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Abstract

With the increase in demand for plastic use, waste plastic
(WP) management remains a challenge in the contemporary
world due to the lack of sustainable efforts to tackle it. The
increment in WPs is proportional to man’s demand and use of
plastics, and these come along with environmental challenges.
This increase in WPs and the resulting environmental
consequences are mainly due to the characteristic
biodegradation properties of plastics. Landfilling, pollution,
groundwater contamination, incineration, and blockage of
drainages are common environmental challenges associated
with WPs. The bulk of these WPs constitutes polyethene (PE),
polyethene terephthalate (PET) and polystyrene (PS).
Pyrolysis is an eco-friendly thermo-chemical waste plastic
treatment solution for valuable product recovery, preferred
over landfilling and incineration solutions. In this extensive
review, a critical investigation on waste plastic catalytic
pyrolysis (WPCP) is performed, including catalyst and non-
catalyst applications to sustainably tackle WP management.
Current catalysis techniques are revealed, and some
comparisons are made where necessary. Common pyrolytic
products and common shortcomings and errors related to WP
catalysis were also identified. The benefits of catalysts and
their applications to augment and optimise thermal pyrolysis
are emphasised. With all these findings, and more, this paper
provides reassurance on the significance of catalysis to
industrial-scale applications and products and supports
related WPCP research work concerning the environment and
other beneficiaries.
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1. General Introduction

Pyrolysis has continued to make waves in the plastic world,
chemical, chemistry and biomedical industries for years now,
with thermal pyrolysis serving as a fundamental process.
Pyrolysis is defined as the thermal breakdown of organic
materials (plastics in this case) upon heat application without the
presence of oxygen or at reduced air conditions [1]. Operating
temperatures linked to thermal pyrolysis with waste plastics
as feedstock canreach up to 627 -C [2]. Demirbas [2] utilised
a stainless-steel tube reactor to thermally pyrolyse municipal
waste plastics (MWPs) of PE, PS, and polypropylene (PP) to
produce gasoline range fuels. The reaction temperature ranges
from about 280 -C to 627 -C. A reaction temperature of 627
°C is, no doubt, a massive quantum of heat energy and may
not be economically viable, especially in the context of
industrial-scale  pyrolysis  processes.  High  reaction
temperatures, among other operating factors, pave the way to
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utilising catalysts to cut down on high energy inputs and product
optimisation, among other reasons. As such, product quantity
and quality can be affected. However, temperatures associated
with thermal pyrolysis can fall to around 400-600 °C, an
approximated temperature range utilised in work done by Zafar
[3] to produce pyrolytic liquid fuel from waste plastics. The
condition under which a catalyst is used to support thermal
pyrolysis is referred to as catalytic pyrolysis or catalysis.
Catalysts are known for their characteristic property of
speeding up reaction processes. A catalyst can be any material
that enhances a reaction rate without necessarily being used
during the process [4].

Generally, pyrolysis is a process with huge potential leading
to the production of valuable petrochemical products sourced
from waste plastics and/or other organic materials. With this
process, the reliability of petroleum/crude oil for energy
generation can be reduced and/or altered. Additionally, with
pyrolysis, the environmental challenges resulting from waste
plastics can be addressed in an environmentally friendly
manner. Unlike some other popular chemical processes,
pyrolysis is eco-friendly, giving rise to alternative solutions
with respect to landfilling and greenhouse gases reduction
such as carbon-monoxide (CO) and carbon dioxide (COy)
emissions. Butler et al. [5] showcased a typical case study
wherein plastic constituents such as ethane, propane, naphtha,
and gasoil (as in the case of benzene) were used to derive useful
products. Some of these products include ethene, propene and
benzene together with the final/intermediate products of PE,
polyvinylchloride (PVC), PS and PP. All these products can
serve as alternatives to conventional petroleum products and
lessen our dependability on them. As highlighted above, a
range of petrochemical products can be produced with pyrolysis.
To achieve this, pyrolysis operating parameters such as
feedstock, reaction time, temperature, and catalysts among other
factors are utilised. Pyrolysis that involves a feedstock
without any catalystcan be considered as the baseline of the
pyrolysis processes. Such pyrolysis is popularly referred to as
thermal pyrolysis. Thermal pyrolysis can take different forms.
For example, it can take the form of a co-pyrolysis. Co-
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pyrolysis involves a mixture of two or more feed stocks such
as waste plastics and a biomass material under an inert
atmosphere [6]. Sequential pyrolysis can be viewed as another
form. This refers to a customised approach for the
enhancement of formation rates of pyrolysis to be as direct and
precise as possible, getting rid of imprecisions that may be
due to variations in feedstock sample size [7]. Co-pyrolysis
can be subjected to a sequential process. Sequential pyrolysis
was utilised in research work carried out by Syamsiro et al. [8]
to produce gasoline and diesel oil with MWPs as feedstock.
Inarguably, MWPs are the major components of municipal solid
wastes (MSW). Demirbas [2] reported that PE and PP are the
core constituents of MWP. In general, sequential pyrolysis of
MWP or any of its respective composite waste plastics gives
rise to pyrolysis optimisation. If aided with a catalyst, better
optimised results are obtained as shown in work by Syamsiro
et al. [8]. Commercial Y-zeolite and natural zeolite catalysts are
used with MWP [8]. These pyrolyses operate under inert
conditions and can be subjected to a catalytic application, if
necessary, for their optimisation and/or performance quality.

This literature review presents a deeper look into catalysts and
their applications, including the shortfalls of non-catalyst use
(which can be linked to thermal pyrolysis), an extensive
investigation into catalytic pyrolysis and a detailed summary of
the common waste plastic pyrolytic products. These provide a
broader insight into the limitations surrounding thermal
pyrolysis by exploring the capacities underlying catalyst
applications that research has shown to be pivotal in solving the
limitations with their thermal pyrolysis counterpart. This review
is geared towards aiding research work on waste plastic
pyrolysis (WPP), including industrial-scale applications, by
showcasing a summary of the research work on WPCP and
pyrolysis in general. The main objective of this literature review
is to critically analyse cutting-edge experimental research work
on catalytic pyrolysis to tackle the limitations associated with its
thermal counterpart for industrial and societal benefits, among
others. The review analyses these reports and points out some
underperformances in the field, such as whether pyrolysis is
done in a vacuum or not, as well as research gaps associated
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with homogeneous catalysis and catalyst work in general. The
significant potentials of catalysis are revealed and a range of
products that can be achieved by catalysis are described. The
reason why heterogeneous catalysts are preferred over
homogeneous catalysts in industrial applications, yield
optimisation via carbon chain length reduction, and whether or
not homogeneous catalysis occurs in the solid phase are
discussed. Recommendations are provided to enhance future
studies and facilitate significant contributions in chemical and
biomedical industries.

2. Catalyst and Non-Catalyst Use

As emphasised in this Section 2 below, the use of catalysts is
dependent on a variety of parameters and conditions. The
different parameters and conditions associated with the
utilisation of a catalyst include, but are not limited to, cost,
efficiency, and the difficulty of catalytic change [9-12].
Irrespective of these factors, the utilisation of catalysts (the
most influential factor in catalytic pyrolysis) in
plastic/polymeric pyrolysis is geared towards optimisation of
chemical processes and ultimately the modification of new
products. Among the core reasons for the utilisation of
catalysts is the reduction of the length of carbon chains in
pyrolysis products, which allows a decrease in the boiling
point of the products [9]. With the boiling point being
dependent on pressure, it can also be influenced by the
presence of a catalyst. Though the boiling point of the
product may decrease, itis worth noting that a catalyst does
not impact the temperature of a reaction, nor does it have any
effect on the relative stability of the reactants or products
acquired. Clark [13] supported this in a commentary reporting
the effect of a catalyst on reaction rate. However, Butler et al. [5]
and Lee [14] stated that with a catalyst, the required pyrolysis
temperature may be impacted. In their work leading to the
production of diesel products at optimal boiling points
ranging from 390-425 -C using a catalyst, the pyrolytic
temperature was lowered as was the reaction time. Figure 1
indicates that work by Clark [13] showed that activation
energy is impacted in that the speed of the reaction rises, the
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catalyst remains unused or unchanged, and a decrease in the
activation energy occurs. The position of the activation energy
was determined with the aid of a Maxwell-Boltzmann
distribution curve. This means that the catalysts have the ability
to lower the energy of transition states while increasing the
stability of the reaction, thereby reducing the overall
activation energy of the process.
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Figure 1: Activation energy profileMaxwell-Boltzmann distribution curve.

As seen in Figure 1, the reactants are converted into the desired
products by reduced activation energy impacted due to the
presence of a catalyst. This is typical in chemical industries in
which exothermic reaction temperatures are high [15]. With
the influence of a catalyst, these high temperatures are not
allowed to continue for many hours, thereby redirecting the
reaction process to a shorter pathway.

The pyrolytic process is considered optimised in this sense,
owing to the presence ofthe catalyst. An example of this can
be observed in the role catalysts play in fluidised bed reactors
in which great mixing of the fluid is attained offering a large
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surface area for the reaction to take place [16]. In addition to
this, catalysts are used for the improvement of the quality of
pyrolytic products during the operation of a range of reactors
and related equipment [17]. Work by Beltrame et al. [18],
showed that catalytic pyrolysis of LDPE resulted in valuable
resource recovery, thus reducing the waste plastic problems.
On the other hand, Sarker et al. [19] concluded that the
presence of a (HZSM-5) catalyst in their experimental
research with HDPE, augmented the reaction rate and an
increase in liquid fuel quality was attained. As such, the
application of catalysts continues to increase in both lab-
scale research and in the traditional chemical industry. A
catalyst facilitates degradation of hydrocarbons (HCs), giving
rise to lighter ones. This is seen in work done by Syamsiro et
al. [8], where commercial Y-zeolite and natural zeolite catalysts
were used to further crack liquid fuel oil molecules (heavier
HCs) into gaseous fractions (lighter HCs), thereby reducing
the quantity of the liquid and increasing the gas yield. This
is unlike ‘non-catalysts,” in which no catalyst is utilised, as
the name implies. Thisis referred to as thermal cracking or
thermal pyrolysis. In a study by Murata et al. [20], thermal
cracking was related to a high energy, endothermal process
with temperatures ranging from 350-500 -C, whereas
Demirbas [2] and Mastral et al. [21] studied the effect of
thermal pyrolysis at temperatures ranging from approximately
500-650 °C for product optimisation. From experimental
investigations over the years, it has been established that the
products obtained from non-catalytic PE pyrolysis contain a
large fraction of 1-alkenes and dialkenes [9]. Pyrolytic
products constituting low-end HCs, such as l-alkenes and
dialkenes, are considered low-grade materials. Waste plastic
thermal pyrolysis (WPTP) has a range of limitations, including
the need for increase of product quality and/or quantity,
process optimisation, and the location of thermal pyrolysis
plants near catalytic pyrolysis plants, among other holdbacks
[22]. Mostly, catalytic applications are on conducted with PEs
being that their pyrolytic products constitute heavier HCs,
unlike yields from PP and PS, which constitute lighter HCs
[17]. In work by Miandad et al. [23], higher yields were
attainable with the support of a modified thermal activation
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natural zeolite (TA-NZ) catalyst for PS pyrolysis in comparison
to PE, PP and PET that were also tested individually. Gao [17]
showed that some catalysts are applied mainly to reduce
unsaturated HCs in plastics, thereby fostering the yield of
aromatics and naphthenes. This is believed to drastically
increase the stability and cetane number of oil products. A
comparative view of this is shown in work by Aguado et al.
[11], in which LDPE, HDPE and PP were considered. They
showed the percentage weight of conversion for each of the
waste polyolefins after thermal cracking with respect to Al-
Beta (F), with AI-Ti Beta (x) being the highest. HDPE
showed the least weight conversion trend for the respective
individual plastics. This is attributed to their long, heavy, and
compact bonds of polymeric HC chains that require much
higher temperature than those in LDPE, or in the worst-case
scenario of PP and PSwhose products are known to consist of
light HCs [17]. Lee & Shin [24] established that product
stream quality could be improved by a concurrent input
temperature decrease during pyrolysis using acid catalysts,
either in situ in the reactor [25] or online in the reformation
of volatile pyrolysis products [26]. One major benefit of this
is that it fosters the conversion of complex waste plastic
materials to useful fuels with reduced energy input, since
most plastics thermally disintegrate at a significantly higher
temperature ranging from 400-450 -C [27]. However, how
these catalysts are applied, especially their pathways, is
important. Matayeva et al. [28] referenced Wang et al. [29]
and replicated their idea correlating chemical reactions for
biomass catalytic pyrolysis with fundamentally associated
pathways in pyrolysis. A total of seven main pathways including
deoxygenation, cracking, aromatisation, ketonisation, aldol
condensation,  hydro-treating and  reforming  were
established.

In summary, products obtained with thermal pyrolysis are not
optimal, as emphasized in much research work. Yansaneh &
Zein [22] shared a critical overview of work in the literature
on WPTP, and as explained above. With the application of a
catalyst in pyrolysis, optimal properties were attainable. This is
among the key reasons for the design and application of catalysts

9 www.videleaf.com



Prime Archives in Chemistry: 2" Edition

in industries where reaction temperatures can be very high.
Generally, a catalyst is known to have the capability to reduce
the amount of heat released, by industries, as described by Liao
& Liu [30]. They further reported the significance of the
catalyst in upgrading the fuel oil yield obtained in non-catalyst
pyrolysis from about 55% to 75% upon the incorporation of a
catalyst. In work by Aguado et al. [11], under the same operating
conditions, except for the application of a zeolite beta catalyst,
the fuel yield was substantially greater than in the case with no
catalyst. Other details on zeolite catalysts, including their
structures, are discussed in Section 3.1 below. Thus, the catalytic
deoxygenation of pyrolysis has proven effective in increasing oil
yield. Without catalysts or catalysis, products such as fertilisers,
refined crude oil, and plastics, among other products, may not be
available. However, other pyrolytic factors such as reaction time,
pyrolysis temperature, and feedstock, among others, can impact
yields.

Some Other Influential Factors

In catalytic pyrolysis, other influential factors are associated
with this process leading to the optimisation of pyrolytic yields
and/or the reaction itself. Some of these factors have already
been highlighted in Section 2. The essence of these factors is
linked to the molecular structure alteration of the resulting
products. These factors are referred to as ‘some other influential
factors’ in this paper.

Research surrounding waste plastic catalysis and pyrolysis in
general has continuedto increase in the chemical and chemistry
industries. Khan et al. [31] and Ahmad et al. [32] utilised HDPE
to produce pyrolytic fuel oil. HDPE thermally pyrolysed the
plastics into diesel fuel at a reaction temperature range of 330 -C
to 490 -C with the aid of a laboratory scale externally heated
fixed bed pyrolysis batch reactor, with a stainless-steel reactor
to produce conventional petrol-fuel substitutes via catalytic
pyrolysis. In efforts to yield these petrol-fuel substitutes,
Ahmad et al. [32] investigated the catalytic activities of metals
and metal oxides (ZnO, MnO;, Fe;03, CoO, and NiO) and
impregnated waste brick kiln dust (WBKD) via the Incipient
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Wetness method. Among these, ZnO-impregnated WBKD
was found to be highly active.

Tiwary & Guria [33], Manos et al. [34], Wallis & Bhatia
[35], and Sharratt et al. [36] studied the role of waste plastic
feedstock for pyrolysis and the influence of pyrolysis
temperature. Wallis & Bhatia [35] utilised HDPE in their
mathematical model kinetic study of thermal pyrolysis by
experimenting with the feedstock at three distinct
isothermalsof 375, 385 and 400 -C at a heating rate of 30
K/min. The idea was to minimise the decomposition of the
feedstock during the initial heating stage and run the process
at as low a temperature as possible. The heating rate was
decreased to 5 K/min. Tiwary & Guria [33], Manos et al.
[34], and Sharratt et al. [36] incorporated a catalyst that
tackled processes with high reaction temperatures. Residence
time is another significant factor of pyrolysis that can be
affected by reaction temperature, feedstock quality and
quantity, among other factors. Zhao et al. [37] investigated
the effect of pyrolysis temperature and heating rate to
produce fuel oil and solid residues in an autoclave reactor
using a range of plastics including polycarbonate (PC),
high impact polystyrene (HIPS), PP and others. The
autoclave was subjected to temperatures as high as 350 -C
with a long residence time of 60 min before spontaneously
cooling to ambient conditions. Under these operating conditions,
yields with PP were as high as 91%. In summary, the general
factors associated with catalytic pyrolysis comprise catalyst
application, catalyst type, the chemical composition of the
feedstock, cracking or decomposition temperature and heating
rate,residence time, operating pressure, and reactor type.

Since pyrolysis is carried out under inert conditions, reactive
additives such as air, hydrogen and oxygen are potential
influencing factors. These factors can be present in areaction
or reaction system because the pyrolysis process is not done in
a vacuum. Hence, there is the need for further pyrolysis
(secondary cracking) processes which affect the primary
products. Nonetheless, secondary cracking is largely due to
other factors such aslong residence time, low heating rate, and
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even high pressure [38,39]. Normal secondary cracking that
happens during the pyrolysis of PE usually gives rise to
secondary cracking, while the opposite is seen with PS
pyrolysis. The difference observed in their primary yields may
be responsible for this since the primary vyield for PE
constitutes a greater proportion of HCs, with carbon chains of
80 or more. According to Serrano et al. [40], PS, PP, PVC, and
PET have lower weight HCs than PEs, thus secondary
cracking favours PEs.

One supplementary factor that influences pyrolysis is reflux
rate. In addition to the ‘other factors’ mentioned above that
affect secondary cracking, reflux rate is one extra factor that
does too. The reflux ratio is the liquid return ratio with
respect to the column and isdivided by the liquid yield [41]. It
is essential to note that a reflux ratio for a normal reaction is
about 1.2 to 1.5 [42]. It has been established that heavy HCs are
converted into lighter HCs

during secondary cracking, including gas and liquid yields.
Buekens [43] supported this in their work that showing the
conversion process reduces l-alkenes and o, w-dialkenes yield
drastically. Irrespective of this significant change in the
conversion process, the reaction can be controlled, and reflux
rate is key among those factors that can enhance this. This
control is affected by adjusting the reflux rate of the primary
products [43]. Secondary cracking is supported by high
temperature because HCs are associated with higher boiling
points. Viscosity is crucial at this juncture. The relationship
between viscosity and boiling point of HCs is directly
proportional, but the former is inversely proportional to reflux
rate. As such, the viscosity of the pyrolytic liquid attained
under a high reflux rate process is lower [44].

3. Catalytic Pyrolysis

Catalytic pyrolysis is chemical pyrolytic recycling that
involves the addition of extramaterial(s), and catalyst gearing
towards the handling of the feedstock (waste plastics in the
case of polymeric pyrolysis of waste plastics) under inert
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conditions [45]. Catalytic pyrolysis, otherwise termed pyrolytic
catalysis, significantly impacts various industries and
disciplines. Pyrolytic catalysis is significant for benign
process acquisition with reference to the pharmaceutical,
material, and chemical industries [46]. This pyrolysis process
constitutes catalytic degradation recycling that can yield higher
quality products than those by thermal degradation when
subjected to low temperatures [47]. As discussed above,
research in pyrolysis has been conducted in the past, and it is
believed further findings will be uncovered concerning catalyst
types and quantity relevant to pyrolysis.

A range of catalysts is being developed and used. The most used
catalysts include solid acid catalysts such as zeolite, silica-
alumina, the Fluid Catalytic Cracking catalyst (FCC), Mobil
Composition of Matter No. 41, MCM-41 [47-50], and
bifunctional catalysts [51]. Largely, in the case of acidic
catalyst degradation in relation to cracking reaction, the
molecular weight of the polymer chain can be reduced
rapidly, in which case carbonium ion intermediates switch
hydrogen and carbon atom positions thereby producing isomers
of high quality. This is evident in work done by Milne et al. [52].
Technically, this means that catalysts foster the optimisation of
reactions and the resulting products. This gives rise to the
effectiveness of other pyrolysis operating parameters. For
example, Abnisa & Daud [6] revealed that the presence of a
catalyst in thermal pyrolysis could be a game-changer, with
respect to the complexities of bio-oil yields, by significantly
impacting HC chain lengths. Other research has shown, and
continues to show, that reducing the chain lengths of HC
products impacts their heating temperature and, thus, affecting
boiling point is one of the purposes of catalyst use. In a
catalytic pyrolysis study done by Miandad et al. [23], liquid
fuel oil produced with PS was produced in high yield with the
support of a thermally activated modified natural zeolite (TA-
NZ) catalyst. High yields of desired materials, improving
miscibility with refinery streams, lowering pyrolysis reaction
temperatures, and increasing chemical and physical stability
are among the core reasons for the application of catalysts
[53]. Catalysts with such characteristics are considered to be
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‘good’; but how is a catalyst determined by being ‘good’?
Adnan et al. [53], showed that approximately 100%
attainment was possible with their zinc bulk catalysts (a
heterogeneous catalyst). A response of such scale is
undoubtedly a display of a ‘good catalyst’. Understandably, a
good catalyst shows high activity. Notably, high activity
allows the use of comparatively small reactors and operations
under reasonable conditions. This small size of reactors
reflects optimisation, and certainly, activity plays a
significant role in catalyst effects, as mentioned earlier.
Nevertheless, activity is not the lone vital property of a ‘good
catalyst [9]. High selectivity for the desired products or yields
is also important. To emphasise this, it is important that a
catalyst retains its activity and selectivity for some time
during the reaction process. ldeally, a catalyst does not
change the total enthalpy and free energy of the reaction
process [54]. Generally, the use of the catalyst is affected in
this event, related to the rate of approach towards the end yield
state of the reaction process. To date, it has been established
that the type of catalyst used in pyrolysis can impact the type
of catalyticpyrolysis process.

Broadly, catalysts can either be heterogeneous or
homogeneous [55], as shown in Figure 2 below. The size of
these two types of catalysts is drawn to reflect their use today,
excluding biocatalysts. Foist [56] discussed these two types
of catalysts as being the soletypes. However, a biocatalyst is
another catalyst type that has arisen in the chemistry and
chemical industries, and is a third type with reference to
Figure 2 below. Biocatalystsare highly influential in the food
and medical industries, enzymes and cells being major
constituents [57].
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Figure 2: Common catalyst types with emphasis on heterogeneous and
homogeneous catalysts.

Catalysts involved in depolymerisation of polymeric waste
plastics allow the production of low molecular weight, high-
quality products, among other valuable materials. This is
typical with homogeneous catalysts, generally divided into
two forms, as shown in Figure 2. In processes involving this
type of catalyst, the reactants, products, and catalyst(s) exist
in the same phase. In contrast, heterogeneous catalysts are
involved more in pyrolytic-based or gasification process. It is
vital to note that acidic/basic and transition metal compounds
are not only applicable in gasification processes. Though not
too common, or associated with the chemistry industry, other
catalyst types are single-atom and green catalysts. In work by
Farnetti et al. [55], another catalyst type, the heterogenised
catalyst, is mentioned. This type of catalyst is known to
function in the same phase (for homogeneous catalysts) or a
dissimilar phase (heterogeneous or heterogenised) [55]. The
practical benefits of these catalysts in the real world depend
on their development, and modifications being done on them at
the lab-scale. Catalytic pyrolysis has been adopted in developed
countries to treat mixed waste plastics, as depicted in Figure 3
below. This setup, a ‘catalytic pyrolysis upgrade technique for
fuel separation’ is geared towards large-scale production and
optimisation applications.
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Figure 3: Catalytic pyrolysis upgrade technique for fuel separation (adapted
from [58]).

This process technique mainly encompasses a Knapper
extrusion machine, pyrolysis reactor, catalytic upgrade reactor,
fractionating tower, heating and temperature controller,
separator for oil and water after condensation, and an oilcan.
Together, these parts facilitate the pyrolysis process up to the
separation of the fuel products. The waste plastic feedstock is
fed into the extruder through the hopper by gravity and s mixed
by shear heating, thereby converting the plastics into a melt for
ease of pyrolysis. The plastic melt is then heated in the
reactor under the influence of the catalyst. At this stage, the
catalytic pyrolysis technique can be enhanced immensely. The
limitations associated with WPTP is described by Yansaneh &
Zein [22]. Limitations such as low quality and quantity
yields, process optimisation, reactor efficiency, among others,
can be solved to a large extent using this upgrade technique.
The fractionating tower separates useful products into
columns afterfuel gases are condensed by the condenser. Heavy
factions occupy the bottom column, and gases (the lighter HCs)
float on the top column, as depicted in Figure 3.
Heterogeneous catalysts are common and effective, as
demonstrated by Wang et al. [58].

3.1 Heterogeneous Catalysts and Pyrolysis

The use of heterogeneous catalysts in pyrolysis is a promising
technique that facilitates an increase of desired products at
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reduced temperatures [59]. These catalysts do not mix in their
reaction with reactants (polymeric waste plastics) nor with their
products, as depictedin Figure 4a below. This means the phase
of the catalyst is not the same as that of the reactants or products,
enhancing their recovery from the medium of interaction,
making such catalysts pivotal factors in chemical reactivity
control [60]. This is unlike the case for homogeneous catalysts.
Generally, heterogeneous catalysts are solid compounds added
to another solid or liquid or gas compound in a reaction mixture
as illustrated in Figure 4b below, unlike homogeneous which are
generally liquid or gas. This characteristic is key among other
properties for their preference over homogeneous catalysts,
especially for fuel oil and gas production in the chemical
industry.

As seen from Figure 4a,b, these catalysts display characteristic
properties of stability, ease of separation, measurement, and
recyclability. These are distinctive properties that make a
catalyst a ‘good’ catalyst as discussed in Section 3. Practical
analysis of this type of catalyst is showcased below.

Reaction yielded in two phases
| |
+ =
/ \\
y
/‘
Liquid phase —
[ =—— Solid phase

(a) (b)

Reactant A Reactant B product C

Figure 4: (a) Reaction resulting in an immiscible mixture, and (b) catalytic
reaction in phases.

Empirically, heterogeneous catalysis are formed in various
arrangements and are applicable to a variety of waste plastics,
leading to the production of different products. Various
research work in the past has used varieties of chemicals as
catalysts for waste plastic recycling. In work by Adnan et al.
[53], zinc bulk catalysts (Zn, ZnO and ZnCl,) and zinc metal
catalysts were applied to expanded PS waste plastics. Among
these, zinc bulk catalyst and Zn metal proved the best as per
cost effectiveness with liquid fuel yieldstarting at 350 -C. The
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Zn metal catalyst constituted 99.9% granules. The
heterogeneous catalysis of this catalyst led to the yield of
liquid products, including the production of toluene and
styrene monomers without mixing with the catalyst itself. This
is an example of the schematic representation shown in Figure
4a,b. Adnan et al. [61] used the same type of waste plastics as
feedstock, as did Adnasn et al. [53]. However, in their work,
the investigation included the influence and reactivity of
PET on the pyrolysis of PS using an Al-Al,Oz crystalline
catalyst. This had a particle size 0.44 mm fine powder upon
mechanical grinding. Approximately 20% of Al-Al.O; was
used in the pyrolysis per feed: catalyst ratio to produce a
range of useful compounds including styrene and benzene.
The effects of this process were subjected to other factors such
as decomposition temperature and reaction time. Hydrogen as
an energy carrier was produced from waste plastics and
biomass using Ni-CaO-C, a novel catalyst developed using
mainly Ni, CaO and C, in a co-pyrolysis/gasification process
[62]. With reference to the catalytic activity of Ni-CaO-C, the
Ni load and support ratios were varied to facilitate H:
production and CO; absorption capability. The novel catalyst
was prepared using a pH method after careful comparative
investigation with impregnation and sol-gel methods. In
another study done by Wu et al. [63], hydrogen was generated
with a catalyst but with a different source of plastic material,
PE. The catalyst used was a core-shell catalyst (Ni-Ce@SiO,),
with the NiCe core encapsulated in a silica shell to sinter the
nanoparticles under increased temperature conditions. A cobalt
oxide catalyst is another heterogeneous catalyst. Westerhaus et
al. [64] used this catalyst in nitroarene reduction by pyrolysis, in
which they reported a protocol for the preparation of their novel
nanoscale cobalt oxide catalyst. They investigated a surface of
carbon—nitrogen resulting in a significant yield of almost
100% with a conversion rate greater than 99%. This is a clear
exhibition of superior reactivity.

In each of these catalysis studies, the catalysts did not mix
with the reactants or the end products. Each kind of catalyst
associated with heterogeneous catalysis is either bulk or
supported, as depicted in Figure 2. These ‘supported
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catalysts’ range from metals, oxides, sulphides, nitrides, and
carbides. Aguado et al. [9] did similar research work with
these kinds of catalysts, assigning them to eight groups. These
include aluminium pillared clays, conventional acid solids,
mesostructured catalysts, super-acid solids, gallosilicates,
metals supported on carbon, basic oxides and, most
importantly, nanocrystalline zeolites. Nanocrystalline zeolites
are among the most widely studied catalysts in experimental
research on polyolefin pyrolysis and the most widely used in
the petrochemical industries [65]. The effect of temperature is a
fundamental factor in catalytic behaviour. Research has shown
that high temperature is hugely influential in regeneration and
pyrolysis associated with zeolites, especially (ZSM-5), due to
their bulk alignment of silica [65]. Catalysts in the bulk phase
have the capability to favour oxidation processes. With reference
to [66], in experimental work on cobalt oxide catalysts, a
Powered X-Ray Diffraction (PXDR) device was utilised to
study the behaviour of the oxidation state of the cobalt oxide
catalyst under various reaction conditions during a chemical
reaction. Zeolites have a porous structure and are acidic with
the elemental ratio of Si/Al. This elemental ratio is significant
in the classification of zeolites [67]. Beta zeolite (B-coop) and
alpha cavity (a-cavity) are crucial to the classification of the
porosity and acidicity of zeolite catalysts, as shown in Figure
5. Faravelli et al. [68] and Kim [69] analysed the influential
structural effects on pore openings in zeolites, with [-coop
playing a strategic function. This is in alignment with the
schematic of Figure 5. The B-coop of 6-openings gives rise to
the formation of 12-ring pores, therebyestablishing the channel
wall of the catalyst, as shown in work done Faravelli et al. [68],
and Kim [69]. As such, ‘other variant openings’ of four, six,
eight and ten rings can be generated from within the chemical
structure of zeolites, in multiple factors of 2. This is the rationale
supporting their characteristic mesh-like structure, especially
at a molecular size, with larger particle sizes prevented from
sieving through the pores onto waste plastics (such as PES) to
reduce their HC chains as in a pyrolytic reaction
(hydrocracking), as illustrated in Figure 5. These openings are
characterised by basic units known as rings, which may vary
from one heterogeneous catalyst to the next.
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Other variant openings

B-coop a-cavity

Mesh-like

structure

n L 3 | =38 X Reaction chamber
| B Waste plastics

Figure 5: Structural framework of zeolite catalysts on waste plastics in a
pyrolysis reactor.

Notably, Obeid et al. [70] used zeolite catalysts on PE waste
plastic bottles in whichthe polymeric chains were shortened
to C10—Cgzs, and pyrolytic fuel-like products were obtained.
This depicts the essence of zeolite application for fuel yield
rather than as achemical feedstock. This analysis categorises
zeolite as a catalyst and the reason whyzeolite is immensely
applicable in petrochemical industries, as described by Maesen
[65]. The application of zeolite catalysts, as with other
popular heterogeneous catalysts such as proton exchanged
zinc metal catalysts and silica-alumina or (MgO), can
influence various products with different waste plastics.
Table 1 summarises a range of pyrolytic products that are
attainable with the application of common heterogeneous
catalysts onwaste plastics. The table also accounts for other key
operating parameters of the respective catalytic pyrolysis
processes.
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Table 1: Different heterogeneous catalysts utilised in a range of pyrolysis reactors, major process parameters, pyrolytic yields, and other parameters.

Waste Plastics Equipment Catalyst Used Process Parameters Product Yield Others Reference
Expanded waste PS Pyrex batch | Zinc bulk catalysts (Zn, ZnO | Thermo-catalytic pyrolysis. 1:0.2 feed | Liquid product (96.73 + 0.12 wt.% with Fractional distillation was [53]
reactor and ZnClI2); Zinc metal to catalyst ratio. 450 °C pyrolysis 2.47 wt.% toluene, 1.16 wt.% utilised and found with further
catalyst temperature and 120 min reaction time ethylbenzene, 47.96 wt.% styrene thermal pyrolysis plus
monomer and 1.90 wt.% a- cyclization and recombination
methylstyrene) reactions
Influence and reactivity Quartz 20% Al-(Al203) catalyst 1:0-1:0.3 feed to catalyst ratio. 250— Benzene, styrene, a-methylstyrene, Triplicate analysis [61]
of PET on PS glass 500 °C pyrolysis temperature. 20-90 biphenyl, indene, naphthalene,
reactor min reaction time naphthalene derivatives and terphenyls,
among others and some oxygenated
compounds such as 4-hydroxy-4-methyl,
2-pentanone, acetophenone, 2-buten-1-
one, 1-phenyl and 1,2-propanediol, 3-
benzyloxy-1,2-diacetyl, among others
were identified
Plastics and biomass Two-stage (Ni-CaO-C) Co-pyrolysis/gasification. About 10 Hydrogen production (86.74 mol% and [62]
fixed bed mg of samples were heated at the rate 115.33 mmol/g) and low (CO2)
reactor of 10 °C/min from room temperature concentration (7.31 mol%) in the
to 800 °C, and the temperature was gaseous products
kept stable at 800 °C for 10 min before
decreasing
PE A two-stage Core-shell catalyst (Ni- The highest quantum of hydrogen was Hydrogen [63]
pyrolysis- Ce@SiO2) attained when the catalyst: plastic
catalysis weight ratio was 1.0, and the catalytic
reactor reaction temperature was at 800 °C.
PE Autoclave Volcanic ash Temp-range (200-350 °C), pres. 1-10 200 °C (solid bottom layer), 250 °C Liquefaction method [71]
kg/cm? (plastic liquefaction oil-consisting of
two layers; bottom layer showed more
concentration), 300 °C (homogeneous
yellow clear oil- for greater than 10 min
and at 350 °C for 0-60 min)
HDPE Batch Pyrex (BaCOs) (powdered) 450 °C pyrolysis temperature, 0.1 Gasoline, kerosene, and diesel Fractional distillation [72]
glass catalyst/plastic ratio with a reaction
reactor time of 120 min at which point the oil
collected at optimum conditions
HDPE (CaCO0s3) Various parameters scuh as Gasoline, kerosene or diesel oil Fractional distillation at [73]
temperature, catalyst to plastic ratio different temperatures. The
(cat/pol) and reaction time were ASTM distillation study
explored to find out optimum reaction
conditions
HDPE (MgCO3) Higher hydrocarbons and catalytic oil GC-MS to determine their [74]
detailed composition
PS, PP, PE & their Small pilot Natural zeolite and then 450 °C pyrolysis temperature and 75 Liquid oils (like conventional diesel) [75]
mixtures scale synthetic zeolite catalysts min reaction time
reactor
LDPE Batch pyrex A wide range of acidic and Heating rate of 40 °C/min. Actual Oil yield, wax, and gases Conditions such as [76]
glass basic catalysts like pyrolysis temperature (350-450 °C) temperature, catalyst weight
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wastes, MPW

cracking

and pre-treatment at the front
end, and hydrocarbon
distillation and purification at
the tail end were

reactor calciumcarbide, silica, and reaction time were
alumina, zincoxide and optimized in order to achieve
magnesiumoxide maximum conversion into
chemicals that could be used
for feedstock
LDPE Activated carbon and (MgO) Jet fuel and hydrogen This work described a [77]
convenient, efficient, and
economical to produce jet fuel
and hydrogen
HDPE Fibre glass (HZSM-5) Reaction temperature between 370 °C | Gaseous products in the range of C1—Ca. To obtain the hydrocarbon [19]
reactor and 420 °C and a reaction time of 240 Liquid fuel produced (alkanes, some fuels, the gross heat of
min alkene groups resembling aliphatic combustion was 123,845
groups, and some aromatic groups are BTU/gal, API gravity was
yielded as well 53.70° APl and sulphur
contained 3.05 ppm
PP and HDPE Steel micro Non-sweeping nitrogen 250 to 400 °C but maximum yield Liquid, gas and residue for PP and FTIR and GC-MS utilised to [78]
reactor atmosphere attained at 300 °C for PP and 350 °C HDPE each analyse the liquefactions
for HDPE
HDPE Packed bed Sodium hydroxide, HUSY Inert atmosphere at 450 °C Liquid, paraffins (6Cas), olefins (6C22), | Thermal and catalytic cracking [70]
reactor and HBeta zeolite aromatics (6Ci4) and alcohols (Cis and techniques
C1)
PEs Batch Pyrex Metal oxide catalysts, 200 °C reaction temperature. Catalyst- Liquid fuel GC-MS), HPLC, FT-IR, and [79]
round- including Ca(OH)2, (ZnO) to polymer ratios from 1:1 to 1:5 EA used for the analysis
bottom and (Al20s)
glass
LDPE Steel Without any cracking 800 gm sample, 20-430 °C (to Diesel Fuel DSC, GC-MS and FT-IR [80]
reactor catalyst, in the presence of liquefaction), 260290 °C for diesel analysis used for result
oxygen and closed system grade fuel distribution characterisations
LDPE Batch Calcium carbide Atmospheric pressure Liquid fuel- 12.0 + 0.2% at 673K, gas Column chromatography and [81]
reactor 13.36 + 0.32% and char. Maximum fractional distillation method
conversion into liquid product 69.73% | was used to collect the samples
was acquired at about 350 °C and then characterised with the
support of FT-IR spectroscopy
Polymer mixture Semi-batch Silica—alumina 430 °C, catalyst to polymer ratio 40%. Gasoline Arrhenius’s Law, a kinetic [82]
laboratory Isothermal and constant pressure model was established for the
reactor conditions. determination of the reaction
Kinetic parameters
Mixed plastic wastes Batch Silica-alumina synthesized The main variables during the Liquid fuel. The HCs ranged from (CsHas) [45]
system catalysts and application of production process were contact time to (CzsHsa) for all samples
sodium carbonate to reduce and temperature obtained. @risk software was
the emission of dioxins in the utilised in order to predict the
environment scenarios of its applicability.
The simulation showed a right
match with the regular diesel.
Municipal plastic Review Thermal and catalytic Gasoline-range hydrocarbons MSW collection, classification [50]
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complementary to plastic
pyrolysis

Plastic Wastes A modelled Determination of the A scaling-up analysis Heavy fuel oil substitute or as raw Additionally, a sensitivity [83]
pyrolysis economic feasibility of the material by the petrochemical industry analysis was performed
plant capacity of the modelled plant showing that the fuel
production rate was the most
sensitive parameter for the 100
kg/h plant, as well as the
scaled-up plants
PS Fluidized- | 20/40 mesh quartz sand as the | Optimal results were attained at 450— Gasoline and styrene monomer A substantial discussion was [84]
bed reactor fluidization medium 700 °C pyrolysis temperature with made with regards to the
nitrogen as the carrier gas recycling of higher boiling
point fractions
General-Purpose PS Unstirred Red mud The catalytic degradation gradually Kerosene GC-MS analysis was used to [85]
semi-batch started from about 175 up to 400 °C. characterise the condensed
stainless Nitrogen atmosphere (air free) liquid organic compounds
steel reactor
Mixture of plastics Semi batch | Red mud and (ZSM-5) zeolite | 500 and 440 °C pyrolysis temperature liquid and gaseous fuels Red mud required higher [86]
more like MPW reactor for red mud and (ZSM-5) zeolite, temperatures than (ZSM-5)

respectively

zeolite to exert a catalytic effect
in pyrolysis since similar
results to those obtained
without catalyst were obtained
at 440 °C, while at 500 °C a
higher yield of gases and a
greater proportion of aromatics
in the liquids was obtained.
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In Table 1, the experimental pyrolysis work investigated under
the influence of catalysts is primarily in alignment with process
optimisation, and hence, products yield quality and/or quantity.
The significance of catalysts (with emphasis on heterogeneous
catalysts) is shown for refined product yield in chemical
industries. Some of the work shown in the table is related to
equipment optimisation, such as Fivga & Dimitriou [83], which
emphasised process scaling, mostly significant for industrial
production. Process optimisation and equipment optimisation
leads to product yield optimisation. A combination of both is
critical in getting the most of optimisation.

3.2 Homogeneous Catalysts and Pyrolysis

Generally, and as mentioned above (Section 3.1), heterogenous
catalysts do not mix; unlike homogenous catalysts. This implies
that homogeneous catalysts are in the same phase (liquid or gas)
with the reactants in solution [87]. Keane [88] described a
heterogenous catalyst as a substance that can uniformly dissolve
in a reaction mixture in a gaseous or liquid solution. As
mentioned earlier, homogeneous catalysts are typically liquid or
gas compounds whose end reaction process results in a single
phase, as depicted in Figure 6b. The result is a uniform reaction
mixture with no distinct reactant showing. It can be seen from
Figure 6a that the resulting mixture of the two different liquid
compounds ends up being uniform. Liquid ‘A’ reacting with
liquid ‘B’ results in a miscible mixture of a single phase product
‘C’. A Ni/SiO2 aerogel is a homogeneous catalyst that Wang et
al. [89] used in cracking an unknown quantity of decane in a
comparative investigation. Aerogel is applicable in research
fields of photo-catalysis, methane reformation, and other
catalysisrelated activities [90,91]. The wide application of this
catalyst is related to its textural properties such as large specific
area, low density, high temperature resistance and porosity.
Technically, there is a third phase (solid phase). Dorcheh &
Abbasi [92] and Kakaei et al. [93] reported that some
homogeneous catalytic reactions occur in the solid phase. This
report contrasts with the report shared by Keane [88], as
explained above and is in line with work by Kakaei et al. [93].
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As reported by Casella [94], between 1993 and 2013,
homogeneous catalysis experienced massive growth, with
applicability to the polymerisation, organic synthesis, and
pharmaceutical industries. This growth has continued to
increase as pointed out in other research work including but
not limited to, work carried out by Wang et al. [89] and
Kakaei et al. [93].

Reaction yielded in a unit phase

Reactant A Reactant B Product C /
Uniform liquid phase

@) (b)

Figure 6: (a) Reaction of two different liquids (A and B), and (b) catalytic
reaction in phase.

Recovering the catalyst is typically complex or impossible
because it is destroyed during the distillation process. There
is no method of separation of the catalyst after the reaction.
However, one big advantage of homogeneous catalysts is that
they have significant contact with their reactants when the
reaction is carried out. The role of the ‘contact’ and/or
‘contact process’ is key to the production of sulphuric acid
(H2S0.), for instance. In fact, it is one of the most extensively
utilised methods for its production [56]. With reference to
Figure 6a this is synonymous with product C, i.e, a uniform
mixture.

3.3 Biocatalysts and their Reactions

Even though heterogeneous and homogeneous catalysts remain
popular in the chemical industry, biocatalysts have substantial
importance in industrial processes [95]. The inroads biocatalysts
continue to make are described in work by Kirimura & Ishii
[96]. They refer to these catalysts as power-tools on the basis of
syntheses of organic materials with regards to selectivity. This
selectivity is subject to the influence of process conditions and
atmospheric environments. As the name implies, these catalysts
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are derived from biological materials such as living systems. Ali
et al. [97] described naturally stirring lipases known for their
ability to execute transesterification reactions significant in
producing biofuels. These catalysts are used in the
biotechnological industry, pharmaceutical and medical
applications [98]. Furthermore, they are applicable for uses
such as the synthesis of drugs, biofuels, herbicides, cosmetics,
food additives, among other substances [99]. As seen from
Figure 2, they are constituents of enzymes and cells. Hence,
enzymatic catalyst is an alternative name for biocatalyst.

Methane monooxygenase (MMO) is a natural biocatalyst.
Muthu dinesh kumar & Anand [100] reported that MMO
enzymes are well-known for the indirect conversion of
methane to yield methanol under ambient pressure and
temperature. This same report revealed that the production of
methanol via the transition of methane upon the addition of
MMO biocatalyst was a breakthrough in the methane
conversion processes. Wilding & Micklefield [101] described
biocatalysts, otherwise called enzymatic biocatalysts, as capable
of facilitating the transformation of organic compounds.
During these transformations of organic compounds in
enzymatic reactions other molecules are generated. When
CO; is a by-product Wilding & Micklefield [101] define the
enzyme as a decarboxylase. Note that the enzymes used in
the preparation of biocatalysts can also include immobilised
enzymes. In work by Vogt & Gerulis [46], on the synthesis of a
catalyst support for biofuel vyield, the benefits of using
immobilized (otherwise called encapsulated) biocatalysts, and
are described along with catalytic reactions in general. Thus,
immobilisation is pivotal in biocatalyst reactions. These
immobilised enzymes can catalyse the production of good
quality and unique chemicals, acclaimed for ease in product
segregation and their property of being reused in consecutive
processes [95].

Two or more enzymes reacting in a single carrier is a viable
case, which, according to Pinheiro et al. [102], is termed co-
immobilisation. This is believed to yield multifunctional
biocatalysts. In the chemical world, specific reactions can
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give rise to co-immobilisation yields. Cascade reactions are
known to yield products of co-immobilisation biocatalysts.
This is supported in work by Pinheiro et al. [102] who
described a process wherein the yield of the first reaction is the
base-material for the subsequent reaction and so on.
Macromolecules that include amino acids are typical
enzymatic catalysts.

Catalysis allows for further cracking of long-chain
hydrocarbon materials, thereby reducing their boiling points
for optimized vyields [9] and the most favourable reaction
times. The significance of this in industrial-scale operations is
immense.

4, Common Waste Plastic Pyrolytic
Products

Planet earth is drowning in plastic pollution. Our global
environment is on lifesupport requiring a rescue operation
and a sustainable solution that can best serve this purpose.
These waste plastics are associated with MWPs. With the
growing accumulation of waste plastics in different countries
around the world, new technologies are being developed to
produce useful materials from these common wastes and
eventually save our planet from environmental disaster.
Hence, the sustainable management of these wastes is
required. Pyrolysis is among the top technologies to achieve
such sustainable waste management, as analysed in previous
sections of this paper. Individual waste plastics of MWPs, or
MWP as a compound of mixed waste plastics, can be used as
a direct feedstock to produce useful materials as shown by
Syamsiro et al. [8], Buekens & Huang [51], among much other
research work. Christchurch, New Zealand, produced a
shocking quantity of about 245,000 tonnes of community
wastes between mid-2003 and mid-2004. Plastics made up
15% of this refuse, of which 70% constituted PE, PP and PS
[103]. By simple calculation, the average weight of these three
thermo plastic wastes would be 25,725 tonnes, approximately
equivalent to a mass of 21,403,200 kg of conventional diesel
fuel, equal to approximately 25,725,000 L of diesel, in which 1
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L is equivalent to 0.832 kg. A significant amount of fuel and/or
energy can be generated from such a mass of waste plastics as an
alternative energy resource for fossil fuels. Currently,
approximately 300 million tonnes per year of waste plastics is
generated in the world [104]. According to this report, this
amount of waste plastic is comparable to the mass of the whole
human populace. The quantity of fuel that such an amount of
waste plastic can produce would minimise fuel importation for a
particular country. The impact of this could be immensely
significant for countries that are mainly dependent on fuel
importation, such as Sierra Leone. The reliance on other energy
sources can be enhanced, thus, creating room for maintenance of
those systems and hence, a prolonged operational life. Fuel
derived from waste plastics helps minimise dependence on
hydro-power generation [43]. In the UK, recent estimates show
that around 12 million tonnes of plastics drift into the oceans as
waste each year [105]. According to Smith [105], 0.54 million
tonnes of waste plastics were exported by the UK in 2020.
Exporting this waste is not a sustainable solution to the problems
of waste plastic accumulation and the disruptions associated
with them. If poorly managed in the country of export, any
perceived benefit could rebound through climate change
because all countries share the same global atmosphere. If, for
example, plastics are burned in the air (open air or incineration)
the pollution can impact climate change. Due to these issues,
sustainable solutions to waste plastics management (WPM) are
being derived, leading to production of a range of valuable
products from these wastes. Pandey et al. [106] utilised popular
technologies and methods such as steam cracking and
gasification to yield valuable products. The method of hot-
pressing of waste carbon fibre-reinforced thermoset plastics was
utilised by Jeong et al. [107] to produce refined valuable
products, whilst pyrolysis was used by Ma et al. [108] for a
similar purpose. Thus, with pyrolysis, a stream of products has
been produced.

Due to the much recent research work on this process, as
extensively discussed in this paper, it is anticipated that further
investigations will be done on pyrolytic products for
optimisation purposes. Common waste plastic pyrolytic
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products researchers have been discussing in the
contemporary world include oil, gas and gaseous fuels, wax,
heat and power, hydrogen (H>), nitrogen (N2), asphalt, feedstock
for other petrochemical processes and residues such as char.
Table 2 summarises the main range of products obtained under
pyrolysis conditions with waste plastics as feedstocks.

Ideally, chemical intermediates are present and/or produced in
pyrolysis processes. Research has shown that these chemical
intermediates are not necessarily wastes but can be used as
feedstock, and for other benefits. In work by Kumar et al. [109],
it was shown that these chemical intermediates can be used as
fuel oil and/or feedstock to run petrochemical processes and
others.

From the table, key findings include the yield with PEs
(LDPE and HDPE); the dominant yield for these being liquid
fuel oil. In a reaction of both PEs LDPE will evolve volatiles
before other plastics do so because the chemical
configuration of LDPE is less complex and lower residence
time is needed. PEs have proven to be more efficient than
other waste plastics to produce high yields of liquid fuels, as
established in the table. The quantity of oil derived from
HDPE pyrolysis is better than that derived from LDPE. In the
research work by Syamsiro et al. [8], HDPE produced the
highest quantity of liquid fuel oil compared to LDPE bags.
Moreover, research has shown that oil yield optimisation is
increased with reduced oxygen content in fuel oil yield.

Table 2: Common waste plastic pyrolytic products. Main vyields with
empirical evidence.

Waste Plastics Pyrolytic Products References
PE, PP, PS 1-alkenes, n-alkanes, and o, ®- [43]
dialkenes ranging from Ci to Cass+;
methyl-oligomers; liquid fuel

Expanded PS waste Liquid products [53]
PS Liquid oil [23]
Plastics and biomass Hydrogen (H2) (energy carrier) [62]
PE Hydrogen (H2) (energy carrier) [63]
PE Fuel-like products [70]
PE Liquefaction oil [72]
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PP and PE Fuel oil [with Benzene, Toluene [110]
and Xylene (BTX) aromatics as
core targets]
PE and PS Wax [111]
PE, PP and PS Heavy fuel oil substitute or as raw [83]
material
PE or PP or PS Char [112]
HDPE Gasoline, kerosene, and diesel [72]
HDPE Gasoline, kerosene, and diesel [73]
HDPE Higher hydrocarbons and catalytic [74]
oil
HDPE Pyrolysis oil [113]
PS, PP, PE & their Liquid oils (like conventional [75]
mixtures diesel)
MPW Pyrolytic gas [114]
MPW Diesel and gasoline [8]
LDPE A complex mixture of alkanes, [76]
alkenes, carbonyl group
(aldehydes, ketones, aromatic
compounds) and substituted
aromatic compounds like phenols
HDPE Gaseous products in the range of [19]
C1-C4, liquid fuel
PP and HDPE Liquid fuel and gas [115]
HDPE Liquid for chemical feedstock or [70]
fuel, paraffins, olefins, aromatics
and alcohols (hexadecanol and
heptadecanol)
HDPE Pyrolysis oil [115]
PE Low molecular weight liquid fuel [79]
PE Pyrolysis oil [116]
PE Pyrolysis oil [50]
PE Pyrolysis oil [18]
LDPE and HDPE Liquid fuel [117,118]
LDPE Diesel [80]
LDPE Liquid fuel and gas [81]
Polymer mixture Gasoline [82]
Mixed waste plastics Liquid fuel [45]
MPW Gasoline [50]
PS Gasoline and styrene monomer [84]
Reclaimed plastic Gaseous materials [119]
bottles, PET
PET Gaseous materials [120]
PET Gaseous materials [121]
PVC and biomass Nitrogen (N2) and Carbondioxide [122]
(CO2)
PVC and wastepaper Hydrogen (H2) [123]
PVC and (FesO4) Chlorine emission mitigation [124]
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Useful gaseous products are the major fractions associated
with PETSs, as seen fromwork by Uzoejinwa et al. [125] and
supported by much other research listed in Table 2.
Monomers from PETs are volatile, owing to their ethylene
glycol and terephthalic acid properties seen during polymeric
condensation. Thus, they are quick to disintegrate. Hence, they
release oxygen much more quickly than other plastics such as
mixed waste plastics (as mentioned by Al-Salem et al. [126]).
They facilitated the release of oxygen from (CO) and/or (CO,)
by ensuring these compounds react with the carbon
molecules of the monomers.The quantity (high yield) of these
gases is mainly due to the plastic itself and has less to do with
the effect of temperature. Temperature has a negligible effect on
the increased formation of (CO) and (CO;) derived from PETS,
but rather the volume of PETs presents in the pyrolytic process
[114,127]. Gaseous or liquid products are dominant with PS,
whereas nitrogen and hydrogen are potential products with a
combination of PVC and biomass (a co-pyrolysis process).
Uzoejinwa et al. [125] reported that PVC plastic pyrolysis
results in a high content of hydrogen chloride (HCI). Hence the
reason for them being profuse in hydrogen harvesting. Kim [69]
utilized the same waste plastic, as did Uzoejinwa et al. [125] in
their computational study using the Freeman-Carroll method,
which is a kinetic equation tool. A PVC pipe was thermally
decomposed into volatiles (mainly HC) and polyene (gas, liquid,
and solid by-products).

During the pyrolytic reaction for any waste plastics
mentioned in Table 2, or any non-catalytic pyrolysis process,
dioxins (impurities) are emitted into the atmosphere. This may
be among the reasons for other schools of thought
considering pyrolysis as not an eco-friendly or non-
sustainable solution to WPM. However, with the
incorporation of support chemicals on the catalyst, the
emissions of these dioxins can be minimised if noteliminated
completely. Marcilla et al. [49] emphasised the behaviour of
catalysts on WPTP and their work captured this. The
application of sodium carbonate (Na,COs) onto a
silicaalumina (SiO2/Al,O3) catalyst addressed the emission of
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dioxins in the atmosphere [45]. The activated carbon reagent
generated during the reaction of the sodium carbonate and
silica-alumina over the PEs facilitated the adsorption of the
dioxins from the gas molecules produced. During this catalytic
pyrolysis investigation, the researchers produced synthetic diesel
oil from the PE wastes.

A range of products can be obtained from WPP, from heavy-
chain hydrocarbons of petroleum liquid to light-chain
hydrocarbons of gaseous materials, and even wax in inert
conditions. Solid residues in the form of char can also be
obtained as by-products that can also serve a useful purpose.
However, high calorific value (HCV) gas or synthesis gas
(syngas), biofuel or bio-oil (pyrolysis oil) and char (solid
residue) are the leading products obtained from MWP [3]. As
depicted in Table 2, PE appears to be the dominant waste plastic
used in pyrolysis processes to yield wuseful materials.
Emphatically, many thermal pyrolysis processes are centred on
investigations with PE [128-130]. However, in the pyrolysis
investigation of Marcilla et al. [130], both thermal and
catalysis of LDPE decomposition were conducted in a hybrid
experimental and simulation study. The simulation utilised a
kinetic model to yield optimised correlation of all the
experimental runs performed usingthe same MCM41 catalyst
applied in the experimental investigation. The study revealed
that with a further increase in MCM41, a negligible reduction
of reaction temperature was obtained. This indicated 37% of
MCM41 as an optimal catalyst quantity threshold for further
reaction temperature decrease required for better pyrolytic
yields. In general, pyrolytic products derived from waste
plastics range between methane (CHs) and waxy materials,
with gasoline and/or diesel being the dominant liquid fuels
derived (as depicted in Table 2).

Functional Implications & Recommendations of This
Literature

This literature review reports a number of functional and

practical implications beneficial to industrial applications,
academic research work, and society. Some common gaps
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and misconceptions surrounding catalysis and catalytic
pyrolysis are discussed. Forinstance, some researchers report
that some homogeneous catalyst reactions occur in the solid
phase, while others share an opposite view. Such findings can
be pivotal towards influencing this field and supporting
future research work.

Reputably sustainable solutions to the limitations surrounding
non-catalytic pyrolysis (thermal pyrolysis), as pointed out by
many researchers, are shared and thoroughly analysed. The
significance of catalysts used in thermal pyrolysis is thoroughly
emphasised as a major solution to the many limitations
surrounding thermal pyrolysis. Industrial plants such as oil
refineries can be major players here by being situated near
thermal pyrolysis plants for efficient product upgrades and
environmental safety. This may result in industrial-scale
production and offer contributions to academia and society.

Currently, the impact of catalysts is quite well known in this
field. The proper handling of catalysts, avoiding ‘poisoning’
and deactivation by the contaminants in feedstock, is highly
recommended as they are expensive. In this review, the
significance of heterogeneous catalysts over their rivals is
emphasised. Heterogeneous catalysts are recommended for
their continued use in oil and gas production industries since
they do not mix with the reactants and are recoverable. This
is a major economic advantage of heterogeneous catalysts,
considering how expensive catalysts can be. A
comprehensive explanations of this is immensely beneficial to
the industrial and circular economy since they embark on
large-scale productions.

This paper provides information supporting the drive towards
reducing the high temperature used in industrial plants since
operating processes at industrial plants are exothermic to
enhance reaction time. This can further help protect the
environment and the healthy coexistence of people, animals, and
plants. This review tabulates multiple catalysts that have been
used over the years and in recent times in research work and
industry, with zeolite catalysts being critical in achieving
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high-end quality products and emission control. A typical
structural makeup of the behaviour of a zeolite catalyst in
WPCP is also established, beneficial to industrial off-gas
purification and nitrogen oxides (NOx) reduction in the
atmosphere.

Common pyrolytic products obtainable with waste plastics are
reported in a compressive and comprehensive manner. Oil and
gas dominate the list of pyrolytic products. It isrecommended
that PEs are used for increased fuel oil production, whereas a
co-pyrolysis of PVC with biomass provides nitrogen and
hydrogen yields. All these are dependent on other operating
factors. To handle the hydrochloric acid associated with
PVCs, which is non-eco-friendly, the incorporation of a pre-
treatment mechanism such as a scrubber is recommended.
This communication can serve as a resource for experimental
work and apyrolytic product guide.

Aside from pyrolysis, there are three other major technologies
for the chemical conversion of hydrocarbon compounds to
conventional fuel alternatives: (1) gasification, (2)
bioconversion and (3) hydrogenation [131]. Studies have shown
pyrolysis to be the top among these technologies for the
chemical transformation of waste plastics into useful
products, as supported by Yansaneh & Zein [22] and Al-
Salem et al. [128]. This paper further emphasises this,
focusing on a critical analysis of catalytic pyrolysis. This will
further enhance research and industrial work in this field.

5. Conclusions

Concerns surrounding waste plastic problems are growing
exponentially. The handling, management and related “safe
processing” of waste plastics, in-depth literature review on
WPCP is conducted in this paper. Better output with catalytic
pyrolysis, an optimal process for its thermal counterpart, is
feasible. The use of catalysts with WPP is investigated as
more impactful than ordinary thermal cracking. Significant
information is presented regarding to the potential for
converting waste plastics, mixed waste plastics and a
combination of waste plastics with other materials such as
biomass into fuel fractions and other useful products.
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This review shares key research work on catalysts and catalytic
pyrolysis done in the past and the underlying potentials of the
process. Some contradictions surrounding catalysis and catalyst
applications are revealed. For example, between the reaction
temperature and the activation energy which is impacted by
catalyst application. A third phase to which homogeneous
catalysts can be subjected to has been justified. These are
depicted in Sections 2 and 3.2, respectively.

The paper also synthesises the common waste plastic
pyrolytic products associated with catalytic pyrolysis and
pyrolysis in general, with oil yield being the most common
among other products attained. The prevalent products for
each type of common waste plastic in MSW, and their
derivation, is pointed out in this review. For example, higher
pyrolytic oil yields are associated with PEs. This is mainly
covered in Section 4 of this paper.

A relationship between the mass of waste plastics and the
volume of diesel oil that can be pyrolytically derived from it is
also established. The role of non-catalytic pyrolysis, and the
significance of the catalyst as an influential factor of pyrolysis is
emphasised and linked to the commercial world as
demonstrated in industrial-scale applications.

The prominence of heterogeneous catalysis over homogeneous
catalysis is extensively discussed and their dominance in the
commercial world. The significance of other catalysts are
also considered. Other influential factors of pyrolysis,
including the chemical composition of the feedstock, cracking
temperature and heating rate, residence time, are also
discussed. How these factors complement each other in the
process and their roles and limitations with pyrolytic yields,
are also investigated. Additionally, a wide range of research
work that supports the enormous environmental advantages
associated with catalytic pyrolysis and pyrolysis in general is
provided. This includes the significant role catalysts and other
support materials such as Na;COs; play in pyrolysis to
minimise dioxinemissions in the atmosphere, as discussed in
Section 4.
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From the literature, lessons have been learned on how far the
role of catalytic pyrolysis has come, what researchers are
currently doing in this field and the contradictions and
unclear issues surrounding the process. The future of this field
is potentially informative.

This paper shows that the work on pyrolysis is continuous.
This means further work on WPP is underway. The need for
further optimal processes and better product yields, beyond
what has been done so far (as emphasised in Section), is
crucial to the current commercial chemical industry and in the
future. Thus, pyrolytic catalysis is indispensable for industries
and society at large.
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