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Abstract

:

Plastic waste poses a serious threat to the environment and it has been increasing at an alarming rate. In 2022, global plastic waste generation was reported to be around 380 million tonnes as compared to 353 million tonnes in 2019. Production of liquid fuel from plastic waste is regarded as a viable method for disposing of the plastic and utilizing its energy. Currently, a wide range of technologies have been explored for turning plastic waste into fuel, including the conventional pyrolysis, incineration, gasification and advanced oxidation. However, a systematic summary and comparative analysis of various technologies has still not reported. Traditional non-biodegradable plastic waste (NPW) treatment methods include landfilling and incineration, but these methods encounter bottlenecks and are unable to adequately address NPW issues. This review attempts to present a thorough summary of treatment methods for plastic waste (both conventional and novel treatment technologies that have recently been reported), examine their mechanism and their current state of development. Furthermore, the superiority and drawbacks of each technology are analysed and the prospects of technology application are proposed. By tackling the problems of white pollution and energy scarcity, this review intends to inspire the use of solid waste as a source of energy.
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1. Introduction


Plastic materials like polyethylene terephthalate (PET), low-density polyethylene (LDPE), high-density polyethylene (HDPE), polyvinyl chloride (PVC), polypropylene (PP) and polystyrene (PS) play a significant role in our daily lives including uses in a wide variety of products, like packaging, electronics, aircrafts, sporting goods and automobiles. Its widespread use results from its unmatchable advantages and characteristics when compared to other available materials [1]. One of the most significant components of solid waste management, and a notable fraction of municipal solid waste (MSW), are plastics with an overall global production of around 390 million metric tonnes in 2021, much higher than in the year 1950 (1.7 million metric tonnes). This is expected to reach 1800 million metric tonnes in 2050 [2,3]. While plastic production has increased at such a rapid rate, environmental issues have recently drawn attention and concern on a global scale.



Today’s greatest challenges are the management of plastic waste and the reduction of environmental plastic pollution, especially keeping in mind the increasing demand for plastic products. Owing to the challenges present in the current scenario, there is a need to urgently switch the strategy of plastic handling from landfilling and incineration towards a more sustainable and environmentally friendly alternative. Plastic waste can be treated via different pathways as illustrated in Figure 1.



One of the most efficient ways of handling plastic waste is to extract and utilize energy from it. Compared to incineration and landfill disposal, fuel conversion from plastics can reduce hazardous emissions and pathogen contamination. In the process of creating fuel from waste plastic, reaction factors (such as temperature, residence time and rate of increase of temperature) can control the overall conversion process.



Various fractions of hydrocarbons can be produced from plastic waste when subjected to chemical treatment (namely, gasification, pyrolysis and catalytic degradation) [4]. By using these thermochemical processes, plastic waste can be transformed into variety of energy products (electricity, process heat for industrial facilities and automobile fuels) [5]. In this regard, chemical treatment of plastic waste emerges as a more sustainable approach as the conversion efficiency is sufficiently high and energy can be recovered from the plastic waste, leading to fuel production, syngas/hydrogen (H2) production and various other chemical productions [6]. Reviews on the pyrolysis and catalytic cracking of plastic waste into fuels with C8-C22 aromatic and aliphatic hydrocarbon have been published [7,8,9]. The composition and characteristics of product fuels were analysed in relation to the effects of pyrolysis and catalytic cracking parameters [10,11,12].



Notably, many studies on innovative technologies, like hydrothermal liquefaction and advanced oxidation processes, have been undertaken recently describing plastic waste conversion [13,14]. Compared to conventional pyrolysis, hydrothermal liquefaction allows for plastic waste conversion into excellent liquid oils at a significantly lower temperature. Additionally, high purity oil can be produced by advanced oxidation of plastic at normal temperature and pressure. In advanced oxidation systems, polymers break down to H2 in the presence of hydroxyl (·OH) species [15]. During the process, formation of carboxylic acids (R-COOH) takes place, making plastics act as carbon source for chemical sector. Additionally, while using photoreduction or electrocatalysis, the CO2 generated during the advanced oxidation process can be transformed into acetic acid [16].



Even though a number of review papers on plastic treatment technologies have been published, they were unable to offer a systematic and in-depth analysis of both conventional and advanced treatment methods. Therefore, without concentrating explicitly on a single polymer or technique, this study summarizes various conventional and advanced oxidation strategies for the treatment of plastic waste and examines their processes and states of development. The review also highlights the merits and demerits of various available techniques while introducing readers to cutting-edge technologies for turning plastic waste into fuel. Based on various kinds of plastic waste, more effective methods can be created, encouraging the production of target fuels by further regulating system parameters. This review focused on advanced oxidation and conventional thermal treatment techniques for efficiently utilizing energy from plastics. The goal of this review is to enhance knowledge about different techniques that could help in achieving efficient plastic waste conversion while promoting the safe disposal of solid waste and its utilization in the form of energy. Researchers with specialization in solid waste may find this review to be useful as a source of key information.




2. Bibliometric Analysis


The goal of bibliometric analysis on plastic waste is to identify the importance and levels of different research that have been completed or remain in progress pertaining to the conversion of plastic waste through different routes. Researchers in this field could use critical analysis to construct extended research methods employing this information. Using Web of Science (WOS), an online scientific citation indexing database managed by Clarivate Analytics, a thorough analysis of the currently available scientific literature in this field of study was conducted. The topic field tag was used to conduct the literature search using the terms “plastic waste treatment” or “pyrolysis and gasification of plastic waste” or “plastic waste to fuel” and “advanced oxidation technique for plastic waste”. 2237 publications that matched this search criteria were returned by the database, with environmental sciences, environmental engineering, energy and fuels, chemical engineering, green sustainable science and technology, environmental studies and polymer science making up the top seven fields of study.



In this study, a network map was created using VOSviewer software for analysing and visualising the keywords. The circles in the network map (Figure 2) show the frequency of keywords in the chosen dataset; the larger the bubble, the more frequently the keyword occurs. The lines that connect the bubbles also demonstrate how the keywords are related to one another; the stronger the association, the closer the circles, and the shorter the lines. By default, only 1000 lines representing the 1000 strongest relationships are shown.



The network map was created by choosing keywords that appeared at least ten times. Out of 7971 total keywords, 418 matched the criteria and were grouped into eight major clusters. The keywords that have found most importance in the past three years include “plastic pyrolysis”, “catalytic pyrolysis”, “photocatalysis” and “gasification”. Although conversion of plastic waste to valuable products has been under investigation for a significant period, it wasn’t until 2015 to 2019 that major publications in the field of plastic waste pyrolysis and gasification showed the technique of pyrolysis being exploited to its full potential. However, gasification is still under research and is in its development stage in terms of parameter optimization and improved product yield. Much scope exists to improve the yield of liquid product obtained through catalytic pyrolysis by changing catalyst or optimizing process parameters in accordance with catalyst. Recently, research on advanced oxidation techniques, such as photodegradation using photocatalyst, has taken a leap and researchers are investigating and analysing its potential for obtaining valuable product.




3. Conventional Techniques for Thermal Treatment of Plastic Waste


3.1. Pyrolysis


Pyrolysis refers to thermal degradation of plastic waste in the absence of oxygen to produce liquid and gaseous fuels [17]. Temperature for the pyrolysis process generally ranges between 300–700 °C. It offers several benefits as compared to other ways of handling plastic waste, such as greater strength and flexibility, elimination of cost associated with segregation, washing and blending before mechanical recycling, the ability to treat both thermoset and thermoplastic and in the handling of polymer composites in engineering applications [18]. Composition of final product and yield is dependent on the composition of feedstock, temperature, reactor configuration, rate of heating and catalyst [19]. The choice of reactor has a significant impact on the efficiency of the reaction leading to the desired end product, residence time, heat transfer, and mixing of the polymers and catalysts. Most of the plastic pyrolysis in laboratories was carried out in batch, semi-batch or continuous-flow reactors like fluidized beds, fixed-bed reactors and conical spouted beds (CSBR).



A batch reactor is essentially a closed system as no reactants or products can enter or leave it while the reaction is taking place. One of the benefits of a batch reactor is that a high conversion can be attained by keeping the reactant in the reactor for a long time. The variability of the product from batch to batch, high labor expenses in each batch and the difficulties of large-scale manufacturing are the drawbacks associated with the batch reactor. A semi-batch reactor, however, enables simultaneous reactant addition and product removal. Regarding reaction selectivity, the semi-batch reactor also has the option of gradually introducing reactants. Semi-batch reactors have similar labor cost issues as batch reactors. As such, they are better suited for small-scale production.



The catalyst is often palletized and packed in a static bed in fixed-bed reactors. Although it is simple to design, there are certain limitations, like the irregular particle size and type of plastics used as feedstock, which present issues during the feeding process. Additionally, the reaction has a finite amount of access to the catalyst’s surface area. In some circumstances, fixed-bed reactors are only employed as the secondary pyrolysis reactor, because the product from primary pyrolysis may be readily fed into the fixed-bed reactor, which typically comprises liquid and gaseous phases.



However, some of the issues that arise within fixed-bed reactors are resolved by fluidized bed reactors. In contrast to a fixed-bed reactor, the catalyst in fluidized bed reactors is carried in a fluid condition by the fluidizing gas as it travels over a distributer plate. Since the catalyst is well-mixed with the fluid, a greater surface area for the reaction to occur is provided and there is improved access to the catalyst [20]. Due to the lower operating cost, a fluidized bed reactor would therefore be the optimal reactor to deploy in the pilot plant on a conventional design size.



The conical spouted bed reactor (CSBR) offers good mixing and can handle larger particles, a wide range of particle densities and broad particle size distribution. Olazar et al. [21] asserted that a CSBR outperformed bubbling fluidized beds in terms of attrition and bed segregation. Additionally, it had a moderate de-fluidization issue while working with sticky solids and a high heat transfer rate between phases. However, several technical difficulties with the reactor’s operation, including catalyst feeding, catalyst entrainment and product (solid and liquid) collection, make it less advantageous.



3.1.1. Thermal Pyrolysis


In this process, depolymerization or cracking of plastics take place at a temperature ranging between 350–900 °C in absence of oxygen, thus producing liquid and gaseous fuel and carbonized char [22]. The condensable component of the volatile product is normally recovered after condensation as liquid fuel, while the remaining portion is a non-condensable gas of high calorific value. Thermal pyrolysis of plastic waste can used to convert the plastic waste to both liquid and gaseous fuel on an economically viable scale. Table 1 summarizes various studies that have been undertaken on thermal pyrolysis.




3.1.2. Microwave-Assisted Pyrolysis


In this process, a dielectric material is heated by microwave radiation and thus referred to as microwave pyrolysis. The interaction of microwave radiation with materials depends on their dielectric qualities. The incoming microwaves may be reflected as with conductors or transmitted as in the case of perfect insulators. They may even get absorbed and decay inside some material. Agitation of molecules in the presence of electromagnetic fields results in the generation of heat. With plastic, the microwave energy is absorbed through the absorbent and, then it transfers thermal heat to the plastic by conduction. The uniformity of heating dispersion is influenced by the absorbent’s physical qualities and volume ratio. Additionally, varying microwave power results in radically different product dispersion. Microwave-induced pyrolysis has been proven to be a viable method for producing value-added chemicals and fuels due to its significant advantages over thermal and catalytic pyrolysis [49]. The method could be used to heat plastics quickly, volumetrically and selectively for energy recovery. Plastics, meanwhile, are unable to absorb microwave energy due to their low dielectric loss factor. Therefore, to favour pyrolysis, plastic must be combined with the absorbent. Plastic materials with a high dielectric loss factor, like shredded tyres and silicon carbide, carbon and iron mesh, are ideal choices [32,33,34]. Various studies have been conducted on pyrolysis of plastic waste using microwave dielectric heating as shown in Table 2.




3.1.3. Catalytic Pyrolysis


A catalyst speeds up the chemical reactions without affecting the process as it progresses. In industry and research, catalysts are frequently employed to enhance product selectivity and optimize product distribution. In order to produce products with significant economic value like automobile fuel (diesel and gasoline) and C2-C4 olefins, which are in high demand in the petrochemical industry, catalytic degradation is therefore particularly intriguing. When a catalyst is utilized, the process activation energy is reduced, accelerating the pace of reaction. As a result, a catalyst lowers the temperature needed, which is significant as the pyrolysis process consumes a lot of energy (it is extremely endothermic). Heat is one of the most expensive factors in any industry; therefore, using a catalyst may assist in saving energy. Additionally, numerous researchers employed catalysts for product improvement and to enhance the hydrocarbon distribution in order to produce pyrolysis liquid with qualities comparable to those of conventional fuels like gasoline and diesel.



Polymer degradation is brought about by catalytic pyrolysis in which the material is heated in the presence of catalyst and in absence of oxygen. Catalyst usage offers several advantages like reduced consumption of energy, modified composition of product on cracking and reduced process time. In literature, zeolites, fluid catalytic cracking (FCC) and silica-alumina based catalysts are mostly reported for pyrolysis of plastic waste [35,36,37]. Zeolite-based catalysts have a greater acid strength compared to non-zeolite catalysts, and they often accomplish higher conversion and produce more gaseous product.



There are two methods for catalytic upgradation of pyrolysis vapors: in-situ and ex-situ. In the in-situ approach, the catalyst is combined with the feedstock and added to the pyrolysis reactor, while in the ex-situ mode, the catalyst is added to a different reactor situated downstream of the pyrolysis reactor. In-situ catalytic pyrolysis does not require a separate catalytic reactor, thereby lowering the overall capital cost of setup manufacturing and operational costs. However, the catalyst deactivates more quickly if the feedstock has a high mineral and ash content [50].



The fact that the catalytic temperature is the same as the pyrolysis temperature, and that the optimal pyrolysis temperature may not be ideal for catalytic cracking, is another drawback of the in-situ catalyst application approach [51]. An ex-situ catalytic upgrading mode is thought to be more appealing for feedstock with a high ash concentration than an in-situ mode. Additionally, char may be obtained as a useful product and catalyst regeneration is also simple. An additional element that makes this mode more adaptable and hence desirable is the provision of separate temperature controls for pyrolysis and catalysis [52].



Either mode of adding the catalyst will result in the conversion of oxygenated molecules into stable hydrocarbons. However, the yield of important hydrocarbons in oil also varies based on the feedstock, the kind of reactor and the operating circumstances. An in-situ contact method increased aromatics production in the catalytic pyrolysis of polyethylene (PE), polypropylene (PP) and polyethylene terephthalate (PET), but an ex-situ mode was shown to be more successful in increasing aromatic yield in the case of polystyrene (PS) [50]. However, there are very little research examining the impact of the catalyst contact method in the simultaneous pyrolysis of plastic and biomass.



Zeolite Catalyst


Zeolites are 3-D crystalline solids of aluminosilicate with small openings/pores that have ion-exchange properties [53]. It is made up of various SiO2/Al2O3 ratios, depending on the kind. The zeolite reactivity is determined by the SiO2/Al2O3 ratio, which has an impact on the pyrolysis end product. According to research by Artetxe et al. [54], the HZSM-5 zeolite’s SiO2/Al2O3 ratio had a significant impact on the yield of the product fraction during HDPE pyrolysis. The strong acidity of zeolite was revealed by its low SiO2/Al2O3 ratio. In comparison to the least acidic catalyst (SiO2/Al2O3 = 280), the highest acidic catalyst (SiO2/Al2O3 = 30) was more active in cracking waxes, yielding higher light olefins and a lower heavy fraction of C12-C20. The yield of light olefins increased from 35.5 to 58.0 wt% with the reduction of the SiO2/Al2O3 ratio from 280 to 30, while the yield of C12-C20 reduced from 28.0 to 5.3 wt%.



Other zeolite catalyst examples include HUSY and HMOR, which are frequently employed in the catalytic pyrolysis of plastic. With a polymer to catalyst ratio of 40%, Garfoth et al. [55] investigated the effectiveness of three distinct zeolite catalysts for the HDPE pyrolysis: HZSM-5, HUSY and HMOR. According to their research, HZSM-5 showed better catalytic activity than HUSY and HMOR since it left significantly less residue behind (4.53 wt%) than HUSY and HMOR (7.07 wt% and 8.93 wt%, respectively). This demonstrates that, in comparison to other zeolites, HZSM-5 can maximize the total product conversion in plastic pyrolysis.



Marcilla et al. [31] investigated the performance of the HZSM-5 and HUSY catalysts on HDPE and LDPE at a constant temperature of 550 °C and a polymer to catalyst ratio of 10%. When utilizing the HUSY catalyst (HDPE = 41.0 wt%, LDPE = 61.6 wt%) as opposed to the HZSM-5 catalyst (HDPE = 17.3 wt%, LDPE = 18.3 wt%), more liquid oil was recovered. HZSM-5 catalyst, on the other hand, produced more of the gaseous product (HDPE = 72.6 wt%, LDPE = 70.7 wt%). This demonstrates that the product selectivity of various catalysts varies. Lin and Yen [56] reported the similar trend of product selectivity on PP pyrolysis employing the HZSM-5 and HUSY zeolites.



Seo et al. [57] looked into the impact of HZSM-5 during the pyrolysis of HDPE at 450 °C with a catalyst to polymer ratio of 20 wt%. They noticed that HZSM-5 produced more gaseous product with 63.5 wt% and a relatively low liquid yield of roughly 35 wt%. When conducting HDPE pyrolysis at 500 °C with the same catalyst to polymer ratio as Seo et al. [57], Hernández et al. [58] got considerably lower liquid yields of around 4.4 wt% but a 86.1 wt% gaseous output. Lin and Yen [56] also used HZSM-5 and HUSY zeolite catalysts and obtained a very small amount of liquid product during the pyrolysis of PP at 360 °C. Only 2.31 wt% and 3.75 wt% of liquid were produced, respectively.



Researchers have examined the efficacy of the zeolite catalyst in two-step reactions comprising sequential thermal and catalytic reactors in addition to the direct cracking of plastics. Aguado et al. [59] investigated the catalytic conversion of LDPE in a two-step reaction process, using batch and fixed-bed reactors. The batch reactor conducted the thermal cracking of the plastic and the vapors produced were transferred to the fixed-bed reactor, which contained the 10 wt% HZSM-5 catalyst. The pyrolysis was carried out between 425 and 475 °C. According to the findings, the gas fraction significantly increased during catalytic reforming over the zeolite catalyst. At the highest temperature, the gaseous product increased to 74.3 wt% while only 21.9 wt% of the liquid hydrocarbons were collected. As a result, the pattern of results that were seen was very similar to direct catalytic cracking, which generated a considerable amount of gaseous product while using the HZSM-5 catalyst.




FCC Catalyst


Zeolite crystals and a non-zeolite acid matrix known as silica-alumina, which are joined by a binder, make up the FCC catalyst [38,39,40,41]. Due to its great product selectivity and thermal stability, zeolite-Y has been the primary component of FCC catalyst for more than 40 years [60]. The FCC catalyst is typically employed in the petroleum refining industry to break heavy oil fractions from crude petroleum into lighter and more marketable gasoline and liquefied petroleum gas (LPG) [60].



At 400 °C and a catalyst/polymer ratio of 10%, Kyong et al. [33] investigated the efficacy of the FCC catalyst to the various types of plastics. They noticed that the liquid yields for HDPE, LDPE, PP and PS ranged from 80 to 90 wt%. This outcome demonstrates that the FCC catalyst can increase the liquid yield during the pyrolysis process for most plastic types. In PP pyrolysis at 450 °C with a 10 wt% catalyst/polymer ratio, Abbas-Abadi et al. [41] likewise got a very high liquid oil yield of around 92.3 wt%. Spent FCC catalyst, which is referred to as used FCC catalyst, is often available from commercial FCC processes in petroleum refineries. Although it contains varying degrees of contamination, it is still valuable and can be utilized again throughout the pyrolysis process.



The impact of using spent FCC catalyst on the pyrolysis of HDPE, LDPE, PP and PS in a stirred semi-batch reactor at 400 °C was examined by Kyong et al. [33]. 200 g of reactants and 20 g of catalyst were combined and they were heated at a rate of 7 °C/min. All polymers produced more liquid oil than 80 wt%, with PS having the highest yield (about 90 wt%). According to the different plastic kinds, the liquid yields were sorted as follows: PS–PP–PE (HDPE, LDPE). The yield of the gaseous product was in the following order, which was reversed from that of the liquid: PS > PP > PE. This demonstrates that PS had a more stable structure since it contained a benzene ring, which caused less cracking of the gaseous product. Overall, it can be said that wasted FCC catalyst still exhibits strong catalytic performance because the liquid yield for all plastic samples was above 80 wt%. Since it is a “used” catalyst, it is also more affordable.



To maximize the pyrolysis product conversion, it is also necessary to consider the restriction of the polymer ratio to the catalyst. Abbas-Abadi et al. [41] used a semi-batch stirred reactor to test various ratios of HDPE to FCC catalyst ranging from 10 to 60 wt% at a constant temperature of 450 °C. According to the study, a catalyst/polymer ratio of 20 wt% provided the highest conversion into liquid. The amount of liquid produced was extremely high (91.2 wt%), while gaseous and coke content were 4.1 wt% and 4.7 wt%, respectively. More coke and gas were created as the catalyst/polymer ratio was raised above 20 wt%, which reduced the amount of liquid produced.




Silica–Alumina Catalyst


The amorphous acid catalyst silica–alumina has Bronsted acid sites with ionizable H2 atoms and Lewis’s acid sites, which accept electrons. The mole ratio of SiO2/Al2O3 determines the acid content of silica alumina catalyst. Unlike zeolite, the acid strength of silica–alumina is determined in the other direction, with a high SiO2/Al2O3 ratio indicating a high acid strength. For example, SA-1 (SiO2/Al2O3 = 4.99) has a higher acidity than SA-2 (SiO2/Al2O3 = 0.27) and both are commercially available silica–alumina [61].



The end product of plastic pyrolysis is significantly influenced by the different acidity strengths of the catalyst. Sakata et al. [61] investigated how the acidity of the catalysts (SA-1, SA-2, ZSM-5) affected the distribution of the HDPE pyrolysis product. In the experiment, 1 g of catalyst and 10 g of HDPE were combined in a semi-batch reactor operating at 430 °C. Using NH3 temperature programmed desorption (TPD), the acidity of the catalysts was evaluated and presented in the following order: SA-1 > ZSM-5 > SA-2. Consequently, it was found that SA-2 catalyst, which had a lower acidity than SA-1 and ZSM-5, produced a higher amount of liquid oil (74.3 wt%). Strong acid sites in ZSM-5 allowed it to create more gaseous products than the other two acid catalysts, but with much lower liquid yields.



At the same temperature and catalyst/polymer ratio, the impact of SA-2 on HDPE and LDPE has also been investigated by Uddin et al. [38]. Their results for liquid oil yield did not differ significantly from those of Sakata et al. When SA-2 catalyst was used, HDPE and LDPE pyrolysis yielded 77.4 wt% and 80.2 wt%, respectively. Low liquid yield was obtained in HDPE pyrolysis because of its stronger structure resulting from the presence of linear chain.



Sakata et al. [36] also studied the silica-alumina catalyst’s efficacy on PP at 380 °C with different catalyst contact modes (liquid phase and vapor phase). For the liquid phase, the PP pellets and the catalyst were combined before being placed into the batch reactor. In contrast, the catalyst for the vapor phase was suspended 10 cm from the reactor’s bottom on a stainless-steel net. They discovered that the liquid mode of contact produced higher liquid yield (68.8 wt%) because the wax residue decomposed into a lighter hydrocarbon on the silica-alumina catalyst. On the other hand, more gaseous product (35 wt%) was produced by the catalyst in the vapor phase as the hydrocarbon continued to decompose over the silica-alumina catalyst. Therefore, since it affected the distribution of the final product in plastic pyrolysis, the catalyst mode was a significant issue that requires attention.



Under specific temperature ranges, the reactivity of a catalyst can also be tuned. HDPE and PP were pyrolyzed using a silica-alumina catalyst at 500 °C in a fluidized bed reactor by Luo et al. [34]. The liquid oil obtained exceeded the levels found in the tests carried out by Sakata et al. [36] and Uddin et al. [38] for HDPE (85.0 wt% on average) and PP (90 wt% on average). This demonstrates that temperature is crucial for maximizing catalyst performance and increasing the liquid oil production during the plastic pyrolysis process.



The different catalysts that have been used to date for various plastic types have been summarized in Table 3.



It is important to note that using zeolite as a catalyst for plastic pyrolysis only increased the amount of volatile hydrocarbon produced. HZSM is suggested because of its increased efficiency for regeneration and longer cycle times due to the catalyst’s low deactivation rate. To increase the output of liquid oil, use of the FCC catalyst during plastic pyrolysis is recommended. Additionally, using spent FCC catalyst is also advantageous from an economic standpoint.






3.2. Gasification


Gasification is a thermo-chemical process involving multiple chemical reactions wherein a carbon containing feedstock like plastic waste is converted into synthetic gas in a partial supply of air, oxygen or steam [69]. The process operates at a sufficiently high temperature (>600–1000 °C) in order to thermally degrade the plastic waste for yielding syngas [70].



Several advantages are associated with gasification, like increased heating value of fuel by rejection of non-combustibles like nitrogen and water, reduction in oxygen content of fuel, exposure to H2 at high pressure or exposure to steam at high temperatures and pressures where H2 is added to the product will raise the products relative hydrogen content (H/C ratio).



3.2.1. Gasifying Medium


One of the important parameters to be considered during gasification of plastic waste is the gasifying medium. Gasification can be done in mediums like steam, air, carbon dioxide or oxygen or a combination of these gases [71]. The gasifying medium plays a significant role in converting solid carbon and heavier hydrocarbons into CO and H2, which are low molecular weight gases. Oxygen is primarily used as a gasifying medium in either pure form or via air, and the products include CO and CO2 when subjected to low and high oxygen, respectively. Gasification proceeds towards combustion when oxygen is supplied over a threshold limit, resulting in the formation of flue gas instead of synthesis/producer gas. The formed combustion product or the flue gases possess no residual heating value.



Similarly, when steam is used as a gasifying medium, the formed product contains more hydrogen per unit of carbon, thus increasing the H/C ratio. On the other hand, if air is directly used instead of oxygen, nitrogen present in air would dilute the product and the heating value of the gas would be reduced when compared to the heating value of the gas produced from oxygen/steam gasification. Thus, it can be concluded that the highest heating value is obtained when oxygen is used as a gasifying medium, followed by steam and air. The gases produced after air gasification is generally called producer gas whereas the gases produce through oxygen/steam gasification are known as synthesis gas.



Air gasification is a simple process and is advantageous as no external energy is required. Additionally, the output gas has less tar when compared to when steam gasification is used [72]. The syngas produced by steam gasification has a higher H2/CO ratio than the syngas produced by direct air gasification, making it more suitable for use in chemical synthesis applications [73]. The biggest difficulty with this method is the amount of heat needed to fuel the endothermic steam reforming reactions inside the reactor. Gasification with pure O2 is an alternative to air and steam as it includes the benefits of both gasifying agents. This method is more complex and expensive, especially for medium-scale applications, due to the high fixed assets and running costs for air separation [74]. More recently, it has been suggested that the pyrolysis and in-line reformation of pyrolysis volatiles is a potential method for valorizing waste plastics for production of H2 [31,53,54,55]. Additionally, this method uses very effective reforming catalysts to produce syngas that is entirely tar-free, addressing the primary difficulty in the traditional gasification of plastic.




3.2.2. Classification of Gasifiers


The primary criteria used to classify gasifiers are the gas-solid contacting mechanism and the gasification medium. Gasifiers have been divided into three main categories based on the manner of gas-solid contact: (1) Fixed or moving bed, (2) Fluidized bed, and (3) Entrained-flow bed. As illustrated in Figure 3, the direction in which the gasifying medium passes through the bed further categorizes each type of gasifier [6].



A specific gasifier type might not be appropriate for the entire range of gasifier capacities. For example, moving-bed (updraft and downdraft) types are used for smaller units (under 10 MWth); fluidized-bed types are better suited for intermediate units (between 5 and 100 MWth); and entrained flow reactors are used for high capacity units (above 50 MWth). Major differences between the three gasifier types are summarized in Table 4.



In a fixed-bed gasifier, sometimes referred to as a moving-bed gasifier, the fuel is supported on a grate. Due to the fuel’s ability to slide down the gasifier like a plug, this type is also known as a moving bed. One of the main benefits of fixed-bed gasifiers is that they may be built in small quantities at low cost. Because of this, there are a lot of small-scale moving-bed biomass gasifiers in operation all over the world. It is challenging to produce equal distribution of fuel, temperature and gas composition over the cross-section of the gasifier due to poor mixing and heat transfer in the moving (fixed) bed. As a result, during gasification, fuels that are prone to agglomeration may form agglomerates. This is why large-capacity fixed-bed gasifiers are not very successful for biomass fuels or coal with a high caking index.



Fluidized-bed gasifiers are well known for temperature uniformity and mixing. A fluidized bed is made up of bed materials, which are granular particles that are retained in a semi-suspended form (fluidized state) by the movement of the gasifying medium across them at proper velocities. This type of gasifier is essentially unaffected by the quality of the fuel due to the superior gas solid mixing and the substantial thermal inertia of the bed. Additionally, the temperature homogeneity significantly lowers the possibility of fuel agglomeration. For gasifying biomass, the fluidized-bed concept has proven to be quite beneficial.



For large-scale gasification of coal, petroleum coke and refinery waste, entrained bed gasifiers are the most effective and popular form of gasifier. Except for low-rank coal, like lignite and biomass, which is unattractive due to its high moisture content, entrained-flow gasifiers are best suited for most forms of coal. Since cold-gas efficiency declines with increasing ash content, high-ash coal is likewise less suited. The economic limit for slurry-fed coal is 20% ash, while the limit for dry feed is 40% ash. For a variety of reasons, the appropriateness of entrained-flow gasification for biomass is debatable. The fuel must be extremely small due to the short residence period (a few seconds) in entrained-flow reactors. It is challenging to crush fibrous biomass into such small particles.




3.2.3. Other Gasifier Types


Spouted Bed


For waste valorization operations, spouted beds are an alternative to fluidized beds due to their specific characteristics like rapid heat and mass transfer rates, effective solid mixing and relatively better gas-solid contact. Additionally, their vigorous cyclic solid circulation prevents de-fluidization issues and makes it easier to handle sticky materials, irregular particles and particles with a wide size range. Their use in gasification processes is primarily constrained by the volatile’s short residence times, which impede tar cracking reactions. This technology has been extensively employed in bench scale setups for the pyrolysis of various solid wastes. The biomass pyrolysis process has been successfully scaled up to 25 kg per hour.




Plasma Gasifier


Waste materials are converted into gaseous products by plasma gasification operations in an oxidizing atmosphere. The primary benefit of plasma reactors for plastic gasification is the high temperature attainment, which encourages practically complete breaking of tar compounds and, consequently, high gas yields by improving the elimination of hazardous compounds. According to the methods used for plasma discharge, three kinds of plasma technologies—radio frequency, microwave, and direct current—have been established.




Pyrolysis-Reforming Process


This procedure, which aims to produce hydrogen, is carried out in two reactors that are connected in order to perform the pyrolysis and reforming processes. Most of the bench and laboratory scale units with various reactor configurations have been used to study this unique method. Czernik and French [75] conducted the ground-breaking research in a continuous system that consumed 0.06 kg of plastic every hour. The experimental unit consisted of a fluidized bed for plastic pyrolysis and a stationary bed for the catalytic reforming of the volatiles produced. Two fixed bed reactors are joined in line to form the continuous process in study done by Yoshikawa et al. [76,77]. The plastic feed was 0.06 kg per hour. The pyrolysis and steam reforming of polymers in a batch unit composed of two fixed bed reactors have been thoroughly explored by Williams et al. [78,79,80]. Erkiaga et al. integrated a fixed bed reactor for in-line reforming with a conical spouted bed reactor for continuous pyrolysis (0.05 kg.h−1 of plastic in the feed). In later research, the fluidized bed was used to reform the system instead of the fixed bed, which increased its performance [81,82]. Ouadi et al. [83] designed a pilot plant for the continuous regime (2 kg.h−1 of feed) of pyrolysis and in-line reforming of MSW. The pyrolysis step took place at 450 °C in an auger reactor, and the volatiles were then reformed in a fixed bed reactor on pyrolysis char.



This method has several benefits over conventional steam gasification and steam reforming of bio-oil or plastic pyrolysis oil, including: (a) operation under optimum conditions because the two reactors are integrated into one unit (the reforming temperature is lower than that used in the gasification process, reducing potential catalyst sintering issues); (b) prevention of tar formation; and (c) direct contact between the feedstock and the catalyst. However, the effectiveness of the reforming catalyst will determine the development of the combined pyrolysis and in-line reforming process. Thus, to increase H2 production, obtain complete conversion of pyrolysis volatiles and prevent tar formation, highly active and selective catalysts are needed [84].





3.2.4. Gasification Reactions


The reactions that occur inside the gasifier are complicated reactions as shown in Table 5. The reactions are generally classified into five types: (i) carbon reactions, (ii) oxidation reactions, (iii) shift reactions, (iv) methanation reactions and (v) steam reforming reactions.



An overview of several studies for the effect of temperature on gas production, as well as composition during gasification of plastic waste, can be found in Table 6.



Syngas is rich in H2 and CH4, which can be used as combustible gases, as opposed to pyrolysis, which produces gas products that primarily consist of C3–C6. However, because of the dilution effect, the increased gas flow rate during gasification operation leads to lower throughputs, more difficult separation and lower calorific values of products, which has a detrimental influence on the overall economic benefits. Additionally, the gasification process harms the environment by producing noxious gases like NOX. Additionally, the produced syngas contains various pollutants such NH3, H2S, NOx, alkali metals and significant amounts of tars, necessitating an extra step in purification and raising the cost. A high-temperature environment is necessary for gasification, which raises the cost and requires the use of expensive machinery.






4. Advanced Oxidation Techniques for Treatment of Plastic Waste


4.1. Photocatalytic Oxidation


Photocatalysis is a technology that imitates the photosynthesis occurring in nature. Usually, there are three separate steps involved: (1) Charge carriers are excited via light absorption by photocatalysts, (2) the photogenerated charge carriers are separated and transported, and (3) the catalyst surface undergoes redox reaction. Photocatalytic oxidation involves oxidative breakdown of polymers into lower molecular weight materials in the presence of ultraviolet (UV) radiation and a photocatalyst which dominates the conversion process.



For photocatalysis to take place, incident photon energies must be greater than or equal to the band gap of the photocatalyst. While the reduction potential of photoelectrons in the conduction band should be greater than that of the reactant to be reduced, the oxidation potential of holes in the valence band of the photocatalyst should be greater than that of the substrate to be oxidised. For the photocatalytic valorisation of plastic waste, the holes in the photocatalysts’ valence band are frequently used to oxidise the plastic to produce organic products or degrade it to CO2, while the electrons in the photocatalyst’s conduction band can be used to reduce the protons in water to H2, CO2 to carbon derived fuels or capturing by oxygen to involve it in the subsequent plastic oxidation.



The mechanism of photocatalytic conversion of plastic waste can be found in Figure 4. Semiconductor photocatalysts typically feature a band structure and narrow band gap. If the photon energy absorbed by the semiconductor is higher than its band gap, the electrons may be stimulated from the valence band to the conduction band, leaving photoinduced holes on the valence band. Additionally, holes can oxidise water to ·OH, which then oxidises plastic to CO2. Furthermore, the reduction of electrons on the conduction band causes CO2 to be transformed into C2 fuels like acetic acid.



Under UV light, polyacrylamide (PAM)/TiO2 and PAM/ZnO, respectively, could convert LDPE into C2 fuel [31,56]. The formation of oxidative species take place via PAM/TiO2 or PAM/ZnO, which further leads to production of low molecular weight fuels. Under solar light, the photocatalytic conversion of polylactic acid (PLA), PET and polyurethane (PUR) to fuels using CdS/CdOx resulted in H2 production of 38.8%, 16.6% and 22.5%, respectively [96]. The Nb2O5 photocatalyst was also used to construct a two-step conversion pathway for the cleavage and coupling of C-C bonds. The degradation of PE, PP and PVC resulted in CO2, which was then reduced to CH3COOH (around 40.0%) via photocatalysis [97]. Some of the studies on plastic waste conversion to fuels via photocatalysis has been summarized in Table 7.



The existing photocatalysts are not very effective at reducing CO2, resulting in a low yield of C2 fuels. To effectively convert plastic waste into long chain carbon products at room temperature and pressure, rational photocatalyst design and optimization of cleavage and coupling of C-C bonds are therefore essential. Since solar light is the main source of energy for the photocatalytic conversion of plastic waste into fuels, and owing to the fact that photocatalysis uses no thermal energy compared to pyrolysis, plastic conversion by this method might therefore reduce operational costs and would serve as an efficient way of treatment.




4.2. Electrocatalytic Oxidation


Conversion of plastics through electrocatalytic oxidation can be brought about using two different methods: direct oxidation and indirect oxidation. Direct oxidation refers to the electrophilic attack on a polymer by ·OH produced by water discharge on the anode surface. When strong oxidising intermediates dominate in the plastic conversion process, it is referred to as indirect oxidation. With an external voltage (0.55 V) applied in H3PO4 solution at 200 °C, polyvinyl alcohol (PVA) was successfully converted to H2 (9.5 mol/min) [101]. Also, for the production of carboxylic acid (75%), electrocatalytic degradation of PVC was carried out on TiO2/C cathode (−0.7 V) at 100 °C [102].



A plastic polymer is reduced when it receives electrons from the cathode (TiO2/C), which undergoes dechlorination at a high temperature. Additionally, the polymer is oxidised with ·OH to produce carbonyl and hydroxyl groups, which subsequently breaks down into tiny molecules (e.g., alcohols, carboxylic acids and esters). Finally, these chemicals partially mineralize to CO2 and H2O.



Electrocatalytic breakdown of plastic wastes may result in a single product that could be turned directly into fuels. Electrolysis alone cannot yield as many fuel components as pyrolysis and electrolysis combined. Solar thermo-coupled electrolysis was used to convert PP to H2 and C1–C5 fuels. Additionally, increasing temperature (350–390 °C) and electrolysis current (0–400 mA) improved the PP depolymerization [103]. Some of the studies on conversion of plastic waste to value added chemicals and gases via electrocatalysis has been summarized in Table 8.




4.3. Fenton Oxidation


The Fenton reaction is an advanced technique that is often used to degrade chemical compounds that are resistant to conventional methods. Fenton oxidation is the process of converting polymers into small molecules by generating ·OH from Fe2+ activated H2O2. The Fenton oxidation process for plastic conversion is usually carried out under mild reaction conditions. Due to rapid breakdown of hydrogen peroxide (H2O2), the conversion process is effective, making it advantageous for large-scale applications. However, the procedure uses a lot of H2O2, which increases the cost of operation. Through chemical oxidation reactions, the Fenton reaction can regulate the decomposition of polymer waste to create high-value fine chemicals.



The Fenton oxidation method for converting plastic into fuels is depicted in Figure 5. The C-C bond is broken when the Fenton reagent is added to plastic, producing ·OH. As a result, the polymer gets decomposed into different dicarboxylic acids. H2O2 and Fe2+ react to produce Fe3+ and ·OH. Additionally, H2O2 is catalyzed by Fe3+ to become ·HO2, which can then react with H2O2 to form more OH. In addition, R· is produced through the reaction between ·OH and RH. The C-C bond of the polymer breaks, converting it into CO2 and H2O.



A new chemical method involving sulfonation and the Fenton reaction for conversion of LDPE and HDPE into organic acids was developed. When LDPE and HDPE were converted to carboxylic acids, the yields were around 87.5% and 88.8%, respectively [104]. The sulfonated PVC also underwent Fenton oxidation at 65 °C and degraded to carboxylic acids with a yield of around 75.5% [105]. Evidently, PE can produce carboxylic acids more efficiently and rapidly than PVC. Sulfonated PE, PP and PVC have been observed to undergo photo-Fenton oxidation as well, leading to generation of CO2 as the primary product, which, following photo-reduction, could be changed into acetic acid. Some of the studies on Fenton oxidation process has been summarized in Table 9.



Advanced oxidation of plastics produces liquid products with a low calorific value. Through the right modification of active sites on the catalyst surface, the species and density of oxidants in the system can be controlled. As a result, it is possible to realize the selective breakage of chemical bonds in polymers and the directional conversion of target fuels. Furthermore, by varying the energy band, building heterojunctions and loading co-catalysts, the photocatalysts should be rationally designed. In order to increase the efficiency of photocatalysts, it is desirable to speed the separation of photogenerated carriers. Additionally, by optimizing the process of coupling intermediates and breaking C-C bonds, multi-carbon fuel can be effectively converted from plastic waste under natural light.





5. Conclusions


Plastic waste conversion to value added products has gained extensive importance in alleviating environmental pollution and the energy crisis. Thermal processing of waste plastics via pyrolysis results in the generation of high calorific fuels with better performance when compared to conventional diesel or gasoline. However, thermal processing involves high reaction temperatures, large residence time and the clogging of pipelines due to the production of olefins and paraffins. Therefore, in order to increase fuel yield and maximize economic value, further research must be done to optimize the process parameters while also taking into account product quality.



Thus, an efficient way for the conversion of plastic wastes is via catalytic pyrolysis at low temperatures, thereby overcoming the increasing problem of its management. However, recovering catalysts that are in high demand for the conversion of polymers is challenging, as the formation of coke leads to catalyst deactivation. Moreover, there exist different plastic waste types, but most of the catalysts are effective for depolymerization of selected ones. Therefore, it is crucial to develop catalysts that are highly active, excellently adaptable and recyclable.



Owing to the progress and development in research, advanced oxidation techniques have been formulated for converting plastic waste into the desired fuel at room temperature and pressure, using much less energy than conventional thermal treatment processes with an aim to produce product with high purity and controlled conversion. A significant drawback associated with advanced oxidation techniques is the low calorific value of the liquid products obtained and the requirement of extremely effective catalysts for the reaction. Overall, advanced oxidation technique has the potential for plastic waste conversion in the near future.
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Figure 1. Pathways for plastic waste management. 
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Figure 2. Network map showing co-occurrence of keywords for plastic waste. 
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Figure 3. Classification of gasifiers. 
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Figure 4. Photocatalytic oxidation of plastic waste. 
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Figure 5. Plastic waste treatment via Fenton oxidation process. 






Figure 5. Plastic waste treatment via Fenton oxidation process.



[image: Catalysts 13 00420 g005]







[image: Table] 





Table 1. Summary of research studies carried out by various research groups on thermal pyrolysis of plastic waste.
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S. No.

	
Feed

	
Reactor

	
Temperature (°C)

	
Yield (wt%)

	
Reference




	
Liquid

	
Gas

	
Char






	
1.

	
HDPE

	
Fixed bed

	
550

	
70

	
23

	
7

	
[23]




	
2.

	
Mixed

	
Semi batch

	
500

	
75.8

	
10

	
14.2

	
[24]




	
3.

	
HDPE

	
Batch

	
440

	
74

	
9

	
17

	
[25]




	
4.

	
PE

	
Steel micro

	
350

	
80.9

	
17.2

	
1.9

	
[26]




	
5.

	
PP

	
Steel micro

	
350

	
67.8

	
30

	
1.6

	
[26]




	
6.

	
Mixed

	
Semi batch

	
500

	
65.2

	
34

	
0.8

	
[27]




	
7.

	
PET

	
Fixed bed

	
500

	
38.89

	
52.13

	
8.98

	
[28]




	
8.

	
PET

	
Parr mini bench top

	
500

	
15.0

	
32.0

	
53.0

	
[29]




	
9.

	
HDPE

	
Horizontal steel

	
350

	
80.88

	
17.24

	
1.88

	
[26]




	
10.

	
HDPE

	
Semi batch

	
450

	
91.2

	
4.1

	
4.7

	
[30]




	
11.

	
HDPE

	
Batch

	
550

	
84.70

	
16.30

	
-

	
[31]




	
12.

	
HDPE

	
Fluidized bed

	
650

	
68.50

	
31.50

	
-

	
[32]




	
13.

	
HDPE

	
Semi-batch

	
400

	
82

	
16

	
2

	
[33]




	
14.

	
HDPE

	
Fluidized bed

	
500

	
85

	
10

	
5

	
[34]




	
15.

	
PS

	
Batch

	
581

	
89.5

	
9.9

	
0.6

	
[35]




	
16.

	
PS

	
Semi-batch

	
400

	
90

	
6

	
4

	
[33]




	
17.

	
PP

	
Batch

	
380

	
80.1

	
6.6

	
13.3

	
[36]




	
18.

	
PS

	
Batch

	
500

	
96.73

	
3.27

	
-

	
[37]




	
19.

	
LDPE

	
Batch

	
430

	
75.6

	
8.2

	
7.5

	
[38]




	
20.

	
PP

	
Semi-batch

	
400

	
85

	
13

	
2

	
[33]




	
21.

	
HDPE

	
Semi-batch

	
450

	
91.2

	
4.1

	
4.7

	
[30]




	
22.

	
LDPE

	
Fluidized bed

	
600

	
51.0

	
24.2

	
-

	
[39]




	
23.

	
HDPE

	
Batch

	
450

	
74.5

	
5.8

	
19.7

	
[40]




	
24.

	
PP

	
Semi-batch

	
450

	
92.3

	
4.1

	
3.6

	
[41]




	
25.

	
HDPE

	
CSBR

	
650

	
46.0

	
18.0

	
-

	
[42]




	
26.

	
Mixed

	
CSBR

	
450–600

	
-

	
-

	
100% wax

	
[43]




	
27.

	
LDPE and PP

	
Fluidized bed

	
680

	
56.7

	
42.8

	
0.5

	
[44]




	
28.

	
Mixed

	
Fluidized bed

	
677

	
57.8

	
35.3

	
6.9

	
[45]




	
29.

	
Mixed

	
Fluidized bed

	
600

	
49.0

	
43.0

	
8.0

	
[46]




	
30.

	
LDPE

	
Fixed bed

	
500

	
95.0

	
5.0

	
-

	
[47]




	
31.

	
PP

	
Batch

	
430

	
80.7

	
4.3

	
6.1

	
[48]




	
32.

	
LDPE

	
Batch

	
550

	
93.1

	
14.6

	
-

	
[31]




	
33.

	
HDPE

	
Fluidized bed

	
650

	
68.5

	
31.5

	
-

	
[32]
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Table 2. Summary of studies on microwave pyrolysis of plastic waste.
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S. No.

	
Feed

	
Microwave Power Range (kW)

	
Yield (wt.%)




	
Liquid

	
Gas

	
Char






	
1.

	
HDPE

	
3

	
83.92

	
15.68

	
0.40




	
2.

	
PP

	
3

	
70.82

	
13.29

	
15.89




	
3.

	
PVC

	
3

	
3.44

	
81.87

	
14.69




	
4.

	
PET

	
1.8–3

	
35.32

	
26.48

	
38.20




	
5.

	
PS

	
3–6

	
89.25

	
8.92

	
6.83











[image: Table] 





Table 3. Overview of catalyst and its interaction with different plastics.
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	S. No.
	Plastic Type
	Catalyst
	Operating

Temperature
	Plastic to

Catalyst Ratio
	Oil Yield

(wt. %)
	Reference





	1.
	LDPE and HDPE
	MCM-41 and HZSM-5
	500 °C
	1:2
	97
	[62]



	2.
	LDPE
	CaO/SiO2
	300 °C
	1:1
	69
	[63]



	3.
	PE, PP, PS
	USY
	360 °C
	5:2
	3.7
	[64]



	4.
	PE, PP, PS
	ZSM-5
	360 °C
	5:2
	3.3
	[64]



	5.
	PE, PP, PS
	MOR
	360 °C
	5:2
	4.3
	[64]



	6.
	PE, PP, PS
	ASA
	360 °C
	5:2
	4.7
	[64]



	7.
	PE, PP, PS and organic wastes
	Y-zeolite, b-zeolite, MoO3, Ni-Mo-catalyst, HZSM-5, Al(OH)3
	500 °C
	10:1
	28
	[65]



	8.
	PS
	HZSM-5
	500 °C
	1:4
	66.5
	[66]



	9.
	LDPE
	Activated carbon
	500 °C
	2:5
	70
	[67]



	10.
	LDPE
	Platinum promoted sulphated zirconia
	300–400 °C
	100:1
	67.5
	[68]



	11.
	HDPE
	ZSM-5
	450 °C
	20:1
	35
	[57]



	12.
	HDPE
	Silica alumina
	450 °C
	20:1
	78
	[57]



	13.
	LDPE
	HZSM-5
	425 °C
	10:1
	7
	[59]



	14.
	LDPE
	HZSM-5
	450 °C
	10:1
	16
	[59]



	15.
	LDPE
	HZSM-5
	475 °C
	10:1
	22
	[59]



	16.
	LDPE
	Al-MCM-41
	475 °C
	10:1
	40
	[59]



	17.
	LDPE
	HZSM-5
	550 °C
	10:1
	18
	[31]



	18.
	HDPE
	HZSM-5
	550 °C
	10:1
	17
	[31]



	19.
	LDPE
	HUSY
	550 °C
	10:1
	62
	[31]



	20.
	HDPE
	MCM
	450 °C
	34:1
	78
	[40]



	21.
	HDPE
	FCC
	450 °C
	34:1
	82
	[40]



	22.
	HDPE
	HZSM-5
	450 °C
	34:1
	81
	[40]
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Table 4. Major differences between the gasifier types.
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	S. No.
	Parameter
	Fixed or Moving Bed
	Fluidized Bed
	Entrained Bed





	1.
	Feed size
	Less than 51 mm
	Less than 6 mm
	Less than 0.15 mm



	2.
	Tolerance for fines
	Limited
	Good
	Excellent



	3.
	Tolerance for coarse
	Very good
	Good
	Poor



	4.
	Gas exit temperature
	450–650 °C
	800–1000 °C
	Greater than 1200 °C



	5.
	Feedstock tolerance
	Low rank coal
	Low rank coal and excellent for biomass
	Any coal including caking but unsuitable for biomass



	6.
	Oxidant requirements
	Low
	Moderate
	High



	7.
	Reaction zone temperature
	1090 °C
	800–1000 °C
	1990 °C



	8.
	Steam requirement
	High
	Moderate
	Low



	9.
	Nature of ash produced
	Dry
	Dry
	Slagging



	10.
	Cold-gas efficiency
	80%
	89%
	80%



	11.
	Application
	Small capacities
	Medium size units
	Large capacities



	12.
	Problem areas
	Tar production and utilization of fines
	Carbon conversion
	Raw-gas cooling
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Table 5. Main gasification reactions [85].
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	Reaction Type
	Reaction
	Heat of Reaction (kJ/mol)





	R1: Combustion reaction
	C + ½ O2 [image: Catalysts 13 00420 i001] CO
	−122



	R2: Combustion reaction
	CO + ½ O2 [image: Catalysts 13 00420 i001] CO2
	−283



	R3: Combustion reaction
	H2 + ½ O2 [image: Catalysts 13 00420 i001] H2O
	−248



	R4: Water gas reaction
	C + H2O [image: Catalysts 13 00420 i001] CO + H2
	+136



	R5: Water gas shift reaction
	CO + H2O [image: Catalysts 13 00420 i001] CO2 + H2
	−35



	R6: Steam reforming of methane
	CH4 + H2O [image: Catalysts 13 00420 i001] CO + 3H2
	+206



	R7: Boudouard reaction
	C + CO2 [image: Catalysts 13 00420 i001] 2CO
	+171



	R8: Hydrogasification
	C + 2H2 [image: Catalysts 13 00420 i001] CH4
	−74.8
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Table 6. Summary of plastic waste gasification studies carried out by various research groups around the globe.
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	S. No.
	Feed
	Reactor Type
	Conditions [Equivalence Ratio (ER), Temperature (T), Steam to Plastic (S/P)]
	Gasifying Medium
	Gas Yield (m3kg−1)
	Gas Composition (% vol)
	Reference





	1.
	PE
	Bubbling fluidized bed
	ER: 0.2–0.31, T: 845–897 °C
	Air
	3–4.3
	H2: 9.1–9.5, CO: 2.2–2.8, CO2: 9.1–10.4, CH4: 7.1–10.4
	[86]



	2.
	PE
	Bubbling fluidized bed
	ER: 0.3, T: 750 °C
	Air
	3.6
	H2: 2.7, CO: 6.1, CO2: 8.8, CH4: 7.0
	[87]



	3.
	PP
	Fluidized bed
	ER: 0.32–0.36

T: 850 °C
	Air
	4.5
	H2: 5, CO: 5, CO2: 12, CH4: 3
	[88]



	4.
	PP
	Fluidized bed
	ER: 0.2–0.45

T: 690–950 °C
	Air
	2.0–3.8
	H2: 4–5, CO: 15–20, CO2: 9–15, CH4: 4–6
	[74]



	5.
	Waste PE
	Bubbling fluidized bed
	ER: 0.3, T: 750 °C
	Air
	3.7
	H2: 3, CO: 8.7, CO2: 7.4, CH4: 8.7
	[87]



	6.
	Mixed plastic wastes
	Bubbling fluidized bed
	ER: 0.25, T: 887 °C
	Air
	3.3
	H2: 5.9, CO: 4.5, CO2: 10.3, CH4: 6.6
	[89]



	7.
	PE
	Bubbling fluidized bed
	ER: 0.2–0.29

T: 807–850 °C
	Air
	4.2–6.2
	H2: 30, CO: 18.4–20.9, CO2: 1.6–2.2, CH4: 3.4–1.5
	[86]



	8.
	Waste plastic mixture
	Fixed bed
	ER: 0.15–0.6

T: 700–900 °C
	Air
	1.2–1.5
	H2: 29–41, CO: 22–33, CO2: 8.2–22, CH4: 4.3–10
	[90]



	9.
	Waste polyolefins
	Bubbling fluidized bed
	ER: 0.25–0.35, T: 750 °C
	Air
	3.2–4.4
	H2: 3, CO: 8.5–10, CO2: 6.5–7.8, CH4: 8.5–10
	[87]



	10.
	Waste plastic mixture
	Bubbling fluidized bed
	ER: 0.22–0.31

T: 869–914 °C
	Air
	2.5–3.2
	H2: 6.6–6.8, CO: 3.7–4.8, CO2: 11–11.6, CH4: 6.3–7.3
	[86]



	11.
	PP
	Fluidized bed
	ER: 0.32–0.36

T: 850 °C
	Air
	5.3
	H2: 6, CO: 7, CO2: 16, CH4: 8
	[88]



	12.
	Mixed plastic and cellulosic material
	Bubbling fluidized bed
	ER: 0.24, T: 869 °C
	Air
	2.73
	H2: 6, CO: 6.6, CO2: 12.7, CH4: 6.5
	[89]



	13.
	Recycled plastic
	Bubbling fluidized bed
	ER: 0.25, T: 877 °C
	Air
	3.5
	H2: 6, CO: 6.6, CO2: 12.7, CH4: 6.5
	[91]



	14.
	PE
	Fluidized bed
	S/P: 2, T: 850 °C
	Steam
	1.2
	H2: 38, CO: 7, CO2: 8, CH4: 30
	[92]



	15.
	PP
	Fluidized bed
	S/P: 2, T: 850 °C
	Steam
	1
	H2: 34, CO: 4, CO2: 8, CH4: 40
	[92]



	16.
	PP + PE
	Fluidized bed
	S/P: 2, T: 835 °C
	Steam
	2.1
	H2: 46, CO: 22, CO2: 5, CH4: 16
	[92]



	17.
	PE + PET
	Fluidized bed
	S/P: 1.2, T: 850 °C
	Steam
	1
	H2: 27, CO: 20, CO2: 29, CH4: 15
	[92]



	18.
	PE + PS
	Fluidized bed
	S/P: 1.8, T: 850 °C
	Steam
	1.4
	H2: 52, CO: 24, CO2: 7, CH4: 12
	[92]



	19.
	PE
	Spouted bed
	S/P: 1, T: 800–900 °C
	Steam
	2.5-3.4
	H2: 57–60, CO: 24–28, CO2: 1–3, CH4: 6–7
	[73]



	20.
	PE
	Spouted bed
	S/P: 1, T: 900 °C
	Steam
	3.2
	H2: 58, CO: 27, CO2: 3, CH4: 7
	[73]



	21.
	PE
	Spouted bed
	S/P: 1, T: 900 °C
	Steam
	3.3
	H2: 59, CO: 26, CO2: 2, CH4: 8
	[73]



	22.
	PP
	Fixed bed
	T: 850 °C
	Steam
	1.9
	H2: 38, CO: 45, CO2: 8, CH4: 9
	[93]



	23.
	HDPE
	Fixed bed
	T: 850 °C
	Steam
	2.4
	H2: 35, CO: 43, CO2: 10, CH4: 11
	[93]



	24.
	PS
	Fixed bed
	T: 850 °C
	Steam
	1.3
	H2: 29, CO: 43, CO2: 26, CH4: 1.7
	[93]



	25.
	Waste plastic
	Plasma
	T: 1200 °C
	Steam
	3.5
	H2: 62, CO: 34
	[94]



	26.
	PP
	Fixed bed/fixed bed
	T: 400/580–680 °C
	Pyrolysis and steam reforming
	5.4-8.8
	H2: 70, CO: 9–11, CO2: 16–19, CH4: 1.4–1.5
	[77]



	27.
	PP
	Fixed bed/fixed bed
	T: 400–600/630 °C
	Pyrolysis and steam reforming
	5.4-5.6
	H2: 71–72, CO: 8–9, CO2: 19, CH4: 0.9–1.5
	[77]



	28.
	PS
	Spouted bed/fluidized bed
	T: 500/700 °C
	Pyrolysis and steam reforming
	5
	H2: 65, CO: 14, CO2: 21, CH4: <0.1
	[95]



	29.
	PE
	Fixed bed/fixed bed
	T: 500/800 °C
	Pyrolysis and steam reforming
	4.35
	H2: 67, CO: 24, CO2: 9, CH4: 1
	[79]



	30.
	PP
	Fluidized bed/fluidized bed
	T: 650/850 °C
	Pyrolysis and steam reforming
	4.1
	H2: 65, CO: 12, CO2: 21, CH4: 1.6
	[75]
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Table 7. Photocatalytic conversion of plastic waste to fuel.
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	S. No.
	Feed Type
	Catalyst
	Operating Condition
	Products
	References





	1.
	LDPE
	TiO2
	UV light
	CO2
	[98]



	2.
	PET
	CdS/CdOx
	Visible light
	H2
	[96]



	3.
	PET
	CN/Ni2P
	Solar light
	H2
	[99]



	4.
	LDPE
	ZnO
	UV light
	CO2
	[100]
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Table 8. Summary of studies on electrocatalytic conversion.
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	S. No.
	Feed Type
	Catalyst
	Operating Condition
	Products
	References





	1.
	PVC
	TiO2/graphite cathode
	Temperature = 100 °C, Applied potential = −0.7 V
	CH3COOH
	[102]



	2.
	PVA
	H3PO4
	Temperature = 100 °C, External voltage = 0.55 V
	H2
	[101]



	3.
	PP
	NaOH, KOH
	Temperature = 350 °C, External voltage = 1.5 V
	Gas
	[103]
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Table 9. Fenton oxidation process for plastic waste conversion.






Table 9. Fenton oxidation process for plastic waste conversion.





	S. No.
	Feed Type
	Catalyst
	Operating Condition
	Products
	References





	1.
	PS
	FeCl3, H2O2
	UV light, Time = 5 h
	CO2
	[106]



	2.
	LDPE
	FeCl3, H2O2
	Chlorosulfuric acid (HSO3Cl) = 2.5%
	C1–C4 acids
	[104]



	3.
	PVC
	FeCl3, H2O2
	Temperature = 50 °C
	C1 or C2 acids
	[105]



	4.
	PE
	FeCl3, H2O2
	pH = 2.5

UV-Vis light

Time = 2 h
	CO2
	[107]
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