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1. Introduction

Owing to the finite nature of fossil fuel, many nations have
begun to explore alternative sources of energy in order to meet
the rising demand for clean and sustainable energy. Plastic,
which is a petrochemical material and widely used in most
activities, will serve as a better and promising alternative to
fossil fuel (Mwanza and Mbohwa, 2017). The ease with which
plastic is manufactured, as well as the pressure for economic
efficiency and the urbanisation of populations in most parts
of the world, has resulted in a massive production of this mate-
rial, which would reach an estimated value of 110 million ton-
nes annually (Budsaereechai & Hunt, 2019; Biradar & Hebbal,
2020).

Furthermore, due to increased research and development
effort into the technology of plastic production, its annual glo-
bal production has surged from approximately 1.5 million met-
ric tons in 1950 to 359 billion metric tons in 2018. The
cumulative production of plastic has already surpassed eight
billion metric tons worldwide, with further increases expected
in the coming decades (Tiseo, 2020). Plastic has succeeded in
replacing metals, wood, and ceramic products due to its out-
standing combination of properties, such as mechanical, ther-
mal, and chemical resistance, as well as dimensional stability
(Biradar and Hebbal, 2020). Therefore, enormous quantities
of new plastic materials are thermoformed, foamed, laminated,
and extruded into millions of packages and products.

However, some of these plastic products are designed for
single use that become waste within a short time. This emerg-
ing development has resulted in grave consequences to the
environment, which is generating global concern (Jiang et al.,
2018). Currently, most countries are locked in a huge battle
over how they should handle the growing number of plastic
waste dumps in their country (Dumbili and Henderson, 2020;
Marks, 2019; New Straits Times, 2018; Sarpong, 2020). Colos-
sal masses of plastic trash, such as wrecked compact discs,
used charging wires, plastic cutlery, foam hot drink cups, plas-

tic milk cartons, and plastic bags have formed large heaps of
waste in both developing and developed nations of the world.
The packaging industries (GreenPeace International, 2020) are
a major source of these types of waste, which end up in land-
fills, beaches, rivers, and oceans (Bengali, 2018; Cazan et al.,
2017). Fig. 1 presents the quantity of plastic waste generated
globally between 1950 and 2015, including past trends and
the forecast for 2050.

Recently, the world is coming to realize the dangers of plas-
tic pollution and is responding at an already impressive scale
towards achieving substantial reductions in global plastic emis-
sions to the environment. For example, Korea recently imple-
mented the Resource Circulation Act (RCA), which includes
the concept of circular economy and resource efficiency policy
for overall waste management (Shin et al., 2020). In the Euro-
pean Union countries, the strategy for single-use plastic pack-
aging is being discussed as a response to contemporary
challenges and as an element of achieving the goals of sustain-
able development and circular economy. These strategies
include legislation on banning, taxing and limiting the use of
single-use bags and increasing recycling rates (Baran, 2020;
Borrelle and Law, 2020).

Since 2015, approximately 6,300 metric tonnes of plastic
waste generated around the world have been valorised (9%),
combusted (12%), and dumped (79%) into the environment
(Fig. 1). In 2018, the global plastic recycling volume was
29,438 kilotons, with Asia Pacific having the highest share in
the plastic recycling market in terms of value and volume
owing to the highest share in plastic waste generation and
high-volume of plastic waste import in the region (Dublin,
2020).

There are several techniques of recycling plastics such as
pyrolysis, hydrothermal, co-liquefaction, co-gasification and
biological conversion. However, recently, ample attention
has been given to co-pyrolysis because it does not release
harmful substances into the environment. Co-pyrolysis is the
simultaneous thermal decomposition of two types of wastes
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at elevated temperatures in an inert atmosphere. It is com-
monly used in the treatment of organic materials. Studies have
shown that the co-pyrolysis of a mixture of plastic and biomass
in the presence of a catalyst results in improved quality and
composition of products than in the pyrolysis plastic/biomass
alone.

Co-pyrolysis of plastic with biomass allows modifying the
composition of the solid, liquid and gaseous products and
adapting it as a liquid fuel. In addition, the co-pyrolysis of
plastic and biomass waste can contribute to a reduction in pro-
duction costs, expand waste disposal options, and reduce envi-
ronmental impacts (Zhang et al., 2018a,b,c). The most suitable
plastics for co-pyrolysis with biomass are polyethylene,
polypropylene and polystyrene. The properties of these plastics
have been comprehensively explained by (Anuar Sharuddin
et al., 2016).

Some reviews have been conducted on the catalytic co-
pyrolysis of plastic and biomass. Uzoejinwa et al. (2018)
reviewed several catalysts that have been used in the pyrolysis
and co-pyrolysis of various categories of plastics and biomass.
Ryu et al. (2020) reviewed different reaction pathways
involved in acid- and/or base-catalysed co-pyrolysis of plastic
and biomass wastes. Alternatively, Ahmed et al. (2020)
reviewed the development of catalyst to influence and vary
the reaction pathways of simultaneous pyrolysis of biomass
with plastic, tyre, and scum. Nonetheless, the development of
energy efficient, large-scale, and feedstock flexible pyrolysis
requires a clear understanding of the influence of heating rates,
heating systems, activation energy, reaction rate compositions,
and yield of pyrolytic products.

The co-pyrolysis and catalytic co-pyrolysis reactions have
been studied using mostly fixed bed reactors. However, there
is no review and discussion on the impact of heating systems
towards an efficient and effective co-pyrolysis of plastics and
biomass to obtain high yield product. To the best of the
authors’ knowledge, there is no work in the literature compar-
ing the yield and distribution of products for co-pyrolysis of
plastic and biomass in different heating systems. The objective
of this article, therefore, is to critically review the literature for
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Global plastic waste generation and projected data for 2050 (Geyer et al., 2017).

the influence of conventional, microwave, and plasma heating
systems in the catalytic co-pyrolysis of plastic waste and ligno-
cellulosic biomass. In addition, this article will review the
effects of experimental conditions on the yield and composi-
tion of liquid fuel production from co-pyrolysis of plastic
and biomass wastes. Finally, the various kinetics and reaction
models that were used to establish the kinetics and synergy
effect on the co-pyrolysis of plastic and biomass wastes using
thermogravimetric analyser is discussed.

2. Influence of technical parameters on co-pyrolysis of plastic
waste and biomass to liquid fuel

The yield and quality of liquid products obtained during co-
pyrolysis of plastics and biomass may be affected by several
factors. Additionally, the modern approach for reactor design
processes in general is to primarily find suitable heating sys-
tems and operating conditions, as well as take the synergistic
effects of feedstock materials into consideration. Along these
lines, the following sections will review previous research
endeavours dealing with heating systems, experimental condi-
tions, and synergistic effects on the co-pyrolysis of plastic and
biomass wastes.

2.1. Influence of heating systems on co-pyrolysis of plastic and
biomass wastes

Pyrolysis reactors utilise a high amount of external heat in
order to transform plastic waste and lignocellulosic biomass
into liquid fuel. The general characteristics of conventional,
microwave, and plasma-assisted heating systems are sum-
marised in Table 1.

In conventional heating systems, heat is transmitted
through the wall of the reactor to the raw materials by conduc-
tion and convection heat transfer principles while in the case of
microwave heating systems, heat is delivered by the interaction
of varying field forces with the magnetic poles and charged
ions in the material. In the case of Plasma heating systems, it
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Table 1 Characteristics of the heating systems and processes in pyrolysis reactors.

Type of Advantages Limitation Reference
heating
Conventional e Feedstock of various particle sizes can e Rapid heating of feed stocks is unrealistic (Joardder et al., 2017)
system be used in this system to produce and could cause significant loss of
retorting gas of high quality absorbed energy

Produces relatively low oil yield and high
char yield, which triggers coke formation
and fouling in the reactor.

Microwave- e Offers uniform and excellent heat e Reaction temperature is difficult to regu- (Shiung et al., 2019a,b;
supported transfer juxtaposed with conventional late and therefore, no uniformity during Suriapparao et al., 2018; Zhao
system heating. the overall pyrolytic run. et al., 2018; Zhou et al., 2018)

e Produces enhanced product yield with
improved calorific value within a short
reaction time.

Plasma- e Can handle complex plastic waste e It involves the use of plasma gun which (Tamosiunas et al., 2014;
supported (such as hospital and automobile plas- leads to the rapid consumption of Tamosiunas et al., 2016; Tang
pyrolysis tic waste). electrodes et al., 2013)
system e The high energy of the DC thermal e Extremely fine feedstock particles are

plasma torches fosters its function as required to achieve rapid heating rate.

catalyst. e Requires high operating temperatures

Table 2 Reported pyrolysis product yields of co-pyrolysis plastic and biomass mixtures for different heating systems.

Feedstock Heating Heating rate °C/  Catalyst Heating Yield (wt%) Reference
systems min value
MlJ/kg Liquid Gas Solid
PP and saw dust Conventional 30 N/A N/A 2448 N/ 11.6-57 (Ye et al., 2008)
A
PE + sawmills powders Conventional 5 N/A 23.25 5275 N/ N/A (Uguz et al., 2017)
A
Pine sawdust + waste PS foam Conventional N/A N/A 39.65 6331 N/ N/A (Nguyen et al., 2019)
A
Grape seeds + PS Conventional 100 N/A 19.5 56 20 20 (Veses et al., 2019)
PE + Rice straw Conventional ~ 8 N/A N/A 80 20.5 N/A (Hossain et al., 2019)
Rice straw + Sugarcane Microwave 10 HZSM- 43 2527 2- N/A (Suriapparao et al.,
bagasse + PP 5 44 2020)
Used cooking + WS Microwave 29 N/A N/A 84 37 6 (Shiung et al., 2019a,
b)
Waste cooking oil + Waste Microwave 50 N/A 4249 62 N/ N/A (Adibah et al.,
Plastic A 2018a)
Bamboo and PP Microwave N/A HZSM- N/A 61.6 N/ N/A (Zhao et al., 2018)
5 A
Lignin + PP Microwave n/a HZSM- N/A 47.4 N/ N/A (Duan et al., 2017)
5 A
Baby diapers Microwave 43 N/A N/A 43 29 28 (Shiung et al.,
(cellulose + polyolefins) 2019a)
Rice straw + LDPE Microwave 24 ZSM-5 N/A 29.8 46.7 N/A (Bu et al., 2018)
PS - Biomass blends Microwave 61.6 N/A 51-60 N/A N/ N/A (Suriapparao et al.,
A 2018)
PP - Biomass blends Microwave ~61.6 N/A 38-42 N/A N/ N/A (Suriapparao et al.,
A 2018)
LDPE Plasma 7.8 N/A N/A 56.9 37.8 minimal (Gabbar et al., 2017)
Rice straw Plasma —263 N/A N/A N/A 66.5 N/A (Tu et al., 2009)

N/A = Not available.

involves, high-frequency heating with zero emission philoso- unique reaction fields that cannot be formed by conventional
phy. Microwaves (MW) heating systems have great potential heating systems (Durka et al., 2009). Few studies have investi-
for use in pyrolysis reaction processes, through enabling gated the variation of yield and composition of products from
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the co-pyrolysis of plastic and biomass under different heating
systems. In the conventional and microwave-assisted pyrolysis
of rapeseed oil for bio-fuel production, Omar and Robinson
(2014) remarkably found aromatics in the residual oil after a
microwave treatment, whereas none were found with conven-
tional pyrolysis. In terms of product distribution, Dominguez
et al. (2007) found that in the conventional and microwave
induced pyrolysis of coffee hulls, microwave treatment pro-
duced more gas and less oil compared to conventional pyroly-
sis. These aforementioned findings aligned fully with the
outcomes found by Mahmud et al. (2019) and Wu et al.
(2014), whereby a higher gas yield was produced using the con-
ventional pyrolysis. However, a divergent outcome was
obtained in a recent investigation by Shi et al. (2020), whereby
the bio oil produced by conventional pyrolysis was higher in
contrast to the yield by microwave pyrolysis. In the pyrolysis
of HDPE wusing both conventional and microwave,
(Khaghanikavkani, (2013) found that the microwave heating
did not alter product composition in comparison to the con-
ventional pyrolysis of HDPE. The large portion of the pro-
duced hydrocarbons were in the range of Cg to Css. The
product yields of different plastic and biomass mixtures using
different heating systems are presented in Table 2.

The product distribution presented in Table 2 were
obtained under different experimental conditions which makes
it difficult to objective quantify the underlying mechanisms.
However, one of the fundamental reasons for the variation
in the yield and heating value of the products is the heating
rate. For conventional heating systems, the heating rate in
range of 8-30 °C/min were mostly used in many studies while
for microwave systems, heating rate in the range of 10-61 °C/
min have been used. In microwave systems, faster heating rates
are usually used compared to conventional heating systems.
Fast heating rates cause quick fragmentations of plastic and
biomass and enhances the yield of volatiles. It will observed
that the heating value of the co-pyrolysis bio-oil obtained
using microwave heating systems were within the range of

42-61 MJ/kg which is higher than the heating values of pyro-
Iytic oil from pyrolysis biomass (15-20 MJ/kg.) and plastic
(30-45 MJ/kg) (Adrados et al., 2012; Lopez et al., 2010). Many
of the co-pyrolysis liquids produced have high heating value
above 36.6 MJ/kg which indicates that they can be used as
an alternative to fossil fuels (Adrados et al., 2012). HHV is
the most important characteristic of pyrolytic oil because it
gives an indication of the satisfactory combustion of gases.

Most of the studies presented in Table 2 were mostly per-
formed on a bench and discontinuous mode. Very few have
been performed in a continuous mode. In the following sub-
section, different heating systems are critically discussed in
greater detail.

2.1.1. Conventional heating system

The regularly used heating system for pyrolysis of plastic and
biomass is the traditional electric furnace. Liquid fuel yield and
the efficiency of this system are determined by the heat transfer
rate across the reactor wall, reactor material type, and the tem-
perature difference between the reactor surface and innermost
core of the material in the reactor.

The furnace layouts of some conventional heating systems
are shown in Fig. 2. The use of liquefied petroleum gas
(LPG) as the heat source for pyrolysis has been developed
and this heating system is presented in Fig. 2 (a). However,
the LPG heating system is typically associated with several
shortcomings. Since the heating system is in the lower com-
partment of the reactor, inconsistent and inefficient heat trans-
port from the burner will result in low liquid fuel yield.
Additionally, the reactor compartment has a costly insulation
which needs periodic maintenance and replacement. Thus, it is
important to utilise apparatus for the pyrolysis of plastic and
biomass that jettisons the need for heat jacket.

Fig. 2(c) and (d) show the experimental setup of a horizon-
tal heating furnace and a vertical heating furnace, respectively.
The furnace in Fig. 2(d) has two partitions, which is regulated
independently to provide the static and rapid temperature
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Fig 2

Experimental set up of conventional heating system using (a) liquid petroleum gas (LPG) powered furnace (Hossain et al., 2019)

(b) stirred tank heating furnace (Supramono et al., 2020) (c) horizontal electrical furnace (Wang et al., 2019) (d) vertical electrical furnace

(Wang et al., 2015).
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changes during co-pyrolysis. Because the reactor in this heat-
ing system is a fixed-bed type, the effect of heat and mass
transfer in the sample particles cannot be investigated. How-
ever, this setup and heating system can measure the
temperature-time history accurately. Therefore, it can be used
to obtain not only the kinetics of reaction, but possibly get an
insight into the mechanism of pyrolysis. Moreover, the effect
of catalyst temperature on the oil yield can be studied using
this setup.

Catalytic and non-catalytic co-pyrolysis of Corn Stalk (CS)
and Polystyrene (PS) was conducted in in-situ and ex-situ
setup represented in Fig. 2(c) and (d) with a separate catalyst
bed reactor to evaluate the mode of catalyst addition. Meso-
porous HZSM-5 catalyst applied in the in-situ and ex-
situ modes led to decreased oil and increased gas yields at all
catalyst feedstock ratios as compared to non-catalytic co-
pyrolysis. However, as compared to ex-situ, in-situ mode
showed better results, yielding more liquid oil and mono aro-
matic hydrocarbon (MAH) content, yet less acids and oxy-
genates. With regard to MAH selectivity, styrene
dealkylation into benzene with increasing catalyst feedstock
ratios was noticed in both in-situ and ex-situ (Muneer et al.,
2019).

However, there is one limitation faced by setups in Fig. 2
(a), (c), and (d), which is the effect of stirring speed on co-
pyrolysis cannot be studied. Stirring the plastic-biomass mix-
ture during co-pyrolysis improves the convective heat transfer
because it causes the reactor bed to expand, thereby increasing
the friction between the melting plastic and the hot reactor.
This will induce high convective heat flux to the plastic-
biomass feed. A stirred tank heating furnace was used to per-
form co-pyrolysis of corncobs and polypropylene (PP) gran-
ules, as shown in Fig. 2 (b).

In the industry, rotary kiln reactor design is used to achieve
mechanical stirring while fluidized bed reactors use fluidization
gas to achieve a good mixture of the solids in order to improve
heat transfer. Researchers have developed a reactor which does
not use any fluidization gas but has a stirrer that provides the
required mixing between the injected biomass and the bed
material while effectively breaking any possible agglomerate.
Performance evaluation of the reactor revealed that stirring
was necessary to attain effective heat transfer between the hea-
ters and the bed, and between the bed and the biomass parti-
cles. Furthermore, the stirrer geometry played a major role
in increasing the efficiency of the reactor (Lago et al., 2015;
Villemont et al., 2019).

Recently, a group of researchers have introduced a reactor
that can operate in the slow-pyrolysis mode to obtain high-
yielding liquids. The concept of the reactor was designed to
develop the fluidization condition by using a stirring device.
The obtained liquid yield increased remarkably from 38.4 wt
%. to 51.6 wt% and comprised a higher proportion of organic
phase than aqueous phase when the 50- rpm condition was
applied (Qureshi et al., 2019).

On catalysis, few pilot plants studies have been carried on
the catalytic pyrolysis of plastics waste and catalytic co-
pyrolysis of plastics. On plastic alone, a small-scale pilot
research has been conducted to study the effect of zeolite cat-
alyst on liquid oil produced from catalytic pyrolysis of waste
polystyrene plastics was found to consist of around 99% aro-
matic hydrocarbons (Rehan et al., 2017). Miandad et al.,

(2017) obtained similar result from another pilot test when
the same catalyst type was used in the co-pyrolysis of PS mixed
with other plastic wastes.

On an industrial scale, catalytic co-pyrolysis of real munic-
ipal solid wastes comprising of paper and plastic mixtures was
undertaken in an electrically heated furnace under continuous
mode. Interesting findings revealed that zeolite-based catalysts
with alkali characters resulted in the reduction of oxygenated
hydrocarbons and also increasing the saturation and isomer-
ization reactions (Fekhar et al., 2020). The conventional heat-
ing systems has been established to operate in industrial scale
around the world.

Catalytic co-pyrolysis of plastic and biomass waste has
been extensively investigated, with most studies focusing pri-
marily on the use of zeolites. However, the deactivation and
high costs of zeolites opens up many opportunities for the
development of other inexpensive cracking catalyst. Few
researchers have worked on the development of catalysts from
industrial waste and renewable organic materials such steel
slag, alumina, biomass waste and activated carbon (Hassan
et al., 2019; Lin et al., 2020; Mateo et al., 2020; Zhang et al.,
2019) for application in the catalytic co-pyrolysis of plastic
and biomass. Hydrocarbon yields of the liquid fuel that ranged
between 47% and 97.51 % were obtained in these studies
which indicate the suitability of these materials as catalyst sup-
port in the co-pyrolysis process. Specifically, catalyst devel-
oped from sulphonated activated corn cobs having a surface
area of 1159.28 m?/g and pore volume of 0.815 cm?/g displayed
the capacity to increase the hydrocarbon yield of Douglas fir-
LDPE based pyrolytic bio-oil from 66.95% to 94.18-100%
(Mateo et al., 2020).

2.1.2. Microwave-supported pyrolysis system

To overcome the shortcomings of conventional heating in
pyrolysis reactor systems, microwave (MW) heating pyrolysis
has attracted the interest of researchers in the last two decades.
Microwave heating is emerging as one of the most attractive
alternative technologies in the pyrolysis and co-pyrolysis pro-
cess. Microwave pyrolysis not only overcomes the disadvan-
tages of conventional pyrolysis methods such as slow heating
and necessity of feedstock shredding, but also improves the
quality of final pyrolysis products. At the same time, it signif-
icantly saves processing time and energy.

Overall, most studies have concluded that microwave pyrol-
ysis is a more energy-efficient process and has immense poten-
tial in converting plastic and biomass wastes into valuable
pyrolytic products. Some studies have shown that
microwave-assisted heating systems and temperature of reac-
tion can affect the characteristics of the Iliquid oil
(Suriapparao et al., 2018; Zhang et al., 2018a,b,c). Nonethe-
less, insufficient understanding of microwave systems has
impeded the development of commercial microwave heating
systems and their use in the co-pyrolysis of plastic and biomass
wastes.

During microwave heating, the raw material takes in micro-
wave energy from the reactor and in series generates heat right
through the bulk of the material. Any organic material that is
exposed to electromagnetic radiation will be heated up. Micro-
waves interact with organic materials and the strength of this
interaction depends on the dielectric properties of the materi-
als. Absorption of radiofrequency on microwave energy by
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these dielectric materials generates heat in the material (Ulloa
et al., 2019).

Biomass are the most common types of materials that have
been subjected to microwave energy. Plastics cannot absorb
microwave energy, as it has a very low dielectric loss factor.
Therefore, an absorbent must be mixed with the plastic to
aid in heating the plastic in pyrolysis. Materials with high
dielectric loss factor are good candidates as absorbents for
plastic pyrolysis e.g. tyre shredded, silicon carbide and carbon.

The mechanism of plastic microwave pyrolysis is based on
absorbing the microwave energy via absorbent and subse-
quently transferring thermal heat to the plastic via conduction.
The physical properties and the volume ratio of the absorbent
affects the uniformity of heating distribution.

It is pertinent to mention that most laboratory studies
employed reworked standard microwave ovens as pyrolysis
reactors to perform co-pyrolysis of plastic and biomass wastes.
The power level functions of most of these setups were by
default designed to be varied at wide intervals, which affects
the result. Thus, it is imperative to explore co-pyrolysis of plas-
tic and biomass wastes using microwave heating systems that
permit power adjustments at reduced intervals. Energy is con-
served if a lower optimal power level is discovered. The exper-
imental setups of ex-situ and in-situ microwave heating
systems are presented in Fig. 3. Each microwave oven was fab-

ricated into a batch pyrolysis reactor and adopted for the
simultaneous pyrolysis of plastic and biomass wastes.

Due to the limitation in these setups, the influence of mix-
ing intensity and stirring speed could not be studied. The
impacts of these variables are important and should not be
ignored if the formation of non-condensable gases at the
expense of bio-oil and biochar is desired or the process is being
contemplated for a scale-up. These setups could be further
modified by inserting an adjustable stainless-steel two-bladed
stirrer. However, the influence of catalyst temperature on the
yield of bio-oil can be investigated under microwave heating
using the setup in Fig. 3 a. The heating set-up shown in
Fig. 3b has no separate heating setup for catalytic reactor
which reduces the overall capital cost of the system fabrication
as well as operating cost. However it is necessary to consider
the fact that the catalytic temperature is same as that of pyrol-
ysis temperature and the optimized pyrolysis temperature may
not be optimum for catalytic cracking (Wan and Wang, 2014).
Provision of separate temperature control for pyrolysis and
catalysis is desirable because it helps to improve the perfor-
mance of the catalyst and prolongs the catalyst lifetime
(Duan et al., 2017; Luo and Resende, 2016).

Study has shown that the combined use of microwave vac-
uum pyrolysis and activated carbon reaction bed produced
84 wt% yield of liquid oil with diesel range hydrocarbons
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and energy content of 49 MJ/kg (Shiung et al., 2019a,b). When
a catalyst was used, synergistic effects were observed with
microwave assistance. For instance, during the co-pyrolysis
of low-density polyethylene (LDPE) and rice straw using a
microwave supported system, synergistic effect between these
feedstocks was observed in terms of the yield and composition
of the bio-oil. The yield of bio-oil obtained by co-pyrolysis was
22.75% and the addition of the ZSM-5 catalyst was 24.46%
(Bu et al., 2018). The literature survey showed that most co-
pyrolysis reactions were conducted using microwave power
ranging from 800 to 1,000 W.

One of the most problematic aspects of microwave assisted
heating is working in a continuous mode as all the references
from literature have worked discontinuously or in batch pro-
cesses. The reason is explained by the difficulties of combining
the chemical and electrical engineering technologies to meet
the requirements for a high temperature microwave pyrolysis
of plastic. Another reason is due to the complex nature of
pyrolysis of plastic which needs a detailed design in addition
to a robust electromagnetic  simulation  model
(Khaghanikavkani, 2013). The complex nature of microwave
heating factors such as microwave frequency, microwave
mode, reactor geometry, temperature variation, surrounding
medium properties, dielectric properties and cavity geometry
can all influence the distribution of electromagnetic waves
and the resulting heating patterns (Goodman, 2014). The
major limitation which is preventing this microwave heating
from being widely employed in continuous mode is uncertainty
about the actual costs (Fernandez et al., 2011).

2.1.3. Plasma heating system

Plasma heating system amalgamates the pyrolysis process with
the thermo chemical properties of the plasma. The plasma
heating system has intense and flexible heat generation capabil-
ity, which can be used to dispose of all forms of plastic waste
(Hikmath and Arachchige, 2020). For laboratory experiments
and industrial applications, plasmas are generated through
electrode gas discharge, microwave, laser, high-energy particle
beam, or electrodeless radiofrequency (RF) methods. In
a plasma, the electrons are ripped from atoms to produce
freely moving ions. Since ions and electrons are charged, they
respond to electric and magnetic forces and interact with each
other through these forces as well.

When electromagnetic waves of appropriate frequency are
beamed into the plasma, the particles will absorb energy from
the wavefield and transfer it to other particles through colli-
sions. As soon as plastic and biomass wastes are fed into a
plasma heating system, they are swiftly heated, leading to the
discharge of volatile matter. The volatile matter is subse-
quently cracked to produce gases rich in hydrogen and hydro-
carbons. Heating in a limited supply of oxygen will mostly
generate water, synthetic gas, and other gaseous hydrocarbons
in sizeable quantities, including small amounts of solid prod-
ucts. The gas produced can be upgraded or reformed to con-
form with a standard for use as a source of power or
feedstock for manufacturing chemicals and liquid fuels. An
efficient design of thermal plasma heating system is necessary
to guarantee energy-effective and cost-effective operation.
DC/AC electric discharges, microwave discharges, and laser-
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Fig 4

Experimental set up of plasma heating system with (a) steam turbine (Gabbar et al., 2020) (b) scrubber system (Nema et al., 2016).
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Table 3 Effects of experimental conditions on yield of main products for co-pyrolysis of different plastic and biomass mixture.

Parameters Ranges Feedstocks Optimum Main Max yield (wt Reference
value product %)
Biomass (B) Plastic
(P)

Reaction Time (min) 10-60 Rice husk PP 60 Liquid 74.0 (Costa et al., 2014)
15-75 Palm shell PS 45 Liquid 61.6 (Abnisa et al., 2013)
60-120 — PS 75 Liquid 80.8 (Miandad et al., 2016)

Reaction Temperature (°C) 400— - Mix 440 Liquid 79.3 (Lopez et al., 2011)
500
300- Palm shell PS 600 Liquid 68.3 (Abnisa et al., 2013)
700
500— Water paper HDPE 600 Liquid - (Chen et al., 2017a,b)
800
550- Sawmill PE 550 Liquid 46.0 (Uguz et al., 2017)
600 powders
525- Red oak HDPE 625 Liquid 57.6 (Brown et al., 2015)
675
400- Sugarcane HDPE 600 Liquid 63.7 (Hassan et al., 2020)
700 bagasse
450- Juliflora LPDE 600 Gas 41 (Somasundaram and k,
700 2019)
700 Wood PUR 700 Char 43.1 (Wang et al., 2019)
1250

Pressure (Bar) 2-10 Petroleum LDPE - - - (Schubert et al., 2019)

fraction

Mass of B-P mixture (g) 250— Rice straw PP 1000 Liquid 35.7 (Suriapparao et al.,
1000 2020)

B-P mixture Catalyst ratio  1:30— Durian shell - 2:30 Liquid 50.2 (Tan et al., 2020)

(w/w) 3:30
1:0-1:5 Corn stover PP 1:4 Gas 61.2 (Wu et al., 2020a,b)
1:20- Pine sawdust HDPE 1:5 Liquid 70.0 (Chen et al., 2020)
4:20
1:0-4:1 Lignin PP 1:2 Liquid 59.4 (Duan et al., 2017)
1:20- = PP 2:20. Liquid 80.0 Kassargy et al., 2019)
2:20

B-P mixture ratio (w/w) 1:0-0:1 Lignin PP 4:1 Liquid 47.7 (Duan et al., 2017)
1:0-1:3  Waste paper HDPE 1:1 Liquid - (Chen et al., 2017a,b)
1:0-0:1  Not specified*  Mix 1:2 Gas 63.2 (Zhang et al., 2019)
4:1-2:3  Palm shell PS 2:3 Liquid 64.2 (Abnisa et al., 2013)
19:1- Grape seeds PS 3:2 Liquid 57.0 (Veses et al., 2019)
3:2
3:1-1:3  Cellulose HDPE 3:1 - - (Yuan et al., 2018)

induced plasmas are the main approaches for generating
plasma for the pyrolysis of plastic and biomass wastes for fuel
production (Tang et al., 2013).

The experimental setup of a plasma heating system is
shown in Fig. 4. Plasma heating system usually have coaxial
configuration containing a dielectric shaped in the same form
as common fluorescent tubing. The device is filled at atmo-
spheric pressure with either a rare gas or rare gas-halide mix.
For setup in Fig. 4 (a), it is possible to optimise the thermal
performance of the heating system using the self-regulating
controller, which receives feedback signals from gas analysers.
A constant thermal profile in the pyrolysis system increases lig-
uid product yield. Furthermore, the stirring mechanism in the
reactor reduce the limitation in heat and mass transfers com-
pared to setup in Fig. 4 (b).

Plasma assisted heating is quite new and the research is so
incipient that only very few laboratory studies have proved

the effectiveness of this technique. Recently, a pilot study
was conducted to measure the heating efficiency of a plasma
system in heating a plastic sample confined in the plasma
region. The results showed that the heating efficiency of the
system had a lower bound value of about 74 + 5%, a value
which might be very interesting for most industrial applica-
tions (Borin et al., 2019). Plasma as a heat source for
co-pyrolysis of plastic and biomass would open a new horizon
in this topic. Salvia et al., (2019) used biomass derived cata-
lysts for the catalytic pyrolysis of mixed plastic waste using
a plasma heating system. The cracking process increased the
gas, hydrogen and methane yield up to 85, 3.25 and 55 wt
% respectively compared to non-catalytic pyrolysis. The cap-
ital costs of plasma heating systems are high, because of the
high energy involved and this can hinder the profitability
and sustainability of pyrolysis and co-pyrolysis of plastic
and biomass waste.
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2.2. Influence of experimental conditions on co-pyrolysis of
plastic and biomass wastes

Since plastic and biomass wastes are composed of various
components, the extent and rate of thermal fragmentations
and interaction of these components hinge upon experimental
operating conditions. Experimental conditions are important
for specifying the yields composition and properties of pyroly-
sis products (Gulab et al., 2010). The effects of experimental
operating conditions, on yield of main products for co-
pyrolysis of different plastic and biomass mixtures are sum-
marised in Table 3.

2.2.1. Effect of time

Investigations on the effect of time on pyrolysis of plastic and
biomass wastes are very scarce in the literature. This may be
due to the fact that the important issue in catalytic co-
pyrolysis is to work under continuous mode where the charac-
teristics and yields of the products are stable with time. Never-
theless, according to Tripathi et al. (2016), reaction time affects
the properties and yield of liquid fuel. In the presence of a cat-
alyst, the product distribution of liquid fuel can change to a
reasonable extent, with changes in composition and structure
of the used catalyst with longer reaction time.

2.2.2. Effect of temperature

Temperature has also been proven to influence the yield, distri-
bution and properties of products obtained in the co-pyrolysis
process since it controls the cracking reaction of the plastic-
biomass mixture. For instance, when the temperature during
the co-pyrolysis of low density polyethylene (LDPE) and rice
straw was 550 °C, the ketone content in the bio-oil was rela-
tively low, compared to temperatures of 450 °C where the
ketone content was higher (Bu et al., 2018). This is similar to
the results obtained in the work of Liang et al (2017). It was
observed that the change of the reaction temperature resulted
in the change of the ketone content. In most pilot studies in the
literature, the reactors were operated at safe temperature of up
to 600 °C. The results of these studies revealed that liquid oil
comprised of hydrocarbon within the conventional diesel
range were obtained.

Generally, increasing temperature in a system causes the
inner molecules to vibrate, which would evaporate away from
the surface of the object. The carbon chain eventually split
once the single bond in the chain has an enthalpy lower than
the energy activated by Van der Waals force within the plastic
and biomass chains (Mustafa, 2019). Generally, a higher tem-
perature facilitates the conversion of plastic and biomass
wastes to fuel by providing the additional energy needed to
split the bonds in the waste mixture (Guedes et al., 2018). In
several co-pyrolysis studies of plastic-biomass mixture, the
temperature had ranged between 400 and 1250 °C. Tempera-
ture that ranged between 600 and 625 °C was found to produce
higher liquid fuel yield. However, the nature of feedstock mix-
ture and other process parameters will alter these temperature
values for obtaining the desired product (Wirawan, 2019).

2.2.3. Effect of initial plastic-biomass mixture to catalyst ratio

Several researchers, such as Chen et al. (2020) and Duan et al.
(2017) studied the effect of initial plastic-biomass mixture to

catalyst ratio, while other studies had focused on catalytic
pyrolysis of plastic alone. Gulab et al., 2010 revealed that
pyrolysis of high-density polyethylene using zeolite as the cat-
alyst can be done at low catalyst content to reduce the operat-
ing cost. The study concluded that decreased catalyst content
will reduce the activity of the system but have stressed that this
reduction can be compensated by increasing the process tem-
perature. Studies has also shown that amount used catalyst
during co-pyrolysis of plastic and biomass affect the product
yield and distribution of the co-pyrolysis process through sec-
ondary cracking of the pyrolyzates thereby facilitating the gen-
eration of polyaromatic hydrocarbons and different
hydrogenated bio-oil fractions which are components of con-
vention fuels (Wu et al., 2020a; Zhang et al., 2016a,b).

2.2.4. Effect of initial pressure

Studies on the effect of initial pressure on co-pyrolysis of plas-
tic and biomass wastes are scarcely available in the literature.
Pinto et al. (2018) showed that as an operating parameter,
pressure has the least effect on the co-pyrolysis of a mixture
of pre-treated eucalyptus with polyethylene. Thus, they were
able to use relatively low pressures to reduce the capital and
operation costs in subsequent experiments. Similar observa-
tions were made by Costa et al. (2014) and Filipe et al.,
(2009), whereby liquid yield at a particular temperature and
time were almost the same, regardless of the initial pressure
used. Increasing the initial pressure of pyrolysis processes have
often resulted in the cracking of the reaction mixture and sup-
pression of evaporated hydrocarbon, leading to a shift to
shorter chains in the liquid and gaseous fractions (Schubert
et al., 2019). Reaction pressure has a great impact on the evo-
lution process of oil and gas products, as well as the hydrocar-
bon volatilisation rate during pyrolysis as it can influence the
splitting of the C=C bonds (Murata et al., 2004). Normally,
variations of initial pressure during pyrolysis of plastic at high
temperature can also increase product yield (Zhang et al.,
2018a,b,c).

2.3. Synergistic effect between plastic and biomass wastes on oil
yield and composition during co-pyrolysis

Pyrolysis of combined biomass and plastic feedstock through -
co-pyrolysis technology may have an unanticipated influ-
ence on the composition and distribution of the resultant
liquid products. Thus, synergistic interaction is one of the
most critical aspects in co-pyrolysis studies. Since plastic and
biomass wastes have distinct degradation patterns due to dif-
ferences in composition, it is imperative to establish whether
the two raw materials interact during co-pyrolysis. Some
researchers have observed positive synergetic effect during
co-pyrolysis of biomass and plastic waste that increased the
quality of bio-oil by reducing oxygenated compounds and
increasing the alcohol content. The term of ‘synergistic effect’
has been commonly used to describe how thermal co-pyrolysis
improves the yield of bio-oil, not the yield of non-polar frac-
tion of bio-oil.

Some interesting effects and benefits of co-pyrolysis of plas-
tic and biomass based on the outcome of several investigations
using different pyrolysis systems are presented in Table 4. The
studies showed that due to the interaction between plastic and
biomass, the co-pyrolysis not only had a promoting effect on
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Table 4 A summary of synergetic effects of co-pyrolysis of different plastic and biomass waste on biomass oil composition.

Co-reactant  Plastic Plastic Pyrolysis system and Observed effect in biomass oil Reference
content % applied catalyst
Waste paper HDPE 50.0 Fluidized bed e Maximum yield of alcohols and hydrocar- (Chen et al., 2017a,
bons reached 85.88% b)

e Oxygen content reduction from 2.4 to 5.4%

Corn Stover PS 75.0 Fixed bed, HZSM-5 e 83% MAH content was obtained. (Muneer et al., 2019)

Juliflora LPDE 66.6 Auger reactor e Highest oil yield up to 32% was obtained  (Somasundaram and
e lesser oxygenated compounds obtained k, 2019)

Corn cobs PP 87.0 Stirred tank e 70% Non-oxygenate composition (Supramono et al.,

2020)
Frying oil Plastic 66.6 Microwave e 93% aliphatic hydrocarbons (Adibah et al.,
waste 2018a,b))
Macro algae PVC 25.0 Fixed bed e 4.74% increase in phenols (Cao et al., 2019)
Macroalgae HDPE 50.0 Fixed-bedFixed-bed, e 32.1% increase in hydrocarbons (Xu et al., 2020)
HZSM-5 e 45.7% increase in hydrocarbons

Micro algae PVC 90.0 Microwave e 03.1% increase in hydrocarbons (Dai et al., 2018)
e 29.3% decrease in nitrogen content

Lignin PP 66.6 Microwave, ZSM-5. 47.8% cycloalkanes obtained (Duan et al., 2017)

Grape seeds PS 40.0 Fixed bed e PS bio-oil decreased by 30.4% (Veses et al., 2019)
e More aromatic compounds

Cellulose HDPE 75.0 TG-MS, Py-GC/MS e Enhancement of alkane (22.3%) (Yuan et al., 2018)
e Enhancement of alkene (64.0%).

Paulownia PP, PVC, TGA e Activation energy was lowered (Chen et al., 2017a,

wood PET b)

Corn stalk HDPE TGA-FTIR and MS. e Aliphatic hydrocarbon and oxygenated (Kai et al., 2019)

products repressed
Potato blend HDPE TGA. e No impact on product yield (Xiong et al., 2015)
Paper rejects Cable 50.0 GC/MS, ZSM-5 e More stable alcohols and esters (Johansson et al.,
plastics 2018)

Xylan HDPE 75.0 TG-FTIR-MS. e CO,. gas generation suppressed (Gu et al., 2020)

Sugarcane HDPE 75.0 Fixed-bed. e Stable alcohols formed (Hassan et al., 2020)

bagasse

Pine sawdust PS 75.0 Fluidised. e 47.1% reduction in oxygen content (Nguyen et al., 2019)

the production and distribution of the products, but also influ-
enced a great change in properties. Supramono et al. (2020)
and Nguyen et al., (2019) achieved 70% and 47% reduction
in oxygenated compounds in the oil produced during the cat-
alytic co-pyrolysis of plastic and biomass. These indicates that
co-pyrolysis demonstrated strong deoxidation effect on its
derived oil, in comparison to biomass derived oil. This is
expected to improve the instability and corrosion of oil
obtained from the pyrolysis of these biomasses pyrolysis alone
when they are used as liquid fuel.

Muneer et al., (2019) found that co-pyrolysis of polystyrene
(PS) and Corn Stover (CS) led to increase in oil yield from 47
to 70 wt% as the PS content in the blend increased. This is due
to the fact that PS is rich in volatile matter and has negligible
fixed carbon as compared to CS. The addition of HZM-5 cat-
alyst increased the selectivity of benzene, toluene and xylene
with selectivity of these compounds reaching maximum at
39.6, 33.4 and 7.7% respectively.

Duan et al., (2017), also observed that HZM-5 catalysed
co-pyrolysis of PP and lignin increased the formation of
cycloalkanes with maximum yield of 47.8% obtained under
microwave heating. This value is higher than the result
reported for a military jet JP-8 (POSF 5699) fuel which con-
tains about 25-30% (Dryer et al., 2014). Oil derived from bio-
mass alone has not been considered as a suitable alternative to
jet turbine fuels partly due to the lack of the aromatic and
cycloalkane hydrocarbons in bio-oils. These compounds help

to improve the combustion characteristics and material com-
patibility of traditional jet fuels.

Chen et al. (2017a,b) found that co-pyrolysis of wastepaper
with HDPE at feed ratio of 50:50 wt% and 600 °C gave a max-
imum sum yield of alcohols and hydrocarbons of 85.88%. This
result indicates that co-pyrolysis is a promising upstream pro-
cess which can be used to improve the quality of waste paper
derived oil without any catalyzer.

The co-pyrolysis of PVC with biomass is rarely investigated
in the literature which is due to the chlorine content of the liq-
uids obtained in pyrolysis of PVC containing plastic wastes.
However, (Dai et al., 2018) investigated the microwave-
assisted co-pyrolysis of micro algae and PVC and found very
interesting results. The increase in PVC proportion in the feed
increased the aromatic (29.58% to 92.71%) and total hydro-
carbon (51.5% to 99.4%) content of the microalgae derived
oil which are desirable fractions for fuel applications. In addi-
tion, the nitrogen content significantly decreased from 29.7%
to 0.38%, which indicates that the addition of PVC would
enhance the ignition characteristic of oil. Researchers have
asserted that positive synergistic effects exists during the pyrol-
ysis of biomass and plastic waste when the empirical value is
higher than the computed values (Chen et al., 2016, 2017a,b;
Hassan et al., 2020; Yuan et al., 2018).

Researchers have also investigated the synergistic effects of
different metals and catalysts on the co-pyrolysis of plastic and
biomass. Lin et al. (2019a,b), Park et al. (2019a,b), and Xu
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Table 5 A summary of the reaction and mathematical models used to fit kinetics data obtained from CCP.

Model Plotting Remark Reference
method

F1 ln%vs% Degradation is assumed to happen uniformly through the (El-Sayed and Mostafa,
ln% —_ {1nk_€ —In(G(z)} — % volume of the particles of the biomass/plastic mixture. 2020)
Vy Nil It is not valid at high conversions when mass transfer is (Vyazovkin, 1997) (Senum

_ (ETai)f s reduced and Yang, 1977) (Ozsin and
Q(Ea) = XL, Xpi reeriyt = min g

=1 )b Piitiin, 2017)
FWO log ﬁvs% Degradation process and temperature are assumed to be  (Flynn and Wall, 1966)
log f = log A(Riga) —2.315— 0,4567% the main factors that determine the rate of reaction at any (Bianchi et al., 2008)
given degree of conversion.
KAS ln%vs% e During degradation, conversion or weight loss rate, o, (Kissinger, 1956);
ln%? = —%* ﬁ — ln{(ﬁ) * f: %} is assumed to have a constant value. (Abdelouahed et al., 2017);
(Mong et al., 2019)
CR lnﬂ?vs% o It views the CCP as one overall reaction. It is illogical to (Coats and Redfern, 1964)
i 17(21—a<)"“ — i {& (1 _ m)} _E T consider the overall CCP of plastic and biomass mix- (Yorulmaz and Atimtay,
=) pE E RT tures as a one-step reaction. 2009)
Miura-Maki InLvsk e This model simply requires three sets of experimental (Miura Kouichi, 1998)
T '°T . . . . .
ln% = 1nk0TRJr 0.6075 — % kinetic data that can be obtained at different heating
rates.
ST lnr%vs% e ST is a revision of the FWO and KAS based on analy- (Starink, 1996)
Int=cC, - 1,0037% ses of their approximation errors.
FR In (%)vs+ e Degradation is assumed to be influenced by the rate of (Friedman, 2007)
ln% =1In {ﬁg_% = InAf(a) — % mass loss and not by temperature.
DEAM InL vsi Degradation process is assumed to involve unlimited (Braun and Burnham, 1987)
T

B
Ind=Inf +0.6575 - &
energy.

parallel reactions, having a distinct value of activation

et al. (2020) studied the co-pyrolysis of cellulose/HDPE using
TGA and Py-GC/MS. They discovered that potassium can
inhibit the synergistic effect between cellulose and HDPE, by
increasing the yields of furans and ketones. A contrary out-
come was found in the co-pyrolysis of sugarcane bagasse and
polystyrene in the presence of HZSM-5 and MgO/CaO cata-
lysts. These catalysts promoted the formation of aromatic
hydrocarbons and suppressed poly-aromatic hydrocarbon
(PAH) and oxygenates in liquid yield (Iftikhar et al., 2019).

3. Kinetic analyses and reaction pathways in co-pyrolysis of
biomass with plastic wastes

Kinetic analysis is employed to ascertain the rate laws of py-
rolysis reactions and to support explanation of the reaction
path. Reaction rate of pyrolysis reactions is a vital requirement
for the development of efficient and flexible pilot-scale pyroly-
sis reactors. Several studies (Alam et al., 2020; Kai et al., 2019;
Mishra et al., 2019; Ozsin & Eren, 2019; Song et al., 2020; Wu
et al., 2020b; Xu et al., 2017) conducted kinetic analyses in
order to discern the synergy during the co-pyrolysis of biomass
and plastic wastes. A summary of these kinetic models is pre-
sented in Table 5. In most studies, activation energy is calcu-
lated using the Kissinger-Akahira-Sunose (KAS), Ozawa-
Flynn-Wall (OFW), and Coats-Redfern (CR) models. Newer
models, such as Friedman method (FM), Starink (ST), and
Distributed activation energy model (DAEM) (Burra and
Gupta, 2018; Xu et al., 2020) have recently been used.
Several researchers have suggested the use of isoconver-
sional models (El-Sayed and Mostafa, 2020) because this
method allows the decomposition rate of a sample to be calcu-

lated using its latest temperature (Samuelsson et al., 2015).
Nonetheless, the first-order reaction model is still being used
by other researchers. According to Guida et al., (2017), the
use of first-order reaction models to describe pyrolysis reaction
has become almost customary, and has been universally
accepted by researchers with no painstaking authentication
or enough understanding of their drawbacks. It is important
to note that these isoconversional models are multistep models
involving a higher number of fitting parameters that may lead
to over-fitting of data (Yeo et al., 2019). Furthermore, some of
these models could result in wrong estimations of kinetic
parameters due to the approximation methods used during
derivation. Therefore, it would be better to use a method that
has a perfectly linear relationship to describe the TGA data
obtained during the CCP of plastic and biomass wastes
(Guodong et al., 2018).

As previously noted, the chemical and physical structures of
plastic and biomass wastes are extremely complicated (Okolie
et al., 2019). Further complications can arise from mineral
matters that have a wide range of species differing in reactivity.
Consequently, plastic, biomass, and their blends would
undergo decomposition in a complicated mechanism involving
many parallel or competitive reactions. It might be imperative
to look at a new method, known as the Distributed Activation
Energy Model (DAEM), which can accurately estimate the vo-
latile amount released from plastic and biomass wastes versus
activation energy or time during CCP. In this way, the differ-
ence in reactivity of species may be defined by different activa-
tion energies, E.

Table 6 presents a summary of the kinetic parameters (ac-
tivation energies, E and pre-exponential factors, A), that have
been obtained during degradation and reactions involved in
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Table 6 Kinetics parameters reported for co-pyrolysis and catalytic co-pyrolysis of different plastic and biomass waste.

Plastic = Co-feed Model Catalyst Feed mass Heating rate Kinetic parameters Reference
type (mg) °C/min
R? A (min~") E
(kJ/mol)
PE Lignin Fl Metal 10 10-40 0.9920 1.93 x 107! 14.08 (Wang et al.,
2020)
PP Cellulose CR MCM- 5 —263.15 N/A 5.0 x 10° 115 (Chi et al., 2018)
41
LDPE Bamboo KAS N/A 10 5-20 0.982— = 143-255 (Alam et al.,
sawdust 0.990 2020)
LDPE Cellulose CR ZSM-5 5000 20 0.95 6.73 x 10° 89.51 (Zhang et al.,
2016a,b)
LDPE  Douglas fir 5000 0.99 5.19 x 10° 54.51
sawdust
Cellulose FWO HZSM- 5-10 10 0.9996 N/A 168.81 (Zheng et al.,
5 2018)
LDPE  Yunnan pine 5-10 0.9984 N/A 185.87
Rice straw CR ZSM-5 5 30 0.9685 4.12 x 10° 70.58 (Xiang et al.,
2018)
PP Pinewood DEAM N/A —263 N/A N/A 115.2 (Burra and
PETE N/A N/A 104.1 Gupta, 2018)
HDPE  Sea weeds & HZSM- 10 1040 0.9973— N/A 108.75— (Xu et al., 2020)
5 0.9994 109.09
HDPE  Cornstover CR HZSM- 5 10 0.9817 311.88 96.24 (Wang et al.,
5 2018)
PS Walnut shell o N/A 10 10 0.9947— 5.03 x 10° 200.2— (Ozsin and
0.9959 202.9 Piitiin, 2018)
PET Samanea FM N/A 9 10 0.92-1.0  3.36 x 10’- 129.51— (Mishra et al.,
Saman Seeds 4.93 x 10" 138.56 2019)

N/A: Not Available, * FWO, KAS, FR, DEAM, Vy, applied; ** KAS, FR, FWO applied.

the pyrolysis and co-pyrolysis of plastic and biomass wastes.
Some variations can be seen from the kinetic parameters
obtained, which are presented. Although the heating rates
could be responsible for these variations (Hoekstra et al.,
2012), some fundamental reasons are responsible for this,
Firstly, the variations derive from the diverse chemical compo-
sition of the plastic and biomass feedstock used in the investi-
gation. Secondly, the sample size and weight of samples within
the crucibles used in the thermogravimetric analyser are not
the same (Schulze et al., 2017). The Influence of size and
weight of samples particles is necessary in order to minimize
heat transfer problem.

Paulsen et al., (2013) identified the conditions under which
cellulose particles can be isothermal during pyrolysis, and the
process kinetically limited. The author stated that the particle
Biot number must be less than 10-1 and the temperature less
than 550 °C. All the test presented in Table 6 used the particle
mass that is in the range of 9-5000 mg which does not equate
to a particle dimension of less than 10 um. Also, the tempera-
ture range were more than 550 °C which makes it subject to the
vagaries of experimental conditions, making any comparisons
between the empirical data relatively useless. Therefore, any
commercial application would need to simulate the laboratory
conditions. Moreover, specific data for feed sizes of different
plastic and biomass types to be used in a pyrolysis system is
missing from literature.

Catalyst also has a major role to play in the activation ener-
gies, E and pre-exponential factors, A, obtained in the co-
pyrolysis of plastic and biomass. Several works have investi-

gated how synergistic effect between biomass and plastic low-
ers the activation energy. However, only few works have
further analyzed the vital influence of catalyst in decreasing
activation energy during co-pyrolysis of plastic and biomass.
For instance, Zhang et al. (2016a,b) conducted a kinetics study
on catalytic co-pyrolysis of LDPE and cellulose. It was discov-
ered that E value of LDPE reduced from 213.78 to 134.59 kJ/-
mol, when cellulose was added to the feed. This indicates that
there was a positive synergistic effect between cellulose and
LDPE. In the presence of ZSM-5 catalyst, the activation
energy (E) decreased to 89.51 kJ/mol. The kinetic analysis con-
firms the fact that catalyst can significantly reduce energy
input. Similar trend were was observed in the work of
(Wang et al., 2018) in which HZSM-5 catalyst also caused a
decreasing trend for E and A values during the catalytic co-
pyrolysis of corn-stover and HDPE. The apparent activation
energy (E) of HDPE reduced from 252.52 to 96.24 kJ/mol,
when corn stover was added to the feed. The A values also
reduced from 252.52 to 96.24 s~

The co-pyrolysis of PS-Walnut shell (Ozsin and Piitiin,
2018) and PET-Samanea seed (Mishra et al., 2019) mixtures
had a pre-exponential factor of 5.03 x 10'° and 4.93 x 10"
s! respectively. This values of A is more than 10'* s™! and this
indicates a slower and more difficult degradation effect and
indicate the necessity of higher molecular collision
(Vuppaladadiyam et al., 2019). In such case, the reaction
demands more energy or a catalyst and this scenario is in
agreement with the activation energy characteristics. The
values of pre-exponential factor A for most catalytic
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Fig 5 Mechanism of the possible interaction between plastic and
functional group (Chen et al., 2017a,b).

co-pyrolysis of plastic and biomass was less than 10° s~! which
indicates surface reaction involving catalyst. The pre-
exponential factor (4) of a co-pyrolysis reaction can vary in
a wide range from 10'° to 10%° depending on plastic/biomass
type and blending ratio of the plastic and biomass in the feed.
This reflects the complex nature of plastic and biomass and of
the reactions that occur during the process of co-pyrolysis.

4. Reaction mechanism for the co-pyrolysis of plastic and
biomass

The thermal pathway of the co-pyrolysis of plastic-biomass
mixture, in the absence of catalyst, has mostly been explained
as free radical degradation. However, in the presence of cata-
lyst, the reaction pathway is often described using ionic mech-
anism (Miskolczi and Nagy, 2012). During a catalytic
pyrolysis, thermal and catalytic cracking occur concurrently,
and follow different reaction pathways.

In thermal cracking, the pathway involves arbitrary chain
scission, chain-end scissions or removal of pendant groups.
Meanwhile, a catalytic cracking pathway would lead to the

biomass for production of liquid fuel rich in long chain alcohols

absorption of carbenium ions onto the catalyst substance, fol-
lowed by beta scission and desorption. Consequently, a num-
ber of product variants are formed, which would sequentially
combine with each other, resulting in numerous potential reac-
tion pathways (Lopez-Urionabarrenechea et al., 2012).
According to the literature, hydroxyl groups are produced dur-
ing the pyrolysis of cellulose, and they react with vinyl groups
produced by polyethylene bond cleavage to obtain alcohols
(Zhao et al., 2020). A potential reaction pathway for the for-
mation of alcohols and linear hydrocarbons has been sug-
gested in Fig. 5.

Similarly, furan and its end-products will combine with
unsaturated hydrocarbons (generated from polyethylene) via
Diels-Alder reaction, and dehydration reactions to form aro-
matic hydrocarbons (Gu et al., 2020). The alkanes, alkenes,
and alkynes released from the degradation of polyethylene
supply hydrogen for the oxygenates produced from cellulose,
thus, decreasing the amount of coke produced (Xue et al.,
2017). A comprehensive formation mechanism of deoxygena-
tion aromatisation for the catalytic co-pyrolysis of walnut shell
and LDPE has been proposed, as shown in Fig. 6.
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Fig 6 Mechanism of plastic/biomass mixture pyrolysis for the production of liquid fuel enriched with aromatic compounds (Yu et al.,

2019).
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Thermal degradation of olefins (unsaturated hydrocarbons)
will initiate random chain scission, followed by the generation
of loose radicals that produce chain and cracking reactions,
thus, forming wide-ranging liquid hydrocarbons that contain
naphtha and diesel (Donaj et al., 2012). Several factors could
impact this process and the most prominent ones are holding
time, pyrolysis temperature, and pyrolysis agents. An overview
of the suggested mechanism reaction for the co-pyrolysis of
grape seeds and polystyrene is presented in Fig. 7.

5. Future direction and challenges

The quality of pyrolytic bio-oil produced from biomass alone
may not be sustainable since the liquid product often contains
high quantity of oxygenated compounds, which reduce the
calorific value of the oil. Research is now geared towards pro-
ducing high quality fuel from other sources, such as plastics.
The simultaneous use of both plastic and lignocellulosic bio-
mass wastes for this goal using the CCP process is showing
great promise. However, there are still some fundamental chal-
lenges that have impeded its development into a commer-
cialised process.

The design and development of catalysts for the CCP of
plastic and biomass wastes to produce high-grade fuel have
continued to be a significant challenge in the field of environ-
mental engineering and renewable energy. Some studies have
recommended that co-pyrolysis of plastic mixtures (PET, PS,
and PVC) with biomass as a co-feed in the presence of func-
tionalized catalyst could improve the quality of the liquid
products. The foremost reason for the utilisation of plastic
mixtures lies in the enhancement of CCP process, with the
objective of scaling up the management of plastics in municipal
solid wastes (MSW).

There is also a dire need to develop low-cost catalysts with
functionalised groups that can guarantee high sensitivity and
selectivity to achieve the desired quality of pyrolytic oil pro-
duced from the CCP of plastic and biomass wastes. Currently,
the functionalization of catalysts is at the frontier of materials
sciences. Such research will promote the development of inno-
vative, low cost, and highly capable catalysts.

There is one notable attribute of functionalised catalyst,
namely, their enhanced recyclability, which makes it possible
for reutilisation after numerous CCP cycles. Some studies have
suggested that functionalised catalyst could be achieved by
introducing metallic oxides into the zeolite surface through
chemical routes. Others have reported that this can also be rea-
lised by impregnating catalyst with transition metals (Ni, Co,
Fe, or Mn). Apart from modifying catalyst with either metal
or metallic oxides, changing its physical structure through dea-
lumination techniques (heat, chemical agents, etc.) can
improve the conversion of plastic and biomass wastes to pro-
duce high-grade fuel during CCP. Future research should care-
fully choose the functionalization route based on the
properties of the plastic-biomass feedstock and the developed
catalyst, as well as the operating conditions of the CCP
process.

6. Conclusion

This review has focused on the catalytic co-pyrolysis of plastic
and lignocellulosic biomass wastes to produce liquid fuel. The
exploitation of biomass waste as co-feed in the co-pyrolysis of
plastic waste will positively influence the quality and quantity
of liquid fuel due to the synergetic interaction between the
feedstock. This emerging catalytic co-pyrolysis technique
could make thermo-chemical transformation of plastic and
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biomass wastes into liquid fuel a more viable process in the
future. Catalyst developed from industrial and agricultural
wastes could also enhance the yield and selectivity of desirable
hydrocarbons with commercial values. Undoubtedly, catalytic
co-pyrolysis has ushered in a new era for future explorations
because of its capacity and potential to produce liquid fuel,
as well as eliminate mismanaged plastic and biomass wastes
in the environment. As this process gradually gains momentum
in all respect, it is expected to sustainably produce an alterna-
tive for fossil fuel.
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