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Abstract 

In this work, the thermal and catalytic pyrolysis of different types of plastic waste and 

a real mixture were investigated in a fixed-bed reactor over different catalysts (CaO, 

MgO, HY, HZSM-5). Important differences in gas, liquid, and solid yields were found as 

a function of polymer type. The highest gas yield was obtained with expanded polystyrene 

(52.3 %), and the maximum oil production with high-impact polystyrene (33.9 %), while 

polypropylene film led to the highest char release (17.5 %). Regarding the composition 

of the liquid oil, high-impact polystyrene showed the highest yield of gasoline-range 

product (426 g per kg of pyrolyzed plastic), mainly composed of aromatics compounds 

(90 %). The addition of catalysts increased the gas yield to the detriment of the oil 

produced. The effect was more evident for zeolite-type catalysts, i.e., the gas yield raised 

from 43.3 (non-catalytic) to 51.5 % (HZSM-5). Low influence on the oil composition, 

i.e., gasoline-range product, was detected. This can be explained by the fast deactivation 

of catalysts because of coke deposition. Only an increase in the fraction of gasoline in 

liquid oil was observed when low-cost catalysts (CaO and MgO) were used, without 

significant changes in the composition of this product. 

Keywords: Plastic waste; Pyrolysis; Catalysts; Gasoline-range product; Hydrocarbon 

types.  
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1. INTRODUCTION 

Today, the benefits of plastics are unquestionable: low cost, lightweight, aseptic, 

durable, resistant, and easy to mold. Unlike metals, they do not rust or corrode; most 

photodegrade and slowly break down into small fragments known as microplastics. Since 

the 1950s, their production, which relies heavily on fossil hydrocarbons, has overtaken 

the manufacture of any material due to the global shift from making durable plastics to 

single-use ones, which are discarded by the same year of manufacture [1]. According to 

recent estimations in Europe, only one-third of the collected post-consumer plastic waste 

(10.2 Mt) was sent to recycling facilities but over 23 % (6.9 Mt) was still sent to landfill 

[2]. Depositing plastic waste in a landfill does not mean eliminating the problem, but 

rather it can generate another one in the future. In this sense, plastic buried deep in 

landfills can leach harmful chemicals that spread into the soil and water.  Also, some 

recent works have shown that microplastics that are generated in a landfill without 

sufficient protection can be transferred to the environment and could have a very negative 

effect on ecosystems [3–5]. The European Strategy for Plastics in a Circular Economy [6] 

proposes a series of key measures to improve the economy and quality of plastic recycling 

and reduce waste and littering, among which are: favor the use of recycled plastics and 

reuse and recycling against the landfilling or incineration, eradicate illegal and non-

compliant landfills and use economic instruments to increase the cost of landfilling and 

incineration. 

Although many sorting processes have been implemented, only plastic waste, 

especially rigid plastics composed of one type of polymer, can be recycled through 

mechanical procedures. However, many more contaminated or mixed dirty plastics and 

plastics made of multi-materials that cannot be mechanically recycled for technical or 

economic reasons are accumulated in landfills [7]. Chemical recycling offers a solution 

for these unrecovered plastic wastes incorporating them as secondary raw materials in 

different industrial ecosystems. Chemical recycling is, therefore, a complementary 

solution to mechanical recycling, as it can be used to process a broader scope of plastic 

waste that is currently unsuitable for mechanical recycling. 

Pyrolysis is one of the most investigated chemical recycling technologies for the 

plastic waste [8]. In the last few years, many studies about the pyrolysis of different plastic 

waste have been published. Most pyrolysis studies have been carried out with individual 

plastics and mixtures. Particularly, thermal conversion by pyrolysis of polyethylene (PE), 
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both high density polyethylene (HDPE) and low density polyethylene (LDPE), 

polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET) and polyvinyl 

chloride (PCV), individually and in mixtures have been deeply examined [9–17]. For 

example, Rodríguez Lamar et al. [9] investigated the kinetic thermal pyrolysis of PP, 

HDPE, and LDPE. Also, the liquid fractions obtained from the pyrolysis were 

characterized according to ASTM standards and by gas chromatography. Williams and 

Williams [10] analyzed the thermal pyrolysis of mixed plastics to simulate the plastic 

composition of municipal solid waste (MSW) found in Europe and the interaction 

between polymers was investigated. Costa et al. [11] also examined the thermal pyrolysis 

of a plastic mixture derived from MSW containing PE, PP, PS, and small amounts of PET 

and PVC. The liquid fractions were analyzed using the gas chromatography-mass 

spectrometry technique and the effect of the presence of the different types of polymers 

on the hydrocarbons produced was discussed. Also, Singh et al. [12,13] analyzed the 

effect of heating rates, the residence time of volatiles in the reactor, and pyrolysis 

temperature on product yield and its composition on the pyrolysis of a post-consumer 

plastic waste mixture also composed of PE, PP, PS, PET, and PVC. Other authors 

analyzed the pyrolysis of PP under atmospheric and vacuum pressure at different 

temperatures and heating rates and reported volatiles composition as a function of 

pyrolysis conditions [14]. Recently, Rodríguez-Luna et al. [15] investigated the pyrolysis 

of HDPE in a two-step process to increase pyrolysis oil yield. The sequential process used 

in this study consisted of two pyrolysis steps, one focused on wax production and the 

other on oil yield operating parameters optimized based on statistical analysis. Other 

studies examined the effect of different types of plastic waste (PE, PP, PS, and PET) and 

their mixtures on the yield and quality of produced liquid oil from the pyrolysis process 

[16], even working with real streams of plastic waste rejected from the industrial plant 

[17]. 

In most cases, crude pyrolysis oils cannot be used directly, and many studies 

emphasized the need to upgrade the pyrolysis oils [18]. In this sense, fractional 

distillation, commonly used to separate petroleum oils, can be used to upgrade oil 

properties/composition. Some authors as Wiriyaumpaiwong and Jamradloedluk [19], 

studied the distillation of two pyrolytic oil samples derived from the pyrolysis of PE and 

mixed plastic wastes. Also, extensive research on producing determined valuable 

compounds from plastic waste pyrolysis has been widely conducted. For example, Jung 
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et al. [20] and Sarker and Rashid [21] pyrolyzed PE and PP under various reaction 

conditions and analyzed the content of benzene, toluene, and xylenes (BTX aromatics), 

which are very important petrochemical materials, in the oil product. For both PE and PP 

materials, it was found that the BTX aromatics content increased with the reaction 

temperature. Other authors examined the potential of liquid oil samples derived from the 

pyrolysis of plastic film waste as automotive diesel fuel. Distilled pyrolysis liquids in the 

diesel range and the liquid fractions were characterized according to automotive diesel 

standards [22]. Also, Baena-González et al. [23] reported compounds and materials that 

can be recovered from the distillation of pyrolysis oil obtained from PS. Other researchers 

completed a study to optimize liquid products obtained through refinery distillation 

bubble cap plate column [24]. These authors found important differences in product yield 

and characterization on each tray depending on the pyrolysis temperature. In addition, 

Demirbas [25] and Dobó et al. [26] pyrolyzed three plastic wastes (PE, PP, and PS) and 

their mixtures to obtain valuable gasoline-range hydrocarbons from the pyrolytic oil. 

Other researchers studied the hydrogen production from PE, PP, PS, and PET and their 

mixture [27]. 

Other options for improving the properties and composition of pyrolysis oils are co-

pyrolysis and the use of catalytic materials in the process. Regarding co-pyrolysis, it is 

thermal pyrolysis involving two or more different materials as feedstock; in this option, 

the mixing ratio of the materials is one of the most important influencing factors. 

Regarding catalytic pyrolysis, although a wide variety of catalysts has been investigated, 

mainly zeolites (predominantly HZSM-5 and HY) with remarkable acidic character, high 

surface area, and high pore volume. Also, available low-cost materials such as bentonite 

or metal oxides (CaO and MgO) have been extensively applied in both in-situ and ex-situ 

catalytic pyrolysis patterns [28,29]. The lower cost of these materials compared to 

synthetic zeolites makes them competitive for real applications at a large scale. For 

example, some authors have enhanced the formation of benzene, toluene, and 

ethylbenzene (BTE) aromatics by using the ammonium-type ZSM-5 zeolite as a catalyst 

in the pyrolysis of expanded polystyrene (EPS) [30]. Elordi et al. [31] also used HZSM-

5 supported on bentonite and alumina to pyrolyze HDPE, LDPE, and PP. Also, PE, PP, 

PS, and PET were catalytically pyrolyzed by Xue et al. [32]. The authors found 

differences in product distribution and composition at in-situ and ex-situ configurations 

and reported positive synergies between PE and PS or PE and PET. A simulated mixture 
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of plastics representing the plastic mixture found in municipal solid waste was pyrolyzed 

using spent zeolite from a fluid catalytic cracker (FCC) and HY, and HZSM-5 acidic 

zeolites [33], and authors reported that aromatic contents of oils increased with the 

presence of catalysts as well as increased the bed temperature. Especially, HY acidic 

zeolite promoted the formation of low molecular weight aromatic hydrocarbons. Also, 

co-pyrolysis of polycarbonate (PC) with PS was conducted to produce aromatic 

hydrocarbons using HZMS-5 as a catalyst [34]. A reaction temperature of 700 °C reaches 

a maximum content of aromatic hydrocarbons, and co-pyrolysis of PC with PS produced 

more monocyclic aromatic hydrocarbons. Other researchers studied the catalytic 

pyrolysis of individual PE, PP, PS, and PET and its mixture in the presence of CaO under 

a steam atmosphere. Authors reported that CaO enhanced the gas and liquid production 

from mixtures, and the wax content derived from PE and PP was reduced [35]. MgO and 

CaO were also used as catalysts for the pyrolytic conversion of PE and PP. These low-

cost catalysts improved the conversion to liquid products, decreasing the gas and char 

yields and producing liquid results in the gasoline, diesel, and kerosene range was 

achieved [36].  

Although thermal and catalytic pyrolysis of plastics is being studied individually and 

in blends, including by co-pyrolysis, few studies have been determined the possible 

interactions and synergic effects of the combination of polymers, especially coming from 

real post-consumer waste plastic that at the present time are being sent to landfills. In this 

work, the thermal and catalytic pyrolysis of a real mixture of post-consumer plastic waste 

comes from the rejected plastic fraction of non-selective collection of MSW was 

investigated over low-cost basic materials (CaO and MgO) and commercial acid zeolites 

(HZSM-5 and HY). The product yields of liquid oil of thermal and catalytic pyrolysis of 

individual plastics and the real mixture of plastics were analyzed. Analysis of 

hydrocarbon types in the gasoline-range product was specially examined in both thermal 

and catalytic pyrolysis. Specifically, the comparison performed between results of the 

evaluation of gasoline-range product derived from plastic pyrolysis of individual plastics 

and the real mixture is especially innovative. To the best of our knowledge, the present 

study is among the first ones to deeply investigate the influence of the polymer and 

catalyst, which can certainly affect the pyrolysis products, on the gasoline-range product. 

2. MATERIALS AND METHODS 

2.1. Raw material 
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The mixture of plastic waste used in this study came from the rejected plastic fraction 

of a mechanical biological treatment (MBT) plant in Granada (Spain). The mixture was 

composed of rigid polypropylene (PP), expanded polystyrene (EPS), high impact 

polystyrene (HIPS), polypropylene film (PP film), and polyethylene film (PE film). 

Before thermal and catalytic pyrolysis experiments, these polymeric fractions were 

identified by Near Infrared Spectroscopy (NIR) using a portable Panatec Thermo 

Scientific microPhazir AG analyzer with a wavelength range of 20400 – 1600 nm, 

separated, and subjected to a size reduction process (1-3 mm). Particularly, the received 

raw material showed an average composition (wt. %) of 56.10% of PP, 12.65% of PP 

film, 12.65% of PE film, 10.05% of EPS, and 8.55% of HIPS. Information about 

characteristics such as proximate and elemental analysis can be found in previous works 

[37,38] and a summary is provided in Table 1. 

Table 1. Characteristics of raw materials. Data from [37,38]. 

Analysis PP PP film PE film EPS HIPS 

Proximate 

Moisture, % 0.00 0.20 1.00 0.00 1.80 

Volatile matter, % 99.3 99.0 95.5 99.8 88.9 

Ash content, % 0.70 0.70 1.00 0.10 7.60 

Fixed carbon, % 0.00 0.10 2.40 0.10 1.70 

Elemental 

C, % 82.92 83.54 77.61 91.69 66.47 

H, % 14.47 13.95 11.91 8.28 7.63 

N, % 0.16 0.12 0.10 0.11 0.14 

S, % 0.00 0.00 0.00 0.00 0.00 

O, % 1.75 1.69 10.38 0.00 17.84 

 

2.2. Preparation and characterization of the catalysts 

Available low-cost catalysts, CaO and MgO materials, were supplied by Scharlab S.L. 

and PanReac, respectively. The commercial acidic zeolites used were HZSM-5 zeolite 

(zeolyst ZSM-5, SiO2/Al2O3 mole ratio = 30) and Y-zeolite (zeolyst Y, hydrogen, 

SiO2/Al2O3 mole ratio = 5.2) both supplied by Alfa Aesar.  
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The catalysts were calcined under an air atmosphere at 550 ºC for 3.5 h in a muffle 

furnace (Nabertherm, L 3/11/B180 Model) before using to stabilize their chemical, 

structural and morphological properties. Although commercial catalysts used in this 

contribution are well-characterized by manufacturers, the morphological modifications 

of the samples after calcination were analyzed, i.e., surface area and pore volume by N2 

adsorption-desorption isotherms conducted at -196 ºC in an ASAP2429 device from 

Micromeritics. The total surface area was determined by the BET method, the total pore 

volume by the N2 uptake at P/P0~0.99, the microporous surface and pore volume from 

the t-plot method, and the average pore size from the DFT method. 

2.3. Pyrolysis reactor and pyrolysis conditions 

The pyrolysis experiments were performed on a horizontal laboratory-scale fixed-bed 

tubular reactor (internal diameter 4 cm and length 34.25 cm) R50/250/12 model of 

Nabertherm made of stainless steel 316 and integrated with a flowmeter to regulate the 

inert nitrogen flow, see Figure 1. The experiments were carried out with approximately 

20 g of plastic waste placed in a closed 316 stainless steel tube (internal diameter of 27.25 

cm and 30.6 cm of length) with a chimney hole at a heating rate of 10 ºC·min-1 from room 

temperature to 500 ºC determined as optimum temperature for maximize liquid yield in a 

previous work [39] and with a constant flow rate of 0.8 L·min-1 of N2. Reached pyrolysis 

temperature, kept the reactor at this temperature for 60 min. Then, the pyrolysis test was 

finished; the reactor was cooled under a low nitrogen flow of 0.2 L·min-1 until room 

temperature was achieved. When used, the catalyst (1 g) was placed in a basket at the 

outlet line of the reactor but within the radiant zone. 

 

Figure 1. Representation of the installation used for the pyrolysis experiments. 
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Regarding the sampling of the products, the liquid fraction was collected using an ore-

weighted glass receiver submerged in a liquid bath at -7 ºC, and the solid product was 

taken from the steel tube when the reactor was cooled.  

The solid residue and the liquid products were directly weighted, and their yields were 

determined according to the following equations (gas yield by difference to 100%): 

�� = ��
��

. 100                                                       (1) 

�
 = ��
��

. 100                                                       (2) 

�� = 100 − ��� + �
�                                          (3) 

where mm, �� and �
 are the weights of the plastic sample, liquid, and solid products, 

respectively, and ��, �
 and �� are the yields of liquid, solid, and gases, respectively. 

Experiments were conducted in triplicate, and the average value obtained led to a relative 

standard deviation inferior to 5 %. 

2.4. Liquid product analysis 

2.4.1. Analytical procedure 

The identification of the components of the liquid fraction was carried out by gas 

chromatography (Agilent 8860 model) coupled to a triple-quadrupole mass spectrometer 

detector (Agilent 5977 model) with analysis scan speed ≤ 20000 Da·s-1 and ionization 

energy by the electronic impact of 70 eV. The column used was a Phenomenex with a 

nonpolar phase ZB-5ms (30 m, 0.25 mm internal diameter, and 0.25 µm of fill thickness). 

The oven temperature was programmed in two modes with initial temperatures of 40 and 

42 ºC for 5 and 4 min, injector temperature of 240 ºC in both ways, and final temperatures 

of 240 and 320 ºC for 6 and 4 min with 15 and 6 ºC·min-1 gradients, respectively. The 

samples were weighed and diluted in 1 mL of chloroform and injected in split mode (10:1 

for gasoline-range product and 5:1 for pyrolytic oil) at a constant flow of Helium of 1 

mL·min-1. 

2.4.2. Simulated distillation (SD) 

The determination the distribution of the boiling range of the compounds identified in 

the chromatograms of the gasoline fraction and pyrolytic oils was performed using 

D7096-19 and D2887-19a standard test methods of ASTM, respectively [40,41]. 

Synthetic mixtures of pure liquid hydrocarbons encompassing the boiling range of both 
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analytical techniques were used to determine reference retention times. The referential 

compounds were also confirmed using the National Institute of Standards and 

Technology (NIST) mass spectrum library database (NIST 08). 

To calculate the boiling point based on the retention time of the compounds in the 

samples, the referential times and boiling points of the referential compounds were used 

according to the following equation:  

��� = ��������
�������

� . ���� − �� � + ��                                    (4) 

where �� , ��" and �� , ��" are the boiling point and retention times of referential 

compounds, and ��� and ��� are the boiling points and retention times of the compounds 

in the sample. 

The boiling range distribution was reported as a function of weight percent distilled 

and the following products were analyzed according to ASTM designation 

D5154/D5154M-18 [42]: gasoline product, C5 compounds through compounds boiling 

up to 216 ºC, the light cycle oil (LCO) product defined to have a boiling point range of 

216 °C to 343 °C and the heavy cycle oil product (HCO) determined to have a minimum 

boiling point of 343 °C. 

2.4.3. Hydrocarbon types in the gasoline-range product 

The total concentration of total paraffins, monocycloparaffins, dicycloparaffins, 

alkylbenzenes, indans, tetralins and naphthalenes in the gasoline-range product was 

determined by the standard test method ASTM D2789-95 by mass spectrometry, based 

on the summation of characteristic mass fragments [43].  

2.5. Coke deposition on the catalysts 

Coke originates from undesirable side reactions and covers surface sites, ultimately 

blocking pores. It is a mixture of solid and non-volatile carbonaceous compounds which 

may include alkanes, alkenes or cyclic and aromatic molecules from feed or generated as 

an intermediate. To determine the coke yield on the catalysts, continued stripping and 

subsequent combustion of catalysts were carried out in a PerkinElmer TGA 

thermobalance STA6000 model. Approximately 20 mg of the spent catalyst was 

introduced in the thermobalance with a constant flow of 20 mL·min-1 of nitrogen from 

room temperature to 500 ºC at a heating rate of 15 ºC·min-1. Then, the desired temperature 

was maintained for 30 min, followed by flash combustion up to 550 ºC. The weight 
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percentages of volatile products were calculated and added to their respective cuts in the 

liquid product. In contrast, the total mass of the non-volatile fraction of coke was 

calculated according to equation 5: 

�# = �$��%
�%

. 100                                                       (5) 

where ηc is the coke yield, and mi and mf are the mass of the sample at the beginning and 

end of the combustion stage, respectively.  

3.  RESULTS AND DISCUSSION 

3.1. Characterization of the catalysts 

Table 2 shows the textural characterization of the different catalysts analyzed by N2 

adsorption-desorption isotherms after thermal treatment at 550 ºC. According to the 

IUPAC classification of physisorption isotherms, depicted in Figure S1, all the materials 

studied can be classified as type IV whose capillary condensation is accompanied by 

hysteresis loops of type H3, for basic low-cost catalysts, i.e., CaO and MgO and type H4, 

for acid zeolite-type catalysts [44]. The surface area and pore volume of CaO displayed 

the typical low values reported in the literature, in which the temperature does not 

considerably affect the textural properties [45]. The surface area of MgO was higher than 

CaO, with a remarkable mesoporous character as deduced from the porous size 

distribution, see Figure S2. Although MgO can be prepared with a more developed 

surface area, the value obtained in this case for the commercial formula treated thermally 

is in accordance with the reported for some MgO prepared after precipitation of hydroxide 

precursor formulas [46]. The acid zeolite-type catalysts, HY and HZSM-5, gave the 

highest micropore volume and surface area values. Particularly, the hieratically HY 

zeolite led to an extraordinarily high surface area and well-developed microporosity, i.e., 

over 90%, as reported from some ordered zeolite structures [47]. In this case, the HY 

samples presented a high contribution of micropores of ca. 19 Å. The HZSM-5 displayed 

lower values within the range expected for this zeolite [48,49].   

Table 2. Textural properties characteristics of the different catalysts. 

catalyst 
SBET  

(m2·g-1) 
SMP 

(m2·g-1) 
Sext  

(m2·g-1) 
VT 

(cm3·g-1) 
VMP  

(cm3·g-1) 

Average 
pore size  

(Å) 

MgO 58 2 56 0.131 < 0.001 90 

CaO 5 0.1 5 0.011 < 0.001 90 
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HY 1384 1274 110 0.639 0.432 50 

HZSM-5 488 440 48 0.204 0.147 31 

SBET: specific BET surface area; SMP, micropores specific surface area by t-plot method; SEXT: 
external specific surface area as the difference of SBET and SMP; VT: total pore volume from N2 
uptake at P/P0~0.99; VMP: volume of micropores by t-plot method; average pore size by DFT 
method 

 
3.2. Effect of type of polymer on thermal pyrolysis performance  

3.2.1. Effect of type of polymer on product yields 

Figure 2 shows the gas, liquid, and solid yields resulting from the pyrolysis of 

individual studied plastic waste. EPS was the polymer that produced the highest yield of 

gas (52.3%), followed by PP film (48.7%), PP (45.1%), PE film (38.1%), and HIPS 

(31.2%). Regarding the solid (char) yield, PP film, HIPS, and PE film were the plastic 

waste that generated more solids (17.5%, 13.4%, and 10.1%, respectively). About the 

liquid product, PP film generated a reduced amount of liquid (33.9%), while HIPS 

showed the highest liquid yield (55.5%). In addition, although some of the studied 

polymers (PP and PP film and EPS and HIPS) have the same thermoplastic base, 

significant differences in product yields were observed, perhaps due to different 

manufacturing processes; for example, EPS is prepared by impregnation with a blowing 

agent, such as isopentane, while HIPS is synthesized by emulsion polymerization in 

styrene-butadiene latex [50]. Also, the HIPS plastic sample used in this work mainly came 

from yogurt packaging, and it was pyrolyzed with all the other materials from yogurt 

labels, i.e., painted paper. 

If the theoretical (calculated yield according to the quantities of polymers present in 

the mixture) and real (experimental result obtained) product yields are compared, gas and 

char yields decreased from 44.2% to 43.4% (about 1.9 %) and 8.1 to 6.3% (around 22.8 

%), respectively. In contrast, the production of the liquid product increased from 47.7 to 

50.4 %, approximately an increase of 5.6 %.     
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Figure 2. Gas, liquid, and solid yields as a function of polymer type. 

In addition to the type of polymer (feedstock composition), other variables such as 

temperature, heating rate, particle size, use of catalyst, type of reactor, and type of system 

for the collection of the different products, can influence the product yields. Therefore, 

very different data can be found in the literature. Table S1 summarizes product yields 

found by other researchers on thermal and catalytic pyrolysis of plastic waste. For 

example, in the thermal pyrolysis of EPS waste, Verma et al. Field [30] reported a 

maximum liquid yield of 94.4% at 650 ºC. Other authors, by pyrolyzing a mixture of 

HDPE, LDPE, PS, PP, PET, and PVC at 700 ºC, reported a liquid yield of around 75%, 

about 9 % of gas, and a char yield of approximately 2 % [10]. Also, Inayat et al. [51] 

pyrolyzed PS at 400 ºC and 500 ºC, obtaining around 64 % and 76 % of liquid product, 

respectively. Similarly, a study of thermal pyrolysis of LDPE, PP, and their mixtures was 

done by Anene et al. [52] in a batch pyrolysis reactor at 460 ºC, obtaining a liquid yield 

of 86 % for PP and a liquid yield of 96 % for LDPE. Additionally, López et al. [17] 

studied the pyrolysis of a complex combination of HDPE, PP, PS, EPS, PET, PVC, PE 

film, PP film, and other packing materials (blister, tetra-brick, Al film, Al, iron, etc.) at 

500 ºC and obtained approximately the same yield data of liquid (53 %), gas (41.5 %), 
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and solid (5.5 %) than those reported here. Also, Williams and Williams [53], in the 

pyrolysis of LDPE, obtained a liquid yield of 45.3 % at 500 ºC. 

3.2.2. Effect of type of polymer on simulated distillation boiling points 

The simulated distillation curves of the liquid product obtained from the pyrolysis of 

the individual plastic wastes and their mixture are shown in Figure 3. Also, Table 3 

reports the yields of gasoline, light cycle oil (LCO), and heavy cycle oil (HCO) products 

(as a mass percentage). The trend of the curves suggested that liquid product from 

pyrolysis of HIPS presented lower volatilization temperatures since, in general, higher 

distilled mass fractions were reached at different temperatures, mainly between 130 ºC 

and 400 ºC. In opposition, the simulated distillation curve of PE film showed a low 

percentage of the gasoline-range product as higher boiling temperatures were needed to 

reach high distilled mass fractions; therefore, about 70% of the liquid was an HCO-range 

product. In addition, similar pattern curves were observed for PP, PP film, and the mixture 

of plastics with slight differences in yields of gasoline, LCO, and HCO-range products. 

Finally, EPS showed a different profile with similar product yields of gasoline and LCO-

range and a lower yield of HCO-range.  

Regarding the impact of the combination of the different plastic materials on gasoline, 

LCO, and HCO production, the mixture of plastic waste produced an average value of 

approximately 20 % more gasoline-range product than that which would be obtained as 

a proportional balance of the gasoline got from the individual plastic waste pyrolysis. 

Also, making the same evaluation, an average reduction of LCO and HCO of around 12 

% and 14 % was observed from the theoretical data from mixing LCO and HCO produced 

from the individual plastic pyrolysis, respectively. 
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Figure 3. Boiling temperature as a function of distilled mass fraction (simulated 
distillation) of the liquid fraction from thermal pyrolysis of the mixed plastic waste and 
their residual polymers.  

Table 3. Gasoline, LCO, and HCO products yields (mass %) in thermal pyrolysis (non-
catalytic) of post-consumer plastic waste 

Plastic-type Gasoline-range  LCO-range  HCO-range  
Mixture (theoretical) 39.7 25.2 35.1 

Mixture (experimental) 47.7 22.1 30.2 
HIPS 76.8 11.3 11.9 
EPS 37.3 40.0 22.7 
PP 42.4 25.3 32.2 

PP Film 36.8 24.0 39.2 
PE Film 7.2 23.3 69.5 

Average values with a relative standard deviation inferior to 5%. 

Finally, Table 4 reports the yields of the different types of products obtained from 

each polymer and the mixture studied in this work. The major yield was observed for the 

gasoline-range product in oils from pyrolysis of HIPS, PP, and the mix of plastics with 

values ranging between 235.35 and 426.2 g·kg-1 plastic. However, deficient gasoline 

production (40 g·kg-1 plastic) was observed in liquid from PE film pyrolysis due to higher 

bottoms (HCO) output uncracked. In general, wax is the main product obtained in the 

thermal pyrolysis of polyolefins at moderate temperatures [53]. Consequently, many 
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authors have reported the greater production of waxes, depending on the thermal pyrolysis 

conditions, in the pyrolysis of the PE [54,55].  

Regarding LCO-range product yield, it was higher in the liquid of thermal pyrolysis 

of EPS (222.0 g·kg-1 plastic) and lower in the case of HIPS pyrolysis (62.7 g·kg-1 plastic). 

Finally, HCO-range product values ca. 66.0 (HIPS) and 385.7 (PE film) g·kg-1 plastic 

was found. As indicated before, a high amount of heavy products was expected for PE 

film pyrolysis since the “liquid” obtained as the product was wax. 

Table 4. Gasoline, LCO, and HCO products yields (data in g·kg-1 plastic) in thermal 
pyrolysis (non-catalytic) of post-consumer plastic waste.  

Plastic-type Gasoline-range  LCO-range  HCO-range  
Mixture 240.4 111.4 152.2 

HIPS 426.2 62.7 66.0 
EPS 207.0 222.0 126.0 
PP 235.3 140.4 178.7 

PP Film 204.2 133.2 217.6 
PE Film 40.0 129.3 385.7 

Average values with a relative standard deviation inferior to 5%. 

Dobó et al. [26] also studied the gasoline production from pyrolytic oil of different 

mixtures containing HDPE, LDPE, PP, and PS, representing the plastic demand in 

Hungary, the EU, and the world. The gasoline-range product was obtained by 

atmospheric distillation with a yield of 473−512 g·kg-1 solid waste. These authors 

attributed the enhanced gasoline yield to the installation design that recirculates high 

boiling point components into the reactor for further molecule scission. The researchers 

also reported an increase in gasoline-range product yield when the proportion of PS was 

raised. This result has been observed by the high gasoline yield obtained for HIPS 

material in this work. 

3.2.3. Effect of the type of polymer on hydrocarbon types in the gasoline-range product 

The gasoline-range product has been analyzed in the type of polymer pyrolyzed. The 

simulated distillation curves of this product are shown in Figure 4A. For analogy with 

hydrocarbons present in crude petroleum, the gasoline-range product was first classified 

into three general types: paraffins, naphthenes, and aromatics (Figure 4B), and then, a 

more detailed categorization was performed into naphthalenes, indans, or tetralins, 

alkylbenzenes, paraffins, monocycloparaffins, and dicycloparaffins (Figure 4C).  
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Some significant differences were observed in the composition of the gasoline-range 

product obtained by thermal pyrolysis of different types of polymers. The yields of 

aromatics, paraffins, and naphthenes significantly varied between HIPS and EPS plastics 

and polyolefins (PP, PP film, PE film) and the mixture of plastics. Especially, thermal 

pyrolysis of HIPS and EPS showed a high yield of aromatic compounds, reaching a value 

of 89.8 % and 83.5 % in gasoline derived from HIPS and EPS materials, respectively. 

Conversely, PP, PP film, PE film, and the mixture of plastics showed a high yield of 

naphthenes with values ranging between 50.3 and 58.9 %.  

 
Figure 4. Simulated distillation (A), general hydrocarbon group distribution (B) detailed 
hydrocarbon groups (C) of the gasoline-range product obtained from the thermal 
pyrolysis of the mixed plastic waste and their individual components. 

In gasoline-range products obtained from pyrolysis of different mixtures of LDPE, 

HDPE, PP, and PS, Dobó et al. [26] reported that between 11.13 and 15.14 % of paraffins, 

between 8.14 and 9.70 % of naphthenes and between 18.74 and 21.94 % of aromatics. 

Also, Miskolczi et al. [56], from the determination of the composition of liquid products 
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obtained from the thermal pyrolysis at 450 ºC of a mixture of HDPE (90 %) and PS (10 

%), reported that gasoline-range product contained 46.1 % of paraffins and 11.9 % of 

aromatics. 

Finally, the feasibility of plastic pyrolysis processes may be improved if the derived 

products are dissolved and converted into suitable feedstock streams for refinery process 

units. The main advantage is the use of amortized units and the subsequent treatment of 

the products together with ordinary refinery products  [57]. In this sense, if the distribution 

of the gasoline-range derived products (total paraffins, naphthenes, and aromatics) is 

compared to the composition of commercial petroleum products, the gasoline of oil from 

pyrolysis of PP and PP film (paraffins: 27.8-31.4 %, naphthenes: 50.8-58.9 %, aromatics: 

13.3-17.8 %) showed a very close composition to the heavy fossil naphtha and could be 

sent to a hydrotreatment or catalytic reforming to convert low-octane hydrocarbons into 

more valuable high-octane components, producing more valuable aromatics such as 

benzene, toluene, and xylenes (BTX). However, the composition results of the oils 

derived from thermal pyrolysis of HIPS (paraffins: 2.2%, naphthenes: 8.0%, aromatics: 

89.8%) and EPS (paraffins 8.6%, naphthenes: 7.9%, aromatics: 83.5%) showed a more 

comparable composition of reformed naphtha which are directly available for the 

production of aromatic components [58]. 

3.3. Effect of type of catalyst on catalytic pyrolysis performance 

3.3.1. Effect of type of catalyst on product yields 

Figure 5 shows the effect of the presence of a catalyst on the product yields, including 

the coke deposition, obtained from the catalytic pyrolysis of the studied mixture of plastic 

waste. In general, an increase in the gas yield and a decrease in liquid output were 

detected. Especially the effect is more evident for zeolite-type catalysts (HY and HZSM-

5). Regarding coke formation, similar coke deposition was observed for all tested 

catalysts (among 2.4-6.3 %). Coke is the main drawback in the catalytic pyrolysis of 

plastics. It is an effect that should be minimized since it inhibits the catalytic activity and 

increases the costs for the regeneration of the catalyst [59].  Xue et al. [32] in the ex-situ 

catalytic pyrolysis at 600 ºC of PE, PP, PET, and PS over HZSM-5 zeolite or Hidalgo et 

al. [36] in the catalytic pyrolysis of PE and PP over CaO and MgO reported similar coke 

deposition data.                      
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Figure 5. Gas, liquid, and solid yields as a function of catalyst. 

Other authors also reported gases, liquid, and solid yields, of catalytic pyrolysis of 

different plastics (see Table S1). For example, Verma et al. [30] performed the catalytic 

pyrolysis of EPS waste at different feed/ZSM-5 ammonium catalyst ratios and, under the 

same experimental conditions of this work, obtained approximately 1 % of char, 26 % of 

gas, and 76 % of liquid products. Also, the catalytic pyrolysis of PS over MgO was 

performed at 500 ºC by Inayat et al. [51], leading to a liquid yield of approximately 90 

%. Other researchers, using MgO and CaO as catalysts, reported conversion to liquid 

products during the pyrolysis of PE and PP between 57.3 and 79.6 % depending on the 

polymer and the catalyst used (PE-CaO: 57.3 %; PE-MgO: 71.8 %, PP-MgO: 78.6 %, PP-

CaO: 83.8 %). Regarding the char yields, these authors reported yields of 10.3 % (PP-

MgO), 6.6 % (PP-CaO), 21.5 % (PE-MgO), and 15% (PE-CaO) [36]. Anene et al. [52], 

in the catalytic pyrolysis of mixtures LDPE/PP at 460 ºC using a patented zeolite, found 

that an increase in PP proportions decreased the liquid yields and increased the gas 

formation. Their values were similar to those obtained in our work. Also, Miskolczi et al. 

[60] investigated the catalytic degradation of PE (90 %) and PS (10 %) in a batch reactor 

over FCC, ZSM-5, and clinoptilolite, between 410 – 450 ºC with 2 % of ZSM-5 at 430 

ºC, reported a yield of solids of approximately 9 %, a liquid yield of 77 % and gas yield 
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of 14 %. Other researchers, Onwudili et al. [33], carried out catalytic pyrolysis of a 

mixture of plastics, including HDPE (19.0%), LDPE (43.0 %), PP (8.0 %), PS (15.0 %) 

and PET (15.0 %), in a fixed bed reactor at 500 ºC over spent catalyst from FCC, HY, 

and HZSM-5 zeolites and obtained high liquid yields (FCC: 72 %, HY: 73 %,  HZSM-5: 

72 %). Finally, López et al. [17] studied catalytic pyrolysis over HZSM-5 with a complex 

mix of HDPE, PP, PS, EPS, PET, PVC, PE film, PP film, and other packing materials 

such as blister, tetra-brick, Al film, Al, iron, etc., at 440 ºC. Particularly 92.3 % of 

thermoplastics where PE film (50.55 %), which was the highest proportion, followed by 

HDPE (13.44 %), PP (9.63 %), PS (6.6 %), PP film (4.92 %) PVC (4.28 %) and PET 

(2.88 %). These authors obtained approximately an equivalent value of solid yield (6.5 

%), a slightly low value of liquid yield (41.5 %), and a slightly higher yield of gases (49.9 

%) than this work. 

3.3.2. Effect of type of catalyst on simulated distillation boiling points 

The simulated distillations of liquid products derived from thermal and catalytic 

pyrolysis of the mixture of plastics are shown in Figure 6. In all the liquids, the 

predominant product was gasoline, with yields between 57.7 % (MgO) and 45.3 % 

(HZSM-5 zeolite). Comparable gasoline yields were obtained by Hidalgo et al. [36] using 

MgO and CaO. Also, Anene et al. [52] in catalytic pyrolysis with zeolite at 460 ºC, 

obtained a similar gasoline yield (45.6 %).      

The results also suggest that the main differences between the liquids of pyrolysis were 

obtained in LCO and HCO-range products. Especially, low-cost MgO and CaO catalysts 

reduced the volatilization temperature of the components of these products compared to 

those of thermal pyrolysis. However, both studied zeolite-type catalysts (HZSM-5 and 

HY) showed a lower distilled mass fraction for a determined boiling temperature until 

approximately 350 ºC and a very low increase of distilled mass fraction at temperatures 

higher than 350 ºC, if compared to the curve of the liquid obtained from the thermal 

pyrolysis, i.e., the non-catalytic test. Other authors, like Miskolczi et al. [60], did not find 

significant differences in the composition of the liquids obtained by catalytic pyrolysis of 

HDPE and PS over HZSM-5. The convenience of using LDPE, PP, PVC/LDPE, and 

PVC/PP in the hydrocracking unit of a refinery was investigated by Ucar et al. [61] over 

different catalysts at 425-450 ºC. For example, the blends of PE with vacuum gas oil 

(VGO) on HZSM-5 showed changes in distillation curves compared to the distillation 
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curve of the liquid obtained in the thermal pyrolysis, reducing or increasing the boiling 

points depending on the analyzed temperature. 

 
Figure 6. Boiling temperature as a function of the distilled mass fraction (simulated 
distillation) of the liquid fraction from catalytic pyrolysis of the mixed plastic waste.  

If liquid yield was considered, the absolute data about product yields were calculated. 

Table 5 reports the different products obtained from the pyrolysis of the mixture studied 

in this work over each catalytic material.  

Table 5. Gasoline, LCO, and HCO products yields obtained from the mixture (data in 
g·kg-1 plastic) in thermal (non-catalytic) and catalytic pyrolysis 

Catalyst Gasoline-range  LCO-range  HCO-range  
Without catalyst 240.5 111.2 152.3 
MgO 241.0 113.5 62.9 
CaO 236.2 104.6 106.1 
HY 170.1 95.1 109.9 
HZSM-5 167.3 101.5 101.0 

Average values with a relative standard deviation inferior to 5%. 

Table 5 shows that basic low-cost catalysts (CaO and MgO) had better 

performance on gasoline-range product generation than acid zeolite-type catalysts. 

Especially, MgO showed a similar yield of this type of product compared to the 

composition of liquid of non-catalytic test.  If a deep comparison between thermal and 
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catalytic pyrolysis is performed, it can be observed that MgO and CaO transform heavier 

compounds (HCO-range product), increasing the fraction of lighter compounds in the 

liquid of pyrolysis. However, the great conversion of plastics to gas products in catalytic 

pyrolysis over acid zeolites reduces the yield of gasoline-range product, mainly attributed 

to micropores in the catalyst [62]. In conclusion, the differences in product yields would 

result from geometric constraints due to the shape selectivity of each catalytic material 

[63]. According to pores size distribution (Figure S3), starting at 50 Å radius, MgO and 

HY have additional pores volume than the other catalysts, which would allow higher 

bottoms (HCO) conversion, but HY has a significant reduction of volume between 100 

to 300 Å radius that would not let it to break a larger number of bottoms like MgO (61.3 

%); however, additional pore volume in the range of 15 to 20 Å in radius would convert 

more LCO (19.8 %) to gasoline, which in turn decomposes to gases through the 

micropores. This suggests that to crack LCO and HCO, the catalyst requires a bimodal 

pore size distribution [64]. Finally, among CaO and HZSM-5, which have a similar trend 

of pores distribution, the last one has more additional pore volume, and as a result, fewer 

LCO and HCO yields than those obtained by CaO are detected.   

3.3.3. Effect of type of catalyst on hydrocarbon types in the gasoline-range product 

Regarding the simulated distillation of the gasoline-range product, see Figure 7A, very 

low differences between thermal and catalytic pyrolysis were observed. Only a slight 

increase in the boiling point in the gasoline-range product generated by catalytic pyrolysis 

over CaO, if compared to the curve of the gasoline-range product obtained by thermal 

pyrolysis, was observed. 

Concerning the hydrocarbon types, compared to the gasoline-range product obtained 

by thermal pyrolysis, no significant differences were observed in paraffins, naphthenes, 

and aromatics content, see Figure 7B. More specifically, Figure 7C shows that the 

catalysts marginally decreased the yield of monocycloparaffins, and dicycloparaffins and 

increased the output of alkylbenzenes and naphthalenes. For example, alkylbenzenes 

yield increased from 21.4 % for thermal pyrolysis to 26.3 % for catalytic pyrolysis over 

HZSM-5 or to 24.2 % when MgO was used as catalyst. However, no clear trend was 

found in indans or tetralins yields that changed between 7.8 % for catalytic pyrolysis over 

HY to 12.1 % over CaO. Also, changes in monocycloparaffins contents were very low, 

decreasing from 21.3 % for thermal pyrolysis (the highest value determined) to 18.9 % 

and 19.0 % (the lowest values determined) for catalytic pyrolysis over MgO and CaO, 
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respectively. These insignificant changes can be justified by the deactivation of the 

catalyst by coke deposition, which occurs preferably on the strong acid sites of zeolite-

type catalysts [31]. The carbon deposition occurring in the micropores may block the 

access of the bio-oil compounds to acidic sites [62]. 

 
Figure 7. Simulated distillation (A), hydrocarbon group distribution (B), and 
hydrocarbon groups of the gasoline distribution (C) obtained from the catalytic pyrolysis 
of the mixed plastic. 

 

4.  CONCLUSIONS 

The thermal and catalytic pyrolysis of a real mixture of post-consumer plastic waste 

representing the plastics present in the rejected fraction from municipal solid waste non-

collected selectively was studied. Liquid oil from HIPS pyrolysis showed 76.8 % of the 

gasoline-range product. However, liquid from pyrolysis of PE film showed a very low 

percentage of this product (7.2 %). Significant variations were observed in the 

composition of the gasoline-range product obtained by thermal pyrolysis of different 
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types of polymers. The yields of aromatics, paraffins, and naphthenes considerably varied 

between polystyrene plastics (HIPS and EPS), polyolefins (PP, PP film, PE film), and the 

mixture of plastics. High aromatics production was observed for HIPS and EPS (89.8 % 

and 83.5 %) and more paraffins (from 20.0 to 31.4%) and naphthenes (between 50.8-

58.9%) for polyolefins.  

Regarding the catalytic tests, low-cost MgO and CaO promoted gasoline fraction in 

the liquid product (241.0 and 236.2 g·kg-1
 plastic). However, very low differences 

between thermal and catalytic pyrolysis were observed in simulated distillation curves 

and the composition of the gasoline-range product. In future works, appropriate 

modifications of catalysts by thermal or hydrothermal procedures, with or without 

chemical treatment for changes of the framework, to increase their selectivity by cracking 

towards the gasoline-range product generation, effective ways to reduce coke deposition 

during catalytic pyrolysis and regeneration of the deactivated catalyst, could be studied. 
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