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Abstract

:

Emissions of greenhouse gases and growing amounts of waste plastic are serious environmental threats that need urgent attention. The current methods dedicated to waste plastic recycling are still insufficient and it is necessary to search for new technologies for waste plastic management. The pyrolysis-catalytic dry reforming (PCDR) of waste plastic is a promising pro-environmental way employed for the reduction of both CO2 and waste plastic remains. PCDR allows for resource recovery, converting carbon dioxide and waste plastics into synthetic gas. The development and optimization of this technology for the high yield of high-quality synthesis gas generation requires the full understanding of the complex influence of the process parameters on efficiency and selectivity. In this regard, this review summarizes the recent findings in the field. The effect of process parameters as well as the type of catalyst and feedstock are reviewed and discussed.
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1. Introduction


The growing amount of plastic waste is an increasingly substantial environmental issue. According to Plastics Europe, in 2020, the world plastic production reached 367 Mt [1]. The high global demand for plastic is inherently related to the generation of plastic waste and the need for its proper management. Current recycling methods of plastic waste include re-extrusion (primary), mechanical (secondary), chemical (tertiary) and energy recovery (quaternary) technologies [2]. Mechanical recycling involves physical treatment, including melting and extruding, whilst chemical recycling (depolymerization and dissolution in solvents) produces feedstock chemicals for the chemical industry. Energy recovery involves the complete or partial oxidation of the material and the production of heat, power, gaseous fuels, oils and chars. However, during the last six decades, only 9% of the generated waste plastic has been recycled [3]. The vast majority of plastic waste is treated by landfilling or incineration, which results in the release of the toxic gases, atmospheric aging and finally the leaching of harmful substances into groundwater and soil [2,4]. According to the directive of the European Parliament (2018/851), the landfilling and incineration of waste must be progressively reduced [5]. In line with sustainable development policy and therefore a circular economy, the European Union defined a target of municipal waste recycling at 55% and 65% to be reached by 2025 and 2035, respectively. Moreover, the upper limit of plastic waste storage at landfills cannot exceed 10% by 2035. Therefore, there is a high demand for effective methods of waste plastic recycling.



Another emerging environmental challenge is CO2 management, one of the main greenhouse gases, which contributes to climate change. CO2 emissions result from sources related to electricity generation (the combustion of fossil fuels), transportation and industry, mainly the construction industry. In view of the tightening environmental regulations, carbon capture and storage technologies are under extensive development. Captured carbon dioxide may be stored in underground formations or reused as a raw material [6,7,8].



A promising solution for the management of both CO2 and plastic waste is to use them as feedstock for the production of valuable substrates in the chemical industry: synthesis gas and hydrogen. Synthesis gas, consisting mainly of CO and H2, is one of the main raw materials in the chemical industry. It is used in many industrial syntheses, including methanol, ethanol, ammonia and in the Fischer–Tropsch process to obtain synthetic petroleum [9,10]. Moreover, the production of hydrogen is of great importance, both in the production of clean fuels and in chemical synthesis. Hydrogen has great potential in energy applications as it can replace fossil energy sources due to its clean combustion properties [11].



Recently, the two-stage process of synthesis gas production, starting with the pyrolysis of plastic waste followed by the dry reforming of the generated hydrocarbons, attracted much interest among the scientific community[9,10,12,13,14,15,16,17]. The efficiency, selectivity and yield of synthetic gas generation using the PCDR method are affected by many parameters, including temperature, feedstock loading and composition, catalysts, catalyst:plastic ratio and reactor configuration. Achieving familiarity and systematizing them are the key to further work on the development of the proposed technology. To the best of our knowledge, there are no reviews regarding the PCDR method and the effect of process parameters. Therefore, the aim of this review is to summarize the latest reports on the pyrolysis of waste plastics combined with catalytic dry reforming (PCDR). The effect of the main factors affecting the process and some relevant discussion regarding the optimization and future prospects are presented in this paper. In Chapter 2 and 3, the basics and the effect of variables on pyrolysis and dry reforming processes are discussed, respectively. Chapter 4 relates the combination of both pyrolysis and dry reforming. The effect of variables, including temperature, feedstock composition, plastic-to-catalyst ratio, type of catalyst and steam addition, is illustrated.




2. Pyrolysis


Pyrolysis is the process of the thermal decomposition of long chain polymer molecules into smaller, less complex molecules. The process is carried out in the absence of oxygen and requires intense heat of a short duration. Pyrolysis is an adjustable process since the process parameters can be operated to optimize the product yield based on the requirements. The main groups of plastic pyrolysis products are liquid oil, gas and char. Pyrolysis is a way to recover fuels, chemicals and monomers from plastic waste [4,18,19].



Generally, the pyrolysis of polymers follows a series of chemical reactions via the chain scission of the macromolecules. Chain scission reactions usually proceed through the three main steps of the free-radical route, comprising initiation, propagation and termination [20,21]. Initiation includes the formation of free radicals under the influence of heat. The second step, propagation, leads to new radicals, but also to the formation of small stable molecules. Termination reactions take place through radical coupling and via radical disproportionation by transferring hydrogen atoms from one radical to the other [20,21].



Three main types of pyrolysis classified by the process duration and operational conditions, slow/conventional pyrolysis, fast pyrolysis and flash/ultra-fast pyrolysis, may be distinguished [22,23]. Their characteristics are listed in Table 1. Slow pyrolysis refers to the process of longer duration when compared to fast pyrolysis. The reaction time may differ depending on the feedstock from 10 min to 10 h. The used heating rates and temperatures are usually in the range of 5–10 K/min and 500–900 K, respectively [24]. The product yield and composition are determined by the reaction parameters and feedstock. Conventionally, slow pyrolysis has been used for the production of char; however, process conditions can be altered to produce significant amounts of liquid oil and gas in addition to the char [25,26].



Phan et al. [26] studied the slow pyrolysis of three segregated waste streams: waste wood, cardboard and textile residues. They investigated the influence of the temperature in the range of 623–973 K on product yields. The heating rate for all experiments was 10 K/min. At the lowest investigated temperature (623 K), char yield was relatively high (31.6−33.9 wt %); however, with increasing the temperature, char yield decreased to 19.0–25.9 wt % at 973 K, while gas and liquid yields increased. At the highest temperature, gas yield was the highest, followed by liquid yield for all investigated feedstocks. Das et al. [27] investigated the slow pyrolysis of LDPE, HDPE and PP at 673 K under a heating rate 1 K/min. Under these conditions, the highest yield was plastic-derived oil. The overall product yields did not differ significantly depending on the plastic feedstock and averaged 82.83 wt % for plastic-derived oil, 16.73 wt % for gas and 0.44 wt % for residue. Grieco et al. [28] studied the slow pyrolysis of PE and mixtures of PE with wood and paper under two different heating rates: 0.1 K/s and 1 K/s. In the case of pure PE, the highest yield for tar was observed at 86.2% and 90.9%, followed by a gas yield equal to 13.7% and 9.1% for 1 K/s and 0.1 K/s heating rates, respectively. Moreover, no char was detected. The addition of cellulose materials, paper and wood, to the plastic feedstock resulted in the decrease in the tar content to ~76%, while the content of char and gas increased up to ~8% and ~16%, respectively. The pyrolysis of paper and pure wood only resulted in ~24.9% char yield under a heating rate of 1 K/s, which further increased to ~27.8% under the heating rate of 0.1 K/s. This may be due to the greater chances of carbonization that occur during the longer times of the reaction [29]. It is also observed in the literature that biomass as a raw material promotes the formation of char in pyrolysis processes [25,30,31]. Tokmurzin et al. [32] carried out the pyrolysis of the organic fraction of municipal solid waste at 773 K with a heating rate of 20 K/min. The process duration was 30 min. The main product of pyrolysis was char with 42.1% yield, followed by 33.1% gas yield and 24.8% tar yield. It was observed that an increase in pyrolysis temperature to 1073 K increased the gas yield to 38.5% and decreased the char yield to 39.2%.



Fast pyrolysis has a much lesser reaction time with the average time within 10 to 20 min. The general temperature ranges are from 700 to 900 K and the heating rates are in the range of 50–100 K/min [23]. Waheed et al. [33]. compared the product yields of slow and fast pyrolysis of different biomass feedstocks (wood, rice husk and forestry wood). Both processes were carried out in 1123 K, but the heating rate was 10 K/min and 300–500 K/min for slow and fast pyrolysis, respectively. There was a marked difference in product yield, depending on heating rate. The gas yield from slow pyrolysis was 24.7 wt % for wood, 24.06 wt % for rice husks and 24.01 wt % for forestry residue; however, for fast pyrolysis, the gas yields were 78.63 wt %, 66.61 wt % and 73.91 wt %, respectively. There were correspondingly significantly lower yields of char (~10 wt % for wood, ~11 wt % for rice husk and ~7% for forestry residue) and oil (~11 wt % for wood, ~10 wt % for rice husk and ~15 wt % for forestry residue) from fast pyrolysis, whereas for slow pyrolysis, char (~16 wt % for wood, 37 wt % for rice husk and 24 wt % for forestry residue) and oil (~60 wt % for wood, ~40 wt % for rice husk and ~50 wt % for forestry residue) yields were higher. Furthermore, they carried out further experiments to examine the effect of temperature in the range of 1023–1323 K for fast pyrolysis. They found that the increase in temperature enhanced the overall gas yield, including hydrogen yield, with a simultaneous decrease in CH4, CO2 and C2–C4 hydrocarbons. High gas yields with about 90 wt % biomass conversion were obtained during the pyrolysis of biomass at 1323 K. Hall et al. [34] investigated the fast pyrolysis of plastics recovered from waste computers. The temperature of the process equaled 773 K and heating rate was equal to 50 K/min. They investigated three different samples containing mainly a acrylonitrile-butadiene-styrene (ABS) copolymer and two different samples composed of mostly poly(vinyl chloride) (PVC) type polymers. Fast pyrolysis led to the conversion of the plastics to pyrolysis oil, with a low content of char and gas phase. For the samples composed mainly of ABS, the obtained product yields were similar and averaged ~90 wt %, ~6 wt % and ~4 wt % for oil, char and gas, respectively. On the other hand, the two samples composed of PVC produced lower yields of oil (55.1 wt % and 35.9 wt %). Contrary to the rest of the samples, in the case of one PVC sample, gas had the highest yield (44.3 wt %).



Flash pyrolysis is characterized by its shorter duration time, less than 10 min, usually seconds. Flash pyrolysis involving high heating rates and high temperatures rapidly breaks down the bonds of the oil molecules and, thus, yields mainly gaseous products. The average temperature of flash pyrolysis is in the range from 1000 to 1300 K and the heating rate is greater than 100 K/min. Kannan et al. [35] investigated the flash pyrolysis of waste LDPE, with a special emphasis on the effect of the temperature (873–1273 K) on the gaseous product distribution and ethylene monomer recovery. The flash pyrolysis reaction lasted less than 250 ms. They found that the yield of ethylene increases with the temperature along with a simultaneous increase in the total gas yield. At a temperature of 873 K, they recovered 28 wt % of ethylene monomer, with a further increase to 48 wt % at 1273 K. In addition, the total gas reached a yield higher than 99 wt % at 1273 K. They demonstrated that the process parameters of an ultrafast heating rate, a high temperature, and a minimal vapor residence time prohibits the progress of secondary reactions leading to other alkenes (propylene, 1-butene, 1,3-butadiene, and 1-pentene), thereby yielding high yields of the monomer. Similarly, Singh et al.[36] demonstrated that the high heating rates of pyrolysis promote gaseous products. During the 10 s long pyrolysis of mixed plastic waste under a heating rate of 20 K/ms and a temperature of 773 K, the degradation of the plastics was rapid, promoting the break of the molecules’ chain to into short-chain carbon compounds, including methane, ethane and propane. As a result, a high yield of the gaseous components (91 wt %) with low yields of char (2 wt %) and oil (7 wt %) were observed.



In conclusion, the distribution of pyrolysis products is determined by the feedstock and the parameters of the reaction, mainly temperature and heating rate. Types of pyrolysis and the impact of process parameters on the product distribution are schematically presented in Figure 1.



The pyrolysis of plastic waste can be carried out either in the absence of a catalyst (non-catalytic pyrolysis) or in the presence of a catalyst (catalytic pyrolysis). Catalytic pyrolysis has emerged as a promising approach as the required thermal energy can be reduced. Moreover, a catalytic reaction coupled with a thermal treatment could improve the conversion of reactants to the desired products [37]. Hang et al. [38] investigated the effect of ZSM-5 zeolite and NiCl2 catalysts in pyrolysis of poly(ethylene terephthalate) (PET) on product distribution. The results showed that the presence of a catalyst has enormous impact on the composition of the pyrolysis products. The ZSM-5 catalyst enhanced the generation of the gas products, while reducing the production of the waxy products. When the ZSM-5 was used as a catalyst, the yield of waxy products decreased from 59.5 wt % and 67.7 wt % to below 10 wt % and about 23 wt % at 723 K and 873 K, respectively. The yield of gases increased from about 20 wt % to over 50 wt %. The effect was attributed to the cracking of the C–C bond in the presence of the catalyst. The solid residue was equal to 21% and 14% in the absence of a catalyst and, after ZSM-5 addition, 22% and 9% at 723 K and 873 K, respectively. When nickel chloride was applied as a catalyst, the yield of wax formation was increased to 77% at 723 K and 69% at 873 K and, at the same time, the yield of the solid residue was much lower compared to process with ZSM-5 as catalyst and was equal to 4% at 723 K and 1% at 873 K. The yield of gas formation was equal to 19% and 30% at 723 K and 873 K, respectively. The authors suggested that ZSM-5 has no significant effect on the primary decomposition of PET, but it promotes secondary volatile reactions. In contrast, NiCl2 enhanced the primary decomposition of PET, resulting in more liquid products. Lim et al. [39] investigated the effect of waste concrete as a catalyst for the pyrolysis of polyethylene terephthalate (PET). The formation of valuable aromatic hydrocarbons (benzene, toluene, ethylbenzene, and styrene) in the presence of waste concrete was increased compared to non-catalytic pyrolysis. It was attributed to the CaO contained in waste concrete, which promoted the deoxygenation reaction of acids formed during the pyrolysis of PET, such as benzoic acid and 4-(vinyloxycarbonyl) benzoic acid. Diaz-Silvarrey et al. [40] used sulphated zirconia as the catalyst for the pyrolysis of PET at 873 K and found that the total gas yield increased from 38 wt % to 56 wt % in the presence of the catalyst (3 wt %). The yields of the individual gases increased as follows: from 17 wt % to 19 wt % for CO2, from 11 wt % to 13 wt % for CO, 2 wt % to 11 wt % for CH4, from 4 wt % to 12 wt % for C2–C5 hydrocarbons, and from 0.2 wt % to 0.3 wt % for H2. The yield of O2 decreased from 3.8 wt % to 0.7 wt %. Lin et al. [41] studied the catalytic pyrolysis of a poplar wood–polypropylene composite (WPP) at 873 K in the presence of ZnO, CaO, Fe2O3 and MgO catalysts. They demonstrated that metal oxides significantly influence the pyrolytic product distribution. All catalysts lowered the carboxylic acid yields, while increasing alkene yields due to their basicity. CaO facilitated the removal of oxygen, eliminating carboxylic acids and phenols from the products, while slightly increasing cyclopentanones and alkenes. MgO had a weaker deoxygenation, but stronger chain scission activities and significantly enhanced the alkene yields. ZnO increased ketone and phenol yields, while reducing carboxylic acids. In addition, alkene yields were the highest using ZnO. More hydrocarbon and less oxygenated products were observed in the presence of Fe2O3. Only in the presence of Fe2O3, benzenes, such as p-xylene and 2-methyl-1-butenylbenzene, were identified. Bagri et al. [42] investigated the influence of zeolite catalysts on the pyrolysis of polyethylene in the temperature of the range 673–873 K. The presence of both the Y-zeolite and ZSM-5 catalyst decreased the oil yield and increased the gas yield. The influence of both catalysts markedly increased the yield of aromatic compounds in the derived pyrolysis oil. The ZSM-5 catalyst gave higher concentrations of gases than the Y-zeolite; however, the Y-zeolite produced much higher concentrations of aromatic compounds, particularly toluene and ethylbenzene. The selected process parameters of the pyrolysis of various plastics and the obtained results are summarized in Table 2.




3. Dry Reforming


Dry reforming (DR) is the process of the catalytic conversion of hydrocarbon feedstock using CO2 to a mixture of hydrogen (H2) and carbon monoxide (CO), known as synthesis gas. Equation (1) represents the overall description of the dry reforming reaction. DR processes are highly endothermic, thus require a high operating temperature (typically 973–1273 K) to achieve the desirable conversion levels [48]. One of the main advantages is the operation at atmospheric pressure, hence the process does not require an apparatus withstanding high pressures. The production of syngas from the dry reforming of hydrocarbons is influenced by the simultaneous occurrence of side reactions, including the reverse water gas shift (RWGS) reaction (Equation (2)). Due to low reaction enthalpy, it is thermodynamically favorable. The generation of H2O by the RWGS reaction implies that, during DR, there is a lower H2/CO ratio due to the consumption of the generated hydrogen and the generation of carbon(II) oxide. Rostrup-Nielsen et al. [49] reported that the RWGS reaction is rapid and operates close to the thermodynamic equilibrium under typical methane reforming conditions.


CnHm + nCO2 → 2nCO + m/2H2, ΔH > 0*



(1)






CO2 + H2 ⇌ CO + H2O, ΔH = 41.0 kJ/mol



(2)







*For example, for methane reforming ΔH = 247 kJ/mol [49], for propane reforming ΔH = 644.8 kJ/mol [50], for ethane: ΔH = 428.1 kJ/mol, for butane: ΔH = 817.1 kJ/mol [51].



The majority of the literature reports refers to the dry reforming of methane. The hydrogen-to-carbon-monoxide ratio in the outlet stream of the dry reforming of methane (DRM) stoichiometrically is equal 1.0. A ratio of n = 1 is favorable as a substrate in many processes, such as formaldehyde, polycarbonates and dimethyl ether syntheses [52]. Many studies regarding the dry reforming of methane (DRM) have been reported in the literature mainly in regard to catalyst design [53,54,55,56], the influence of process parameters [57,58] and coke deposition [59]. DR is commercially utilized in industrial processes, among others, in the CALCOR process (Caloric Gmbh) and SPARG process (Haldor Topsoe) [60]. Commonly used catalysts for DR processes are Ni-based catalysts supported on metal oxides, zeolites, perskvites and carbides [53,54,55], which are competitive with noble metals in their catalytic activities at affordable costs [61,62,63]. One of the technological challenges in DR processes is the deactivation of the catalyst, due to coke deposition or the sintering of Ni catalysts. To overcome this problem, various research have been undertaken, such as testing for different combinations of two or more active metals, promoters and supports [54,59,63,64]. Among the most important factors affecting the catalytic activity of the nickel catalysts are the interactions between metal active particles, copromoters and support. The appropriate ratio of particular components as well as the basicity of the support results in the high stabilization of dispersion, preserved particle size and the retarded formation of coke.



In recent years, the use of plastic waste as a hydrocarbon source for DR has gained a growing interest. Plastic waste is rich in CH–CH molecular chains; hence, it is a potential hydrocarbon feedstock for dry reforming. Moreover, the dry reforming of plastic waste is a promising solution to the problem of waste treatment. In this context, dry reforming combines pro-environmental methods for the management of both waste plastics and carbon dioxide. Therefore, the dry reforming of plastics is the subject of intensive research in the area of CO2 capture and disposal/storage processes [12,15,17,60].




4. Pyrolysis-Catalytic Dry Reforming


Currently, the pyrolysis-catalytic dry reforming (PCDR) process is gaining increasing attention. The process implements the pyrolysis of hydrocarbon sources, such as plastic waste, and the in-line dry reforming of pyrolysis gases in the presence of a catalyst. As a result, high-value-added synthesis gas and liquid chemicals are produced. Three main reactor configuration systems have been already proposed for PCDR processes and tested in the laboratory scale (see Figure 2a–c). The most commonly described are two-stage reactor systems, shown in Figure 2a,b. The first one consists of one tubular reactor divided into two stages, each heated by separate heating units. In the first stage, the pyrolysis process takes place, while in the second stage, the catalytic dry reforming is processed. An inert gas, such as nitrogen or argon, is fed into the first stage to provide an anaerobic atmosphere, while a CO2 stream is fed into the second stage [65,66]. The second two-stage reactor system (Figure 2b) differs by separating the two stages into two tubular reactors [10,12,13,14,15]. Another less common reactor system for PCDR is shown in Figure 2c. In this case, there is only one reactor and heating unit. The hydrocarbon source is pyrolyzed in the presence of CO2, thus, in fact, partial gasification takes place. Then, the mixture of pyrolysis gases, inert gas and carbon dioxide are directly transferred into the catalyst bed, where the dry reforming reaction takes place. In the literature, it is described as a one-stage reactor system [17]. For PCDR processes, the reactors used to date have been fixed bed reactors; however, there are many types of pyrolysis reactors that could potentially be implemented for the first stage of the PCDR process. The different types of pyrolysis reactors are shown in Figure 3 [67]. Reactors are classified depending on how the plastic feedstock is forced to move inside the reactor: pneumatically (fluidized bed reactor and fixed bed reactor), mechanically (auger reactor, rotary reactor, ablative reactor and reactor with stirrer) and gravitationally (column type reactor). Fixed bed reactors are the main type of reactors for large-scale chemical syntheses, used also in laboratory scale configurations for PCDR processes. It is a tube filled with a plastic feedstock with a gaseous stream flowing through the bed and being converted into pyrolytic products. In the fluidized bed reactor, the gaseous stream is passed through a plastic feedstock at speeds that are high enough to suspend the solid and cause it to behave as though it were a fluid [68]. Auger reactors are mechanical reactors where a screw is used to convey the feedstock down the length of a tube [69]. The rotary reactor is a tube inclined slightly on the horizontal position, which is rotated slowly about its longitudinal axis. The feedstock is fed into the upper end of the cylinder and gradually moves down toward the lower end and undergoes mixing [68]. The ablative reactor consists of a chamber, inside of which is a spinning bowl where the feedstock is placed, and a hot plate at the top that moves vertically and applies pressure against the feedstock. The heat is conducted to the plastic feedstock by direct contact with a hot surface, and pyrolysis takes place within a thin layer in contact with the hot surface rather than the entire feed. This provides an opportunity to use large pieces of plastics [70]. The mechanical forces associated with mechanical reactors enhance particle mixing and heat transfer, which are key to successful pyrolysis.



Commonly, PCDR processes proceed at atmospheric pressure and the temperature is different for each stage. The pyrolysis step is carried out in temperature within the range of 673–773 K and DR in the range of 900–1100 K, due to DR reactions being favored in higher temperatures. When the process is carried out in the reactor system that is shown in Figure 2c, the operating temperature is the same for both stages and typically is in the range of 823–1123 K. Pyrolysis-catalytic dry reforming is a promising method in the valorization of waste plastics. By separating pyrolysis and DR, the process is more controllable than conventional one-stage thermo-chemical processes. In addition, pyrolysis solid residues containing contaminants remain in the pyrolysis unit, thus do not affect the catalyst. The gaseous products obtained in the PCDR process are free of tars, and therefore avoid the major problem involving gasification processes [16,71]. The catalysts used to date in PCDR processes are mainly nickel-based catalysts, containing various metals promoters, including Co, Mg, Ce, Cu, Ca, La, Mn, Ru, and Fe, as well as supports, including Al2O3, molecular sieves, activated carbon and zeolites [10,12,17,65]. The most common PCDR catalysts are Ni–Mg/Al2O3 and Ni–Co/Al2O3, due to their high catalytic activity and stability in the dry reforming of hydrocarbons [15,65]. To the best of our knowledge, there are no reports regarding the use of a catalyst in the pyrolysis stage of the PCDR process; only the reforming stage is catalytic.



4.1. Influence of Process Parameters


Product yield and quality heavily depend on numerous variables, including process conditions, type of feedstock, reactor configuration, catalyst type and catalyst:plastic ratio. Active metal, promoter, support and preparation method affect the catalytic activity of the catalyst and carbon deposition. In this section, the influence of those variables over the efficiency of syngas production in PCDR processes is discussed. The list of parameters of pyrolysis processes combined with dry reforming reported in the literature is presented in Table 3.



4.1.1. Feedstock Composition


The composition of waste plastic used as a feedstock is of great importance considering the yield and distribution of the products. The chemical structure of the polymer influences the mechanism of thermal degradation at the pyrolysis stage, thus the distribution of the product. Therefore, depending on the polymer raw material and solid residue, the liquid and gas yields will be different [4,73]. Furthermore, the mechanism for the dry reforming of hydrocarbons of varying chain length is quite different. Shah et al. [60] proposed that the mechanism for the C1–C3 hydrocarbon fraction differs from that of the higher hydrocarbons. For C1–C3 alkanes, the dissociation of the carbon–hydrogen bond followed by the oxidation of carbon fragments takes place. The rate controlling step in these cases is the activation of the C–H bonds in the hydrocarbon. Considering higher hydrocarbons, the first step is the direct dehydrogenation of alkanes to alkenes (Equation (3)). The hydrogen formed reacts with carbon dioxide (Equation (4)), thus the equilibrium of the dehydrogenation reaction is shifted. In these cases, the activation of CO2 is the rate controlling step.


CnH2n+2 + nCO2 ⇌ CnH2n + H2



(3)






CO2 + H2 ⇌ CO + H2O



(4)







The pyrolysis of different waste plastic gives a different distribution of gas, liquid and solid products as well as their compositions. According to the literature[74], alkenes gases represent the small molecular weight range of the scission process coupled with the stabilization of the resultant radical, which leads to the formation of carbon double bonds. Therefore, the pyrolysis of polyalkene plastics, such as PP and PE, leads to the formation of alkenes of the major products. On the other hand, the thermal degradation of PET, which has a high oxygen content, may lead to the formation of CO2 and CO, due to decarboxylation of PET [75]. Moreover, CO may be formed due to the reaction between CO2 and char. Encinar et al. [44] evaluated the products of the pyrolysis of polystyrene (PS), low density polyethylene (LDPE), acrylonitrile butadiene styrene (ABS), polyenterophthalate of ethylene (PET) and polypropylene (PP) at 1073 K under a heating rate of 20 K/min. In addition to the PET, for all plastics, the biggest fraction was composed of liquid/wax, followed by gases and the solid fraction. The two polyalkene plastics (PP and LDPE) produced very similar product yields, with high yields of oil (~79% and ~73%), followed by gas (~21% and ~25%) and negligible char yields. In the case of ABS and PS, the oil yield was also high (~92% and ~95%), but the gas yield was lower (~7% and ~4%), and the char yield was also negligible. During PET pyrolysis, a higher percentage of gases (~59%), followed by wax (~33%), and a significant solid fraction (~8%) are produced. Considering the composition of gases derived from pyrolysis, there are differences between plastics as well. Again, PE and PP were similar in relation to the principal gases formed and they formed mainly ethene and propene. Methane, ethane and propane were also present at lower concentrations. The PS and ABS are the plastics that, subjected to pyrolysis, produce a small quantity of gases. The derived gas consisted mainly of ethene and methane. In the case of PET, much lower concentrations of hydrocarbons are produced, mainly carbon dioxide and carbon monoxide. The results obtained by Encinar et al. [44] are consistent with the results obtained by Williams [45] and co-workers. They studied the pyrolysis of LDPE, PP, PS and PET in similar conditions (heating rate of 25 K/min and temperature of 973 K). It has to be taken into the account that, when the conditions are different, the percentage of the fractions can vary substantially. For example, Mastral et al. [76] carried out the fast pyrolysis of HDPE in various conditions: temperature in the range of 923–1123 K and residence time in the range of 0–2.3 s. In the pyrolysis process at 923 K, HDPE mainly formed liquid products (~76%) and a much lower yield of gaseous products (~24%). In contrast, when the pyrolysis process was carried out at 1123 K, the main products were gases (~87%), followed by liquid products (~14%).



Saad et al. [10] studied the two-stage pyrolysis-catalytic dry reforming of various types of waste plastics (LDPE, HDPE, PS, PET, and PP) over a Ni–Co–Al catalyst. The temperature was 773 K and 1073 K for pyrolysis and dry reforming, respectively. The highest yield of gas products was observed for LDPE (98.3 wt %) and HDPE (94.8 wt %) with no solid residue. In the case of PET, the highest yield of the solid residue equal to 4.0 wt % was noted. The differences in the phases of product distribution resulted from the different PET chemical structures compared to the polyalkene plastics and consequently, the different thermal behavior. This is in agreement with the results obtained by Alvarez et al. [77]. They investigated the co-pyrolysis/gasification of wood sawdust mixtures with different plastics over a Ni/Al2O3 catalyst at 873 K and 1073 K temperatures, for the pyrolysis and gasification steps, respectively. They also reported a high content (5.6 wt %) of solid residue resulting from the pyrolysis–gasification process of the biomass/plastic mixture containing 20 wt % PET. The highest gas and hydrogen production for the pyrolysis-catalytic CO2 reforming of LDPE and HDPE might be due to their high thermal degradation rate during the pyrolysis stage [78]. According to Ray et al. [21], different plastics are characterized by different thermal stability, hence their thermal degradation takes place under different temperature conditions. They reported that the thermal degradation of PP, under a heating rate of 10 K/min in an inert atmosphere, occurred at the temperature of about 623 K, while the thermal degradation of PE and PET occurred above 673 K. Furthermore, it can be concluded that the aliphatic alkanes and alkenes produced during the pyrolysis step are reformed to syngas more easily compared to aromatic compounds, which are the main products of the pyrolysis of PET and PS [16,46]. This is consistent with the data reported by Wu et al. [71], who studied the pyrolysis–gasification of PP, PS and HDPE at temperatures 773 K and 1123 K for the pyrolysis and gasification stage, respectively. Likewise, the highest hydrogen production equal to 0.303 g/gplastic was obtained in the case of HDPE.



The chemical structure of waste plastic affects also the type, formation mechanism and amount of carbon deposited on the catalysts [14,71,79]. Saad and co-workers [8] investigated the properties of coked catalysts using scanning electron microscopy and temperature-programed oxidation. They found that the developed structure of carbon deposits on the surface of each investigated catalyst is strictly dependent on the type of used plastic. The pyrolysis of PP and PS resulted in the deposition of carbon particles with a size within the range of 0.3–0.45 µm and with an oval shape, whereas, in the case of LDPE, a whisker-type structure and a size within the range of 0.15–0.3 µm was observed. In the case of the simulated waste plastic mixture—consisting of 42 wt % LDPE, 20 wt % HDPE, 16 wt % PS, 12 wt % PET, and 10 wt % PP—smaller (below 0.15 µm), more uniform, oval particles were observed. They suggested that, in the case of PS, the layered carbon formation is a result of the reformation of the heavier hydrocarbon compounds derived from the pyrolysis of PS. Wu et al. [71] showed similar results in the pyrolysis–gasification of waste plastics (PP, PS and HDPE). They indicated that more layered carbons were generated when PS was used as feedstock, whereas, for HDPE and PP, mainly filamentous carbons were generated. Filamentous carbon formation is affected and retarded when higher amounts of layered carbon (precursors of filamentous carbons) are generated during the pyrolysis–gasification of PS, which leads to the faster deactivation of the catalyst and, consequently, to a lower syngas and hydrogen production.



Regarding real-world waste plastics, due to their different composition depending on the source of the waste, product distribution and yields may differ. Some of them contain contaminants, such as S, Cl, N and other polymers at lower concentrations, such as polyvinyl chloride (PVC), polyamide (PA) as well as paper, biomass, metals and additives for plastics [80,81]. They may inhibit the process or promote additional coke deposition on the catalyst surface. Saad et al. [14] demonstrated that the pyrolysis-catalytic dry reforming of a wide range of municipal, commercial and industrial waste plastics can be successfully implemented to produce significant amounts of syngas. They demonstrated that a high yield of syngas can be generated from plastic origin, from household waste packaging, building construction sites, agriculture, electrical and electronics equipment waste plants. They carried out PCDR processes over Ni/Al2O3 and Ni–Co/Al2O3 catalysts at the temperatures of 773 K and 1073 K for the pyrolysis and DR stage, respectively. The lowest yield of syngas produced (41 mmol/gplastic) was from refuse-derived fuel, representing processed municipal solid waste mainly composed of plastics, paper, board, wood and textile materials without metals and glass. Carbon deposition during the catalytic dry reforming of plastics from waste refrigerator and freezer equipment (~5 wt %), mixed plastics recovered from old style cathode ray tube television sets and computer monitors (~7 wt %) and plastics from electrical and electronic equipment (~3 wt %) was higher compared to that during the processing of the other types of wastes (<1%). In addition, they indicated that different metal promoters may be required depending on the composition of waste plastics, due to the mixed outcome of the Co promoter in relation to syngas production. For example, in the case of household waste packaging plastics (mainly HDPE and PET), the addition of the Co promoter to the Ni/Al2O3 increased syngas yield from 146.32 mmol/gplastic to 156.45 mmol/gplastic, whereas in the case of plastics originating from agriculture (consisting of HDPE, LDPE and PP), syngas yield decreased from 153.67 mmol/gplastic to 121.26 mmol/gplastic. Considering the effect of contaminants present in real-world waste plastics, Wu et al. [71] observed a lower gas (87.1 wt %) and hydrogen production (0.196 g/gplastic) for the pyrolysis–gasification of municipal solid waste mixed plastic (containing mainly HDPE and PET) compared to PP and HDPE feedstocks. Gas yield was equal to 91.7 wt % and 98.8 wt %, whereas hydrogen production was equal to 0.241 g/gplastic and 0.303 g/gplastic for PP and HDPE, respectively. Moreover, the highest amount of coke formation on the catalyst was observed in the case of real-world waste plastic. It was explained by the deactivation of the catalyst, which resulted from the presence of contaminants and toxic elements, such as Cl, derived from small fractions of polymers, such as polyvinyl chloride, in the waste plastic.




4.1.2. Temperature


Temperature is an important process parameter affecting product yield and distribution, CO2 conversion, H2/CO ratio as well as catalyst activity. The PCDR process requires high temperatures due to the highly endothermic character of the reactions, for example, ΔH = 120–260 kJ/mol for different plastic pyrolysis [82], ΔH = 247 kJ/mol for the DR of methane [83] and ΔH = 170–430 kJ/mol for the DR of ethane [60]. Commonly, PCDR processes involve two different temperatures for the pyrolysis and for the catalytic dry reforming stages. For pyrolysis, the temperature is usually within the range of 673–773 K, while for reforming, it is within the range from 900 to 1100 K [10,12,13,14,15]. There are a few literature reports on PCDR processes carried out under the same temperature conditions for both stages. In this case, the maintained temperature was in the range of 823–1123 K [17,72].



Saad et al. [13] investigated the effect of the catalytic reforming temperature (873 K, 973 K, 1073 K and 1173 K) on synthesis gas production in the two-stage pyrolysis-catalytic dry reforming of waste plastics. The syngas yield increased as the catalyst temperature was raised from 873 K to 1073 K from 116.2 g/gplastic to 148.6 g/gplastic, respectively. CO2 conversion increased from 1.43 g/gplastic to 2.07 g/gplastic. At 1173 K, syngas yield and CO2 conversion decreased to 125.8 g/gplastic and 1.58 g/gplastic, respectively. They also observed the change in H2/CO molar ratio along with the increased process temperature equal to 0.55, 0.48, 0.49, and 0.66 for 873 K, 973 K, 1073 K and 1173 K, respectively. The authors indicated that the reduction in CO yield and increase in H2 yield at 1173 K may be due to the retarding of water gas shift reaction occurring at higher temperatures (Equation (5)). The researchers found that, with increased temperatures, the amount of pyrolysis hydrocarbon gases were reduced from 0.02 g/gplastic to 0.0 g/gplastic for C2–C4 and from 0.08 g/gplastic to 0.01 g/gplastic for CH4. However, simultaneously higher temperatures led to the sintering of the catalyst’s metal active particles. The concentration of carbon deposition was also dependent on the process temperature. The highest carbon deposition on the catalyst (Ni–Co–Al2O3) was observed at the temperature of 1173 K and was equal 5.50 wt.%. They suggested that the greater rate of the hydrocarbon decomposition reaction (Equation (6)), compared to the carbon gasification reaction (Equation (7)), may be the reason behind the carbon build-up on the catalyst surface at 1173 K.


CO2 + H2 → CO + H2O



(5)






CmHn → mC + (n/2)H2



(6)






C + CO2→ 2CO



(7)







Yamada et al. [9] examined the influence of the temperature of the catalyst as well as the temperature of pyrolysis in the PCDR process. They used a two-stage reactor system and the feedstock was polyethylene (PE). The investigated temperature range was of 900–1120 K and 680–720 K for the catalytic and pyrolysis steps, respectively. They observed that syngas yield increased with the increase in catalyst temperature and PE was completely reformed to CO and H2, when the catalyst temperature was 1120 K. Considering the effect of pyrolysis temperature on the PCDR process, they reported that a temperature higher than 680 K negatively affected syngas yield, due to the excessively high thermal decomposition rate of the polymers and the reaction on catalyst surface being too slow to reform all reactants to CO and H2. Lowering the pyrolysis temperature to 680 K resulted in a low pyrolysis rate, thus a low rate of reagents was supplied into the catalyst bed. Therefore, the time factor at the catalyst bed was increased and the pyrolysis products were completely converted to H2 and CO. However, a long time was required for the consumption of all the PE.



Al-Asadi et al. [17] studied the dry reforming of the mixture of real-world waste polymers (LDPE, HDPE, PP and PET) in a one-stage horizontal reactor into syngas. They carried out the processes at 823 K and 1123 K over Ni/ZSM-5 catalysts with different metal promoters (Ca, Ce, La, Mg and Mn). The results showed that the syngas yield increases with the increase in the reaction temperature. The average syngas yield for all catalysts was 57.1 mmol/g and 113.4 mmol/g for 823 K and 1123 K, respectively. A higher temperature favors the more intensive cracking of the C–C bond, leading to the dominant formation of gases over other pyrolysis phases. Moreover, the increase in syngas yields under 1123 K was attributed to the dry reforming reaction, which requires a high temperature to occur. Considering the carbon deposition on the catalyst surface, the authors demonstrated that the temperature increase to 1123 K resulted in the decreasing in the carbon deposited yields, from 11–17% to 5–7%, due to its gasification by CO2. These results are in accordance with another work of Al-Asadi and co-workers [72], in which they also investigated the dry reforming of waste polymers in a one-stage horizontal reactor over the same catalysts, but CO2 was produced in situ using dolomite. Again, increasing the temperature from 823 K to 1123 K enhanced syngas yield and decreased carbon deposition on the catalyst. The average syngas yield for all the catalysts in the presence of dolomite was 12.3 mmol/g and 102.7 mmol/g for 823 K and 1123 K, respectively. When they carried out the process without dolomite, the average syngas production was 11.8 mmol/g and 64.8 mmol/g for 823 K and 1123 K, respectively. This means that the dolomite presence did not affect significantly the gas formation at 823 K. In addition, the higher pyrolysis temperature led to a lower amount of deposited carbon on the catalyst surface, which was in the range of 12–16% at 823 K and decreased to a range of 6–10% at 1123 K.




4.1.3. Catalysts


Catalysts play a key role in the process of the pyrolysis-catalytic dry reforming of waste plastics, thus requiring an optimum design. Nickel-based catalysts are the most common catalysts used for syngas production from plastics by thermo-chemical conversion and are considered to be the most viable catalysts due to their high activity, selectivity, stability and competitively low cost [60,84,85]. Nickel-based catalysts show high efficiency in the catalytic dry reforming of pyrolysis gases due to their higher capacity to break C–C chemical bonds, which results in the high amounts of hydrogen produced [86]. The beneficial properties of nickel-based catalysts are affected by many parameters, including co-catalysts, promoters and the support. Their structure and properties affect the size and shape of Ni particles. The effect of co-catalysts, promoters and the support properties result from the enhancement or deterioration of the Ni dispersion stability through affecting the metal active-support interactions, nucleation and particle’s formation. Moreover, the introduction of additives to the nickel catalysts may retard or improve the catalysts’ properties, such as basicity and mechanical properties. To date, many types of nickel-based catalysts have been investigated. Al2O3 [13,15,66] and ZSM-5 [17,72] have been used as supports. Co, Mg, Cu, Ru, Ca, Ce, La and Mn have been examined as promoter and co-catalysts [12,14,15,65]. The list of the selected catalyst examined in PCDR processes is shown in Table 2.



The method of catalyst preparation influences its physicochemical properties, thus catalytic activity and stability. The preparation of the catalyst via a suitable method can result in a higher surface area, better particle dispersion and stronger metal–support interaction, which are factors responsible for high activity, stability and resistance against carbon formation and sintering [55]. The conventional catalysts for dry reforming processes are mainly prepared by several methods, including sol–gel, impregnation and co-precipitation [53]. Saad et al. [13] compared the effect of two methods of Ni–Co–Al2O3 catalyst preparation, the co-precipitation technique and the impregnation technique, on its performance in the dry reforming of waste plastics. The co-precipitation method involved the dissolution of Co(NO3)2·6H2O, Ni(NO3)2·6H2O and Al(NO3)3·9H2O in deionized water at 40 °C, and the addition of 1 M ammonium solution to pH 8.3 until the precipitate was formed. The impregnation method involved the dissolution of Ni(NO3)2·6H2O in deionized water at 80 °C, the addition of Co(NO3)2·6H2O and, after 30 min, the addition of γ-Al2O3 to form a slurry. Both precipitates were filtered, dried, and then calcined at a temperature of 750 °C for 3 h. All the catalysts were crushed and screened to a particle size in the range of 50–212 µm. An increase of 17% of the synthesis gas yield was achieved from the experiment with the catalyst prepared by the co-precipitation technique compared to the preparation via the impregnation method. On the other hand, they observed a slightly increased carbon deposition on the catalyst prepared via the co-precipitation technique (1.7 wt %) compared to the catalyst prepared via the impregnation technique (1.5 wt %). Aghamohammadi et al. [87] conducted a similar research comparing the catalyst Ni/Al2O3–CeO2 prepared by the sol–gel and impregnation methods for the dry reforming of methane. The preparation of the catalyst via the impregnation method involved two steps: the first step was ceria doping over alumina and the second step was the addition of Ni to the composite support of Al2O3–CeO2. In the first step, Ce(NO3)3·6H2O and γ-Al2O3 were added to deionized water to prepare a sample with 10 wt % of CeO2 in the support. The obtained sample was stirred for 5 h at 60 °C. The composite Al2O3–CeO2 material was collected via filtration and dried at 110 °C for 12 h followed by calcination at 550 °C for 4 h. In the second step, the synthesized support was impregnated with an aqueous solution of Ni(NO3)2, while stirring for 5 h at 60 °C to yield 10 wt % Ni on the Al2O3–CeO2 support. The solid was filtered and dried at 110 °C for 12 h followed by calcination at 550 °C for 4 h. For the synthesis of the Ni/Al2O3–CeO2 catalyst via the sol–gel method, appropriate proportions of Al and Ce precursors were separately dissolved in deionized water at 60 °C for 5 h, followed by the addition of the Ni precursor as an active phase and by stirring for another 5 h. During the synthesis, citric acid as gelling agent was added drop wise into the solution under continuously stirring. After this, the mixture was held in a water bath at 65 °C to form a wet gel. The obtained gel was dried at 110 °C for 12 h and calcined for 6 h at 550 °C under static air. They reported a higher distribution of the active phase with a smaller particle size (average particle size of 35.9 nm) in the sol–gel method than the impregnation method (average particle size of 55.7 nm), which resulted in an enhanced catalytic performance. The dry reforming of methane at 1023 K over the catalyst prepared via the impregnation method resulted in an 18% H2 yield and a 28% CO yield. When the catalyst prepared via the sol–gel method was used, the H2 yield increased to 84%, whereas the CO yield increased to 90%. Moreover, the CH4 conversion was equal to 90% and 35% for the catalyst prepared via the sol–gel method and the impregnation method, respectively.



The introduction of promoters, such as Co, Mg, Ce, and Ru, to nickel catalysts may improve stability and catalytic activity by improving the physical and chemical properties [12,15,17,66,88]. Moreover, a better structure and uniformity of the catalyst particles can be obtained by adding metal promoters, which improve the metal dispersion. Al-Asadi et al. [17] studied the effect of the addition of different catalyst promoters (Ca, Ce, La, Mg and Mn) on a Ni-based catalyst in the pyrolysis dry reforming of waste plastic mixtures (HDPE, PP and PET). They demonstrated that the composition of the catalysts affects the composition of the products, for example, they increase the yields of gaseous products or promote isomerization, cyclization and aromatization reactions. The results showed that, among the other catalysts, Ce/Ni/ZSM-5 had the highest syngas yields equal to 61.1 mmol/g and 132.0 mmol/g at 823 K and 1123 K, respectively. The relation of syngas yields for the Ni/ZSM-5 catalyst with other metal promoters at 823 K were as follows: Ca (58.0 mmol/g) > Mn (57.4 mmol/g) > La (53.7 mmol/g) > Mg (51.9 mmol/g). At 1123 K, the relation of syngas yields for different metal promoters was quite different: La (119.2 mmol/g) > Ca (112.2 mmol/g) > Mg (103.8 mmol/g) > Mn (100.3 mmol/g). Moreover, Ren et al. [88] reported that a Ni-based catalyst modified by Ce exhibited excellent anti-coking ability and stability due to the presence of Ce, promoting coke elimination. Saad et al. [65] studied the catalytic performances of nickel-based catalysts modified by Cu, Mg and Co in the CO2 reforming of HDPE at 1073 K. The addition of the Mg and Co metal promoters to the Ni–Al catalyst increased the syngas production from 138.81 mmol/g to 146.96 mmol/g and 149.42 mmol/g, respectively. However, the Cu metal promoter reduced the syngas production to 130.56 mmol/g, which was attributed to the very weak Cu metal–support interaction, resulting in a low catalytic activity. The Ni–Co–Al catalyst performed the highest CO2 conversion (58%) compared to the Ni–Cu–Al (46%) and Ni–Mg–Al (52%) catalysts. The CO2 conversion for the Ni–Al catalyst was equal to 54%. They also observed the reduction in the carbon deposited on the catalyst surface after the catalytic process for the Co-modified catalyst from 1.0 wt % to 0.0 wt %. Furthermore, the investigation of the effect of the Co concentration showed that the higher the Co content, the higher the CO2 conversion and syngas production. Along with the increment in cobalt content from 25 wt % to 50 wt %, the syngas yield was enhanced from 139.74 mmol/g to 155.13 mmol/g, respectively. The promotional effect of cobalt as a promoter/cocatalyst was reported by [56,64,89,90]. The improved activity was attributed to the strengthening of the metal–support interaction. Other metals, such as magnesium, have been reported to exhibit a higher activity compared to cobalt. Saad et al. [15] investigated pyrolysis dry reforming combined with steam addition over Ni–Mg–Al and Ni–Co–Al catalysts. For the Ni–Mg–Al catalyst, a higher syngas yield (146 mmol/g) was observed than for Ni–Co–Al (135 mmol/g) within a CO2/steam ratio of 4:1. In addition, the H2/CO molar ratio was higher for Ni–Mg–Al, which was equal to 1.41, whereas for Ni–Co–Mg, it was equal to 0.94. The authors concluded that the Ni–Mg–Al catalyst promotes the process towards the steam reforming (Equation (8)) and water gas shift (Equation (9)) reactions and the Ni–Co–Al catalyst promotes the process towards the dry reforming reaction (Equation (10)) and the Boudouard reaction (Equation (11)).


CnHm + nH2O → nCO + (n + m/2)H2



(8)






CO + H2O → CO2 + H2



(9)






CxHy + xCO2 → 2xCO + y/2H2



(10)






C + CO2 → 2CO



(11)







Noble metal catalysts were also investigated to promote dry reforming processes [48,54,55,59,60]. The attractiveness of the noble-metal-based catalysts results from their high resistance to coke deposition, stability and high catalytic activity. Noble metal particles are not susceptible to sintering and thus provide a high dispersion. Moreover, they retard the formation of coke. Therefore, there is a significant difference in the performance of the noble-metal-based catalysts compared to their non-noble counterparts. However, the use of noble-metal-based catalysts is hindered by their high cost and limited availability. In this regard, alloy catalysts are preferable for industrial uses, where noble metals are added to the primary metal, which enhances the properties of the catalyst, while maintaining a comparatively low price. Younis et al. [12] performed the dry reforming of polypropylene over Ru–Ni/Al2O3 catalysts. The addition of a small amount of ruthenium (1 wt %) as a metal promoter to the Ni/Al2O3 catalyst (15 wt % Ni) enhanced the production of hydrogen from 0.03 mol/g to 0.04 mol/g. In addition, they indicated that the promoted catalyst with Ru is less prone to deactivation since less carbon is deposited on the catalyst surface in the presence of Ru (4 wt %) compared to the Ni/Al2O3 catalyst without the promoter (6 wt %). Yamada et al. [9] evaluated the effect of Pd/Al2O3 for the pyrolysis dry reforming of polyethylene. In the case of the dry reforming stage carried out at 910 K, the addition of the catalyst increased the hydrogen and carbon monoxide yields, from 1.7% to 35.4% and from 0% to 24.5%, respectively. When the temperature was increased to 1120 K, the polyethylene was completely reformed to CO and H2.



Transition metal carbide (TMC) catalysts are attracting increasing attention in DRH processes due to their high catalytic activity and thermal stability [63,91,92,93,94,95]. The molybdenum and tungsten carbides have very comparable catalytic activity to the noble metal catalysts and are stable at elevated pressures. Furthermore, TMCs are attractive due to their ability to prevent carbon deposition on the catalyst surface in the dry reforming process, due to the reaction mechanism based on carburization–oxidation cycles. In the dry reforming of methane, carbon dioxide is reduced to carbon monoxide with the simultaneous oxidation of carbide to metal oxide, followed by carburization, in which carbon atoms are obtained from methane cracking and carbon monoxide disproportionation. Therefore, the formation of carbon deposits on the catalyst surface is inhibited. The most commonly used carbide catalyst in the dry reforming of hydrocarbons is Mo2C. Brungs et al. [96] studied the dry reforming of methane at an elevated pressure over the supported Mo2C catalysts. The results showed that the relation in the stability of the catalysts is as follows: Mo2C/Al2O3 > Mo2C/ZrO2 > Mo2C/SiO2 > Mo2C/TiO2. The highest conversion of methane was in the case of the Mo2C catalyst supported on SiO2, followed by Mo2C/ZrO2, which reached 91% and 90%, respectively. Although both Mo2C/SiO2 and Mo2C/ZrO2 lead to the higher conversion of methane, Mo2C/γ–Al2O3, unlike them, showed no appreciable sign of deactivation after dry reforming for 40 h, with a conversion of methane close to 90%. On the other hand, the catalytic properties of tungsten carbide are similar to those of platinum catalysts, but its cost is much lower. Therefore, WC is widely studied for use in catalysis research, due to its potential to reduce the cost of the process by partially or completely replacing noble metals. Moreover, the literature reports indicate that WC catalysts are highly resistant to acid solutions and to CO poisoning, which results in a longer catalytic life [97,98]. However, attention should be paid to the fact that, at atmospheric pressure, metal carbide catalysts tend to deactivation due to CO2 oxidation of MxC to MO2. Therefore, with the aim to improve the catalytic properties of metal carbides, the addition of metals, such as Ni, Co and Fe, was investigated [89,91,99,100,101]. Guo et al. [95] fabricated a catalyst composed of metallic nickel and molybdenum carbide for the CO2 reforming of CH4. They demonstrated that the Ni–Mo2C catalyst is superior to conventional metal carbide catalysts as verified by its stable activity at atmospheric pressure. The role of Ni is to enhance the dissociation of CH4 for the regeneration of Mo2C. In the established unique oxidation and carburization cycle, MoO2 is carburized back to Mo2C, allowing for its stable performance. Zhang et al. [102] investigated the catalytic activity of the Ni–WCx catalysts for the DRM reaction at atmospheric pressure. Similarly, they demonstrated that Ni-modified WCx are active and stable catalysts for the DRM reaction. In addition, Lalsare and co-workers reported that the modification of the Mo2C catalyst with Fe results in enhanced catalyst stability and a better particle size distribution [100].



To the best of our knowledge, there are no reports regarding the use of transition metal carbide catalysts in the processes of the pyrolysis-catalytic dry reforming of plastics. TMC have great potential as catalysts in this area, due to their catalytic activity in the dry reforming not only of methane, but also of other hydrocarbons. TMC-based catalysts have been investigated in the dry reforming of ethane [103], propane [50,104] and butane [105]. The dry reforming of ethane (DRE) proceeds through the reduction of ethane and oxidative dehydrogenation (ODH), leading to the formation of ethylene, as presented in Equations (12) and (13) [103]:


C2H6 + 2CO2 = 4CO + 3H2



(12)






C2H6 + CO2 → C2H4 + CO + 3H2O



(13)







Porosoff et al. [103] investigated the Mo2C/Al2O3 catalyst in the dry reforming of ethane. They reported that the catalyst promoted the formation of ethylene, rather than the production of syngas through the DRE path. For propane, ODH processes are illustrated by Equations (14)–(18). CO2 oxidizes the surface of the TMC catalysts to produce oxycarbides. Propane forms a surface complex with the active oxygen from oxycarbide (Equation (14)), then the C–H bond is broken in the reduced centers (Equation (15)) or another active oxygen (Equation (16)). As a result, mainly propylene is formed.


C3H8(g) + O(a) ↔ C3H8O(g)



(14)






C3H8O(a) = C3H7O(g) + H(a)



(15)






C3H8O(a) + O(a) ↔ C3H7O(g) + OH(a)



(16)






C3H7O(a) = C3H6(g) + OH(a)



(17)






2OH(a) = H2O(g) + O(a)



(18)







Ronda-Lloret et al. [105] reported the catalytic activity of Co3O4/Ti2AlC in the dry reforming of butane. The level of butane conversion was 20% after 18 h of testing. The efficiency of the butane conversion was higher compared to Co3O4/TiO2, which exhibited only 5%. However, it was lower than that for Co3O4/Al2O3 (42%). Despite the lower activity, the Co3O4/Ti2AlC catalyst exhibited a higher stability and anticoking properties compared to the metal oxide-supported catalysts.



Deactivation and the possibility of regeneration of the deactivated catalyst is an important aspect of PCDR processes. Catalyst deactivation can occur by series of physicochemical phenomena, including metal sintering, metallic phase oxidation, the thermal degradation of the support and coke deposition [106]. The type of deactivation depends on the catalyst composition, structure, feedstock and operating conditions. The catalyst regeneration strategy involves reaction/regeneration cycles. The common way to regenerate a catalyst is to use an oxidizing medium at high temperatures, which causes the coke to burn out. According to the literature [107,108], Ni-based catalysts do not fully recover their activity after the first reaction/regeneration cycle, but, after several cycles, the sintering of Ni particles no longer occurs; hence, the catalysts gain more stability. Moreover, a more stable behavior during the reaction/regeneration cycles of Ni-based catalysts can be achieved by using spinel-like NiAl2O4, alloys of Ni–Fe or by incorporating compounds to support basicity regulation, such as MgO, CeO2, and MnO, to the Ni-supported catalyst [109,110,111].




4.1.4. Catalyst-to-Plastic-Feedstock Ratio


The ratio of catalyst to plastic feedstock is another important factor that affects the selectivity and yields of PCDR. From the point of view of the potential implementation of PCDR technology, efforts should be made to minimize the amount of catalyst in relation to plastic. There are few reports investigating the influence of the catalyst-to-plastic-feedstock ratio and its effect on syngas production for the pyrolysis dry reforming of waste plastics. Saad et al. [13] studied the catalyst:plastic ratios of 0.25, 0.5, 1.0 and 1.5 in the pyrolysis-catalytic dry reforming of simulated waste plastic mixtures (42 wt % LDPE, 20 wt % HDPE, 16 wt % PS, 12 wt % PET, and 10 wt % PP). The syngas yield gradually increased from 141.3 mmol/gplastic for a ratio equal 0.25 to 148.6 mmol/gplastic with a Ni–Co–Al2O3-to-plastic ratio of 0.5, followed by a slight decrease to 139.9 mmol/gplastic as the catalyst:plastic ratio was increased to 1.5. The addition of the catalyst reduced the deposition of carbon from 5.5 wt.% to 1.8 wt.% at a catalyst-to-plastic ratio of 0.25, which steadily decreased to 1.7 wt.% at a catalyst:plastic ratio of 0.5. Further increasing the catalyst:plastic ratio resulted in no carbon deposition on the catalyst surface. It was suggested that the additional loading of the catalyst allows for more pyrolysis gases to react with the catalyst, resulting in a lower carbon deposition on the catalyst and a higher gas production. Wu and Williams [112] reported that increasing the Ni–CeO2–Al2O3-catalyst-to-plastic ratio (0.25–2.0) resulted in an increased production of hydrogen from 48 wt % to 62 wt % in the catalytic reforming of polypropylene. However, in another work by Wu and Williams, no significant difference was observed upon increasing the catalyst:plastic ratio of the Ni–Mg–Al catalyst between the range 0.5 and 2.0 in the pyrolysis-catalytic steam reforming of municipal solid-waste-derived plastic [113]. It was assumed that a 0.5 catalyst:plastic ratio is adequate enough due to the effective catalytic activity of the Ni–Mg–Al catalyst. Wu et al. [114] investigated the effect of the catalyst:plastic ratio (1.0–3.0) in the pyrolysis–gasification of polyethylene plastic waste into hydrogen. Similarly, they demonstrated that 0.5 g of the Ni–Ce@SiO2 catalyst is effective enough per 0.5 g waste plastics. In addition, they found that increasing the loading of the catalyst in a range of 1.0–3.0 resulted in a slight drop (~5%) of H2 yield. This was attributed to the aggregation of the catalyst under high temperature conditions.



It should be noted that, in the above-mentioned works on PCDR processes, the catalyst/plastic ratio is considered as a continuous catalyst feed. Taking into account the fact that a given amount of catalyst can be used multiple times, while only the plastic feed is replaced by the subsequent amount, the process costs can vary significantly. Therefore, additional studies on the reuse and stability of the catalysts as well as possibility of their regeneration are necessary.




4.1.5. Steam Addition


Currently, the combination of dry and steam reforming is gaining increasing attention. The interest of the combined process lies in the results from the higher efficiency of the H2 production, thus a higher H2/CO ratio, which is the key factor in syngas quality [52,115,116] and the possibility to control the composition of the outlet stream. Moreover, the steam in the inlet gas can result in a decrease in the carbon deposition on the catalyst surface due to the gasification of coke, and therefore it allows to avoid the major problem involving catalyst deactivation [117]. The H2/CO ratio of synthesis gas is of significant importance in regard to the end-use application, due to different products requiring syngas with different H2 and CO content. Song and Guo [52] described a wide range of possible syntheses using syngas with different H2/CO ratios, including the production of liquid fuels through the Fischer–Tropsch process, the production of methanol through catalytic reactions with syngas and the production of various aldehydes and alcohols via the hydroformylation reaction. According to their study, for Fischer–Tropsch syntheses, the desirable syngas composition is best characterized by a H2/CO ratio of about 2.0, but for the hydroformylation reaction, the optimum H2/CO ratio is around 1.0. Synthetic gas, rich in hydrogen, with a H2/CO ratio equal to 3 or greater, is dedicated for processes that require high contents of H2, e.g., ammonia synthesis. The required H2/CO ratios of synthesis gas for selected products are summarized in Table 4.



As shown in Table 3, in the pyrolysis-catalytic dry reforming of waste plastics, depending on the process conditions, catalyst and feedstock, syngas with different H2/CO ratios can be obtained. However, in most of the presented results, the H2/CO ratio is less than the unity, thus the product of the dry reforming of waste plastics should be dedicated to units in which a carbon-monoxide-rich substrate is needed. For applications of syngas with a higher H2/CO ratio, the supplemental addition of H2 would be required to adjust the H2/CO ratio or, instead, the addition of steam in the feed gas. Feeding the inlet gas with the appropriate CO2/H2O ratio to the reforming unit is a promising approach for controllable redeeming units. There are many investigations on the beneficial effects of steam addition on product yields and the reduction in the carbon deposition on the surface of the catalyst. When steam is introduced into the dry reforming system, both the steam and dry reforming reactions (Equations (19) and (20)) occur simultaneously [120]. In addition, the H2 production is also improved due to steam enhancing the water–gas shift (Equation (21)) equilibrium [16]. In general, the kinetics associated with the steam reforming reaction are more favorable compared to the dry reforming reaction [60]. CO2 and H2O compete for the same adsorption sites. Guilhaume et al. [120] in their work reporting combined reforming, reported that, at high temperatures, the surface of the Ni–Rh/MgAl2O4 catalyst was covered mainly by strongly adsorbed H2O species. The introduction of steam into the system in a non-stoichiometric quantity allows to manipulate the H2/CO molar ratio. Furthermore, steam may also act as a char gasifier in the reforming process. Char steam gasification (Equation (22)) kinetics is between two and five times faster than under a CO2 atmosphere (Equation (23)), thus the enhanced reduction in carbon deposition under steam input [117].


CnHm + nH2O → nCO + (n + m/2)H2



(19)






CxHy + xCO2 → 2xCO + y/2H2



(20)






H2O + CO ⇌ H2 + CO2



(21)






C + H2O → CO + H2



(22)






C + CO2 → 2CO



(23)







Saad et al. [15] investigated a range of different CO2/steam ratios of the inlet gas for the pyrolysis-catalytic reforming of a mixture of plastics: 4:0, 4:0.5, 4:1, 4:1.5 and 4:2 for the Ni–Co/Al2O3 catalyst and 4:0, 4:0.5, 4:1, 4:2 and 4:3 for the Ni–Mg/Al2O3 catalyst. Their results showed that, by manipulating the CO2/steam input ratio, the syngas H2/CO ratio can be manipulated between 0.74 and 0.94 for the Ni–Co/Al2O3 catalyst and between 0.6 and 1.4 for the Ni–Mg/Al2O3 catalyst. The optimum CO2/steam ratio was observed at 4:1 for both catalysts due to the highest H2/CO molar with an acceptable syngas yield at 133.87 mmolsyngasg−1plastic for Ni–Co/Al2O3 and 146 mmolsyngasg−1plastic for Ni–Mg/Al2O3. Moreover, they observed a decrease in the carbon deposited on the catalyst from 23.50 wt%, in the experiment without steam addition, to 0.50 wt% at the CO2/steam ratio of 4:2. Increasing the reduction in carbon deposits on the catalyst with the increase in the steam content in inlet gas indicates that a carbon gasification with steam occurred (Equation (22)).



In another work, Saad and co-workers [66] carried out further investigations on syngas production from the non-catalytic pyrolysis dry reforming of HDPE with the addition of steam. Carbon dioxide and steam were introduced to the system at different CO2:H2O ratios: 1:0, 3:1 and 1:3. Similarly, the addition of steam enhanced hydrogen production and reduced carbon deposition. The highest amount of hydrogen produced and the lowest carbon deposition was achieved at a CO2:H2O ratio of 1:3 and was 66.47 mmol/gplastic and 0.11 g/gplastic, respectively. The addition of steam to the non-catalytic system also resulted in high amounts hydrocarbons, such as methane, which increased with further steam addition. They suggested that the addition of steam may affect the reaction conditions inside the reactor and may consume some energy in the reactor, hence limiting the hydrocarbon-cracking efficiency. It is in accordance with the results obtained by Wu and co-workers [71], in which the hydrocarbon concentration of the non-catalytic pyrolysis–gasification of HDPE was higher when steam was introduced. However, with the addition of the Ni–Mg–Al catalyst in that study, the efficiency of the cracking of methane and other hydrocarbons was enhanced and resulted in lower concentrations of hydrocarbons and a higher hydrogen yield.



According to Wysocka et al. [115], the addition of steam in the combined reforming of methane resulted in a higher efficiency of hydrogen production as well, thus a higher H2:CO ratio. The introduction of a feed composition CH4:CO2:H2O = 1:0.8:0.4 and CH4:CO2:H2O = 1:0.6:0.6 resulted in an increase in the average value of hydrogen-to-carbon-monoxide ratio to about 1.5, while CH4:CO2:H2O = 1:0.4:0.8 resulted in a H2:CO ratio of around 2. On the other hand, combined reforming resulted in a lower CO2 conversion compared to dry reforming. A similar tendency was also reported in the previously mentioned works regarding the pyrolysis-catalytic dry reforming of waste plastics [15,66].





4.2. The Strategies and Challenge on Carbon Disposal


Scaling up the PCDR process always brings with it additional challenges, such as the need to manage waste. One of the main challenges in the plant scale is the post-process carbon disposal. The main product of PCDR processes is synthesis gas; however, depending on the process parameters, by-products, such as liquid oil or char, can be formed. These products can also be valuable, so, on an industrial scale, their separation and further use should be considered.



Liquid oil generated in the pyrolysis of waste plastics, which is rich in liquid hydrocarbons (aromatic, olefin, and naphthalene), can be used as a recovered resource in energy-related applications, such as heating purposes, electricity generation, transportation fuel or feedstock for the generation of chemicals. Miandad et al. [73] studied the conversion of different types of plastic waste (PS, PE, PP and PET) into valuable liquid oil via pyrolysis process. The obtained liquid oil had higher heating values (HHV) in the range of 41.7–44.2 MJ/kg, which is close to conventional diesel. Therefore, the liquid oil generated in the PCDR process could be used as an alternative energy source and as transportation fuel after refining/blending with conventional fuels. Nileshkumar et al. [121] used plastic pyrolysis oil generated from waste HDPE, LDPE and PP as transportation fuel after mixing it with diesel fuel. They concluded that a blend containing 20 vol. % of pyrolytic oil exhibited an engine performance equivalent to conventional diesel fuel. Rehan et al. [122] proposed the application of the liquid oil generated in the pyrolysis of municipal plastic waste as fuel in a diesel engine to produce electrical energy, due to its similar characteristics to conventional diesel (density 0.8 kg/m3, viscosity up to 2.96 mm2/s, flash point 30.5 °C and energy content 40 MJ/kg). Saptoadi et al. [123] demonstrated that plastic waste (PE, PP, PS, and PET)-derived oil can be used as a partial substitute for kerosene in pressurized cookstoves. They indicated that the thermal efficiency of pyrolytic oils blended with kerosene in a volumetric ratio of 1:3 do not differ significantly (~3%) from pure kerosene. Furthermore, liquid oil can be also processed to recover chemicals, such as styrene, benzene, toluene or polymeric monomers, which can be transferred to an established market [124].



A solid by-product that remains after the pyrolysis stage is char. Char also has a wide list of its potential applications: adsorbent in the water treatment [125], activated carbon production [126], reducing agent [127], fuel briquettes [128], raw materials for fabrication of graphene [124], supercapacitors [129], nanocatalysts and nanofillers for composite applications [130].



An important aspect that should be taken into account is also the composition of the synthesis gas obtained in the PCDR processes. According to the literature reports on PCDR processes summarized in Table 3, the obtained synthesis gas was rich in carbon monoxide (H2/CO ratio around 1). Therefore, as obtained, syngas is suitable for several processes, such as the synthesis of dimethyl ether or oxo-synthesis process in aldehyde and alcohol production [52,119]. If the synthesis gas produced were to be used in processes requiring a higher content of hydrogen, such as methanol production or the Fisher–Tropsch syntheses, the strategy discussed in Section 4.1.5 involving the addition of steam to the input stream could be followed, resulting in a higher H2/CO ratio. On an industrial scale, it is also worth implementing stream recirculation, which would allow to maximize the use of carbon dioxide feedstock and enhance the efficiency of synthesis gas production.





5. Concluding Remarks and Prospects


In recent years, the pyrolysis-catalytic dry reforming of waste plastic to syngas has gained more attention and is increasingly being advanced, as regard to environment considerations in terms of emissions of CO2 and waste management. It is well known that syngas can then serve as a feedstock for further chemical processes, such as in the Fischer–Tropsch synthesis, to produce a number of subsequent chemical products and fuels.



In this work, we discussed the influence of many process parameters, such as operating conditions, catalyst, feedstock on the efficiency of the PCDR (pyrolysis-catalytic dry reforming) process, and their optimization is a challenge for further research. Despite the variability of the studies, a joint analysis of the results allows to establish the state of the art in relation to the process variables studied. The type of feedstock is of great importance as, depending on its composition and the chemical structure of constituents, different product distribution and composition can be obtained, as well as it may affect carbon deposition on the catalyst. In general, it was found that the pyrolysis of polyalkene plastics mainly leads to the formation of alkenes, such as ethene and propene; PET generates a high amount of gaseous fraction, composed mainly of CO2 and CO due to its high oxygen content, while PS forms a high liquid fraction composed mainly of styrene. In PCDR processes, LDPE and HDPE were found to produce the highest content of gaseous products and the solid residue is negligible. PET, due to its different thermal behavior, generates relatively high amounts of solid residues compared to polyalkene plastics. Moreover, from the same raw material, different products depending on the thermal degradation conditions, such as temperature, heating rate or residue time, are produced. Gaseous products have been found to be favored under conditions of higher temperature and higher heating rate, while under conditions of lower temperature and lower heating rate, more liquid and solid products are produced. In the available reports on PCDR, there are no comprehensive studies on the conversion of a specific type of polymer waste in a wide range of conditions and the impact on the obtained product to date. No attempts were made to apply the conditions corresponding to fast/flash pyrolysis in PCDR, which according to the literature, may allow to obtain a greater partition of gases in the pyrolysis stage. Thus, future studies should also be conducted to understand the impact of pyrolysis technology in PCDR on the various output products. Furthermore, the type of plastic feedstock affects the type and amount of carbon deposited on the catalysts, hence its deactivation. The deactivation of the catalyst due to carbon deposition regards mainly PS feedstock. The pyrolysis of PS generates heavier hydrocarbon compounds, and their reformation results in the formation of layered carbon, which leads to the faster deactivation of the catalyst than the filamentous carbon formed in the case of polyalkene plastics. In addition, few researchers used real plastic waste in their research. Instead, pure plastics or simulated mixtures were used. It should be noted that real wastes are not free of various contaminants and have diverse compositions, which may adversely affect the quality of the obtained synthesis gas. Hence, the scope of further research should also be expanded to include real wastes.



Mainly nickel-based catalysts have been used to date in PCDR processes; however, there is a need to overcome the problem of catalyst deactivation while maintaining a high catalytic activity. Considering industrial applications and the commercialization of syngas production via the pyrolysis-catalytic dry reforming process, it is necessary to develop cheap and robust catalysts with a high performance and long-term stability. The properties exhibited by catalysts depend strictly on the extent and manner with which its constituent components interact with one another. In this regard, it is imperative to conduct in-depth research on the synergistic interactions of catalyst components, such as active sites, basicity and metal–support interactions. The strong interactions between metal and support, metal and promoter and other components of the catalyst are crucial for the enhanced catalytic activity and resistance towards deactivation at high reaction temperatures. Understanding these interactions will allow the production of catalysts with requisite selectivity, stability and conversions. In addition, there is insufficiently little research into the catalyst:plastic ratio and the possibilities of regeneration of catalysts; hence, it is also an important area for further research.



Typically, the synthesis gas obtained in the PCDR process of waste plastics has a H2/CO ratio of less than the unity, which is unsuitable from the perspective of its industrial application. Therefore, researchers should seek for new methods to improve the quality of the produced syngas. Recently, the combination of dry reforming with the addition of steam has been attempted and a positive impact on the H2/CO ratio was reported. Moreover, the presence of steam had a positive effect on the efficiency of the process and the carbon deposition on the catalyst was reduced.



Overall, despite the promising potential of conversion waste plastics in pyrolysis-catalytic dry reforming and the reported successful attempts to produce high-quality syngas, this is still an under-explored area. As mentioned earlier, many process parameters require more detailed investigation to optimize the process further. Moreover, the implementation of PCDR processes on an industrial scale includes the demand to obtain high yields and product quality, while maintaining a low cost of the process. PCDR processes are highly endothermic, thus a high energy demand can be considered as another challenge for researchers, who should search for attempts to reduce it, for example, by properly designed catalysts, which can lower activation energy of the reaction.



In conclusion, this review provides the starting point for further research on PCDR processes and developments in these technologies may emerge as a promising and sustainable approach to address the growing requirements for the management of plastic waste and new opportunities for environmental protection by the utilization of one of the greenhouse gases.
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Figure 1. Types of pyrolysis and the impact of process parameters on product distribution. 
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Figure 2. Different reactor configurations used in the laboratory scale pyrolysis-catalytic dry reforming process: (a) Two-stage reactor; (b) Two-stage reactor system consisting of two separate reactors; (c) One-stage reactor. 
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Figure 3. Different types of pyrolysis reactors. Reproduced with copyright permission from [67] (Elsevier). 
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Table 1. Typical technological parameters of different types of pyrolysis [23].
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	Pyrolysis Type
	Process Duration
	Temperature [K]
	Heating Rate [K/min]





	Conventional/slow
	10 min–10 h
	500–900
	5–10



	Fast
	10–20 min
	700–900
	50–100



	Flash/ultra-fast
	<10 min
	1000–1300
	>100
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Table 2. Selected process parameters of the pyrolysis of plastics and obtained product distribution.
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Plastic Feedstock

	
Pyrolysis Type

	
Temperature [K]

	
Heating Rate

	
Catalyst

	
Cat.:Plastic Mass Ratio

	
Product Distribution

	
Ref.




	
[wt %]




	
[K/min]

	
Gas

	
Oil

	
Char






	
Mixed plastic waste 1

	
Slow

	
773

	
10

	
-

	
-

	
14.2

	
75.8

	
10.0

	
[36]




	
Mixed plastic waste 1

	
Slow

	
773

	
20

	
-

	
-

	
10.5

	
82.0

	
8.5

	
[36]




	
Mixed plastic waste 1

	
Flash

	
773

	
Isothermal

	
-

	
-

	
91.0

	
7.0

	
2.0

	
[36]




	
ABS

	
Fast

	
773

	
Isothermal

	
-

	
-

	
5.2

	
91.0

	
3.8

	
[34]




	
PVC

	
Fast

	
773

	
Isothermal

	
-

	
-

	
44.3

	
35.9

	
19.8

	
[34]




	
PE

	
Flash

	
1273

	
Isothermal

	
-

	
-

	
>99

	
n.d.

	
n.d.

	
[35]




	
PP

	
Flash

	
873

	
Isothermal

	
-

	
-

	
61

	
39

	
0

	
[43]




	
PE

	
Flash

	
873

	
Isothermal

	
-

	
-

	
67

	
33

	
0

	
[43]




	
PS

	
Flash

	
873

	
Isothermal

	
-

	
-

	
65

	
35

	
0

	
[43]




	
PET

	
Flash

	
873

	
Isothermal

	
-

	
-

	
48

	
40

	
12

	
[43]




	
PS

	
Slow

	
1073

	
5

	
-

	
-

	
2.28

	
95.77

	
1.95

	
[44]




	
PS

	
Slow

	
1073

	
10

	
-

	
-

	
3.40

	
95.79

	
1.81

	
[44]




	
PS

	
Slow

	
1073

	
15

	
-

	
-

	
5.65

	
92.75

	
1.60

	
[44]




	
PS

	
Slow

	
1073

	
20

	
-

	
-

	
6.31

	
92.65

	
1.04

	
[44]




	
PE

	
Slow

	
1073

	
5

	
-

	
-

	
18.17

	
81.65

	
0.18

	
[44]




	
PE

	
Slow

	
1073

	
10

	
-

	
-

	
18.57

	
81.33

	
0.10

	
[44]




	
PE

	
Slow

	
1073

	
15

	
-

	
-

	
27.36

	
72.63

	
0.01

	
[44]




	
PE

	
Slow

	
1073

	
20

	
-

	
-

	
38.76

	
61.24

	
0.00

	
[44]




	
ABS

	
Slow

	
1073

	
5

	
-

	
-

	
2.89

	
95.99

	
1.12

	
[44]




	
ABS

	
Slow

	
1073

	
10

	
-

	
-

	
5.91

	
92.66

	
1.43

	
[44]




	
ABS

	
Slow

	
1073

	
15

	
-

	
-

	
8.06

	
90.47

	
1.47

	
[44]




	
ABS

	
Slow

	
1073

	
20

	
-

	
-

	
8.86

	
89.57

	
1.57

	
[44]




	
PET

	
Slow

	
1073

	
5

	
-

	
-

	
51.61

	
39.02

	
9.37

	
[44]




	
PET

	
Slow

	
1073

	
10

	
-

	
-

	
56.32

	
35.40

	
8.28

	
[44]




	
PET

	
Slow

	
1073

	
15

	
-

	
-

	
64.54

	
29.71

	
5.75

	
[44]




	
PET

	
Slow

	
1073

	
20

	
-

	
-

	
65.21

	
29.16

	
5.63

	
[44]




	
PP

	
Slow

	
1073

	
5

	
-

	
-

	
16.55

	
83.34

	
0.11

	
[44]




	
PP

	
Slow

	
1073

	
10

	
-

	
-

	
17.20

	
82.67

	
0.13

	
[44]




	
PP

	
Slow

	
1073

	
15

	
-

	
-

	
17.88

	
82.02

	
0.10

	
[44]




	
PP

	
Slow

	
1073

	
20

	
-

	
-

	
31.84

	
68.06

	
0.10

	
[44]




	
PE

	
Slow

	
773

	
10

	
-

	
-

	
n.d.

	
95%

	
n.d.

	
[42]




	
PE

	
Slow

	
773; TC = 673

	
10

	
ZSM-5

	
n.d.

	
5

	
84

	
11

	
[42]




	
PE

	
Slow

	
773; TC = 723

	
10

	
ZSM-5

	
n.d.

	
10

	
82

	
8

	
[42]




	
PE

	
Slow

	
773; TC = 773

	
10

	
ZSM-5

	
n.d.

	
18

	
76

	
6

	
[42]




	
PE

	
Slow

	
773; TC = 823

	
10

	
ZSM-5

	
n.d.

	
22

	
73

	
5

	
[42]




	
PE

	
Slow

	
773; TC = 873

	
10

	
ZSM-5

	
n.d.

	
28

	
67

	
5

	
[42]




	
PE

	
Slow

	
773; TC = 673

	
10

	
Y -zeolite

	
n.d.

	
5

	
84

	
11

	
[42]




	
PE

	
Slow

	
773; TC = 723

	
10

	
Y -zeolite

	
n.d.

	
10

	
79

	
11

	
[42]




	
PE

	
Slow

	
773; TC = 773

	
10

	
Y -zeolite

	
n.d.

	
11

	
77

	
12

	
[42]




	
PE

	
Slow

	
773; TC = 823

	
10

	
Y -zeolite

	
n.d.

	
11

	
76

	
13

	
[42]




	
PE

	
Slow

	
773; TC = 873

	
10

	
Y -zeolite

	
n.d.

	
19

	
70

	
11

	
[42]




	
PET

	
Fast

	
723

	
Isothermal

	
-

	
-

	
20

	
59

	
21

	
[38]




	
PET

	
Fast

	
873

	
Isothermal

	
-

	
-

	
19

	
67

	
14

	
[38]




	
PET

	
Fast

	
723

	
Isothermal

	
ZSM-5

	
2:1

	
55

	
21

	
24

	
[38]




	
PET

	
Fast

	
723

	
Isothermal

	
ZSM-5

	
4:1

	
63

	
12

	
25

	
[38]




	
PET

	
Fast

	
723

	
Isothermal

	
ZSM-5

	
6:1

	
69

	
9

	
22

	
[38]




	
PET

	
Fast

	
873

	
Isothermal

	
ZSM-5

	
2:1

	
51

	
29

	
20

	
[38]




	
PET

	
Fast

	
873

	
Isothermal

	
ZSM-5

	
4:1

	
60

	
26

	
14

	
[38]




	
PET

	
Fast

	
873

	
Isothermal

	
ZSM-5

	
6:1

	
66

	
14

	
10

	
[38]




	
PET

	
Fast

	
723

	
Isothermal

	
NiCl2

	
1:2

	
27

	
65

	
8

	
[38]




	
PET

	
Fast

	
723

	
Isothermal

	
NiCl2

	
1:1

	
18

	
77

	
5

	
[38]




	
PET

	
Fast

	
873

	
Isothermal

	
NiCl2

	
1:2

	
42

	
55

	
3

	
[38]




	
PET

	
Fast

	
873

	
Isothermal

	
NiCl2

	
1:1

	
29

	
69

	
2

	
[38]




	
HDPE

	
Slow

	
973

	
25

	
-

	
-

	
18.0

	
79.7

	
0.0

	
[45]




	
LDPE

	
Slow

	
973

	
25

	
-

	
-

	
15.1

	
84.3

	
0.0

	
[45]




	
PP

	
Slow

	
973

	
25

	
-

	
-

	
15.3

	
84.4

	
0.2

	
[45]




	
PS

	
Slow

	
973

	
25

	
-

	
-

	
3.4

	
83.8

	
3.5

	
[45]




	
PVC

	
Slow

	
973

	
25

	
-

	
-

	
2.5

	
84.62

	
13.8

	
[45]




	
PET

	
Slow

	
973

	
25

	
-

	
-

	
38.7

	
41.3

	
15.6

	
[45]




	
LDPE

	
Slow

	
773

	
6

	
-

	
-

	
9.1

	
90.9

	
0.0

	
[28]




	
LDPE

	
Fast

	
773

	
60

	
-

	
-

	
13.7

	
86.2

	
0.0

	
[28]




	
LDPE

	
Slow

	
673

	
1

	
-

	
-

	
16.88

	
82.68

	
0.44

	
[27]




	
HDPE

	
Slow

	
673

	
1

	
-

	
-

	
16.78

	
82.66

	
0.56

	
[27]




	
PP

	
Slow

	
673

	
1

	
-

	
-

	
16.53

	
83.16

	
0.31

	
[27]




	
LDPE, HDPE, PP mixture 2

	
Slow

	
673

	
1

	
-

	
-

	
17.04

	
82.25

	
0.71

	
[27]




	
Packaging plastic waste 3

	
Slow

	
673

	
1

	
-

	
-

	
21.36

	
74.98

	
3.66

	
[27]




	
HDPE

	
Slow

	
773

	
5

	
-

	
-

	
7

	
93

	
0

	
[46]




	
PP

	
Slow

	
773

	
5

	
-

	
-

	
5

	
95

	
0

	
[46]




	
PS

	
Slow

	
773

	
5

	
-

	
-

	
2

	
71

	
27

	
[46]




	
PET

	
Slow

	
773

	
5

	
-

	
-

	
32

	
15

	
53

	
[46]




	
HDPE

	
Flash

	
923

	
Isothermal

	
-

	
-

	
21.1

	
78.9

	
0.0

	
[47]




	
HDPE

	
Flash

	
1003

	
Isothermal

	
-

	
-

	
79.3

	
20.7

	
0.0

	
[47]




	
HDPE

	
Flash

	
1123

	
Isothermal

	
-

	
-

	
83.8

	
16.2

	
0.0

	
[47]








1 Mixture consisted of 58.6% PE, 26.9% PP, 5.6% PET, 8.8% PS, 0.1% thermosets. 2 Mixture of equal quantities of each plastic. 3 Mixture of equal quantities of waste LDPE, HDPE, and PP. n.d.—no data. Tc—temperature of the catalyst bed.
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Table 3. PCDR processes reported in the literature with different process parameters and the yield and H2/CO ratio of obtained syngas.






Table 3. PCDR processes reported in the literature with different process parameters and the yield and H2/CO ratio of obtained syngas.





	
Feedstock

	
Reactor Configuration

	
Operating Conditions

	
Catalyst

	
Cat.:Plastic Mass Ratio

	
Product Yield

	
H2/CO Molar Ratio

	
Ref.






	
PE

	
Two-stage fixed bed reactor system

	
TPyr = 720 K

	
Pd/Al2O3

	
11.2

	
YH2 = 35.4%

	
n.d.

	
[9]




	
TDR = 910 K

	
YCO = 24.5% 1




	
LDPE

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni–Co–Al

	
0.5

	
Ysyngas = 154.7 mmol g−1plastic

	
0.6

	
[10]




	
HDPE

	
Ysyngas = 149.4 mmol g−1plastic

	
0.5




	
PP

	
Ysyngas = 136.0 mmol g−1plastic

	
0.5




	
PS

	
TDR = 1073 K

	
Ysyngas = 126.3 mmol g−1plastic

	
0.3




	
PET

	
Ysyngas = 63.0 mmol g−1plastic

	
0.2




	
SWP 2

	
Ysyngas = 148.6 mmol g−1plastic

	
0.5




	
SWP 2

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni–Co–Al2O3

	
0.5

	
Ysyngas = 116.2 mmol g−1plastic

	
0.55

	
[13]




	
TDR = 873 K




	
TPyr = 773 K

	
Ysyngas = 144.0 mmol g−1plastic

	
0.48




	
TDR = 973 K




	
TPyr = 773 K

	
Ysyngas = 148.6 mmol g−1plastic

	
0.49




	
TDR = 1073 K




	
TPyr = 773 K

	
Ysyngas = 125.8 mmol g−1plastic

	
0.66




	
TDR = 1173 K




	
SWP 2

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni–Co–Al2O3

	
0.25

	
Ysyngas = 141.3 mmol g−1plastic

	
0.48

	
[13]




	
0.5

	
Ysyngas = 148.6 mmol g−1plastic

	
0.49




	
TDR = 1073 K

	
1

	
Ysyngas = 143.9 mmol g−1plastic

	
0.49




	
1.5

	
Ysyngas = 139.9 mmol g−1plastic

	
0.51




	
SWP 2

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni–Co/Al2O3

	
0.5

	
Ysyngas = 96 mmol g−1plastic

	
0.72

	
[15]




	
TDR = 1073 K




	
Steam addition:




	
CO2:steam = 4:0




	
TPyr = 773 K

	
Ysyngas = 107 mmol g−1plastic

	
0.88




	
TDR = 1073 K




	
Steam addition:




	
CO2:steam = 4:0.5




	
TPyr = 773 K

	
Ysyngas = 136 mmol g−1plastic

	
0.93




	
TDR = 1073 K




	
Steam addition:




	
CO2:steam = 4:1




	
TPyr = 773 K

	
Ysyngas = 159 mmol g−1plastic

	
0.85




	
TDR = 1073 K




	
Steam addition:




	
CO2:steam = 4:1.5




	
TPyr = 773 K

	
Ysyngas = 156 mmol g−1plastic

	
0.83




	
TDR = 1073 K




	
Steam addition:




	
CO2:steam = 4:2




	
SWP 2

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni–Mg/Al2O3

	
0.5

	
Ysyngas = 108 mmol g−1plastic

	
0.69

	
[15]




	
TDR = 1073 K




	
Steam addition:




	
CO2:steam = 4:0




	
TPyr = 773 K

	
Ysyngas = 113 mmol g−1plastic

	
0.60




	
TDR = 1073 K




	
Steam addition:




	
CO2:steam = 4:0.5




	
TPyr = 773 K

	
Ysyngas = 147mmol g−1plastic

	
0.75




	
TDR = 1073 K




	
Steam addition:




	
CO2:steam = 4:1




	
TPyr = 773 K

	
Ysyngas = 144 mmol g−1plastic

	
1.09




	
TDR = 1073 K




	
Steam addition:




	
CO2:steam = 4:2




	
TPyr = 773 K

	
Ysyngas = 132 mmol g−1plastic

	
1.41




	
TDR = 1073 K




	
Steam addition:




	
CO2:steam = 4:3




	
HDPE

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni–Mg/Al2O3

	
0.5

	
Ysyngas = 132 mmol g−1plastic

	
0.5

	
[66]




	
TDR = 1073 K




	
HDPE

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni-Al

	
0.5

	
Ysyngas = 138.81 mmol g−1plastic

	
0.47

	
[65]




	
Ni–Cu–Al

	
Ysyngas = 130.56 mmol g−1plastic

	
0.51




	
TDR = 1073 K

	
Ni–Mg–Al

	
Ysyngas = 146.96 mmol g−1plastic

	
0.49




	
Ni–Co–Al

	
Ysyngas = 149.42 mmol g−1plastic

	
0.47




	
PP

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni/Al2O3

	
0.5

	
Ysyngas = 170 mmol g−1plastic

	
0.41

	
[12]




	
TDR = 1073 K

	
Ru–Ni/Al2O3

	
Ysyngas = 160 mmol g−1plastic

	
0.35




	
Mixture of real waste plastics 3

	
One-stage horizontal tubular reactor

	
T = 823 K

	
Ni/ZSM-5

	
0.5

	
Ysyngas = 60.2 mmol g−1plastic

	
1.80

	
[17]




	
Ca/Ni/ZSM-5

	
Ysyngas = 58.0 mmol g−1plastic

	
2.03




	
Ce/Ni/ZSM-5

	
Ysyngas = 61.1 mmol g−1plastic

	
1.83




	
La/Ni/ZSM-5

	
Ysyngas = 53.7 mmol g−1plastic

	
2.23




	
Mg/Ni/ZSM-5

	
Ysyngas = 51.9 mmol g−1plastic

	
2.18




	
Mn/Ni/ZSM-5

	
Ysyngas = 57.4 mmol g−1plastic

	
2.12




	
Mixture of real waste plastics 3

	
One-stage horizontal tubular reactor

	
T = 1123 K

	
Ni/ZSM-5

	
0.5

	
Ysyngas = 112.6 mmol g−1plastic

	
1.81

	
[17]




	
Ca/Ni/ZSM-5

	
Ysyngas = 112.2 mmol g−1plastic

	
2.03




	
Ce/Ni/ZSM-5

	
Ysyngas = 132.0 mmol g−1plastic

	
1.89




	
La/Ni/ZSM-5

	
Ysyngas = 119.2 mmol g−1plastic

	
2.23




	
Mg/Ni/ZSM-5

	
Ysyngas = 103.8 mmol g−1plastic

	
2.19




	
Mn/Ni/ZSM-5

	
Ysyngas = 100.3 mmol g−1plastic

	
2.09




	
Mixture of real waste plastics 3

	
One-stage horizontal tubular reactor

	
T = 823 K;

	
Ni/ZSM-5

	
0.5

	
Ysyngas = 12.7 mmol g−1plastic

	
1.70

	
[72]




	
Ca/Ni/ZSM-5

	
Ysyngas = 11.7 mmol g−1plastic

	
1.93




	
Ce/Ni/ZSM-5

	
Ysyngas = 15.1 mmol g−1plastic

	
2.08




	
In situ CO2 generation using dolomite

	
La/Ni/ZSM-5

	
Ysyngas = 13.8 mmol g−1plastic

	
2.07




	
Mg/Ni/ZSM-5

	
Ysyngas = 10.5 mmol g−1plastic

	
2.00




	
Mn/Ni/ZSM-5

	
Ysyngas = 9.8 mmol g−1plastic

	
1.80




	
Mixture of real waste plastics 3

	
One-stage horizontal tubular reactor

	
T = 1123 K;

	
Ni/ZSM-5

	
0.5

	
Ysyngas = 95.2 mmol g−1plastic

	
1.83

	
[72]




	
Ca/Ni/ZSM-5

	
Ysyngas = 96.3 mmol g−1plastic

	
2.01




	
Ce/Ni/ZSM-5

	
Ysyngas = 115.6 mmol g−1plastic

	
1.78




	
In situ CO2 generation using dolomite

	
La/Ni/ZSM-5

	
Ysyngas = 111.8 mmol g−1plastic

	
2.11




	
Mg/Ni/ZSM-5

	
Ysyngas = 90.8 mmol g−1plastic

	
1.99




	
Mn/Ni/ZSM-5

	
Ysyngas = 106.3 mmol g−1plastic

	
1.98




	
Mixed plastics from household packaging 4

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni/Al2O3

	
0.5

	
Ysyngas = 146.32 mmol g−1plastic

	
0.46

	
[14]




	
TDR = 1073 K

	
Ni–Co/Al2O3

	
Ysyngas = 156.45 mmol g−1plastic

	
0.48




	
Mixed plastics from building construction 5

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni/Al2O3

	
0.5

	
Ysyngas = 143.85 mmol g−1plastic

	
0.50




	
TDR = 1073 K

	
Ni–Co/Al2O3

	
Ysyngas = 141.47 mmol g−1plastic

	
0.47




	
Mixed plastics from agriculture 6

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni/Al2O3

	
0.5

	
Ysyngas = 153.67 mmol g−1plastic

	
0.48




	
TDR = 1073 K

	
Ni–Co/Al2O3

	
Ysyngas = 121.26 mmol g−1plastic

	
0.54




	
Mixed plastics from freezer and refrigerator

equipment

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni/Al2O3

	
0.5

	
Ysyngas = 72.51 mmol g−1plastic

	
0.46




	
TDR = 1073 K

	
Ni–Co/Al2O3

	
Ysyngas = 72.12 mmol g−1plastic

	
0.42




	
Mixed plastic from cathode ray tube

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni/Al2O3

	
0.5

	
Ysyngas = 79.84 mmol g−1plastic

	
0.50




	
TDR = 1073 K

	
Ni–Co/Al2O3

	
Ysyngas = 92.63 mmol g−1plastic

	
0.46




	
Mixed plastics from electrical and electronic equipment

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni/Al2O3

	
0.5

	
Ysyngas = 85.49 mmol g−1plastic

	
0.34




	
TDR = 1073 K

	
Ni–Co/Al2O3

	
Ysyngas = 87.26 mmol g−1plastic

	
0.37




	
Refuse-derived fuel

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni/Al2O3

	
0.5

	
Ysyngas = 41.24 mmol g−1plastic

	
0.32




	
TDR = 1073 K

	
Ni–Co/Al2O3

	
Ysyngas = 41.49 mmol g−1plastic

	
0.34




	
SWP 2

	
Two-stage fixed bed reactor system

	
TPyr = 773 K

	
Ni/Al2O3

	
0.5

	
Ysyngas = 140.53 mmol g−1plastic

	
0.48




	
TDR = 1073 K

	
Ni–Co/Al2O3

	
Ysyngas = 148.56 mmol g−1plastic

	
0.50








1 PE was completely reformed to CO and H2 when the catalyst temperature was increased to 1120 K. 2 The simulated waste plastic (SWP) mixture consisted of 42 wt % LDPE, 20 wt % HDPE, 16 wt % PS, 12 wt % PET, and 10 wt % PP. 3 Mixture from municipal sources consisted of LDPE (14 wt %), HDPE (17 wt %), PP (19 %), PET (45 wt %) and other polymers (5 wt %). 4 Mixture mainly consisted of HDPE and PET. 5 Mixture mainly consisted of PS, PU, PE and PP. 6 Mixture mainly consisted of HDPE, LDPE and PP. n.d.—no data; TPyr—temperature of pyrolysis; TDR—temperature of dry reforming.
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Table 4. Synthesis gas end-use applications depending on the H2/CO ratio [52,60,118,119].






Table 4. Synthesis gas end-use applications depending on the H2/CO ratio [52,60,118,119].





	H2/CO Molar Ratio
	End-Use Application





	1
	Formaldehyde, polycarbonates, iron ore reduction, dimethyl ether



	2
	Methanol, Fisher–Tropsch syntheses



	3 or greater
	NH3, H2
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