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across the world caused the PP based plastic wastes accumulation. Some alternative approaches that have
been practiced apart from collecting the plastic waste in the landfills are incineration approach and open burning.
However, there were many drawbacks of these practices, which promote the release of chemical additives and
greenhouse gases into the environment. Therefore, a proper approach in treating the plastic wastes, which intro-
duces conversion of plastic wastes into renewable energy is paramount. Along the way of extensive research and
studies, the recovery of PP plastic to fuel-like liquid oil and solid char through thermal decomposition of pyrolysis
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Polypropylene plastic wastes, type of pyrolysis used and the main pyrolysis parameters affecting the product yields. Literature
EEE”D 10 studies of pyrolysis of PP plastic and several key points to optimize solid char production for PP were thoroughly

Soil and air pollution

elaborated in this review paper.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Global plastic production started in the early 1900s, where the first
synthetic plastic had been invented in 1950. Annual global plastic de-
mand has soared since the plastic industry started, from 1.5 million met-
ric tons in 1950 to 3 billion metric tons in 2018 (Ritchie and Roser,
2018). Every year, the world generates 381 million tonnes of plastic
waste, which is expected to double by 2034. Polypropylene (PP), poly-
ethylene (PE), polyurethane (PU), polyvinyl chloride (PVC), polystyrene
(PS), polyethylene terephthalate (PET), and phenolic resin are the most
commonly used plastics, with PP and PE being widely used polymers in
daily plastic goods, particularly disposable products such as plastic
packaging, sterile medical uses, construction, and compostable plastic
bottles (Giacovelli et al., 2018). This is due to the fact that polyolefins
are highly resistant to microbial enzymes, light, and water due to their
high molecular weight and hydrophobicity (Geyer et al., 2017). Accord-
ing to some researchers (Arkatkar et al., 2009; Chamas et al., 2020), the
degradation rate of plastics is very low, it takes 60 to 1000 years to de-
grade under natural environment. Antioxidants and stabilizers, which
are intended to extend the usable life of plastics, frequently inhibit the
breakdown of plastic trash in the environment. In addition, colorants,
plasticizers, and stabilizers are used as additives in these plastics,

which comprised of cadmium and lead elements (Yasar, 2004). Conse-
quently, plastic wastes can account for up to 28% of total cadmium in
urban solid waste and created an emerging threat to the environment.

During the coronavirus disease 2019 (COVID-19) pandemic, over
one million new cases of COVID-19 with total of 3.2 million deaths
were reported by World Health Organisation (WHO) as of 6 May 2021
(WHO, 2021). With the aim of inhibiting the rapid COVID-19 spreading,
hand washing should be done on a frequent basis, as should maintain-
ing social distances and wearing a face mask in public areas. Personal
protection equipment (PPE), such as ventilators, isolation gowns,
hair and shoe nets, is used by frontline healthcare professionals (see
Fig. 1), mainly made up of PP, about 72% (3M Personal Safety Division,
2018; MOH, 2020), as their main barrier from the viral and bacterial in-
fections. As a result, PPE has led to an increase in plastic debris since the
pandemic emerged. In response to high PPE demand among the public,
health care workers, and service employees, single-use face mask
manufacturing in China increased to 116 million per day in February
2020, over 12 times the usual amount (Bermingham and Tan, 2020). Ac-
cording to Ranney et al. (2020), an increase in new cases has resulted in
a rapid accumulation of infectious used PPE in the municipal solid waste
system. Furthermore, it has been reported that since the emergence of
COVID-19, the manufacturing of PP-based PPEs and wastes has risen.
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Fig. 1. Frontline medical personnel mostly utilize PPE to treat COVID-19 patients.

Owing to the unprecedented output of debris from residences and
health facilities, there appears mass waste production due to the hoard-
ing of gloves, gowns, masks, and other protective equipment. Failure to
adequately manage trash originated from healthcare institutions and
residential areas will exacerbate the development of COVID-19 through
secondary transmission. Plus, landfill dumping, open burning, and in-
cineration might have an impact on air quality and health effects
owing to toxic exposure (WHO, 2020a).

Landfill strategy seemed unsuitable with the purpose to handle the
lumped up of COVID-19 related medical waste which also were highly
contagious. It was reported by Budiman and Ardiansyah (2020) in May
2020, the piling of COVID-19 medical waste collapsed the landfill's wall
and tons of waste slipped into Cisadane river. Due to the improper
waste management, the public water source had been contaminated as
the medical waste fell into the main river (Budiman and Ardiansyah,
2020). Corburn et al. (2020) stated that improper landfilling and local
burning of plastic and medical waste had increased Indian municipal
waste issues the pandemic, and this situation aid the spread of the virus
contagion. Therefore, there is a problem in handling unconventional
waste in a sustainable manner with lowering carbon emissions, minimiz-
ing secondary virus transmission, and minimizing potential health risks.
Furthermore, without conventional waste management strategy and
waste emergency strategies to combat the epidemic, global might face
catastrophic repercussions. Because of the negative environmental impli-
cations of plastic waste and its management practices, new ecologically
friendly methods of plastic waste disposal should be developed.

Pyrolysis method had attracted the researchers' attention as it com-
prises of high waste decomposition, facile process and supports green
waste management rather than current practices of incineration. Pyrol-
ysis is a thermochemical process that converts plastic waste at high
temperatures in a deoxygenated atmosphere into lower molecular
weight compounds (Verma et al., 2019). While incineration of plastic
waste generates mainly carbon dioxide, water, and unburned debris
known as microplastics that occurs in the bottom ash (Yang et al.,
2021). Pyrolysis emits very little pollutants. Pyrolysis of plastic produce
primarily combustible low molecular weight compounds which basi-
cally comprised of gaseous substances; liquid and solid products includ-
ing coke, char and carbon black (Harussani et al., 2020; Mohd Nurazzi
et al.,, 2021). It would be a perfect application for converting plastic
waste into usable materials (Worrel and Vesilind, 2012). There are sev-
eral studies in the literature on the pyrolysis of plastic wastes and the
use of their pyrolysis products (Harussani et al., 2021b, 2020; Parku
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et al,, 2020). The conversion of plastic wastes to hydrocarbon mixtures
by pyrolysis has piqued the interest of many experts since it has the po-
tential to reduce waste, extract chemicals, and substitute other fuels
(Harussani et al., 2020; Sharuddin et al., 2016).

Conclusively, this review concentrated on the types and develop-
ment of plastic pyrolysis technology, specifically in treating PP plastic,
which have not been discussed by other review articles. Additionally,
this review paper also provided a comprehensive overview of the opti-
mization of product yields from PP pyrolysis, as well as the main
influencing parameters in the PP plastic pyrolysis process that require
attention to maximize the liquid oil and char production and improve
the oil quality. Recent and future possible application of pyrolysis char
product is expected to promote green product development and renew-
able energy generation for environment sustainability.

2. Polypropylene (PP)

PPEs are mainly made up of 72% of PP polymer (3M Personal Safety
Division, 2018). PP is a thermoplastic material which produced by poly-
merizing of monomer propylene molecules. Fig. 1 shows the illustra-
tions for the PPEs which mostly utilized by frontline healthcare
personnel in isolation centres. Summary of the raw materials used in
the manufacture of components of PPE can be outlined as Table 1
(WHO, 2020b). PP is a saturated polymer with a linear hydrocarbon
chain that is chemically and thermally resistant, with melting point of
160 °C (Verbeek et al., 2020). Attributed with excellent and desirable
physical, mechanical, and thermal properties in room-temperature re-
ally play a big role in widely applied of PP in plastic industry, furniture,
storage boxes, car bumpers and stationery.

3. Pyrolysis approach

3.1. Pyrolysis of polypropylene

Pyrolysis is a method of thermochemical decomposition of sub-
stances such as plastic waste at high temperatures in an inert deoxygen-
ated environment (Verma et al.,, 2019). In previously published study, as
according to Xue et al. (2016), pyrolysis is a viable and effective waste
management technique for the treatment of industrial and medical
solid waste, and it is an alternative thermal disinfection approach that
is available and practical for the treatment of COVID-19 associated
waste. Due to the heat and/or pressure used, the waste pyrolysis plant's
end products are mostly combustible lower molecular weight, short
chain, and less complicated molecules (Kairyté et al., 2020). Generally,
gaseous end-product will be yielded, the gases collected such as hydro-
gen, methane, and carbon monoxide. While, with high operating tem-
perature, liquid outputs will be collected the most. Methanol, acetone,
acetic acid, acetaldehyde as well as tar, solvent oil and other organic
matter are various kind of liquid-like end products yielded (Verma
et al,, 2019). Other than that, solid end-products could be yielded
mainly via low-temperature pyrolysis. Thus, coke, char and carbon
black will be collected.

As the end-products of pyrolysis are collected and repurposed into
usable outputs, it creates less pollution. This approach was mentioned

Table 1
Raw materials of PPE components.
Adapted from WHO (2020b).

PPE components Raw materials

Facemasks
Normal surgical masks
Single use isolation gowns

Polypropylene
Polypropylene
Mainly polypropylene

Goggles High quality polycarbonates
Coveralls High density polyethylene
Hair nets Polypropylene

Shoe covers Polypropylene
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as an excellent technology for the decomposition as well as transforma-
tion of plastic waste into usable by-products (Worrel and Vesilind,
2012). Vivero et al. (2005) emphasized that the conversion of plastic
wastes to hydrocarbon blends by pyrolysis is the optimum method for
decomposing and recycling PPE waste. It helps to reduce the amount
of plastic trash generated, recover chemicals, and substitute fuels and
other virgin materials. Table 2 summarizes the comparison of pyrolysis
of various plastic waste, including PE, PVC, PS, PET and PP, regarding the
solid yields, including char, coke or waxy residue.

From published research works, it is reported that PP plastic wastes
were slow pyrolysed with low heating rate of 5 °C/min. Sogancioglu
et al. (2020) showed that in the pyrolysis experiment, more than
2.67% char product yields. Ahmad et al. (2015) studied the effect of py-
rolysis temperature towards the production of fuel-like products from
pyrolysis of PP and HDPE waste over range of low temperature, 250 °C
to 400 °C. The highest total conversion of PP waste was achieved at
300 °C with 98.66. Whereas in terms of char yields, decreased yield of
solid residue occurred along the increasing temperature, from 13.68%
to 5.7%. The decreased output of char products at a higher temperature,
according to Witkowski et al. (2016), is associated to the increased pri-
mary depolymerisation of plastics and secondary depolymerisation of
yielded char as demonstrated in Fig. 2. Note that the nitrogen gas used
to avoid oxidisation happened towards the samples prior to the pyroly-
sis process.

Similar trend of decreasing char yields along increasing pyrolysis
temperature had been reported, including pyrolysis of PP waste, by
Abbas-Abadi et al. (2014), Ahmad et al. (2015) and Harussani et al.
(2021b, 2021a), PE waste by Palos et al. (2019), and PVC plastic wastes
by Miranda et al. (2012) and Adrados et al. (2012), refer Table 2. Brief
literature review on pyrolysis of PP plastic waste has been discussed
and compared according to the specified pyrolysis parameters and
type of pyrolysis which the integrated strategy aids in achieving maxi-
mum economic and environmental advantages with minimum waste
production.

3.2. Type of pyrolysis

Pyrolysis is classified into several categories based on the operating
conditions, including the pyrolytic temperature, heating rate, and the
time of residence of the volatile matter. Table 3 below summarizes
that slow pyrolysis, fast pyrolysis, and flash pyrolysis are the three pri-
mary kinds of pyrolysis based on the heating rate. Pyrolysis, both fast
and slow, is generally done in an inert environment (Zaman et al.,

Table 2
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2017). Slow pyrolysis has a prolonged vapor residence period in the py-
rolysis medium. This method is generally utilized to create the greatest
quantity of char. Pyrolysis might well be classified into four types based
on the operating environment: (1) hydro-pyrolysis, (2) oxidative pyrol-
ysis, (3) catalytic pyrolysis and (4) vacuum-assisted pyrolysis. Hydro-
pyrolysis is performed in the presence of hydrogen, whereas catalytic
pyrolysis is the pyrolysis which assisted with catalysts to improve the
process efficiency and by-products yields. While, some pyrolysis types
depend on the heater system as the microwave or plasma pyrolysis
(Martinez et al., 2013). In this section, the common type of pyrolysis
practiced will be discussed regarding for plastic polymer polypropylene
waste. Table 4 outlines the effect on desired product yields towards the
different type of pyrolysis process on PP plastic waste.

3.2.1. Slow pyrolysis

Slow pyrolysis refers to pyrolytic breakdown that occurs at a lower
operating temperature, with a low heating rate and extended solid
and vapor residence times. Longer stays lead to secondary conversion
of primary products, which is beneficial for the production of coke, tar,
and char (Martinez et al., 2013). Carbonization is another name for
slow pyrolysis. According Singh et al. (2019), the slow pyrolysis heating
rate with lengthy time of feedstock residence optimize char production,
whereas high heating rate of fast pyrolysis produces very little char.
A significantly lower non-isothermal heating rate promoted the
synthesis of Hp, CO, CHy, and CsH;,, whereas rapid pyrolysis produces
predominantly gases (Bennett, 2007). It is recorded that slow
pyrolysis of PP products with 10 °C/min heating rate yielded 10% solid
char, higher than that of fast pyrolysis, with 2% char. Another claim is
slow pyrolysis also yielded higher amount of oil product rather than
fast pyrolysis, shown by previous work (Das and Tiwari, 2018a; Parku
et al., 2020; Singh et al., 2019).

Das and Tiwari (2018b) had showed in his work that thermally
decomposed PP and PE wastes with low temperature (~400 °C) gave
output of light hydrocarbon liquid fractions (C6-C20). Subsequently,
we discovered that utilizing slow pyrolysis, there are less works on
char production from PP waste than from plastic-derived oil. Slow py-
rolysis, however, actually results in higher char yields (Ahmad et al.,
2015). Sogancioglu et al. (2020) studied the effect of pyrolysis temper-
ature on the solid pyrolysis product of pyrolysis of PP plastic wastes. The
yielded char was used as filler material in epoxy composite for struc-
tural applications. PP identified to have the highest carbon content, ver-
ifying its carbonaceous nature.

Comparison of char yields (wt%) from the pyrolysis of plastic wastes (HDPE, LDPE, PS, PET, and PP) studied in literature works.

Adapted and updated the information from Das and Tiwari (2018a).

Material Process® Char yields (wt%) Ref.

HDPE Batch reactor (T = 450 °C, rt = 60 min, catalyst HZSM-5) 19.70 (N Miskolczi et al., 2004)
HDPE Semi-batch reactor (T = 300 °C, hr = 5 °C/min) 2.34 (Sogancioglu et al., 2017)
HDPE Batch reactor (T = 440 °C, rt = 120 min) 17.00 (Sharma et al., 2014)

HDPE Fixed bed reactor (T = 500 °C, hr = 5 °C/min, rt = 330 min) 20.00 (Al-Salem, 2019)

HDPE Batch autoclave reactor (T = 490 °C, rt = 60 min) 6.50 (Palos et al., 2019)

LDPE Semi-batch reactor (T = 300 °C, hr = 5 °C/min) 10.12 (Sogancioglu et al., 2017)
LDPE Batch reactor (T = 300 °C, hr = 5 °C/min, rt = 360 min) 10.80 (Bow and Kurniawan, 2021)
PVC Wire mesh reactor (T = 500 °C, hr = 1 °C/s) 16.00 (Zhou et al., 2016)

PS Batch reactor (T = 425 °C,P = 1.6 MPa, hr = 10 °C/min) 0.50 (Onwudili et al., 2009)

PET - (T =500 °C,P = 1 atm, hr = 6 °C/min) 9.00 (FakhrHoseini and Dastanian, 2013)
PP Batch reactor (T = 380 °C,P = 1 atm, hr = 3 °C/min) 13.30 (Sakata et al., 1999)

PP Batch reactor (T = 740 °C, hr = 10 °C/min) 1.60 (Demirbas, 2004)

PP Fluidized bed reactor (T = 703 °C, fr = 7 g/min, fast pyrolysis) 6.90 (Jung et al., 2010)

PP Semi-batch reactor (T = 450 °C,P = 1 atm, hr = 25 °C/min, catalyst FCC) 3.60 (Abbas-Abadi et al., 2014)
PP Horizontal steel reactor (T = 250 °C, hr = 20 °C/min, rt = 30 min) 13.70 (Ahmad et al,, 2015)

PP Fixed bed and batch reactor (T = 400 °C, hr = 5 °C/min, rt = 45 min) 2.50 (Sogancioglu et al., 2020)
PP Fixed bed reactor (T = 900 °C, rt = 21 min) 2.80 (Liu et al., 2020)

PP Microwave-assisted semi-batch reactor (T = 250 °C, HZSM-5 catalyst) 1.54 (Duan et al., 2017)

Real plastic waste Batch reactor (T = 500 °C, hr = 20 °C/min, rt = 30 min) 33.50 (Adrados et al.,, 2012)

2 T - temperature, P - pressure, fr - feed rate, hr - heating rate, rt - residence time.
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Fig. 2. Pyrolysis reaction for polypropylene (PP) polymer. Adapted from (Yan et al., 2015).

Table 3
Differentiation of pyrolysis processes based on main operating parameters.
Adapted with permission from Zaman et al. (2017).

Pyrolysis Residence Heating rate Final Major

methods time temperature (°C)  products

Flash <1ls Very high 800-1000 0il
(1000 °C/s)

Fast <5s High 400-800 0il
(10-200 °C/s)

Slow 30-300 min Low (<5 °C/s) 300-600 Char, oil,

gas

Ultra-rapid <05s Very high >1000 Gas

Hydro-pyrolysis <10 s High <500 0il

Vacuum 2-30 s Medium ~400 0il

Carbonization ~ Days Very low ~400 Charcoal

Harussani et al. (2021a) slow pyrolysed disposed single use PP isola-
tion gowns under different low pyrolysis temperatures, increasing char
yields had been recorded along decreasing process temperature. Two
degradation mechanisms occurred in the process: (1) end chain

scission, results in monomer units, and (2) random scission, results in
the bulk of hydrocarbon products. Parku et al. (2020) studied the effect
of slow and fast pyrolysis of PP waste with heating rate of 15 °C/min and
180 °C/min, respectively, under atmospheric pressure in a bench-scale
reactor. From Fig. 3, char yields are highest (14 wt%) with lower gas
yields, via fast pyrolysis with lower temperature. Contradict to previous
claim, Parku et al. (2020) had observed that fast pyrolysis approach suc-
cessfully yielded higher char amounts, increasing with 145%. However,
thermal decomposition with low temperature under atmospheric con-
dition was proven to enhance the char and liquid oil yields, while,
higher temperature lead to improve gases yields. All condensable mate-
rials have higher heating values (HHV), which are obtained under
milder conditions. The lower HHVs obtained at higher temperatures
were clarified by increased aromatic activity.

3.2.2. Fast pyrolysis

In contrary, this type of pyrolysis considers a rapid thermal decom-
position with higher heating rates and/or high process temperature
for rapid products quenching, admired for liquid product formation. Lig-
uid fuel with higher calorific value was yielded, based on Singh et al.
(2019). They had studied the effect of residence time towards PP

Table 4

Pyrolysis of plastic PP using different type of pyrolysis.
Plastic Type of pyrolysis Focused end products Ref.
PP, PE Slow PDO for liquid fuel (Das and Tiwari, 2018b)
PP Slow Char 10%, oil 76% and gas 14% (Singh et al., 2019)
PP, PE waste Slow Liquid oil of C8-C28 aliphatic carbons (Velghe et al., 2011)
PP waste Slow (catalytic) Solid oxide fuel cell, carbon nanotubes (Cai et al., 2019)
PP Slow Carbon 25%, oil 33% and gas 38%, porous carbon sheets (Ma et al., 2018)
PP, PET, PS waste  Slow (co-pyrolysis) Pyrolysis oil (Chhabra et al., 2020)
PP waste Slow Alkene/alkane rich gas products (Ciliz et al., 2004)
PP waste Slow Liquid (oil/wax phase) yields 42% (Maniscalco et al., 2021)
PP waste Slow 80% liquid fuel (Santaweesuk and Janyalertadun, 2017)
PP waste Slow Char 5.7%, gases 5.6% and light and heavy oil fraction of 82.4% (Parku et al., 2020)
PP Slow PDO and hydrocarbon gases (Das and Tiwari, 2018a)
PP Slow Char 2.49%, oil 78.70%, gas 18.81% (Sogancioglu et al., 2020)
PP Fast 50% of the feed mass, 40% oil and 10% char (Kalargaris et al., 2018)
PP waste Fast Char 2.5%, gases 31.8% and light and heavy oil fraction of 60.5% (Parku et al., 2020)
PP Fast Char 2%, oil 7% and gas 91% (Singh et al., 2019)
PP Fast High quality biofuel (Ojha and Vinu, 2015)
PP Fast 51.9% organic carbon basis, 0.2% char residue (Erdogan et al., 2014)
PP, lignin Fast (non-catalytic co-pyrolysis)  High hydrocarbons originating from PP pyrolyzates (Ryu et al., 2020)
PP from facemask  Catalytic Formations of syngas, C;, hydrocarbons (Jung et al,, 2021)
PP, lignin Catalytic (fast co-pyrolysis) Larger amounts of BTEXs, OMAHSs, small molecular hydrocarbons (C3 ~ C;)  (Ryu et al., 2020)
PP, seaweed Catalytic Large pore size, strong Bronsted acid sites bio-oil (Kim et al., 2017)
PP Plasma Low emission rate, waste residue is inert and sterile (Datta et al., 2018)
PP waste Plasma Synthesis gas and fuels (Munir et al., 2019)
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Fig. 3. Effects of temperature and heating rate on liquid, gases and char yields for atmospheric conditions. Reproduced with copyright permission from (Parku et al., 2020), Elsevier.

waste using fast pyrolysis technique. Jung et al. (2020) had thermally
decomposed PP and PE waste under high process temperature around
668-746 °C. Approximately, 2 wt% of char residue had been yielded
compared to about 32 wt% and 66 wt% of oil and gas yields, respectively.
This is due to the higher heating rate, 20 °C/min that causes the char res-
idue to interact with the volatile matters to generate secondary com-
pounds. Thus, it promotes the carbon to be converted into pyrolysis oil
and gas products, about 91% of gas yielded.

However, Jung et al. (2010) discovered that increase in process tem-
perature in isothermal process, producing char with higher surface area,
192 m?/g. According to Ojha and Vinu (2015), treated microcrystalline
cellulose and PP were mixed and decomposed via fast pyrolysis with
high heating rate. It was recently showed that maximum char formation
for feed composition of cellulose and PP is 50:50, 14.32% and 40.21% of
char and hydrocarbons yields, respectively. The hydrocarbon vapors
from pure PP are thought to react with the char formed by the burnt cel-
lulose under isothermal conditions. Thus, condensed ring aromatic
compounds were formed, which persisted in the solid residue after
the pyrolysis process was completed. With increasing pyrolysis temper-
ature, the quantity of char reduced while the production of aromatic hy-
drocarbons increased.

3.2.3. Catalytic pyrolysis

Recently, the formation of aromatic hydrocarbons via catalytic py-
rolysis of waste plastic, including PP (Abbas-Abadi et al., 2014; Jung
etal, 2021; Kim et al., 2017; Ryu et al., 2020), PE (Lee et al., 2002; N
Miskolczi et al., 2004), or PS (Shah and Jan, 2014; Williams and Bagri,
2004) was reported by many researchers. Commonly, PP waste was
thermally decomposed with aid from catalysts in to enhance the yield
of the by-products. Plus, presence of catalyst does speed up chemical re-
action via lowering the activation energy of the process, leads to energy
saving and widely applied in industries and researches for the afore-
mentioned particular reasons.

Abbas-Abadi et al. (2014) works on PP with fluid catalytic cracking
(FCC) catalyst in a stirred reactor. It is observed that the increasing
amount of FCC catalyst applied leads to the lower yields of condensed
product but higher non-condensable product. While, the coke yield is
increasing, 14% coke collected under 0.6 FCC/PP ratio. Kim et al.
(2017) investigated the catalytic co-pyrolysis of PP and biomass waste
in a fixed-bed reactor using a variety of catalysts such as HZSMS-5, Pt/

mesoporous MFI, and mesoporous Al-SBA-16. The quantities of oxygen-
ates, acids, and wax species were considerably reduced by catalytic
upgrading, while the amount of aromatics and light hydrocarbons in
the gasoline and diesel ranges were considerably increased, suitable
for bio-oil applications. Thus, it indicates that the catalysts used im-
proved the performance of the thermal cracking process plus the num-
ber of by-products yielded.

3.24. Plasma pyrolysis

Extreme heat provided by the plasma allows it to safely and reliably
dispose of all forms of waste, which were pyrolysed into CO, H,, and
hydrocarbons (Nema and Ganeshprasad, 2002). Thus, it suits to be
used in managing infectious medical waste as thermally stable
bacteria are killed by the plasma environment. Gases produced by the
pyrolysis leads to a high temperature, around 1200 °C. During the
plasma pyrolysis process, the hot gases are quenched from 500 to
700 °C to avoid recombination reactions of gaseous molecules, which
hinder the generation of dioxins and furans. The results of the gas
analysis demonstrate that the toxic gases released during combustion
are far within the emission limitations set by the Central Pollution
Control Board (CPCB).

Datta et al. (2018) stated that this approach generates plasma en-
ergy by using plasma torches. In the plasma state, the ionized gas can
conduct electric current, then, the electric energy is transformed to
heat energy due to its high resistance. Residues are generated at the
end of process, include carbon black, glass aggregates, and metallic res-
idues (Bano et al., 2017). Tang et al. (2003) stated that the percentage of
hydrogen and carbon monoxide in the gaseous liquid could well be pro-
duced up to 40% at the optimal experimental power input of 35.2 kVA
and feed rate of 60 g/min. Thus, utilization of plasma pyrolysis for fast
decomposition of medical waste is suggested rather than gaseous com-
bustion (Wang et al., 2020). This approach has produced low emission
rates, inert residuals, volume reductions of about 95%, and mass reduc-
tions of 90%. However, high energy consumed and costly hindered the
plasma pyrolysis application.

4. Pyrolytic parameters

Summary on the effect of various process parameters towards the
yields of final products had been denoted in Table 5. Depending on
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Table 5
Pyrolysis of PP with specific process parameters.
Sample Process parameters Final products (wt%) Ref?
Type of reactors Temperature Residence time Heatingrate Particle size Catalyst Solid Liquid Gas
(°C) (min) (°C/min) (mm)
PP Auger and fluidized bed reactor 718.2 10 5 0.4-1.5 - 1.67 3383 634 1
PP waste Lab scale borosilicate glass reactor 450 90 - - Zeolite Wax 80.82 - 2
65 - - 86.40 -

PP and biomass waste  Co-pyrolysis 450 50 5 5 - 2320 5741 194 3
PP Tubular electrical furnace semi batch pyrolysis 325 10 5 5 - Wax 5402 298 4
PP waste Batch autoclave reactor 500 60 5 2-5 - - 95 50 5
PP Conical spouted bed reactor 450 18 - 0.6-1 - Wax 92 80 6
PP, PE, PS, PET waste  Batch reactor 500 30 20 - - 335 409 256 7
PP Batch reactor 740 10 - - - 1.6 48.8 496 8
PP Batch reactor pyrolysis 350 180 - - - - 54.5 - 9
PP, PS Fixed bed pyrolysis reactor 700 60 25 - 0.4 83.6 16.0 10
PP, APP Fixed bed pyrolysis reactor 425 150 5 0.2 - - 93 70 11
PP waste Batch reactor pyrolysis 400 60 - - - 184 8886 93 12
PP waste Fixed-bed reactor co-pyrolysis 500 30 5 30 - 15.6 6.3 400 13
PP waste Fixed-bed reactor 250 60 - - - - 8 - 14
PP Fluidised bed pyrolysis 520 300 3 0.18 HUSY 3.44 375 895 15
PP Steel micro reactor 300 - - - - 134 6938 288 16
PP Batch reactor pyrolysis 380 30 3 1 - 133  80.1 66 17
PP, PE, PA, PS waste Horizontal tube reactor 500 72 - 4-5 - 853 109 34 18
PP Pyrolysis reactor 500 - 6 - - 0.12 8212 180 19

2 Ref. -1 - (Park et al,, 2019); 2 - (Sonawane et al., 2015); 3 - (Sajdak and Muzyka, 2014); 4 - (Das and Tiwari, 2018a); 5 - (Williams and Slaney, 2007); 6 - (Aguado et al., 2002); 7 -
(Adrados et al., 2012); 8 - (Demirbas, 2004); 9 - (Wong and Broadbelt, 2001); 10 - (Williams and Williams, 1999); 11 - (Ballice and Reimert, 2002); 12 - (Martynis et al., 2019); 13 -
(Kusrini et al., 2019); 14 - (Bow and Pujiastuti, 2019); 15 - (Lin and Yen, 2005); 16 - (Ahmad et al., 2015); 17 - (Sakata et al., 1999); 18 - (Norbert Miskolczi et al., 2004); 19 -

(FakhrHoseini and Dastanian, 2013).

the material composition, pyrolysis temperature, residence duration,
catalysts employed, and other operational parameters, a variety of prod-
ucts will be produced (Hidalgo et al., 2016). The importance of reaction
parameters in the thermal degradation process cannot be understated.
Pyrolysis operation parameters have an impact on the generation of
oil, char, and gaseous products. Optimal process parameters will result
in the highest yields of pyrolysis by-products. Thus, by modifying and
regulating a set of process parameters, the intended end-products
may be effectively produced. In this section, the discussions of the oper-
ating conditions are revised as follows.

4.1. Temperature of process

Temperature is the main parameter affecting the pyrolysis. Opti-
mum temperature controls the breaking of the polymer chain of the
plastic. During the increasing temperature, the molecules of the mate-
rials start to vibrate and tend to evaporate from the surface of the mate-
rials. This tends to occur when the van der Waals force-induced energy
across the polymer chains rises exceeding the C—C bond enthalpy, thus,
carbon chain breaks (Das and Tiwari, 2018b; Sobko, 2008). In addition,
higher operating temperatures of pyrolysis produces better non-
condensable gases (syngas, synthetic gas) yields, while lower tempera-
tures are recommended for high yields of solid product, such as char-
coal, bio-coal, and char.

Harussani et al. (2021a) has studied the effect of temperature to-
wards PP degradation phase. According to the thermal analysis, PP dete-
rioration temperature started at 400 °C, lower than the HDPE as
reported by Marcilla et al. (2005). Theoretically, PP degraded quicker
than HDPE because half of the carbon in the PP chain is tertiary carbon,
which promotes the production of tertiary carbocation during deterio-
ration (Jung et al., 2010). Panda et al. (2010) explained that the event
happened due to recombination of the by-products via retrogressive re-
union leading to char formation. Thus, the coke and carbonaceous for-
mation yields more than the liquid products at this phase, 5.7% at
400 °C. However, maximum char yield occurred at low temperature of
250 °C, with 13.68% solid residue collected. Ahmad et al. (2015) studied
the effect of temperature on the thermal cracking of polyolefinic poly-
mers PP and HDPE. As the temperature increasing, the total yield was

increased from 86% at 250 °C to 99% at 300 °C. This indicates that PP eas-
ily degrades due to its branching structure plus it has higher proportion
of tertiary carbons in its polymer chains, leads to thermal cleavage of
C—C bonds (Aguado et al., 2000). However, the overall conversion
start decreasing as the process temperature increased, 300-350 °C.

4.2. Residence time

Residence time referred to the time length for the sample will be in
the pyrolysis chamber, affecting the yields of end-products. Prolonged
time of residence increases the degradation of the primary product con-
tributing to the formation of more thermal stable products like the light
molecular weight hydrocarbons and non-condensable gas (Sharuddin
et al,, 2016), as it affects the degree of thermal conversion of the solid
and gas products. Miskolczi et al. (2004a,b) developed a research on
thermal cracking of PE and PP for fuel-like hydrocarbons yield using
horizontal tubular reactor. The degradation of PP had been studied at
different residence times, 36 min, 54 min, and 72 min. The higher the
residence time affecting the yields of liquid and solid residue products,
the residue yields decreased. As stated by Martinez et al. (2013), the res-
idence time effect also linked with process temperature and the heating
rate of the pyrolysis. The longer pyrolysis time commonly used for ther-
mally cracking larger size of particles, as increasing temperature or
heating rate contributes to a shorter reaction time.

4.3. Heating rate

Heating rate influences the reaction rate and defines the tempera-
ture profile of the particles (Martinez et al., 2013). Increasing the
heating rate leads to higher temperatures for weight loss in thermal
analysis. This is due to the rate of degradation increases as the heat
transfer and the kinetic of the decomposition changes, thus, the decom-
position of particles delayed a bit. Based on Singh et al. (2019), fast py-
rolysis must be equipped with higher heating rate in order to increase
the volatiles yield and also to allow the secondary reactions for higher
gas fraction yields. Besides, low heating rates was discovered to yield
oil with solid product formation. Thus, slow pyrolysis optimises the car-
bonaceous char yields. However, in term of surface area, fast pyrolysis
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produced char with higher surface area, approximately 200 m?/g. Jung
et al. (2010) mentioned that slower heating rate causing a slower vola-
tiles formation and allowing the gases to penetrate in a channelized
manner creating less reaction surface.

4.4, Presence of catalysts

Chemical catalysts act to accelerate the chemical reactions of the py-
rolysis system. Catalysts are extensively utilized in manufacturing and
are being explored to enhance the product distribution and selectivity.
Several lists of catalysts were commonly used in fast pyrolysis of PP
plastic, including kaolin, silica, alumina, zeolites (beta, USY, ZSM,
HZSM, etc.), and other non-zeolite catalysts (FCC, MCM, HMOR). As a re-
sult, catalytic degradation is used to create output with high economic
value, such as automobile fuel, diesel, and gasoline, as well as C2-C4 ole-
fins (Elordi et al., 2009). The activation energy of the mechanism is
lowered as well as the optimised process temperature as the catalyst ap-
plied in the pyrolysis process, thereby accelerating the rate of reaction.
Other than that, the presence of catalyst during pyrolysis reaction help
in yielding high quality products via low energy consumed, which
low-cost process is important for industrial applications (Sharuddin
etal, 2016).

Jung et al. (2020) investigated CO,-assisted catalytic pyrolysis to-
wards PP-based disposable facemask. Ni/SiO, catalyst had been
applied in this process. The control the ratio of H,/CO helps in
improve the selectivity of by-products such as chemicals, saturated hy-
drocarbons, olefins, and alcohols. While, the catalytic pyrolysis stage
contributed to substantial conversion of longer chain (>C2) hydrocar-
bons into H, and CHy4. Luo et al. (2000) stated that F9 and Silica/
Alumina (SA) catalysts had been used to degrade the HDPE and PP sam-
ples inside fluidised bed reactor under nitrogen atmosphere. SA pro-
duced better amount of liquid yields however lower yields of gases
and solid product compared to F9.

Based on Santos et al. (2018), thermal cracking of plastic waste
consisted of PE and PP assisted with catalyst BHZSM-5, USY, BUSY and
NH4ZSM-5 had resulted in higher yields of liquid fraction. The pyrolysis
was done under nitrogen flux at temperature of 450 °C for 30 min inside
a tubular reactor. Fig. 4 above displays the best catalyst for liquid yields
is BHZSM-5 zeolite with almost 90% of liquid fraction, BNH,ZSM-5 zeo-
lite showed the best catalytic performance for gaseous fraction produc-
tion, ~70% of gases yields and LHZSM-5 catalyst with over 50% of solid
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residue yields, favourite for char yields. It is concluded, zeolite with
higher mesoporous volume was preferred for higher liquid product
yields, while zeolite with lower volume of mesoporous admired for gas-
eous fraction production. As a conclusion, the catalyst was an essential
aspect that required attention since it impacted the end product distri-
bution in plastic pyrolysis, specifically PP.

4.5. Type of reactors

Numerous types of pyrolysis reactors have been designed to convert
a diverse variety of biomass into three product categories: liquid, solid
and gas. The yields of specific products rely on the reactor design and
operating parameters. Various methods have been proposed for the
classification of the process and equipment designs. In this subsection,
the common type of reactors applied in thermal cracking of plastic poly-
mer PP, specifically, will be reviewed. Table 6 displays the key points of
several types of reactors.

4.5.1. Batch reactor

Pyrolysis batch reactor is basically a closed system, without reactants
introduction allowed (Sharuddin et al., 2016) (Fig. 5). High conversion
in a batch reactor can indeed be accomplished by leaving the reactants
for a prolonged period of time, which is one of its benefits (Kim and
Kim, 2004; Panda et al.,, 2010) However, the hindrances of this type of
reactor are the variability of product from batch to batch, high labour
costs for each batch processing and the unsuitability for massive indus-
trial scale of production (Fogler, 2010). In addition, pyrolysis that was
done using batch or semi-batch reactor usually performed at
300-800 °C of temperature range either for thermal or catalytic pyroly-
sis (Williams and Slaney, 2007).

Anene et al. (2018) had carried out thermal pyrolysis of LDPE and PP
plastic waste using laboratory scale batch reactor in a N, atmosphere at
temperature of 460 °C. Overall conversion of PP and LDPE into liquid
products was approximately 86 wt% and 94 wt%, respectively which
the liquid oil yielded hydrocarbon distribution were dispersed within
C7-C40 carbon. Sogancioglu et al. (2020) used batch reactor to study
the thermal pyrolysis of PP heating rate used is 5 °C/min at different
final temperatures. The authors found that the PP pyrolysis at 700 °C
produced the highest pyrolysis conversion ratio with 97.83%. The PP
char yielded discovered to have higher aromatic structure plus the
highest surface area, 22 m?/g better than the other char samples.

BHZSM-5 usy LUSY

NH4ZSM-5 BNH4ZSM-5

Type of catalyst

m Solid Fraction (Char)

Fig. 4. By-products distribution yields from PE:PP pyrolysis at 450 °C for 30 min aided with various kind of zeolite catalysts. Reproduced with copyright permission from (Santos et al.,

2018), Elsevier.
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Ref.

Table 6
Summary of advantages and disadvantages of different type of reactors.
Type of reactor Key points
Advantages Disadvantages

Batch reactor High conversion of the reactants

Variability of product from batch to batch, high labour costs and

(Kassargy et al., 2017)

the difficulty of large scale production

Semi batch Flexibility of adding reactants during reaction
reactor

Fluidized bed Provide better access to the catalyst, good heat transfer, Complex design
reactor low operating cost

Fixed bed reactor Facile process

Rotary kiln Continuous process, easily handle large amount of
reactor feedstock, low cost

Conical spouted

bed reactor bigger particles and densities.

High labour cost and suitable for small scale production

Irregular particle size will lead problem during feeding process
Complex design

Enable to mix thoroughly a wide range of particle sizes, Complex design, high operating cost

(Das and Tiwari, 2018a)
(Park et al., 2019)

(Chattopadhyay et al., 2016)
(Efika et al., 2012)

(Arabiourrutia et al., 2017)

4.5.2. Semi-batch reactor

Some researchers, Singh et al. (2019), Das and Tiwari (2018a),
Adrados et al. (2012) as well as Yan et al. (2015), preferred to apply
semi-batch reactors in plastic pyrolysis as it allows addition of reactant
as well as removal of by-products during the process. As stated by Singh
et al. (2019), semi-batch reactor that equipped with different heating
rates of 10 and 20 °C/min at 500 °C during slow pyrolysis of mixed plas-
tic waste, such as HDPE, PP, PET and PS. As the heating rate increased the
oil yields increased too, while, the gas and char yields decreased, from
10% to 8.5% for char residue and for gas from 14.2% to 10.5%. Yan et al.
(2015) investigated the thermal cracking of PP and LDPE plastic wastes
using a semi-batch reactor, under atmospheric pressure at operating
temperature of 460 °C. The thermal pyrolysis of both samples yielded
higher liquid fraction for about 84%. The oil yields produced from the
pyrolysis of PP contained 58 wt% gasoline range hydrocarbons, while
for LDPE, contained 21 wt% of gasoline range hydrocarbons.

Accordingly, it was concluded from the literature study
abovementioned that the batch or semi-batch reactors are the fin-
est reactors that can be used in thermal pyrolysis to achieve highest
liquid yields, since the parameters can indeed be easily managed.
Moreover, batch operation was not ideal for large-scale production

Valve
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To vent system
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;

Product outlet

Fig. 5. Batch reactor with stirrer.

asitrequires large operational costs for the recharging of feedstock
and therefore was more suitable for laboratory studies.

4.5.3. Fixed-bed reactor

Despite of many drawbacks of fixed-bed reactor, such as the prob-
lem during feeding process as the particle size and shape of feedstock
plastics are irregular plus the available surface area of the catalyst for
the pyrolysis is also limited. Tekin et al. (2012) stated that the catalyst
is palletized and packed in a static bed. As a result, the accessible surface
area of the catalyst for the reaction to reach is small. Several studies,
however, elected to employ a fixed-bed reactor for the PP plastic pyrol-
ysis (Bow and Pujiastuti, 2019; Kusrini et al., 2019; Tekin et al., 2012).
There are also a few researchers utilized fixed-bed reactor due to its
simpler design for the plastic pyrolysis (Achilias et al, 2007;
Chattopadhyay et al., 2016; Gutierrez and Palza, 2015; Zanella et al.,
2013). Zanella et al. (2013) chose to use fixed-bed reactor to study co-
pyrolysis of coffee and PP wastes into fuels. With residence time of 3 h
and fixed heating rate 5 °C/min, the thermal cracking of the substances
relations with the operating temperature, 360-420 °C, had been inves-
tigated. It is concluded that as the operating temperature increased, the
thermal degradation of the waste improved, particularly from 360 to
380 °C, where the percentage of degraded material doubles, becoming
>90 wt% at 420 °C.

Chattopadhyay et al. (2016) had studied the catalytic co-pyrolysis of
plastic HDPE, PP and PET along with biomass using fixed-bed reactor.
The catalysts used were cobalt based alumina, ceria and ceria-alumina.
From the pyrolysis, the plastic is rapidly degraded from 320 to 380 °C.
Gaseous products yielded the highest during co-pyrolysis of 5:1 ratio
of biomass/plastic assisted by catalyst of 40% Co/30% Ce0,/30% Al,03
thus it shows the catalysts aided the thermal cracking process.
Besides, HDPE producing higher yield of char residue rather than PP
waste, with 20.0 wt% of PP char, supported by previous works
(Achilias et al., 2007; Elordi et al., 2009) (Fig. 6).

4.5.4. Fluidized bed reactor

Numerous studies recommended fluidized bed reactors over fixed
bed reactors in catalytic cracking of polyolefins (Jung et al., 2010; Lin
and Yen, 2005; Luo et al., 2000; Park et al., 2019) (Fig. 7). Jung et al.
(2010) had been practiced the thermal degradation of PP and PE input
via fluidized bed reactor as it ensures a fixed temperature with greater
mass and heat transfer, thus, leads to less time of residence. The PP
and PE were thermally degraded with temperature range of 650 °C
until 750 °C. Thus, 43 wt% of fuel-like liquid products had been yielded
from the PP pyrolysis, while, more than 60 wt% of oil yields from the PE
fraction. Moreover, the BTX aromatics in PP fraction is much higher than
in PE fraction, with 53 wt% compared to 32 wt% of oil yields, respec-
tively. According to Luo et al. (2000), the research on the correlation be-
tween HDPE and PP samples in catalytic decomposition in a fluidized
bed reactor had been studied, with the assist from silica-alumina (SA)
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catalyst. According to Luo et al.,, PP generated 87 wt% of liquid oil yields,
whereas HDPE produced lower oil yields of 85 wt% at constant operat-
ing temperature of 500 °C. This result was expected since HDPE had
higher strength properties than PP.

As a result, the fluidized bed reactor is the ideal reactor to conduct
catalytic plastic pyrolysis, since the catalyst can be reused several
times without the need for discharging, knowing that the catalyst is a
very costly material in the industry. In addition, it is more versatile
than the batch reactor, as for continuous operation, repeated loading
of feedstock could be evaded. Indeed, this type of reactor is the best
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Fig. 7. The schematic diagram of thermal and catalytic pyrolysis equipped with fluidized
bed reactor. Reproduced with copyright permission from (Luo et al., 2000), Elsevier.
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reactor in treating large-scale operation due to its large operating capac-
ity for a single run.

4.5.5. Rotary kiln reactor

Rotary kiln reactor basically was designed with 2% of slant in the di-
rection of the secondary combustion chamber, the place where plastic
waste is incinerated (Bujak, 2015), as shown in Table 6. Lower calorific
value (LCV) and the moisture content of feedstock determined the
length of the incineration (Behzadi and Farid, 2006). Non-condensable
gases were combusted when pyrolysis oils were condensed in a shell-
and-tube condenser. At the screw kiln reactor port (Fig. 8), the stable
char was restored. In the study of Zhang et al. (2020), rotary kiln reactor
had been utilized. The inner diameter and length of the 316 stainless
steel rotary kiln pyrolyzer are 300 mm and 65 mm, respectively. The ro-
tation speed of the reactor, controlled by a transducer, may be varied be-
tween 0 and 20 rpm. The gas-liquid separation apparatus consisted of
four glass condensers, used to collect the liquid oil, was chilled to
15 °C by coolant pump. In this study, pyrolysis of PP waste at 500 °C
was carried out and produced high liquid oil yields, 75 wt% with 5 wt
% char yields, higher than chars yielded from pyrolysed mixture of plas-
tic wastes and PS.

4.5.6. Conical spouted bed reactor

Conical spouted bed reactors offer effective mixing and can accom-
modate a wide range of particle sizes, bigger particulates, and particle
densities (Fogler, 2010) (Fig. 9). For their catalytic cracking of plastic
PP, several researchers employed a conical spouted bed reactor
(Aguado et al., 2002; Elordi et al., 2011) which mainly focused on the
production of oils having high calorific values. Elordi et al. (2011) re-
ported that a conical spouted bed reactor was suitable for the olefin pro-
duction due to the short residence time of volatiles in the reactor.
HZSM-5 zeolite (SiO,/Al,03 = 30) was agglomerated with bentonite
and alumina to create the catalyst for the process. The experiment was
carried out in a continuous mode at temperatures ranging from 450 to
570 °C. Pyrolysis of waste plastic yields mainly liquid and gas products
that have high heat density and also contain value-added chemicals.

Arabiourrutia et al. (2012) studied the significant effect of the oper-
ating conditions on the characteristics of waxes yield. Due to the obvi-
ous low residence times and high heating speeds, this technology has
a high selectivity for waxes, which reduces secondary reactions and in-
creases the yield of primary pyrolysis materials (waxes). As the temper-
ature rises, more waxes are fractured into a liquid or gaseous form,
resulting in a reduction in the amount of wax produced. Unfortunately,
avariety of practical difficulties such as catalyst feeding, catalyst entrap-
ment, and end-product yield, have been noted during the operation of
this reactor, making it less suitable (Fogler, 2010). Furthermore, its com-
plex design, which necessitates the use of many pumps in the operation,
renders it unfavourable due to the high operational costs.

5. Recent application of pyrolysis by-products
5.1. Scenario on pyrolysis approach of PPE waste

In pyrolysis, there are several difficulties and areas for development
that must be addressed and improved in order to get optimum advan-
tages. Although pyrolysis oil contains more energy than coal and some
other fuels, pyrolysis is an energy-intensive process in and of itself,
and the oil product requires more energy to refine (Inman, 2012), im-
plying that pyrolysis oil may not be significantly better than conven-
tional diesel in terms of greenhouse gas emissions. Much detailed
research studies on mass and energy balance across the whole process's
boundaries are needed to confirm this. To overcome these process en-
ergy requirements, more advanced technologies can be developed
using the integration of renewable energies such as solar or hydro
with pyrolysis-based polymer products, utilization of catalysts during
the combustion process and also rebuild facile reactor design, to achieve
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Fig. 8. Rotary kiln reactor. Reproduced with copyright permission from (Serrano et al., 2001), Elsevier.

maximum economic and environmental benefits (Torres and De-la-
Torre, 2021). However, main by-products yielded including hydrocar-
bon gases, refinery oil and char residue were collected and reused into
new products which were further commercialised. Fig. 9 summarizes
the various applications of solid, liquid and gaseous products produced
via pyrolysis of plastic wastes influenced by different process condi-
tions. Although the research of plastic waste conversion into sustainable
liquid and gaseous fuels has been around for over a decade, those focus-
ing on medical PPE under the COVID-19 context remain preliminary
(Fig. 10).

5.2. Recent application of the plastic pyrolysis by-products

5.2.1. Gaseous products
Recent studies have evaluated pyrolysis approach for the conversion
of PP plastic into gaseous products as a possible replacement of natural

Feed l
To
condenser

=

Nitrogen
Al —

Fig. 9. Conical spouted bed reactor.
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gas. Pyrolysis gas from plastics, unlike natural gas, includes a combina-
tion of alkanes, alkenes, dienes, and alkynes. The removal of unsaturated
hydrocarbons is required for the operation of gas engines, gas turbines,
and fuel cells. Unsaturated hydrocarbons can produce soot, rubber-like
compounds, and gums during burning due to their high reactivity
(Veksha et al., 2018). Thus, the gaseous hydrocarbons suitable to be uti-
lized in several applications including as sustainable gaseous fuels (Jung
etal., 2021; Park et al,, 2019), and precursors for chemical syntheses for
hydrogen and carbon nanotubes (CNT) production (Liu et al., 2011;
Veksha et al., 2018).

Jung et al. (2021) studied the pyrolysis of PP-based surgical face
masks in a tubular reactor to obtain gaseous fuels. Catalytic pyrolysis
substantially increased the concentration of gas fuels, especially for Hp,
which increased up to 55.1 mol%. Veksha et al. (2018) run a study on
the pyrolysis of mixed plastics with nickel loaded calcium carbonate
catalysts (Ni—Ca). Depending on the temperature, Ni—Ca dosage, and
HCl concentration in the pyrolysis gas, about 99% of unsaturated
hydrocarbons were degraded into hydrogen and multi-walled CNTs
during the process, whereas alkane conversion was kept below 10%, in-
dicating the excellent selectivity of the method. Whereas, Borsodi et al.
(2016) had used Fe and Co catalysts to enhance the conversion of pyrol-
ysis gases into CNTs via chemical vapor deposition which were then in-
corporated into LDPE matrix as reinforcement. However, gases
produced from pyrolysis of some plastic waste such as PVC are toxic,
and therefore pyrolysis emission treatment technology has to be further
refined such as via dechlorination (Jung et al., 2021) to achieve maxi-
mum environmental benefits.

5.2.2. Liquid oil

Liquid oil produced from pyrolysis of plastic waste is as an impor-
tant renewable material for the generation of chemicals and fuel.
From previous works, catalytic pyrolysis process was shown as the
best pyrolysis approach to convert plastic into liquid hydrocarbons
(Cai et al., 2019; Jung et al., 2021; Kim et al., 2017; Ryu et al.,
2020). The aromatic, olefin, and naphthalene chemicals present in
petroleum products are abundant in liquid oil generated by catalytic
pyrolysis of several types of plastic feedstock (Miandad et al., 2019).
Moreover, the HHV of the produced liquid oil has been found for
about 44 M]J/kg which is very close to the energy value of conven-
tional diesel yielded from pyrolysis of PS, PP and PE plastic using
the natural zeolite (AA-NZ) catalyst. Thus, the pyrolysis liquid oil
produced from various plastic wastes has the potential to be used
as an alternative source of energy.
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Fig. 10. Pyrolysis oil and char products yielded were utilized into several applications. Reproduced with copyright permission from (Harussani et al., 2021a, 2021b; Venderbosch and

Heeres, 2011).

Lee et al. (2015) and Rehan et al. (2016) had discovered the poten-
tial of pyrolysis liquid oil as fuels in a diesel engine, used in the produc-
tion of electrical energy. In kerosene application, Saptoadi and Pratama
(2015) effectively employed pyrolytic liquid oil as potential substitute
precursor in a kerosene stove. Furthermore, the aromatic compounds
generated can be utilized as a polymerization raw material in a variety
of chemical industries (Sarker and Rashid, 2013; Shah and Jan, 2015).
According to Das and Tiwari (2018b), the liquid yield through slow py-
rolysis of polyolefin PP composed with short chain hydrocarbons with
high octane number and the research octane number (RON) value,
~92. Thus, the plastic-derived oil suitable to be reused as high-quality
gasoline blend components and the high values of H/C ratio of the oils
will ensure clean burning which good for application of liquid fuel.
Panda et al. (2010) also studied the conversion of PP waste into useful
gasoline, diesel or kerosene range chemicals using thermal catalytic py-
rolysis. Moreover, various researchers (Lee et al., 2015; Nileshkumar
et al,, 2015) had utilized the yielded liquid oil as transportation fuel
after mixing with diesel fuels at various ratios. The research focused at
the prospects of produced liquid oil in terms of engine performance
and vehicle exhaust emissions, and concluded that a 20:80% blend
ratio of pyrolytic liquid oil and conventional diesel, equivalent engine
performance outcomes as conventional diesel.

The pyrolysis oil's high aromatic concentration is beneficial, as some
aromatic chemicals like benzene, toluene, and styrene may be
processed and marketed in an established market. Some aromatic
hydrocarbons, on the other hand, are recognized carcinogens that can
harm human health and the environment. To guarantee minimum
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environmental effect, pyrolysis oil produced from diverse plastic kinds
must be thoroughly cleaned before use in any application. As a result,
careful consideration is required in this area (Miandad et al., 2019).

5.2.3. Char

There are several lists of char potential applications is extended also
to less traditional materials (Martin-Lara et al., 2021), including char-
based fuel briquettes (Harussani et al., 2021b), raw materials for fabrica-
tion of graphene and its derivatives (Miandad et al., 2019), nano-
catalysts, adsorbent materials, nano-fillers for composite application
(Sogancioglu et al., 2020), sensors (Chaudhary et al., 2021; Spanu
et al,, 2020) and supercapacitors (Pandey et al., 2021; Vivekanandhan,
2018).

5.2.3.1. Graphene and carbon nanotubes production. Pandey et al. (2021)
documented the upcycling of waste plastics into high-value graphene
nanosheets (GN) and their potential use in dye-sensitive solar cells
(DSSCs) and supercapacitors. To obtain GNs, waste plastics are de-
graded using two-step pyrolysis. The photo-anode with polymeric elec-
trolyte DSSC manufacturing had a high fill factor of 87% and a high open-
circuit voltage of 0.77 V. The application of GNs as an active layer mate-
rial of supercapacitor electrodes resulted in a substantial amount of spe-
cific capacitance, energy density and power density, for about 398 F/g,
40 Wh/kg and 1000 W/kg, respectively. In another study, multi-walled
carbon nanotubes (MWCNTSs) were successfully produced through the
combustion of PP using catalyst of nickel compounds and organic-
modified montmorillonite (OMMT) nanoclay. Yao et al. (2018)
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discovered that Ni—Fe catalyst and optimised operational parameters
including catalyst temperatures and steam to plastic ratios, affect the
yield of MWCNTs. It should be emphasized that the Ni(0), which was
produced as a result of the reduction of nickel compounds with the
help of hydrocarbon gases coming from PP degradation as well as hy-
drogen, is the real active site of MWCNT generation (Jiang et al.,
2007). However, Mishra et al. (2012) had used PP plastic waste as pre-
cursor for synthesizing MWCNTs via chemical vapor deposition ap-
proach using nickel catalyst, suggesting that MWCNTs can be used for
further optoelectronic applications.

5.2.3.2. Adsorbent material. Pyrolysis char can be exploited for a variety
of environmental applications. Considering the features and qualities
of the char are dependent on the composition of the materials to be
pyrolysed, the application of the solid product generated also depended
on it (Martin-Lara et al., 2021). Due to its high characteristics including
surface area and porosity, this product is most commonly used as an ad-
sorbent material.

Several researchers activated the char via steam and thermal activa-
tion to enhance the Brunauer-Emmett-Teller (BET) surface area and
lower the pore size of the char (Heras et al,, 2014). Char can be utilized
as araw material to create activated carbon and acts as adsorbent mate-
rials. Martin-Lara et al. (2021) had been studying the slow co-pyrolysis
of PP, PS and PE waste to produce char products. The pyrolysis solid
product is described and tested for its potential as a lead adsorbent in
aqueous media with 26 mg/g adsorption capacity. Bernardo (2011)
upgraded the plastic char with biomaterial and carried out the adsorp-
tion (3.6-22.2 mg/g) of methylene blue dye from wastewater.
Miandad et al. (2018) used the char obtained from pyrolysis of PS plastic
waste to synthesize a novel carbon-metal double-layered oxides (C/
MnCuAI-LDOs) nano-adsorbent for the adsorption of Congo red (CR)
in wastewater. In some cases, this char is treated to improve these sur-
face properties and increase its adsorbent capacity.

5.2.3.3. Fillers in engineering applications. Another application of interest
is the one proposed by Sogancioglu et al. (2020), which used solid pyrol-
ysis product, char as reinforcement materials in epoxy composite. From
the pyrolysis of PP waste, char residue with higher aromatic structure
had been yielded which efficient in improve the hardness of epoxy com-
posites. The mechanical improvement of epoxy composites associating
the functionalization of char also reported by other researchers
(Ahmetli et al., 2013; Yousef et al., 2021). Thus, the composite materials
could be applied in the aircraft, automobile and also microelectronics as
it enhanced the mechanical strength and electrical conductivities of the
composites.

In civil engineering applications, the chars have the potential to be
used as carbon-reducing additives in concrete. Within cementitious ma-
terials, pulverized chars operate as a micro-filler, which filled the pore
gaps and increased the material strength and stiffness (Wijesekara
et al.,, 2021). Based on recent scenarios, there are limited works of
plastic-derived char being used in civil engineering applications,
whereas biochars were widely used due to their effective water absorp-
tion characteristics (Cuthbertson et al., 2019; Gupta and Kua, 2018),
which aid in hydration processes and strength development. However,
some studies had discovered that plastic derived chars have similar BET
surface areas as the biochars (Wijesekara et al., 2021). Thus, there will
be a surge of demand in using plastic derived chars within that concrete
and cement industries for future development.

5.2.3.4. Fuel briquettes. Similar scenarios as in civil engineering applica-
tions, biochars were also more dominant in fuel briquette applications
than plastic derived char. However, several researchers, in this recent
years, had interests in utilizing the char for fuel applications
(Harussani et al., 2021b; Jamradloedluk and Lertsatitthanakorn, 2014;
Saptoadi et al.,, 2016). Amidst of COVID-19 pandemic, PP plastic waste
which vigorously generated from used PPE were treated wisely via
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thermally pyrolysis in order to be utilized into proper outputs of solid
char which could be exploited into fuel as reported by Harussani et al.
(2021b). The findings indicate that char reinforced with natural sugar
palm starch briquettes presented excellent combustion characteristics,
about 2 MJ/g, with satisfactory mechanical strength which made the bri-
quette composites are suitable for domestic and commercial uses
(Harussani et al., 2021b). Another work, Jamradloedluk et al. (2014)
had adopted fast pyrolysis method to convert HDPE plastic waste into
briquettes. The utilization of these briquettes is classified by its fuel
characteristics. Thus, various applications of chars derived from plastic
waste were a paramount alternative to reuse and reduce the plastic
waste existed in global, thus, successfully promotes green energy recov-
ery technology for the environment sustainability.

6. Future prospects

Utilization of single-use plastic products including packaging, ser-
vice ware and medical equipments had been recommended by the gov-
ernments as an efficient way to hinder the virus transmission amidst
COVID-19 pandemic. Thus, most of the governments enforced the use
of PPE also for domestic activities which leads to high production of
plastic waste and exacerbate plastic pollution (Akhbarizadeh et al.,
2021). Common approaches of PPE waste, as aforementioned in previ-
ous section, are open landfilling (Budiman and Ardiansyah, 2020;
Nzediegwu and Chang, 2020) and incineration method (Hicks, 2020;
Singh et al., 2020; Tan, 2019; Yang et al., 2021). Jain et al. (2020) pro-
posed that PPE Kits associated with the COVID-19 pandemic could fol-
low a repurposing strategy based on pyrolysis and the production of
biofuels (Torres and De-la-Torre, 2021). Pyrolysis is an interesting dis-
posal alternative for plastic wastes, including those from medical use
(Qin et al., 2018), without the need for material-based segregation
(Demirbas, 2004; Moreira et al., 2017). According to the researchers,
the high PP content in medical PPE, which including face masks and iso-
lation gowns, could result in substantial yields of liquid and gas fuels, as
demonstrated in previous studies with PP wastes (Ahmad et al., 2015;
Martynis et al,, 2019).

Furthermore, recent study on pyrolysis shows the application of
plasma technology in pyrolysis system. Cold plasma pyrolysis offers ef-
fective approach in dealing with infectious medical plastic waste with
the aid from high pyrolytic temperature, and complex cooling system.
This technique had utilized the excited hot electrons, generated from
two electrodes to efficiently break down the chemical bonds of plastics
in a controlled condition and much lesser time than the conventional
pyrolysis (Diaz-Silvarrey et al., 2018; Yao et al., 2021). However, this ap-
proach is an energy-consuming strategy due to its advanced cooling
system as higher process temperature was employed to thermally
crack the plastic waste into lighter hydrocarbons.

Low cost, facile process and energy saving technology in treating
massive plastic waste production is paramount to be practiced globally.
In the recent years, researchers had discovered new technique of hydro-
thermal processing in decomposing plastic waste using hot compressed
aqueous medium at elevated pressures to produce monomer and
chemicals, including hydrochar and crude oil, utilized in plastic produc-
tion and other applications (Hongthong et al., 2020). In addition, hydro-
thermal processing helps in yield of lower oxygen content and
improved energy liquid crude oil with enhanced heating value, low pro-
cessing costs and its storage. Thus, this alternative will help in reducing
plastic pollution and other environmental disturbance.

7. Conclusions

The present review has provided a detail summary of pyrolysis pro-
cess of polypropylene (PP)-based plastic waste as alternative step to de-
compose it, key parameters in generation of desired by-products, and
numerous lists of their possible applications, especially on their char
by-products. From the literature review, recent study demonstrated
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promising results on the increased yield amount of the pyrolysis by-
products; liquid oil, gaseous and solid char products. As of conventional
personal protective equipments (PPE) was commonly made up of PP
plastic, there are high demand towards the plastic production. Thus,
this scenario leads to the increasing of plastic waste and contributed
to environmental pollution.

Pyrolysis is one of the best alternatives as the PP waste was con-
verted into high-quality char which suitable for various applications.
Hence, many researchers have recognized that fast and catalytic pyrol-
ysis technique can significantly optimize the quantity and quality of py-
rolysis oil which suits to be utilized in fuel applications. From an
economic point of view, mainly slow pyrolysis approach is useful to
maximize the yield of solid products of carbonaceous char and coke.
This is due to the lower process temperature (300-600 °C) and heating
rate (below 5 °C/min) with longer residence time (1-5 h), applied to
completely decompose the waste prior to end product extraction.
Since, PP plastic waste, are easy to find and available in abundant
amounts during this COVID-19 pandemic globally, pyrolysis approach
has huge potential for development of proper infectious plastic waste
management. In addition, comprehensive overview regarding to the
various possible applications of char by-products, including adsorbents
in water treatment, nano-catalysts, nano-fillers and raw materials for
graphene and activated carbon fabrication, were discussed in this arti-
cle. The important key point is that this pyrolysis approach helps in con-
trolling the virus spreading via waste disposal, reduces environmental
pollution as well as solves the rise in energy demand.
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