application potential is determined by their quality and physiochemical properties. Polystyrene and thermosetting plastic blends have also played important roles, accounting for roughly 20% of total global use. The remainder of the worldwide market includes various specialised fractions such as PA (polyamide), PBT (polybutylene terepththalate), and ABS (acrylonitrile budatiene styrene). All these materials have unique physicochemical features that influence their applications and processing. The existence of these constituents, particularly volatiles and carbon content, has a considerable impact on its subsequent application, particularly during thermal pyrolysis. All plastics have a volatile content of more than 90%. On the other hand, the amount of fixed carbon content varies from 0.04% for PE to 6.3% for PVC and 7.77% for PET.



Based on the monomers, the process of polymerization, and the creation of co-polymers with different parts in different amounts, a wide range of physical and chemical properties can be made [34]:




	
Polyolefins, such as PE/PP, are extremely inert and hydrophobic, with a low density.



	
Poly(tetrafluoroethylene) PTFE (Teflon) has an ethylene backbone and four fluorine molecules that are covalently bonded.



	
Poly (vinyl chloride) PVC has an ethylene backbone with one covalently bonded chlorine



	
Silicone -Si-O- has a backbone with a variable chain length and crosslinks that govern its mechanical properties and ranges from liquid oil to gel to rubber elastomer. Polyolefin silicones are notable for being hydrophobic and biostable elastomers.



	
Methacrylate’s (PMMA) properties include substantial stiffness, and its primary application is in medical applications (orthopaedics and dentistry).



	
Polyesters are biodegradable and biostable polymers that are also used in biomedicine (drug-eluting coatings, orthopaedic applications, etc.).



	
Polyurethane can be synthesised in a variety of chemistries and characteristics. This large group’s structure is flexible due to the combination of hard and soft segments.








Some fractions are flame-retardant, steam-resistant, or operate at high/low temperatures. Medicine uses many polymers. General surgical implants, orthopaedic implants, temporary in vivo applications (wound dressings, vascular catheters), ophthalmology, and dentistry are key medical areas. Plastics are used in many economic sectors, but each product is profitable. Life cycle ends = trash. This means the owner or manufacturer discards, plans to discard, or must discard it. Different methods are used. Preventing waste is the most environmentally friendly option, but manufacturing byproducts cannot be eliminated. In addition to removing byproducts, solutions should neutralise them. Plastic pyrolysis produces good results. A method without air access decomposes raw material by degrading polymer chains into monomers. According to [35], pyrolysis of plastics can generate hydrocarbon-rich gas with a calorific value of 24–25 MJ/kg, making it attractive for energy recovery. Pyrolysis uses thermal cracking at 350–900 °C. Depending on the heat, pyrolysis can be done at different rates. Slow (non-isothermal), rapid (isothermal), and ultra-fast/flash pyrolysis are described. This process can be managed based on the desired outcome (gas, char, or oil). Slow pyrolysis, 10 °C/s heating rate, allows for the partial evaporation of organic materials, and the residual product (char) is over 80% carbon. Fast pyrolysis at 100 °C/s targets liquid pyrolusite. It is one of the most popular pyrolytic plastic processing methods. Flash pyrolysis involves rapid heating. Compound decomposition is fast and produces gas [36]. In terms of end products, the type of material used and the construction of the reactor, the technique used, and the meaning of regulating heating rate and temperature in the chamber are important for pyrolysis of plastics. This allows for variations in pyrolysis end-product oil, gas, and liquid levels. The authors of [37] did extensive research. HDPE (high-density polyethylene) pyrolyzed at 350 °C in a horizontal steel reactor yielded 80% oil and 16% gas. Fixed-bed reactors for low LDPE (low density polyethylene) pyrolysis at 500 °C produced 95% particle-free pyrolysis oil. Batch, semi-batch, vacuum, and pressurised batch reactors operate under different conditions and use different plastic fractions. In most cases, pyrolysis of plastics is used to create pyrolytic oil, whose calorific value ranges from 21.1 to 43 MJ/kg for PVC (polyvinyl chloride) and PS (polystyrene), respectively. Changing the parameters allows for flexible product selection [37]. In some cases, the pyrolysis oil obtained had physical properties similar to gasoline and diesel. The current international situation may affect the development of the following transportation solutions.




2.2. Feedstock Closed-Loop Disposal


Plastic waste materials are a type of polymer that comes in a wide range, of which poly(ethylene terephthalate) makes up a significant share. According to [38], a huge portion of total PET (polyethylene terephthalate) output, which includes materials such as films, plastics, and fibres, is recycled using diverse technologies and for a wide range of applications, making PET one of the most recycled polymers. It is generally triggered by the PET application option for the direct reuse of uncontaminated old plastic, sometimes known as "closed-loop recycling." From an ecological standpoint, recycling in a closed loop is the best option. However, because of the combination of multiple types of materials, the method in which the material is developed and used in consumer goods is restricted in many ways. This is because, at the end of a product’s life cycle, fractions of different origins are subjected to different separation and recycling processes. To make closed-loop recycling better, waste management needs to be more proactive and friendly to the environment, and political efforts need to focus on obtaining funds for developing and making new recycling technologies [39].



Other difficulties arise when attempting to recycle complex composite materials. The fundamental difficulty in processing composite waste is the variety of physicochemical properties, and composites are difficult to recycle due to the use of crosslinked thermoset polymers in their matrix, which cannot be remelted or remoulded [40,41]. Composite waste that is difficult to recycle includes wind turbine waste blades. Wind energy is a renewable, limitless, and energy-efficient energy source. In 2020, the worldwide wind power industry installed more than 93 GW, bringing the total to 742.7 GW (707.4 GW onshore and 35.5 GW offshore) [42]. The global wind energy industry uses 2.5 million tons of composite materials. Recycling and reusing waste blades is the most effective way to safeguard the environment and encourage long-term growth. Pyrolysis and gasification are two thermal recycling processes for such waste, with TRL levels of 9 and 5/6 [43,44]. Pyrolysis can degrade the fibre quality by leaving oxidation residue or char on the fibres or by damaging their chemical structure. Gasification may be facilitated by energy recovery processes, the stream of chemical precursors it produces, and a higher heat-transfer efficiency. A chemical recycling approach based on solvolysis is another viable option for this type of composite waste. Most resin samples are epoxy resins, which, as previous research has demonstrated, require organic solvents and long reaction times to break them down and separate them from glass fibres. According to a previous study’s findings and analysis, solvolysis removed complex, frequently multi-component wind turbine blade waste matrices. An organic catalyst–alcohol solution can be used to chemically recycle (solvolyze) cured epoxy resins by fast transesterifying ester bonds with an alcohol to dissolve samples of wind turbine blades. The solvolysis of wind turbine blades allowed for the chemical recycling of both glass fibres and epoxy resin oligomers. Depending on the solvents utilised and the processing conditions, this procedure can take place in an inert N2 environment at temperatures ranging from 100 to 190 °C. The resin breakdown rate of this method reached 90%. Different solutions with the option of adding different supplements and opportunities for polymeric materials pyrolysis were reported.




2.3. Degradation Reactions


The chemical reaction mechanisms that may occur under diverse situations have a significant impact on polymer material transformation. Polymer degradation is defined as a change in polymer properties such as tensile strength and molecular weight that is caused by factors such as heat, chemicals, or temperature. For example, when heated over 450 °C, polyethylene degrades into a blend of hydrocarbon derivatives [45]. Under some conditions, polymers may undesirably lose their chemical structure and physical properties in polymer-based products [46]. As a result, polymer processing, such as injection and moulding, must take place under conditions that allow the material to liquefy (by rising its temperature in the case of thermoplastics) while also limiting the degree of degradation. If the injection temperature or time is too high or too long, the plastic can break down partially. This changes the product’s mechanical and aesthetic properties and lowers its quality.



Depending on the type of conversion process and its conditions, the polymer degradation mechanism is significant. One of the significant parameters that has a significant impact on the process is λ (lambda), which is known as the ratio of the excess air in the process, the actual amount of air (converting agent), to the minimum amount (calculated on the basis of the fuel stoichiometry allowing the thermal process to occur). To date, the most widely utilised procedure, combustion, employs extra oxygen (λ > 1) to completely oxidise the organic matter. In this situation, the products of combustion of the organic matter contained in the plastic material, e.g., PE (which solely contains carbon and hydrogen atoms), are CO2, H2O, N2 (from the air), and possibly gaseous pollutants resulting from material contamination. The combustion mechanism is complex and includes several chemical reactions between the fuel components (e.g., hydrocarbons) and the oxidant (e.g., oxygen in the air), which produces heat and (sometimes) light in the form of a flame. Even though many chemical reactions produce active radicals during combustion, it is generally agreed that the whole process can be summarised in a few basic steps, as shown in Figure 1.



First-stage combustion heat creates singlet oxygen (ignition). Singlet oxygen reacts more strongly with organic compounds, resulting in hydrogen extraction from combusted material (fuel). Hydroperoxide and hydroxyl radicals are produced during initiation. Oxy-hydrogenation forms hydrogen, hydroxyl, and oxygen radicals. First, dissociation over 400 °C creates radicals. In the presence of hydrocarbons, produced radicals may react further, forming new reaction products and other radicals. Propagation termination is the final stage of a radical reaction, which produces the simplest, most stable molecules. A decrease in process temperature may stop the radical reaction, causing no new radicals to form and existing radicals to form a stable molecule. In this stage, radicals (R) combine with other molecules (M) to create new unreactive species (P′) and (P″). These processes produce CO2, water, and heat.



Gasification is another popular thermal waste plastics process. Partial thermal degradation of organic matter in the presence of oxygen λ = 0.3–0.45. At 850–900 °C, gasification occurs. Gasification produces combustible methane, hydrogen, carbon dioxide, and carbon monoxide. Gasification produces a gas that can be used for energy generation and chemical synthesis. Gasification can filter gas in a smaller stream volume than burning. Waste incineration requires 2.5 m3/kg of air and produces 14 m3/kg of cleaned flue gases. Using 1.2 m3/kg of air, gasification produces 2.5 m3/kg of pure gas, which is this method’s benefit. Unlike combustion, gasification is complex. Oxidation and radical reactions are not unique to oxygen-depleted conditions. Disproportionation and methanization also occur. The main gasification reactions are given in [47,48]. Gasification is a cycle of primary and secondary reactions between the gasifying agent and fuel (its combustible component). Process conditions, such as reactor temperature distribution and variability during operation (startup and shutdown), affect reaction kinetics. The efficiency of this process and the calorific value of the resulting process gas depend on the type of fuel, the converting agent, its quantity, and the dosing method. It depends on the reactor’s technology. The processes for generating the above gas components are fundamental to the production of combustible gas, whose calorific value is determined by CO, H2, CH4, and CnHm (higher hydrocarbons). The fuel gasification process aims to produce high-calorific synthesis gas without complex technology. This gas is used to power gas turbines and make chemicals.



This review examines pyrolysis, a thermal waste conversion method. Organic materials are decomposed at 400 to 800 °C under an inert gas, often nitrogen. The pyrolysis temperature of waste plastics depends on the polymer breakdown temperatures. Waste polymer pyrolysis primarily produces free radicals [48,49,50,51]. The process is similar to burning. Some waste polymers, such as PET [20,21], and catalytic polymerization use ionic reactions [52]. Figure 2 shows free-radical first steps. Initiation, propagation, and termination are the stages of polymer degradation [53,54]. Polystyrene shows this technique. There are two ways to begin. First, random chain scission occurs; second, terminal group scission takes place. Both scenarios form a primary and secondary transition state radical. In the next stage, free radicals propagate through hydrogen transfer and unzipping reactions. Recombination or disproportionation of active radical fragments stops degradation. A graphical representation is shown in Figure 2 [54].



Table 3 [54,55,56] shows that, depending on the PS pyrolysis temperature, a mixture of products with varying quantitative and qualitative contents is formed. The findings of significant research on this topic [57,58,59,60,61,62,63] confirm the mechanisms of PS breakdown by free radical reactions that have been proposed for many years. The polymer degradation mechanism is primarily temperature dependent, and different volatile products are produced at different temperatures. At 300, 350, and 420 °C, styrene, toluene, and alpha-meta-styrene benzene are produced. Aside from volatiles, the highest diversity of final products is formed at 350 °C [54]. In the case of the second previously indicated method of polymeric material degradation observed during pyrolysis, degradation proceeds via an ionic mechanism. Degradation is most noticeable in the case of catalytic pyrolysis, although it is also seen in the case of PET pyrolysis. Buxbaum’s research [20,21] showed evidence for the thermal ionic breakdown of PET via beta-CH hydrogen transfer, culminating in the production of an oligomer with a carboxyl group. Subsequent experiments and computational analysis [64] showed that the thermal degradation of PET occurs by cyclization, specifically via an intramolecular (ionic) alcoholizing reaction between 250 and 300 °C. This reaction (intramolecular exchange) is an ionic process that produces cyclic oligomers and is the primary thermal mechanism occurring in PET below 300 °C. In contrast, the previously described beta-CH hydrogen transfer reaction happens only as a secondary process (Figure 3).




2.4. Process Limitation and Restrictions Related to the Reactor Type


Despite the importance of pyrolysis in polymer transformation, engineers face constraints and technological challenges related to process conduct and end product quality and efficiency. The diversity of these materials shows that alternative process conditions can achieve desired results. Inappropriate use of plastics and lax control over chemical additives cause the most problems, as further processing may result in the use of dangerous substances and their emission into the environment. Economic, regulatory, political, technical, and technological constraints limit such applications [30]. Technologically, pyrolysis feedstock and reactor type constraints are easier to identify. Process restrictions include feedstock type. As with all thermal processes, pyrolysis feedstock must contain enough combustible components for process efficiency. Extra materials such as catalysts may help overcome limits without additional materials [66]. Using catalysts may reduce pyrolysis temperature and increase biomass conversion, improving process efficiency. Additional effects include polymer type selection and pre-processing to achieve fractions. Water limits make segregation costly and difficult, according to proper granulation [67]. Before processing, glues and self-adhesive labels must be removed to avoid chemical contamination. Purifying, cutting, shedding, and compacting can improve feedstock quality. Catalytic pyrolysis with various catalysts extracts valuable hydrocarbons from polymeric materials. Economic and engineering constraints prevent its use in reactors [68]. The limited polymer–catalyst contact inside the reactor and the feedstock’s stickiness cause these problems. Unsatisfactory polymer–catalyst interactions cause deactivation and efficiency loss. Non-effective catalyst efficiency causes higher demand and additional costs due to increased catalyst consumption. In order to develop a catalytic pyrolysis process effectively, the feedstock must be properly treated and purified. Properly handled raw materials reduce catalyst consumption, making the process more economical. Increasing catalyst–raw material contact is a key to improving process efficiency.




2.5. Co-Pyrolysis and Catalytic Pyrolysis


In addition to co-combustion and co-gasification, co-pyrolysis has recently received ample attention. One of the primary benefits of co-pyrolysis is the reduced release of harmful compounds into the environment. This approach, in contrast to single pyrolysis, decomposes two separate starting materials in a single operation. Others have demonstrated that, in some settings, the chosen fractions of polymers such as polypropylene and polystyrene co-pyrolyzed with biomass may have a better effect than the single pyrolysis of plastic/biomass [68,69]. Furthermore, the action may be enhanced using certain catalysts. Co-pyrolysis allows for the modification of the composition of solid, liquid, and gaseous products and their adaptation as liquid fuels (Figure 4 and Figure 5). The conclusion is that the process’s future efficiency is contingent on the development of a co-pyrolysis process that integrates catalytic materials into the reactors. This level of efficiency could be attained by optimising catalyst synthesis procedures from industrial and agricultural waste fractions [70]. Catalytic pyrolysis of polymer waste processing is an alternate method to individual pyrolysis and polymeric co-pyrolysis. One of the main goals of catalytic pyrolysis and co-pyrolysis is to increase the value of the biomass pyrolysis process. One of the most important aspects for many scientists is to produce aromatic hydrocarbons from catalytic pyrolysis, particularly with the use of Zeolite Socony Mobil-5 (ZSM-5), which is regarded as one of the most efficient pyrolysis catalysts [70].




2.6. Influence of Polymer Type on Technological Aspects of Pyrolysis and Catalytic Pyrolysis Requirements


The operational parameters of the pyrolysis process are determined by the type of polymer used. Various polymer applications have different requirements, such as reactor type and ideal temperature ranges. For example, PP may be changed at temperatures ranging from 300 to 740 °C, and the best type of reactor for this application is a semi-batch reactor. In contrast, for PET thermal transformation, the best efficiency can be obtained in a fixed-bed reactor at 500 °C. The pyrolysis conditions directly affect the output of gas and liquid products [12]. During typical pyrolysis at 690 °C, around 40% of the entire amount of final product is pyrolytic oil, of which more than half is benzene, toluene, and xylene. At higher temperatures and using a fluidized bed reactor on a technological scale at 730 °C, the amount of compounds in the total mass of organic products such as toluene, xylene, styrene, and benzene was 31.4%. This demonstrates a link between rising process temperatures and organic matter degradation [71]. At 700 °C, a high concentration of olefins was detected. The principal products included 20–31 wt.% ethane, 14–18 wt.% propane, 3–6 wt.% butane, and 19–23 wt.% pyrolysis gasoline.





3. Evaluation of Polymeric Materials in Thermal Processes


The evaluation of pyrolysis and other thermal preparation methods of polymeric materials is critical to ensuring the profitability of a process. Action should be focused on three primary areas in this context: raw material evaluation, process parameters and associated conditions, and product evaluation. A physicochemical property evaluation is important for all thermal processes, including combustion and gasification. Ultimate analysis, proximal analysis, differential thermal analysis, and thermogravimetric analysis all play key roles in this regard [12,13,72]. The ash content, volatile matter, and moisture content are all included in the proximate analysis. The concentrations of elements such as carbon, hydrogen, sulphur, and oxygen are included in the final analysis and combined to generate a combustible and incombustible material, the same as traditional fuels. The concentration of these parameters influences energy usability by determining the lower and higher heating values [12,13,72]. Thermogravimetric analysis (TGA) is used to evaluate the temperature ranges at which polymeric materials disintegrate. Gas chromatography, on the other hand, is used to investigate volatile products of catalytic and non-catalytic pyrolysis. All of these approaches are carried out automatically, owing to the availability of specialised analysers with great sensitivity and accuracy [12]. BTEX generated from polymeric material pyrolysis yields important compounds such as phenol, chlorobenzene, styrene, maleic anhydride, and phthalic anhydride. Aside from the process parameters, one of the most essential components is the variety of polymeric materials and catalysts available. The use of PP during catalytic pyrolysis facilitates the synthesis of long-chain alkenes and alkanes at many stages through isomerization and aromatization, as illustrated in Figure 6.



As a result of Walden inversion, one isomer is changed into a second at the first stage (isomerization; in a chiral carbon atom with an R or S configuration). Second, cyclization converts the a-cyclic component of the chain into a cyclic component. A new chemical bond was generated [73]. As an example, the authors demonstrated that the product obtained from ABS pyrolysis without a catalyst contained less than 50% of 2-phenylpropene [73], which was utilised instead of styrene to polymerize heat-resistant ABS. This was used as a raw material for organic compounds used as pigments, paints, adhesive agents, and latex. Despite the lack of catalyst applications, ABS with a lower concentration of 2-phenylpropene can be processed as pigments, paint, adhesive agents, and latex, and an additive to plastics.



Thermal and Chemical Utilisation of Polymeric Materials and Their Waste and Environmental Impact


Each technological solution involving the chemical usage of polymer materials and their byproducts results in environmental problems. Chemical substances generated during the thermal degradation of polyolefins have significant carcinogenic and mutagenic potential. As a result, one of the primary challenges is the use of systems that enable the minimisation of negative phenomena such as exhaust gases, dust, and process effluents, and, preferably, their reuse. High-temperature pyrolysis enables satisfactory degradation or recovery of valuable components. High temperatures are advantageous because temperature regimes above 700–800 °C allow for the thermal cracking of molecules into compounds with lower oxidation states, which is advantageous, for example, from an energetic standpoint. The high temperature, causes high energy costs, making the process more expensive and, as a result, less lucrative. As a result, several types of strategies aimed at lowering energy consumption, such as heat recovery and recirculation, are required to boost the process’s cost-effectiveness. The chemical disposal of polymers is determined by the type of reagents utilised and their applicability depending on temperature regimes. As a result, the ideal operation is to achieve a balance between the process’s heat conditions and the employment of favourable reagents, which allows for the most desirable outcome.





4. Opportunities for Polymeric Materials Thermal Decomposition and Degradation


This paper summarises pyrolysis methods, solutions, and procedures for processing polymeric materials. In recent years, technological development and the usefulness of more complex techniques and technologies have broadened this trend, indicating that thermal techniques such as pyrolysis can treat a wide range of wastes. Byproducts and chlorinated compounds hinder these approaches [33]. A strict treatment system can limit hazardous substance emissions, but it is expensive and high-tech. Compared to fuel incineration, pyrolysis emits far fewer pollutants. Process characteristics determine the final product volume and quality. Key parameters include pressure, temperature, catalyst application, process agent (heat quantity or gasification agent), and fuel ratio. As with other thermal processes, these conditions are determined by the kinetic reaction rate [9,11,74]. The radical process is key to polymer heat breakdown [75]. These mechanisms favour less-complex matrix forms. In the presence of catalysts, these matrices generate more diverse but less complex materials. Polymer transformation into valuable chemical goods has a large environmental impact due to the high quality of the end products [76]. Catalytic thermal pyrolysis of polymeric materials has been studied extensively [63,77,78,79,80]. Fixed-bed reactors are one of the simplest solutions due to their basic design and lack of particle size constraints, resulting in low capital investments and building needs. This type of reactor is common in semi-scale, semi-laboratory, and laboratory solutions [81,82]. The solution’s continuous operation cycle affects the difficulty of controlling operating conditions (such as temperature and residence time) and the heat-transfer coefficient. Thermal inertia and limited feedstock–catalyst interactions characterise these reactors. The pyrolysis technique affects polymer quality, final product composition, and catalyst availability.



Such indications determine the types of reactors used for this purpose and the process’ mass, heat, and energy balance. Polyolefin waste can be converted in a fluidized bed reactor with a char removal device. In this case, pyrolytic gas with an LHV (lower heat value) of 50 MJ/m3 had the highest calorific value. Hydrocarbons’ high molecular weight and suitability influenced these values. Adding a catalyst changes the polymer transformation method. A catalyst accelerates and improves polymer chain isomerization, aromatization, and cracking [83]. Figure 7 depicts a stirred batch reactor scheme for PS and PP pyrolysis [84].



In this design, the controller measures pyrolysis parameters. After passing through the control-measuring device, GC (gas chromatrograph) can assess the composition of the pyrolytic gas. The investigation found a correlation between the apparent increase in activation energy and the degree of material conversion during kinetics evaluation of pyrolysis at 0.5 to 2.0 °C/min. Retention increases the energy needed to break down organic substances. PS (polystyrene) pyrolysis was very selective for monomers and dimers, in contrast to PP (polypropylene). Fluidized-bed reactors replace fixed-bed reactors. They are structurally and technologically superior to the previous solution. They have a better heat transfer coefficient and can adjust temperature and resistance time. Fluidized bed reactors have better catalyst recovery and recirculation than fixed-bed reactors [85,86,87]. This solution reduces heat transfer better. Fluidized bed reactor materials interact effectively with the catalyst, but adequate material fragmentation is a critical technological need. The size distribution in a fuel is critical to the fluidization process [63,71,72,79], which limits the processing options. Expanding the technological line for the part responsible for material fragmentation increases costs and reduces return on initial investments. These are some options for pyrolyzing plastic [88]. A simple crew cline reactor is another alternative that can be easily scaled. This approach combines fixed and fluidized bed reactors. It has superior process control, high mixing efficiency, satisfactory material–catalyst interactions, and no particle size impact on processing conditions (unlike fluidized bed). Additionally, semi-technical installations use this method. Furthermore, this method is applied in semi-technical scale installations, but one of the main disadvantages of this system is its lower thermal efficiency compared with fluidal methods, together with challenges with moving elements and their integration with the reactor [79,89].




5. A Different Method to Increase the Process Efficiency


According to several research findings, adding waste polymers with a significant quantity of polyolefin as an additive improved the amount of liquid generated in addition to the gaseous fraction from biomass pyrolysis [12,13,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89]. Some polymeric pyrolysis solutions can be made more efficient by including catalysts. Their applications can potentially improve the thermochemical processing efficiency of plastic waste pyrolysis. Catalysts can increase the process efficiency, allowing for a lower reaction temperature [90] and boosting process selectivity by minimising the production of undesired byproducts [91]. They can also impact the rate of polymeric chain breakdown. Using a catalyst can accelerate polymer breakdown [92]. The heat degradation of polymeric materials makes them a valuable source of polycyclic aromatic hydrocarbons. Aside from being detrimental to one’s health and the environment, they also play a significant role in a variety of industry sectors. Benzene is commonly found in unleaded gasoline as a lead alternative, allowing for smoother operation. Furthermore, materials containing 50% benzene are used in the production of ethylbenzene, which is widely used to create styrene, together with a solvent for dyes and inks [19]. Approximately 20% of benzene is utilised as a raw material in the synthesis of phenol, 15% in the synthesis of hydrogenated cyclohexane, 5% in the synthesis of aniline and alkyl benzenes, and 10% in the synthesis of maleic anhydride, chlorobenzene, and other compounds. p-Xylene is utilised in the production of PET, which is used to create plastic bottles [19]. Toluene is a low-cost and simple solvent that is widely utilised in industrial processes. To boost the octane value of gasoline, it is typically combined with toluene [93,94,95]. Furthermore, toluene is a significant source of polyurethane synthesis. Toluene is used to make toluene diisocyanate (TDI) monomers, which are used in the manufacturing of polyurethane [96]. Ethylbenzene is commonly used in industrial operations to produce styrene, which is then used to produce polystyrene. Ethylbenzene can also be found as a solvent in inks, dyes, and gasoline. Xylene is widely employed in the production of plastic bottles and polyester clothes, and a solvent with a wide range of uses, including circuit board cleaning and paint and varnish thinning [97,98]. Xylene mixtures are employed in solvents, and o-xylene is used as a feedstock for phthalic anhydrite synthesis. The principal applications are the manufacture of toluene and phenol, which are raw ingredients for the synthesis of caprolactams [99]. As a result, aromatic hydrocarbons including benzene, toluene, ethylbenzene, and xylene (BTEX) are desirable commodity chemicals in the fine chemical and petrochemical industries [98]. Aromatic nitriles, such as terephthalonitrile and benzonitrile, have a wide range of applications in the pharmaceutical industry, insecticides, dyes, and polymers [100,101]. On the other hand, 1,4-benzenedicarbonitrile [102,103,104] is a highly valuable chemical that can be used to produce the raw materials for producing epoxy and polyurethane resins (p-phenylenediamine), terephthalic acid (for PET production), or polyamide polymers (as a light-sensitive material) [105,106,107,108,109,110,111,112,113]. Another chemical, methylstyrene, has numerous applications in diverse industries. Plastics used to create ABS resins, for example, are utilised as a raw material in paintings and as an adhesive in the manufacture of lubricants and plasticizers [114,115,116,117,118,119,120,121].




6. Conclusions


Waste management of polymeric materials require their removal from the natural environment. The forecasted wide applications of polymeric materials in industry and services in the next years indicate that the stream of produced materials and, eventually, polymeric trash will continue to expand, posing a significant problem for the natural environment. The examination of numerous solutions for polymeric component processing has revealed that thermal pyrolysis can be used to process a variety of polymeric materials. The high costs of polymeric material disposal necessitate the quest for innovative and economically effective solutions that will be usable on a large scale. Other useful sources for chemical manufacturing can be obtained by modifying the catalyst type and process parameters, such as the temperature and processing time. BTEX compounds are not the only commercially valuable products derived from the catalytic and non-catalytic pyrolysis of polymeric materials. Intensive research by experts worldwide has demonstrated the value and importance of this topic. When pyrolysis processes are integrated into a cascade waste management system, precautions must be taken to avoid pollutants such as PVC. Obtaining a viable product from post-processed polymeric materials is included in one of the most important directions at the same time in terms of waste prevention and recycling. However, because it is impossible to completely eliminate waste generation, it is expected that the trend related to the development of processes and technologies allowing for the utilisation of plastic waste at a low cost without negatively impacting the environment will significantly increase in the future. All of these measures are intimately related to the principles of sustainable development, the main goal of which is to preserve natural resources for future generations.
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Figure 1. Schematic overview of the combustion process [47], with permission from Elsevier. 
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Figure 2. Schematic overview of the free-radical reactions (based on [53,54]). 
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Figure 3. Thermal degradation reactions of PET (based on [65]). 
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Figure 4. BTEX yield as a function of material and catalyst ratio (based on [19]). 
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Figure 5. All aromatics yield as a function of material and catalyst ratio (based on [19]). 
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Figure 6. Isomerization, cyclization and aromatization pathway (data published in accordance, with permission from Elsevier [19]). 
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Figure 7. Schematic diagram of an exemplary pyrolysis reactor according to the concept of [84], with permission from Elsevier. 
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Table 1. Thermal and chemical processing and products in the plastic waste utilisation (ITPE (Institute of Energy and Fuel Processing Technology) and SUT (Silesian University of Technology), elaboration).
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Thermochemical Process

	
Primary Products

	
Conversion Technology

	
Secondary Products






	
Pyrolysis

	
Char

	

	




	
Liquid

	
Extraction

Upgrading

Boiler

	
Chemicals

Biofuels

Electricity and Combined Heat and Power




	
Gas

	

	




	
Gasification

	
Syngas

	
Upgrading

Turbine

Synthesis

Engine

Boiler

Fuel cell

	
Biofuels

Electricity and Combined Heat and Power

Chemicals, Methanol, Ammonia

Electricity and Combined Heat and Power

Electricity and Combined Heat and Power

Electricity and Combined Heat and Power




	
Combustion

	
Heat

	
Boiler

	
Electricity and Combined Heat and Power




	
Solvolysis

	
Liquids

	
Liquefaction

	
Monomers and dimers




	
Solid fraction

	
Glass or/and carbon fibres
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Table 2. Main plastic types, their parameters, and global consumption [33], with permission from Elsevier.
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Type of Polymers for Plastics

	
Proximate Analysis of Plastics

	
Global Consumption %




	
Moisture (wt. %)

	
FC (Fixed Carbon) * (wt. %)

	
Volatile Matter (wt. %)

	
Ash (wt. %)






	
Polyethylene terephthalate (PET)

	
0.46

	
7.77

	
91.75

	
0.02

	
5.5




	
Polyethylene (PE)

High-density polyethylene (HDPE)

	
0.10

	
0.04

	
98.87

	
0.99

	
33.5




	
Polyvinyl chloride (PVC)

	
0.00

	
6.3

	
93.7

	
0

	
16.5




	
Polypropylene (PP)

	
0.15

	
1.22

	
95.08

	
3.55

	
19.5




	
Polystyrene (PS)

	
0.25

	
0.12

	
99.63

	
0

	
8.5




	
Acrylonitrile butadiene styrene (ABS)

	
0.00

	
1.12

	
97.88

	
1.00

	
3.5




	
Polyamide (PA) or Nylons

	
0.00

	
0.69

	
99.31

	
0.00




	
Polybutylene terephthalate (PBT)

	
0.00

	
2.88

	
97.12

	
0.00




	
Blends, high performance and specialty plastics, thermosetting plastics

	
-

	
-

	
-

	
-

	
13.00
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Table 3. Thermal degradation reactions of polystyrene during pyrolysis [54], with permission from Elsevier.
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Pyrolysis Products

	
Fractions

	
Products Temperature Degradation






	
Styrene

	
Low boiling fraction (G1)

	
300, 350, 420 °C




	
Toluene

	
300, 350, 420 °C




	
Benzene

	
300 °C




	
Naphthalene

	
300, 350 °C




	
Xylene

	
300, 350, 420 °C




	
a-Methyl styrene

	
300, 350, 420 °C




	
1-Methylindene

	
300, 350 °C




	
3-Phenylopropene

	
300, 350 °C




	
1,2-Diphenylethane

	
Medium boiling fraction (G2)

	
350 °C




	
1,3-Diphenylopropane

	
350 °C




	
2,4-Diphenyl-1-butadene (Dimer)

	
350 °C




	
2,4-Diphenyl-1-pentene

	
350 °C




	
Alpha-Methyl-Styrene

	
350 °C




	
3-Phenylopropene

	
350 °C




	
Naphthalene

	
350 °C




	
Dimethyl indene

	
350 °C




	
Trans-2methylstyrene

	
350 °C




	
3-Methylindane

	
350 °C




	
1-Methylindene

	
350 °C




	
4-Phenyl-1-butene

	
350 °C




	
Styrene

	
300, 350, 420 °C




	
Toluene

	
300, 350, 420 °C




	
Styrene

	
High boiling fraction (G3)

	
300, 350, 420 °C




	
Toluene

	
300, 350, 420 °C




	
Ethylbenzene

	
420 °C




	
2,4,6-Triphenyl-1-hexene (Trimer)

	
420 °C




	
Others

	
420 °C
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