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A B S T R A C T   

Plastic pollution compromises the environment and human well-being, and a global transition to a circular 
economy of plastics is vital to address this challenge. Pyrolysis is a key technology for the end-of-life recycling of 
plastics, although high energy consumption limits the economic feasibility of the process. Various research has 
shown that the application of induction heating in biomass pyrolysis reduces energy consumption when 
compared to conventional heating. Nevertheless, the potential of induction heating in plastic pyrolysis is rarely 
explored. This paper presents an exploratory study on the thermal and catalytic pyrolysis of high-density 
polyethylene, low-density polyethylene, and polypropylene in a fixed bed reactor through induction heating. 
An MFI-type HZSM-5 zeolite (SiO2/Al2O3 = 23) and an FAU-type spent fluid catalytic cracking (FCC) catalyst 
with distinctive Brønsted acidity and textural properties were used. A complete conversion of the plastic feed
stocks was achieved within 10 min, even without a catalyst. Thermal pyrolysis produced wax (72.4–73.9 wt%) 
and gas products, indicating a limited degree of polymer cracking. Catalytic pyrolysis over HZSM-5 and FCC 
catalyst significantly improved polymer cracking, leading to higher gas (up to 75.2 wt%) and liquid product (up 
to 35.9 wt%) yields at the expense of wax yield (up to 25.4 wt%). In general, the gas products were rich in C3 and 
C4 compounds. The liquid product composition was highly dependent on the catalyst properties, for example, the 
HZSM-5 produced high aromatics, while the FCC catalyst produced high alkenes in the liquid products. The 
catalyst acidity and textural properties played an essential role in plastic pyrolysis within the short reaction time. 
This study demonstrated the feasibility of a fast, energy-efficient, and versatile plastic valorization technology 
based on the application of induction heating, where the plastic feed can be converted into wax, gas, and liquid 
products depending on the end-use applications.   

1. Introduction 

The excessive consumption of single-use plastics in the age of 
consumerism has generated a staggering amount of global plastic pro
duction. The short service life of these highly durable plastics creates 
enormous pressure on municipal waste management systems. Experts 
estimate an increase in global plastic waste production from 240 Mt/y in 

2016–430 Mt/y in 2040 in a business-as-usual scenario [1]. This data 
translates to the outflow of ~1.71 and ~0.75 billion metric tonnes of 
plastic waste into the aquatic and terrestrial environment by 2020–2040 
[1]. Sufficient evidence has demonstrated the possible trophic transfer 
of the fragmented plastic waste through the aquatic food web, causing 
an increased risk of toxicity to humans as one of the top predators [2]. 
Scientists have also pointed out that plastics may hinder the carbon 
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sequestration ability of phytoplankton and zooplankton, hence 
impeding the role of oceans as the most significant carbon sink on Earth 
[3]. Therefore, immediate actions are needed to handle the increasing 
amount of plastic waste, especially the unrecyclable ones. While the 
gradual bans of single-use plastics could serve as a temporary solution to 
the crisis, a paradigm shift from a linear to a circular economy of plastics 
is regarded as a sustainable solution in the long term without compro
mising the societal benefits of plastics [4,5]. 

At present, there are nearly 28 technology providers around the 
world that have developed or are currently developing thermal- 
chemical recycling technologies to promote the circular economy of 
plastics [6]. Pyrolysis is one of the key technologies used by these pro
viders, where the plastic waste is degraded in an inert environment at 
high temperatures (400–600 ◦C) to produce value-added products, 
including liquid fuels, chemical feedstock, and carbon nanomaterials [7, 
8]. Given its strategic importance, plastic waste pyrolysis is an essential 
component in the SuSChem Strategic Innovation and Research Agenda 
which requires alignment of all actors in the innovation ecosystems [9]. 
At present, the technological readiness level of plastic pyrolysis stands at 
6–7 [10]. Despite the significant progress in plastic pyrolysis develop
ment, several important issues limit the potential of large-scale plastic 
waste pyrolysis. As plastic pyrolysis is an endothermic reaction, the 
significant energy cost in the scaled-up process reduces the 
cost-competitiveness of the pyrolysis oil against the fossil-based oil. 
Most research teams utilized resistive heating in plastic pyrolysis, which 
is associated with low heating and cooling rates, and therefore low en
ergy efficiency. This limitation is responsible for the high energy con
sumption and thus aforementioned low economic viability of large-scale 
plastic waste recycling. A potential solution to this challenge lies in 
replacing resistive heating with induction heating, which is a 
non-contact technique involving the induction of eddy current on the 
surface of a ferromagnetic metal placed in an alternating magnetic field. 
The eddy current generates the Joule heating effect, which leads to rapid 
heat generation of the metal. As most plastic pyrolysis reactors are made 
of stainless steel (which is a good susceptor in an alternating magnetic 
field), the application of induction heating in plastic pyrolysis could be a 
critical and innovative solution to achieve higher energy efficiency and, 
therefore, higher economic feasibility for large-scale application. 

Several research teams have investigated induction heating in 
biomass waste pyrolysis. Tsai et al. [11] reported the pyrolysis of 
biomass wastes to bio-oils in a stainless-steel reactor via induction 
heating. Muley et al. [12] also developed a two-stage reactor for the 
pyrolysis of pinewood sawdust with induction heating applied to 
biomass pyrolysis and catalytic upgrading stages. Compared to resistive 
heating, the adoption of induction heating in the catalysis stage lowered 
the degree of coke deposition in catalyst particles. This observation was 
related to a more efficient heat transfer from the stainless-steel reactor 
surface (susceptor) to the catalyst bed during the induction heating 
process. The pyrolysis of electronic waste through induction heating 
(with graphite crucible as susceptor) also led to a more significant 
weight reduction (by 7 %) than pyrolysis through resistive heating [13]. 
Compared with biomass pyrolysis, scientific investigations on the roles 
of induction heating in plastic pyrolysis are limited in the literature. 
Nakanoh et al. [14] were the first team who mentioned the feasibility of 
the process. However, no information was provided on the plastic py
rolysis product yields and compositions. Zeaiter [15] reported on the 
rapid decomposition of high-density polyethylene waste via induction 
heating during pyrolysis, resulting in insufficient contact between the 
pyrolysis intermediates and catalyst particles. This phenomenon ulti
mately led to high wax/liquid and solid yields but low gas yields. To 
date, there is an insufficient understanding of the feasibility of plastic 
pyrolysis via induction heating. To fill this knowledge gap, an explor
atory study was performed to investigate the thermal and catalytic py
rolysis of neat plastics in a self-fabricated stainless-steel (SS316) fixed 
bed reactor using induction heating. Specifically, the effects of catalyst 
properties on the product yields and compositions from the pyrolysis of 

low-density polyethylene (LDPE), high-density polyethylene (HDPE), 
and polypropylene (PP) pellets in a nitrogen environment were inves
tigated. This is the first study that reports the behaviors of thermal and 
catalytic pyrolysis of different polymers via induction heating of the 
reactor wall, which will provide valuable insights into novel strategies 
for plastic waste valorization. 

2. Methodology 

2.1. Materials 

The LDPE, HDPE, and PP pellets (particle size: 3–5 mm) were sup
plied by a Spanish energy and petrochemical company and were used as 
received. For catalytic pyrolysis, ZSM-5 catalyst (CBV 2314, Zeolyst 
International, SiO2/Al2O3 = 23) and spent fluid catalytic cracking (FCC) 
catalyst obtained from a Spanish-based international energy company 
were used. Before the experiments, the catalysts were calcined at 550 ◦C 
in the air for 3 h to remove all the adhered impurities (including 
moisture) [16]. The calcination step also converts the ZSM-5 zeolite 
from ammonium form to hydrogen form [17] and removed the coke 
formed on the FCC catalyst. 

2.2. Materials characterizations 

The thermal degradation behavior of the plastics was analysed using 
a thermogravimetric analyser (TGA, STAR system, Mettler Toledo). The 
samples were purged with pure nitrogen gas (20 mL/min) and then 
heated at 10 ◦C/min in the temperature range of 25–800 ◦C [18]. The 
raw TGA data were differentiated to obtain the derivative (DTG) curves 
for the samples. The molecular weight distribution (MWD), molecular 
weight averages (Mw), and polydispersity indexes (PI) of the plastic 
pellets and waxes from thermal pyrolysis were determined using 
gel-permeation chromatography (GPC) coupled with infrared detector 
(GPC-IR6) (Polymer Char, Spain) [19]. The samples were prepared by 
dissolving approximately 10 mg of plastics in 1 mL of 1,2-dichloroben
zene at 150 ◦C, followed by in-line filtration. The Mw and PI values 
referred to the monodisperse PS standards [19]. 

The density and strength of the Brønsted acidic sites on the catalysts 
were characterized based on the thermogravimetric measurement of 
temperature-programmed decomposition of n-propylamine (NPA) in a 
DSC-TGA thermal analyser (Model: SDT Q600, TA Instruments) [20]. 
The sample was heated at 600 ◦C for 30 min in nitrogen flow (30 
mL/min) to remove all absorbed impurities and then saturated with NPA 
at 150 ◦C. After that, the sample was heated in nitrogen flow (30 
mL/min) at 150–700 ◦C with a heating rate of 10 ◦C/min. The textural 
properties of the catalysts were characterized based on the nitrogen 
adsorption-desorption isotherm produced by the Micromeritics Gemini 
2360 instrument at –196 ◦C [21]. Before the analysis, the samples were 
outgassed at 350 ◦C for 4 h. The surface area of the samples was 
computed using the Brunauer-Emmett-Teller’s (BET) equation from the 
nitrogen adsorption curve in the region 0.05 ≤ P/Po ≤ 0.3. The pore size 
distributions of HZSM-5 and FCC catalysts were computed using the 
Barrett-Joyner-Halenda (BJH) method from the desorption isotherms. 
The XRD diffractograms were recorded on a Panalytical X′Pert Pro (The 
Netherlands) using Cu Kα radiation generated at 45 kV and 40 mA. A 
scanning range from 5◦ to 100◦ was used at a speed of 0.03◦/s. 

2.3. Reactor system for plastic pyrolysis 

A fixed bed reactor system (Fig. 1) was used for plastic pyrolysis 
through induction heating. The reactor was an AISI 316 stainless steel 
tube (length, L: 10.0 cm, outer diameter, OD: 2.2 cm). The plastic pellets 
and the catalysts were placed in the middle section of the reactor be
tween the layers of quartz wool. The reactor also acted as a susceptor in 
an alternating magnetic field produced by a 3-turn copper coil (L: 5.0 
cm, inner diameter, ID.: 4.5 cm) connected to an induction heater 
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(Easyheat system, Ambrell, UK) with an output power of 1.2 kW. The 
current frequency was fixed at 315 kHz. A Superwool Plus fiber (13 mm) 
layer was placed in between the reactor and copper coil to reduce heat 
losses from the reactor wall to the surrounding. The reactor wall tem
perature was measured using a pyrometer (CTM-3CF75H1-C3, Micro- 
Epsilon) via a small opening in the insulation layer. 

The top part of the reactor was welded to an inlet AISI 316 tube (L: 
5.0 cm, OD: 2.5 cm), while the bottom part was welded to an outlet AISI 
316 tube (L: 5.0 cm, OD: 1.8 cm). A stainless-steel cold trap connected to 
the bottom reactor outlet was maintained at 2 ◦C to collect the con
densable reaction products. The non-condensable gases were collected 
in a water column placed after the cold trap. The total volume of the gas 
product evolved during plastic pyrolysis was determined based on the 
volume of water displaced from the water column into a measuring 
cylinder. 

2.4. Plastic pyrolysis process 

In this exploratory study, 1.00 g of plastic pellets (LDPE, HDPE, or 
PP), together with 0.20 g of catalyst (in the case of catalytic pyrolysis), 
were placed on 0.20 g of a quartz wool layer in the reactor. As a basis to 
estimate the effect of the catalyst, a series of blank experiments were 
carried out, hereafter termed "thermal pyrolysis" in this paper. Before 
the pyrolysis process, the reactor system was purged with nitrogen gas 
(120 mL/min) for 10 min to prevent the oxidation/combustion of the 
plastics during pyrolysis. Next, the nitrogen gas flow was turned off. The 
induction heater was turned on for 30 min to allow reactor heating. 
After 30 min, the induction heater was turned off, and the reactor was 
allowed to cool to room temperature. If the wax product was formed in 
the cold trap, the wax was collected and weighed. If a liquid product was 
formed, it was extracted with 3 mL of dichloromethane before being 
weighed and analysed. All the pyrolysis experiments were performed in 
duplicates. The average values and per cent errors of product yields are 
presented in Section 3. In general, the experimental errors fall within 
7%. 

According to the temperature measurement results (Section S1, 
Supplementary materials), induction heating successfully raised the 
reactor temperatures to 500–700 ℃ within 10 min. The heating rate of 
the system is estimated to be 50–85 ℃/min depending on the induction 
heater power. By definition, the system/process could be classified as 
fast pyrolysis, which has a typical heating rate of 10–200 ℃/min [22]. 

Based on the temperature measurement results, the plastic pyrolysis 
experiments occurred at 650 ◦C to allow full plastic conversion. 

2.4.1. Determination of product yield 
As discussed in Section 2.4 and Section S1 (Supplementary mate

rials), the heating power of the induction heater was selected to ensure 
the complete conversion of the plastic pellets in all experiments. 
Consequently, no plastic remained in the reactor after pyrolysis re
actions. The liquid yield was calculated based on the following equation: 

Liquid yield, xl (%) =
ml

mp
× 100% (1)  

where mL (g) is the liquid product mass, and mp (g) is the mass of the 
plastic pellet used. Similarly, the wax yield was calculated based on the 
mass of the wax product collected. The amount of coke formed on the 
catalyst was characterized using the temperature-programmed oxida
tion (TPO) technique described in the literature [23]. The spent catalyst 
(10 mg) was heated to 800 ◦C using a thermo-gravimetric analyser 
(TGA/DSC STAR system, Mettler) at a heating rate of 15 ◦C/min, fol
lowed by a hold for 10 min at 800 ◦C, with an airflow rate of 
100 mL/min. The analysis result was used to calculate the total mass of 
coke formed on the catalyst. The coke yield was then calculated using 
the following equation: 

Coke yield, xc(%) =
mc

mp
× 100% (2)  

where mc (g) is the total mass of coke formed. 

2.5. Products characterization 

The light hydrocarbon compounds in the gas products were analysed 
using the Shimadzu 2010 GC equipped with an FID column (Equity-1 
column, Supelco, L: 50 m, ID: 0.53 mm, stationary phase: poly(dime
thylsiloxane), film thickness: 3 µm). Helium gas (31 mL/min) was used 
as carrier gas. The heating program used was: 50 ◦C for 6 min, then 
increased to 238 ◦C at 12.5 ◦C/min, and then held for 5 min. The split 
ratio was 2.0. Both the injector temperature and detector temperature 
were maintained at 250 ◦C. The abundance of hydrocarbon compounds 
in the gas products was reported according to the carbon numbers [24, 
25]. The chemical composition of the liquid products was analysed using 
the Thermo Scientific™ Q Exactive™ GC Orbitrap™ GC-MS/MS System 
with a method adapted from the literature [26]. The GC-MS/MS system 
was equipped with the Thermo Scientific TG-5SILMS capillary column 
(internal diameter: 0.25 mm, length: 30 m, film thickness: 0.25 µm, PN 
26096–1420). Helium (1.2 mL/min) was used as a carrier gas. The 
injector was operated at 280 ◦C, with a split ratio of 25:1. The oven was 
initially maintained at 40 ◦C for 2 min, then heated up to 320 ◦C at a 
ramp rate of 30 ◦C/min, and finally held at 320 ◦C for 15 min. The MS 
was equipped with an electron ionization source (ionization volta
ge = 70 eV, m/z = 50–600). The ion source and transfer line were 
operated at 280 ◦C and 150 ◦C, respectively. The peaks in the total ion 
chromatogram were identified using Xcalibur Qual Browser software 
(Xcalibur version 4.2.47) by mass spectra searching the National Insti
tute of Standards and Technology (NIST) Mass Spectral Search Program 
for the NIST/EPA/NIH EI and NIST Tandem Mass Spectral Library 
Version 2.3. The C7-C40 alkanes standard (1000 µg/mL) purchased 
from Sigma Aldrich was used to facilitate hydrocarbon compound 
identification in the liquid products. 

3. Results and discussion 

3.1. Plastics characterization 

Information on the thermal behavior of the plastics is essential to 
determine suitable pyrolysis process conditions. Fig. 2a shows the TGA 

Fig. 1. Schematic diagram of the plastic pyrolysis system (not drawn to scale).  
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curves of LDPE, HDPE, and PP. In general, all the samples exhibited a 
one-step mass-loss process, which is a typical degradation behavior 
observed in other clean plastic samples [27]. The samples contain 
negligible moisture evidenced by the absence of a peak at ~100 ◦C in the 
TGA plots. Complete degradation of all plastics occurred within the 
range of 435–500 ◦C. The decomposition peak temperatures of the 
plastics are observed in the following order: PP (458 ◦C) < LDPE 
(471 ◦C) < HDPE (482 ◦C) (Fig. 2b). Although PP, LDPE and HDPE 
consist of long hydrocarbon chains, the presence of methyl groups in the 
PP polymer chain lowers its thermal stability when compared to PE 
samples [28]. The lower decomposition temperature of LDPE compared 
to HDPE is related to the higher degree of branching in the former 
polymer [29]. 

GPC is another critical analysis that provides information on the 
MWD of the polymer samples. The MWD of the plastic samples is shown 
in Fig. 2c, while the numerical values of mass average (Mw), number 
average (Mn), and Z average (Mz) molecular masses of the samples are 
provided in Table 1. All the samples display single modal peaks, which is 
similar to the observations made by Cáceres et al. [30] and Zhang et al. 
[31]. LDPE and HDPE exhibit broader peaks, indicating wider MWD 
[32]. This observation is accompanied by high PI values (13.4 and 16.8 
respectively, Table 1). In comparison, PP produced smaller and higher 
peaks, with PI values of 6.62. The Mn of the samples is arranged in the 
following order: LDPE (12600) <HDPE (13300) < PP (32443). These 
values are very different from those measured in other works [33], as 
neat plastics properties are often adjusted by the manufacturers for 
different industrial applications. 

3.2. Catalyst characterization 

The Brønsted acidic sites in zeolitic catalysts play an important role 
as proton donors during the catalytic cracking of hydrocarbons [34], 
including plastic decomposition products [35], into smaller hydrocar
bons. The Brønsted acidic sites in zeolites originate from the protons that 
balance the negative charges due to the substitution of Si by Al atoms in 
the zeolitic framework. The abundance of Brønsted acidic sites typically 
increases with aluminum content, which is represented by the Si/Al 
ratio of the zeolitic catalysts. When a catalyst saturated with NPA is 
heated, the Brønsted acidic sites catalyze NPA decomposition into pro
pene and ammonia at a stoichiometric ratio via the Hoffmann elimina
tion reaction [36], enabling estimation of the Brønsted acidic sites 
density on the catalyst. The strengths of the acidic sites can be estimated 
based on the product evolution peak temperature(s) [36]. Xian et al. 
[34] demonstrated different accessibility of the Brønsted acidic sites in a 
zeolite sample, related to their locations in the crystal grains. 

As shown in Fig. 3a, HZSM-5 exhibits three peaks at different tem
peratures. The peaks observed at 400 ◦C and 460 ◦C are attributed to the 
evolution of products from NPA decomposition on Brønsted acidic sites. 
The peak temperatures observed in this study closely match the HZSM-5 
samples used by Xian et al. [34] and Xian et al. [36] (410–420 ◦C and 
470–490 ◦C respectively), as well as the HZSM-5 sample prepared by 
Caeiro et al. [37] (415 ◦C and 485 ◦C respectively). The peak at 400 ◦C 
denotes the presence of stronger Brønsted acidic sites that can catalyze 
NPA decomposition at a lower temperature. In contrast, the peak at 
460 ◦C represents weaker Brønsted acidic sites that can catalyze NPA 
decomposition at higher temperatures. A broad peak at 280 ◦C exists 
due to the desorption of physisorbed NPA from weak acidic sites, which 
was also observed by Xian et al. [36]. Previous works by other teams 
indicate that desorption peaks below 300 ◦C represent acidic sites that 
are too weak to decompose NPA, and therefore unlikely to catalyze 
hydrocarbon cracking [38]. The integration of peak areas (excluding the 
peak at 280 ◦C) revealed a Brønsted acidic sites density of 
1082.3 µmol/gcat for HZSM-5 (in agreement with data reported by Losch 
et al. [39]), with 72.4 % contribution from the strong Brønsted acidic 
sites (Table 2). When compared to HZSM-5, the FCC catalyst exhibits 
only two peaks with very low intensity. Similar to HZSM-5, the peak 
displayed at 212 ◦C is attributed to the desorption of physisorbed NPA, 
while the peak at 416 ◦C is related to the desorption of NPA decompo
sition products. No additional peak is observed. The quantification of the 
area under peak (416 ◦C) indicates a Brønsted acidic sites density of 

Fig. 2. (a) TG and (b) DTG plots, together with (c) MWD of the plastic samples 
used in this study. 

Table 1 
Information of plastic characteristics extracted from GPC results.  

Sample LDPE HDPE PP 

Mn (g/mol)  12,600  13,300  32,443 
Mw (g/mol)  168,500  223,600  214,640 
Mz (g/mol)  805,000  3,070,500  754,372 
PI (MW/Mn)  13.4  16.8  6.62  
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100.5 µmol/gcat, contributed solely by weak Brønsted acidic sites. In 
addition to the Y zeolite, the fresh FCC catalyst also consists of binder 
and filler materials that improve the mechanical performance of the 
catalyst in the FCC process, while reducing the density of Brønsted acidic 
sites per unit catalyst mass. Furthermore, the spent FCC used in this 
study could be poisoned by transition metal contaminants, especially 
vanadium and nickel, during FCC operations [40,41], rendering a great 
number of active sites ineffective for cracking plastic pyrolysis in
termediates in this study. 

The textural property of a catalyst is another significant factor that 
influences product selectivity during the catalytic cracking of plastics 
[35]. The nitrogen adsorption-desorption isotherms and pore size dis
tribution curves of HZSM-5 and FCC catalysts are shown in Fig. 3b,c. A 
combination of type II and type IV(a) isotherms is observed for both 
samples according to the updated classification standards of 
adsorption-desorption isotherms by IUPAC [42]. At low relative pres
sure (0 ≤ P/Po ≤ 0.02), the number of nitrogen molecules adsorbed 
increased quickly due to micropore filling and single-layer adsorption in 
the mesopores, leading to the convex shape of the curves. Further in
crease of relative pressure leads to multilayer adsorption. At P/Po 
≈ 0.44, condensation of the adsorbate molecules occurs in the meso
pores (capillary condensation). Due to the presence of macropores in the 
samples, adsorption saturation is not observed. The desorption curves of 
both samples do not coincide with their respective adsorption curves at 
P/Po ≥ 0.44, and different hysteresis loops are observed. The hysteresis 
loop for HZSM-5 is the H4 type, indicating a mixture of microporosity 
and mesoporosity dominated by narrow crack pores [43]. In contrast, an 
H3-type hysteresis loop is observed for the FCC catalyst indicating plate 
slit, crack, and wedge structures [44]. HZSM-5 possess a higher micro
pore area and mesopore areas (Table 2), thus a higher BET surface area 
(410.6 m2/g) than those of FCC catalyst (147.5 m2/g). Fig. 3c shows 
that HZSM-5 has a peak distribution below ~70 Å, with a single peak of 
38 Å (3.8 nm), leading to a large micropore volume (0.124 cm3/g) and 
small mesopore volume (0.082 cm3/g). The observed pore distribution 
characteristic is typical for HZSM-5 zeolite [45]. FCC catalyst also pro
duces a single peak with similar intensity to HZSM-5. Fig. 3b indicates a 
significant proportion of HZSM-5 zeolite in such a mixture. Neverthe
less, the FCC catalyst has a wider pore distribution, up to 150 Å 
(15.0 nm), leading to a larger mesopore volume (0.131 cm3/g). This is 
accompanied by a smaller micropore volume (0.042 cm3/g). The 
average pore diameter based on the BJH desorption curve is 4.80 nm for 
HZSM-5, and 11.90 nm for the FCC catalyst. 

The crystallinity and average crystallite size of the H-ZSM5 and the 
FCC catalyst is examined using the XRD technique. The H-ZSM5 sample 
(Fig. 4) depicts sharp peaks at 2θ = 8.03◦, 8.97◦, 13.24◦, 13.99◦, 16.06◦, 
23.11◦, 24.01◦, and 30.24◦, which are related to (101), (111), (102), 
(112), (022), (051), (313) and (062) planes in the X-ray diffraction 
pattern of the MFI topology, indicated by the Powder Diffraction File 
(PDF) 01–079–1638 [46]. Similar diffraction patterns are also observed 
in the hierarchical ZSM-5 zeolite synthesized by Jesudoss et al. [47] and 
meta-promoted ZSM-5 zeolite characterized by [48]. When compared 
with HZSM-5 zeolite, FCC catalyst displays peaks with lower intensities. 
This is possibly attributed to the partial destruction of the FCC catalyst 
crystallinity after repeated usage in the FCC process. The diffraction 
lines exhibited by the FCC catalyst match the Y-type zeolite (PDF 
number: 01–077–1549), while the small peaks observed at 45.8◦ and 
67.0◦ are attributed to the characteristic peaks of Al2O3 [49]. The 
average crystallite sizes of the HZSM-5 zeolite and the FCC catalyst were 
estimated to be 35.85 nm and 18.75 nm using the Debye Scherrer 
equation: 

L =
0.89 λ
βcosθ

(3)  

where L is the average crystallite size (nm), λ is the X-ray wavelength 
(0.154 Å), θ is the Bragg diffraction angle (in radian) and β is the full 
width at half maximum (FWHM) (in radian). 

3.3. Thermal and catalytic pyrolysis of plastics 

3.3.1. Product yields 
The product yields for the thermal and catalytic pyrolysis of HDPE, 

LDPE, and PP are provided in Fig. 5. Thermal pyrolysis of plastics pro
duced high wax yield (72.4–73.9 wt%). Two types of waxes were formed 
in each experimental run (regardless of the plastic type): white wax in 

Fig. 3. (a) Brønsted acidity profile, (b) nitrogen adsorption-desorption iso
therms and (c) pore size distribution curves of HZSM-5 and FCC catalyst. 

Table 2 
Textural characteristics and acidity properties of catalysts.  

Property HZSM-5 FCC catalyst 

BET surface area (m2/g)  410.6  147.5 
Micropore volume (cm3/g)  0.124  0.042 
Micropore area (m2/g)*  313.2  108.1 
Mesopore area (m2/g)  97.4  39.4 
Total acidity (µmol/gcat)  1082.3  100.5 
Weak Brønsted acidic sites (µmol/gcat)  298.8  100.5 
Strong Brønsted acidic sites (µmol/gcat)  783.4  0.0  

* Calculated by the t-plot method 
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the cold trap and yellow/green wax in the tubing that connected the 
reactor to the cold trap (Fig. S2, Supplementary materials). This obser
vation signifies the following: when thermal pyrolysis occurs, the plastic 
vapor fills up the reactor space rapidly. Most of the vapor exited the 
reactor (due to the volume expansion) and condensed in the cold trap as 
white wax. As no nitrogen gas flows through the reactor in the experi
ments, the residence time of the plastic vapor in the reactor was affected 
by the rate of plastic conversion. The plastic vapor that remained in the 
reactor was further cracked to form lighter molecules, which then 
condensed in the tubing as yellow/green wax. This observation is also 
supported by the production of non-condensable gases up to a reaction 
time of 30 min, even after the complete plastic conversion. The forma
tion of wax products from plastics indicates the occurrence of random C- 
C bond scission along the polymer chain, resulting in fragments with 
high molecular weights. This is a typical observation for plastic pyrolysis 
in a continuous system with short residence time, for example, a fluid
ized bed reactor [50]. A longer residence time promotes extensive 
cracking of the intermediates, producing more gas products and fewer 
waxes [51]. All the wax samples displayed a single peak with narrower 
MWD (Fig. 6) compared to the plastic pellets samples in Fig. 2c. This is 
accompanied by low PI values (1.32–1.46). The Mw values of the wax 
samples are arranged in the following order: LDPE (400) < PP (600) 
< HDPE (900) (Table 3). Assuming these waxes consisted of -CH2- 
groups [33], then these waxes contain chains with average carbon 
numbers of 28 (LDPE), 42 (PP) and 64 (HDPE). These data show that 
thermal pyrolysis within a short period is sufficient to reduce the mo
lecular weight of the polymers to 1.5–4.5 % of their original molecular 
weights. When compared to the plastic pyrolysis waxes produced by 

Arabiourrutia et al. [33], the waxes obtained in this study have smaller 
Mw and PI values. The observed difference could be ascribed to the 
higher heating rates used in this study. 

The presence of catalysts in plastic pyrolysis reduced the wax yield 
while increasing the gas and liquid yields significantly. When HZSM-5 
zeolite was used, all the plastics were converted to liquid products 
(24.0–27.2 wt%) and gas products (345.0–448.0 cm3/g). A small num
ber of cokes were also formed on the used zeolites, which is discussed 
further in Section 3.4. Despite the inferior textural properties (compared 
to HZSM-5) and absence of strong Brønsted acidic sites, the FCC catalyst 
demonstrated catalytic activity in plastic pyrolysis within a short reac
tion time. Nevertheless, the catalyst was unable to convert all the heavy 
hydrocarbons into smaller molecules, and the wax product was mixed 
with the liquid product in the cold trap. These observations show that 
catalysts can effectively reduce the activation energy of polymer 
cracking, which was also observed by Zhou et al. [51] in 

Fig. 4. X-ray diffractograms of (a) H-ZSM5 and (b) FCC catalyst.  

Fig. 5. Product yields from thermal and catalytic pyrolysis of plastics by in
duction heating. 

Fig. 6. Molecular weight distributions of waxes produced from thermal py
rolysis of LDPE, HDPE, and PP. 

Table 3 
Information on wax characteristics extracted from GPC results.  

Sample LDPE HDPE PP 

Mn (g/mol)  300  600  500 
Mw (g/mol)  400  900  600 
Mz (g/mol)  500  1200  800 
PI (MW/Mn)  1.32  1.46  1.33  
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microwave-assisted pyrolysis of plastic waste. Interestingly, plastic-type 
seems to influence the distribution of products during catalytic pyrolysis 
over FCC catalyst. LDPE produced soft wax and gas product without 
liquid products, while HDPE resulted in a mixture of soft wax and liquid 
products, together with the gas product. On the other hand, all the wax 
products from PP pyrolysis were converted into gas and liquid products. 
A different trend was observed in catalytic pyrolysis over HZSM-5, 
where the LDPE and HDPE showed closely similar product distribution 
compared to PP. Such differences could be related to the relatively 
weaker catalytic performance of the FCC catalyst (compared to 
HZSM-5), which influenced the product formation from HDPE and LDPE 
in different ways. More detailed investigations are necessary to fully 
understand the role of Brønsted acidic sites in the catalytic pyrolysis of 
plastics assisted by induction heating. 

The application of induction heating in plastic pyrolysis using 
different reactor setups has been attempted by several research teams. 
Whajah et al. [52] reported LDPE pyrolysis over Fe3O4 mixed with Ni- or 
Pt-based catalysts (1:1 mass ratio for plastic to the Fe3O4/catalyst 
mixture) in a glass batch reactor. The Fe3O4 particles were heated to 
350 ºC, and the pyrolysis reactions lasted for 120 min with 100 mL/min 
N2 flow. Due to the small amount of heat generated by the metallic 
susceptor in the alternating magnetic field, a longer reaction time was 
needed to achieve 94 % plastic conversion, with gas yields of 15–80 wt 
%, liquid yields of 2–43 wt%, and coke yields of 1.3–2.4 wt%. In 
contrast, Hassani [53] performed LDPE pyrolysis over HZSM-5 zeolite 
via the induction heating of a semi-batch reactor wall to 400–500 ºC, 
with a catalyst loading of 9–25 wt%. The author reported gas yields of 
60–75 wt%, liquid yields of 20–55 wt%, and coke yields of 2–4 wt%. 
Similar to the aforementioned works, this study demonstrated that 
catalytic pyrolysis of plastics produced high gas yields and compara
tively low liquid yields. Nevertheless, induction heating of the reactor 
wall in this study generated a large amount of heat in a short time and 
ensured a total plastic conversion. The short pyrolysis time could also 
reduce the secondary reactions, leading to lower coke yields in this study 
compared to Whajah et al. [52] and Hassani [53]. 

3.3.2. Evolution rates and composition of gas products 
To obtain further insights on the effects of induction heating on 

plastic pyrolysis behavior, the evolution rates of gas products during 
thermal and catalytic pyrolysis of HDPE, LDPE, and PP were recorded 
(Fig. 7). As plastic pyrolysis typically leads to the generation of light 
hydrocarbon gas, Fig. 7 indicates the plastic decomposition rate during 
pyrolysis powered by induction heating. In all experiments, rapid gas 
evolution was observed between 3 and 5 min (corresponding to the 
temperature of 450–550 ◦C). This observation is in line with the TGA 
data where plastic decomposition was observed at 450–510 ◦C (see 
Fig. 2a). In all experiments, the generation of gas products slowed down 
after the temperature reached 600 ◦C after 7 min. After 10 min, com
plete plastic conversion into volatile products occurred. The experi
ments were performed without inert gas flow to enable precise 
observation of the product gas evolution rates in different experimental 

runs. During the reactions, some of the gas products that remained in the 
reactor underwent further cracking to produce lighter hydrocarbons 
leading to a further increase in the product gas volume. The secondary 
cracking effects could be reduced when a sweeping gas is provided to 
remove the pyrolysis intermediates from the reactor during plastic 
pyrolysis. 

In thermal pyrolysis (Fig. 7a), only a small amount of gas products 
(95–132 mL/g plastic) were produced, accompanied by wax formation, 
regardless of the plastic type (Fig. 6). Similar observations were made by 
Zeaiter [15], indicating the limited degree of polymer chain cracking 
during thermal pyrolysis. Several research teams reported that plastic 
pyrolysis with high heating rates (fast pyrolysis) produced more gas 
products, while pyrolysis with low heating rates (slow pyrolysis) pro
duced more liquid products [54,55]. Fig. 7a also reveals higher product 
gas evolution (representing more extensive cracking) of PP compared to 
HDPE and LDPE, as PP (with a branched-chain structure and tertiary 
carbon) is more susceptible to C-C bond cleavage. Thus, PP can be 
cracked more easily than PE (linear structure with limited branching) to 
produce permanent gases, which is also supported by the TGA result 
(Fig. 2). Similar observations were also made for PP pyrolysis by resis
tive heating [56] and microwave heating [51]. 

The presence of catalysts significantly increased the product gas 
evolutions to different degrees (Fig. 7b, c). In the presence of HZSM-5, 
the gas production volumes increased more than trifolds 
(345–448 mL/g plastic) when compared to thermal pyrolysis. This is 
related to the high catalytic property of HZSM-5, which is extensively 
reported in plastic pyrolysis research. The microporous structure and 
high acidic properties of HZSM-5, as mentioned in Section 3.2, promoted 
a high degree of plastic cracking, leading to the formation of liquid 
products and more C1-C4 products. In comparison, catalytic pyrolysis 
over FCC catalyst produced a lower amount of gas products 
(164 − 192 mL/g plastics). This is attributed to the less severe plastic 
cracking due to the lower acidity of the catalyst (Section 3.2). 

Fig. 7b, c also reveals the lower degree of gas product evolution 
during catalytic cracking of PP compared to HDPE and LDPE, which is in 
contrast with the observation in Fig. 7a. Such observation is related to 
the limited contact between the PP molecules (with branched-chain 
structure) with the catalyst surface, leading to lower cracking and thus 
gas product volume. The steric hindrance effect in catalytic pyrolysis of 
PP was also observed by Li et al. [57] and Palza et al. [58]. 

Fig. 8 summarizes the composition of gas products from thermal and 
catalytic pyrolysis (in terms of carbon number), with the details of the 
gas components provided in Table S1 (Supplementary materials). The 
gas products from thermal pyrolysis are rich in C2 (12.63–18.27 %) and 
C3 (67.39–72.19 %) compounds. The presence of catalysts increased the 
abundance of C3 and C4 compounds to higher extents, at the expense of 
C1 and C2 compounds. The possible explanation for this observation is 
the reduced residence time of the plastic vapor in the reactor during 
catalytic pyrolysis. Due to the abundance of C3 compounds (propane 
and propene) and C4 compounds (butane and butene), the average 
molecular weight of the gas products was 41.87–46.67 (Table 4). The 

Fig. 7. Evolution rate of the gas product during (a) thermal pyrolysis and catalytic pyrolysis of plastics over (b) HZSM-5 and (c) FCC catalyst.  
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presence of the catalysts increased the rates of plastic decomposition and 
vapor formation. As the vapors exited the reactor rapidly, there was 
insufficient time for extensive cracking of hydrocarbon molecules into 
smaller hydrocarbon compounds. 

3.3.3. Compositions of liquid products 
The GC/MS chromatograms (Figs. S2-S7) reveal a significant number 

of hydrocarbons in the liquid products. A tall peak that corresponds to 
the C6 compound in all chromatograms could be attributed to the hex
ane used for cleaning of autosampler of the GC instrument. Therefore, 
the percentage of C6 compounds in the liquid products was not analysed 
to prevent data misinterpretations. The presence of doublets and triplet 
peaks in the chromatograms signifies the presence of alkadienes, al
kenes, and alkanes with similar carbon numbers in the liquid samples, 
which is a typical characteristic of plastic pyrolysis products [18,51]. 
Detailed information on the liquid product compositions is provided in 
Table S2 (Supplementary materials). To simplify the data analysis, the 
abundance of alkanes, alkenes, and aromatic compounds in the liquid 
products is illustrated in Fig. 9, whereas the details of the compounds in 
the liquid products are provided in Table S1. A careful examination of 
the chromatograms shows that catalytic pyrolysis of HDPE and LDPE 
possessed similar product distributions, while the liquid products from 
PP pyrolysis showed different product characteristics. This is clear evi
dence of the influence of plastic structures on the product formation 
route during pyrolysis. 

The type of catalyst used in plastic pyrolysis also has an apparent 
influence on the liquid product compositions. Liquid products from 
catalytic pyrolysis of HDPE and LDPE over HZSM-5 contained hydro
carbons with carbon numbers in C7-C15, represented by the tall peaks in 
the chromatograms (Figs. S3–4). HZSM-5 produced a high amount of 
aromatic compounds in the liquid products from the three plastics py
rolyzed. This observation is related to the high abundance of benzene, 
toluene, ethylbenzene, xylene and naphthalenes. HDPE pyrolysis pro
duces an exceptionally high percentage of aromatic compounds (93.0 %) 
at the expense of alkenes (5.5 %) and alkanes (1.49 %). A similar trend is 
observed for LDPE pyrolysis, which produced 74.8 % aromatic com
pounds, 18.2 % alkenes, and 7.0 % alkanes. The considerably high 
proportion of naphthalene in the liquid products is related to the 
extensive cyclization of pyrolysis intermediates catalyzed by HZSM-5 
[59]. A slightly different trend is observed for PP pyrolysis, which pro
duced considerably more alkenes (38.3 %) and alkanes (16.9 %) and 
fewer aromatic compounds (44.9 %) (Fig. S5). Past investigations show 
that the highly acidic and microporous structure of HZSM-5 zeolite 
promotes β-scissions of C-C bonds along the polymer chain to produce 
carbonium ions and olefinic compounds. The carbonium ions can un
dergo further β-scissions to produce smaller oligomers, followed by 
isomerization, oligomerization, cyclization and aromatization of the 
oligomers, forming a wide range of hydrocarbon compounds [60]. The 
bulky structures of PP molecules hinder effective contact of the mole
cules with the catalyst particles, leading the decreased cyclization and 
aromatization. Due to the high contents of aromatics (mainly C7-C8 
compounds), the plastic pyrolysis liquid products over HZSM-5 possess 
low average molecular weight (AMM) (9.73–11.14). 

The chromatograms representing catalytic pyrolysis over FCC cata
lyst (Figs. S6-S8) show different trends to those over HZSM-5. All the 
liquid products contain C5-C35 hydrocarbons, represented by peaks 
with lower heights. Such observations indicate a wide product distri
bution. As FCC catalysts possess lower surface area and weaker acidity 
than those of HZSM-5, the catalyst was incapable of producing small 
hydrocarbons with narrow product distribution. Catalytic pyrolysis of 
plastics over FCC catalyst produced liquid products that contained more 
alkenes (38.3–67.6 %) and alkanes (16.9–25.1 %), with a small number 
of aromatic compounds (6.7–9.5 %). Catalytic pyrolysis of HDPE and 
LDPE produced a slightly higher amount of C19-C40 alkanes (13.4–15.6 
% compared to PP, 7.9 %), while catalytic pyrolysis of PP produced a 
slightly higher amount of C9-C19 compounds (11.0 % compared to 
HDPE and LDPE, 8.5–9.7 %). Therefore, the AMM of the liquid products 
over the FCC catalyst are higher (21.74–22.49) than those over HZSM-5. 
No apparent difference was observed in terms of the abundance of ar
omatic compounds according to carbon number. These observations 
show that the strength and density of Brønsted acidic sites play a more 

Fig. 8. Composition of gas products from (a) thermal pyrolysis and catalytic 
pyrolysis over (b) HZSM-5 and (c) FCC catalyst powered by induction heating. 

Table 4 
Average molecular weights of the gas products.  

Plastic/catalyst Average molecular weights (g/mol) 

HDPE/thermal  42.23 
LDPE/thermal  41.87 
PP/thermal  43.84 
HDPE/HZSM-5  43.17 
LDPE/HZSM-5  44.92 
PP/HZSM-5  44.73 
HDPE/FCC catalyst  45.83 
LDPE/FCC catalyst  45.47 
PP/FCC catalyst  45.52  
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critical role than the BET surface area in the aromatization of plastic 
pyrolysis intermediates. The effects of plastic-type exerted minor in
fluences on the liquid product distribution in this case. 

3.4. Catalyst deactivation 

The temperature-programmed oxidation of the catalysts used in 
plastic pyrolysis provides qualitative and quantitative information on 
the amount and types of cokes formed on the catalysts. Fig. 10 indicate 

different coking behaviors on the spent catalysts. For the HZSM-5 
zeolite, 2–3 peaks were observed (in addition to the peak at ~100 ◦C 
which signifies moisture presence). This observation indicates the for
mation of different types of cokes that (i) can be decomposed at lower 
temperatures (150–330 ◦C), and (ii) can be decomposed at higher 
temperatures (330–760 ◦C). In general, cokes are formed via the 
aromatization of hydrocarbon oligomers on Brønsted acidic sites. In
vestigations on plastic pyrolysis [61] and alkene aromatization [62] 
demonstrated that cokes could exist in the spaces between the catalyst 

Fig. 9. Composition of liquid products from catalytic pyrolysis.  

Fig. 10. TGA and DTG curves for regeneration of coked catalysts used in the catalytic pyrolysis of (a) HDPE over HZSM-5, (b) LDPE over HZSM-5, (c) PP over HZSM- 
5, (d) HDPE over FCC catalyst, (e) LDPE over FCC catalyst, and (f) PP over FCC catalyst. 
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particles or on the catalyst surface (termed soft coke), or inside the 
catalyst micropores, where the Brønsted acidic sites are located (termed 
hard coke). Soft coke consists mostly of oligomers and can be removed 
via heating in an inert environment. In contrast, hard coke is a poly
aromatic hydrocarbon formed via hydrogen transfer, isomerization, 
cyclization, and aromatization of plastic cracking products on the 
Brønsted acidic sites [63]. Due to the more complex structure of the hard 
coke, higher temperatures are required for its complete oxidation. 

For the HZSM-5 zeolites, the coke yields are 2.36 %, 2.14 %, and 2.18 
% for HDPE, LDPE, and PP, respectively, concerning the mass of plastic 
samples pyrolyzed. For the FCC catalyst, coke decomposition produced 
peaks at similar positions to those observed on ZSM zeolites. Strong 
peaks at ~640 ◦C were observed in all the FCC catalyst samples, irre
spective of the plastic type. In contrast, small peaks were observed at 
220–240 ◦C on the FCC catalyst used for HDPE and LDPE pyrolysis. The 
peak is almost non-existent for the FCC catalyst used for PP pyrolysis. 
The strong peak observed at ~640 ◦C is attributed to the coke formed on 
the weak acidic sites of the FCC catalyst. The coke yields are 1.32 %, 
1.38 % and 1.70 % for HDPE, LDPE, and PP, respectively. The charac
terization results in Section 3.2 indicate the almost non-existence of the 
strong acidic sites in the regenerated FCC catalyst (Table 2). The for
mation of coke, despite in small amount, shows that the sites played a 
non-negligible role during plastic pyrolysis. The difference in the coke 
yields observed in HZSM-5 zeolite and FCC catalysts are attributed to the 
higher density and strengths of Brønsted acidic sites in the former 
catalyst. The high acidity of HZSM-5 is known to aromatize plastic 
volatiles, which leads to coke formation. The rapid deactivation of 
HZSM-5 in plastic pyrolysis remains an issue that requires innovative 
solutions [51]. A more detailed study is required to unravel the possible 
influence of plastic-type on the catalyst coking behavior. 

3.5. Analysis of the electrical energy consumption 

To illustrate the advantage of induction heating in plastic pyrolysis, 
the electrical energy consumed by the induction heater during plastic 
pyrolysis was measured using a C.A 8436 Qualistar+ Power Quality 
analyser (Chauvin Arnoux). Measurements under different conditions 
show that the electrical energy consumption was independent of the 
masses of plastics and catalysts during pyrolysis (as heat energy was 
supplied in excess to the reaction system) and was only related to the 
induction heater power and reactor dimensions. The electrical energy 
consumed during 10 min of plastic pyrolysis was 228 kJ (≈63.4 Wh) 
(Fig. S9a, Supplementary materials). This value is significantly lower 
than those recorded by Wu et al. [64] for biomass pyrolysis, namely 
665.2 kJ at 550 ◦C (with the presence of metal hollow balls) and 
819.9 kJ (without the presence of metal hollow balls) at 600 ◦C. The 
observed difference could be attributed to the smaller size of the reactor 
heated in this study (reactor diameter: 2.2 cm, length of the reactor to be 
inductively heated: 5.0 cm) when compared to the reactor used by Wu 
et al. [64] (reactor diameter: 5.6 cm, length of the reactor to be induc
tively heated: not specified). 

As plastic/biomass pyrolysis using induction heating is rarely re
ported in scientific literature, data on the electrical energy consumption 
of the process is scarce. To provide a direct comparison, electrical energy 
consumption during plastic pyrolysis in a fixed bed reactor using an 
electric furnace (based on resistive heating) was also measured using the 
power quality analyser. In contrast to the reactor heating profile 
depicted in Fig. S1, a long heating time (25 min) is required to raise the 
reactor temperature to ~650 ◦C, followed by plastic pyrolysis for 
10 min. These steps consumed 1225.8 kJ (340.5 Wh) and 270 kJ 
(75.1 Wh) respectively, resulting in total energy consumption of 
1535 kJ (426.4 Wh) (Fig. S9b, Supplementary materials). The mea
surement values indicate an 85 % saving in electrical energy con
sumption when plastic pyrolysis is performed via induction heating over 
resistive heating. These values indicate the potential energy saving for 
plastic pyrolysis via induction heating. A similar observation was also 

made by Okan et al. [65], where sewage sludge pyrolysis driven by in
duction heating (4.62 MJ/kg) consumed less energy than resistive 
heating (6.65 MJ/kg) under similar reaction conditions. A more accu
rate comparison of energy consumption in plastic pyrolysis using in
duction heating and resistive heating will be necessary using the same 
reactor which can be inductively and resistively heated. 

In this study, the reactor was heated to a high temperature at a re
action time sufficient to ensure complete plastic conversion. Therefore, 
the heat energy supplied to the system was in excess compared to the 
theoretical energy needed to depolymerize the plastic pellets. This 
statement implies that the electrical energy consumption per unit mass 
of reactant would decrease at a higher reactant loading, as suggested by 
Okan et al. [65]. The energy efficiency of the plastic pyrolysis via in
duction heating can be improved when the potential effects of reaction 
parameters (frequency of the alternating magnetic field generated by the 
induction heater, current used for induction heater, the magnetic 
permeability of the reactor material etc.) which affects reactor temper
ature during induction heating are fully understood. Statistical process 
optimization is another strategy to increase the energy efficiency of the 
plastic pyrolysis process. 

3.6. Potentials and challenges of inductively heated plastic pyrolysis 

In literature, different reactor designs have been proposed for plastic 
pyrolysis to maximize conversion and liquid/gas yields, while mini
mizing coke formation on catalysts [66,67]. Plastic pyrolysis in batch 
and semi-batch reactors exhibit satisfactory process performance at the 
laboratory scale and provide scientists with ample information on the 
process performance. Nevertheless, the development of reactor designs 
that allow continuous operation mode is essential to enable process 
scale-up. In addition, significant energy consumption and long heating 
time are recognized as a few of the technical challenges in plastic py
rolysis. Microwave-assisted pyrolysis is proven to be an excellent strat
egy to overcome the aforementioned challenges, as the heat energy can 
be rapidly produced from metallic susceptors inside the reactor vessel 
[68], which minimizes the heating/cooling time and energy losses to the 
surroundings. In addition, the heat transfer limitation can be minimized, 
as the susceptors are mixed with the plastic feed. Due to the in
compatibility with the stainless-steel reactor, microwave-assisted py
rolysis is typically performed in a specialized reaction system, which 
contains a reactor vessel made of microwave-transparent materials 
(quartz/ceramic). The limited mechanical strengths of these materials 
restrain the prospects of microwave-assisted pyrolysis in the plastic 
recycling sector, especially when considering the possible pressure 
fluctuations due to the volatile gases released during the process. This 
study presents the possibility to conduct plastic pyrolysis in a 
stainless-steel fixed-bed reactor in an alternating magnetic field. The 
reactor was heated up to 650 ◦C within 10 min, which was sufficient for 
complete plastic conversion. Due to the short residence time of plastic 
pyrolysis intermediates in the reactor heating zone, thermal pyrolysis 
produced mainly wax products with a small amount of hydrocarbon gas. 
The addition of zeolitic catalysts significantly improved the yields of gas 
and liquid products at the expense of the wax product. The product 
yields and compositions, as well as the catalyst deactivation behaviors, 
can be explained with references to past investigations on plastic py
rolysis using resistive heating and microwave heating. This exploratory 
study demonstrates the feasibility of plastic pyrolysis via induction 
heating of a reaction vessel, which is comparable to microwave heating 
in terms of heating/cooling time. The use of a stainless-steel reactor 
allows possible pressure variation during the process, hence increasing 
the safety margin when considering the process upscaling potential. The 
avoidance of metallic susceptors in the plastic feed could lead to a more 
convenient treatment of solid residue in the reactor after plastic pyrol
ysis. These findings also demonstrate the high flexibility of the induc
tively heated plastic pyrolysis system in plastic waste valorization into 
various products, depending on the desired end-uses and market value 
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of these products. It is believed that the application of induction heating 
can be extended to various existing reactor designs (auger reactor [69], 
conical spouted bed reactor [70], vertical falling film reactor [71], 
among others) and process designs (pyrolysis, gasification [72], hy
drothermal processing [73] among others), which is an interesting op
tion to improve energy efficiency while retaining the unique advantages 
related to these reactor/process designs. Nevertheless, more funda
mental studies are needed for a comprehensive understanding and 
control of inductively heated plastic pyrolysis. The lack of data on the 
yields of H2, as well as C5 and C6 compounds in plastic pyrolysis 
products in this study, is a significant shortcoming that will be tackled in 
future studies. 

4. Conclusions 

The study examined the feasibility of induction heating in the ther
mal and catalytic pyrolysis of HDPE, LDPE, and PP plastics using two 
HZSM-5 (MFI topology) and FCC (FAU topology) catalysts, which has 
not been explored in the literature. In all the experimental runs, the 
plastic conversion started within 3–5 min of reaction time, and complete 
plastic conversion was observed within 10 min. This observation cor
responded to the rapid reactor temperature increase upon induction 
heating. Thermal pyrolysis produced a significant amount of wax 
(72.4–73.9 wt%) and a small amount of non-condensable gas products 
(rich in C3 followed by C2 compounds). The presence of the catalysts 
significantly enhanced the gas (70.6–73.9 wt% for HZSM-5 and 
62.4–75.2 wt% for FCC catalyst) and liquid yield (24.0–27.2 wt% for 
HZSM-5 and 0–35.9 wt% for FCC catalyst), at the expense of wax yield 
(0 wt% for HZSM-5 and 0 − 25.4 wt% for FCC catalyst). The gas prod
ucts for the catalytic pyrolysis were rich in C3 followed by C4 com
pounds, regardless of the plastic and catalyst properties. On the other 
hand, a significant variation in terms of liquid product distribution is 
observed for catalytic pyrolysis. HZSM-5 zeolite produced liquid prod
ucts with high aromatics content, especially C7-C10 aromatics (repre
senting toluene, ethylbenzene, xylene, naphthalene and several 
alkylbenzene isomers). The FCC catalyst produced a high number of 
liquid products, which were richer in alkenes and alkanes in the C9-C40 
range. The outlined differences are attributed to the different textural 
properties and acidity profiles of the catalysts, which led to different 
reaction pathways during plastic pyrolysis. These observations validate 
the ability of the catalysts in product distribution modification despite 
the short residence time. Polymer types also influenced product yields 
and distribution, in agreement with past investigations in plastic py
rolysis. Coke analysis revealed the formation of cokes (2.14–2.38 wt% 
for HZSM-5 and 1.32 – 1.70 wt% for FCC catalyst) of different strengths, 
corresponding to the different acidic sites on the catalysts. Based on the 
similar decomposition peaks of these cokes in HZSM-5 and FCC cata
lysts, it is hypothesized that the cokes were formed on the strong and 
weak acidic sites of these zeolitic catalysts. 

To conclude, this exploratory study demonstrates the feasibility of 
new pyrolysis powered by induction heating in the production of 
different value-added products from plastics. The adoption of induction 
heating could be an interesting strategy that reduces the time needed for 
plastic waste pyrolysis, especially at a larger scale. In addition, the 
prospects of applying induction heating on stainless-steel reactors also 
provide an interesting scaling-up strategy that allows possible pressure 
variation. As induction heating is also known to have higher energy 
conversion efficiency than resistive heating, future studies will be 
dedicated to the quantification of energy consumption in plastic pyrol
ysis assisted with induction heating. 
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N. Ngadi, J. Rams, M. Muñoz, Plastic waste recycling via pyrolysis: a bibliometric 
survey and literature review, J. Anal. Appl. Pyrolysis 158 (2021), 105265, https:// 
doi.org/10.1016/j.jaap.2021.105265. 

[9] SusChem 2020. Strategic innovation and research agenda (SIRA). 〈https://susche 
m.org/files/library/SIRA-2020/SusChem_SIRA_07_02_V02_interactif.pdf〉, 2020 
(accessed 15 November 2020). 

[10] SusChem2020. Sustainable plastics strategy. 〈http://suschem.org/files/library/Pu 
blications/Suschem_Sustainable_Plastics_Brochure-FINAL_2101.pdf〉, 2020 
(accessed 23/03/2022). 

[11] W.T. Tsai, J.H. Chang, K.J. Hsien, Y.M. Chang, Production of pyrolytic liquids from 
industrial sewage sludges in an induction-heating reactor, Bioresour. Technol. 100 
(2009) 406, https://doi.org/10.1016/j.biortech.2008.06.013. 

[12] P.D. Muley, C. Henkel, K.K. Abdollahi, D. Boldor, Pyrolysis and catalytic upgrading 
of pinewood sawdust using an induction heating reactor, Energy Fuels 29 (2015) 
7375, https://doi.org/10.1021/acs.energyfuels.5b01878. 

[13] H. Mishra, B. Patidar, A.S. Pante, A. Sharma, Mathematical modelling, simulation 
and experimental validation of resistance heating and induction heating techniques 
for E-waste treatment, IET Electr. Power Appl. 13 (2019) 487, https://doi.org/ 
10.1049/iet-epa.2018.5535. 

[14] K. Nakanoh, S. Hayashi, K. Kida, Waste treatment using induction heated pyrolysis, 
Fuji Electr. Rev. 47 (2001) 69. 

[15] J. Zeaiter, A process study on the pyrolysis of waste polyethylene, Fuel 133 (2014) 
276, https://doi.org/10.1016/j.fuel.2014.05.028. 

[16] Y. Qiu, X. Hou, G. Liu, L. Wang, X. Zhang, Fast recovery of Brønsted acid sites lost 
during high-temperature calcination in HZSM-5, Microporous Mesoporous Mater. 
243 (2017) 176, https://doi.org/10.1016/j.micromeso.2017.02.030. 

[17] O. Mazaheri, R.J. Kalbasi, Preparation and characterization of Ni/mZSM-5 zeolite 
with a hierarchical pore structure by using KIT-6 as silica template: an efficient bi- 
functional catalyst for the reduction of nitro aromatic compounds, RSC Adv. 5 
(2015), 34398, https://doi.org/10.1039/c5ra02349a. 

[18] I. Dubdub, M. Al-Yaari, Pyrolysis of low density polyethylene: kinetic study using 
TGA data and ANN prediction, Polymers 12 (2020) 891, https://doi.org/10.3390/ 
polym12040891. 

[19] J. Baena-Gonzalez, A. Santamaria-Echart, J.L. Aguirre, S. Gonzalez, Chemical 
recycling of plastic waste: bitumen, solvents, and polystyrene from pyrolysis oil, 
Waste Manag. 118 (2020) 139, https://doi.org/10.1016/j.wasman.2020.08.035. 

[20] B.R.G. Leliveld, M.J.H.V. Kerkhoffs, F.A. Broersma, J.A.J. van Dillen, J.W. Geus, D. 
C. Koningsberger, Acidic properties of synthetic saponites studied by pyridine IR 
and TPD-TG of n-propylamine, J. Chem. Soc., Faraday Trans. 94 (1998) 315, 
https://doi.org/10.1039/a705357f. 

[21] S. Wong, N. Ngadi, T.A. Tuan Abdullah, I.M. Inuwa, Catalytic cracking of LDPE 
dissolved in benzene using nickel-impregnated zeolites, Ind. Eng. Chem. Res. 55 
(2016) 2543, https://doi.org/10.1021/acs.iecr.5b04518. 

[22] D. Barik (Ed.), Energy From Toxic Organic Waste for Heat and Power Generation, 
Woodhead Publishing, 2019, p. 17. 〈https://www.sciencedirect.com/science/artic 
le/pii/B9780081025284000031〉. 

[23] D. Xu, Y. Xiong, J. Ye, Y. Su, Q. Dong, S. Zhang, Performances of syngas production 
and deposited coke regulation during co-gasification of biomass and plastic wastes 
over Ni/γ-Al2O3 catalyst: Role of biomass to plastic ratio in feedstock, Chem. Eng. 
J. 392 (2020), 123728, https://doi.org/10.1016/j.cej.2019.123728. 

[24] B. Fekhar, V. Zsinka, N. Miskolczi, Value added hydrocarbons obtained by 
pyrolysis of contaminated waste plastics in horizontal tubular reactor: In situ 
upgrading of the products by chlorine capture, J. Clean. Prod. 241 (2019), 118166, 
https://doi.org/10.1016/j.jclepro.2019.118166. 

[25] B. Fekhar, L. Gombor, N. Miskolczi, Pyrolysis of chlorine contaminated municipal 
plastic waste: In-situ upgrading of pyrolysis oils by Ni/ZSM-5, Ni/SAPO-11, red 
mud and Ca(OH)2 containing catalysts, J. Energy Inst. 92 (2019) 1270, https://doi. 
org/10.1016/j.joei.2018.10.007. 

[26] K. Ding, S. Liu, Y. Huang, S. Liu, N. Zhou, P. Peng, Y. Wang, P. Chen, R. Ruan, 
Catalytic microwave-assisted pyrolysis of plastic waste over NiO and HY for 
gasoline-range hydrocarbons production, Energy Convers. Manag. 196 (2019) 
1316, https://doi.org/10.1016/j.enconman.2019.07.001. 

[27] S. Klaimy, J.F. Lamonier, M. Casetta, S. Heymans, S. Duquesne, Recycling of plastic 
waste using flash pyrolysis – effect of mixture composition, Polym. Degrad. Stab. 
187 (2021), 109540, https://doi.org/10.1016/j.polymdegradstab.2021.109540. 

[28] L. Shafigullin, N. Romanova, I. Gumerov, A. Gabrakhmanov and D. Sarimov,2018. 
Thermal properties of polypropylene and polyethylene blends (PP/LDPE), at: IOP 
Conference Series: Materials Science and Engineering, 012070. 

[29] I. Dubdub, M. Al-Yaari, Pyrolysis of mixed plastic waste: I. Kinetic study, Materials 
13 (2020) 4912, https://doi.org/10.3390/ma13214912. 
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