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Abstract

The increasing energy demand coupled with the restrictive environmental policies and
decreasing reserves of light fossil fuels are contributing to the development of new alternative
routes for a sustainable supply of refining and petrochemical products. The co-feeding of
polymer and biomass into a petroleum refinery processing could decrease our dependence
on petroleum feedstocks. In contrast to petroleum-derived feedstocks, biomass contains
significant amounts of oxygen, and their conversion into liquid fuels requires oxygen removal.
The direct feeding of biomass or biomass derived bio-oil in a fluid catalytic cracking (FCC)
requires critical feasibility studies to ascertain it is workability. The use of biomass and plastic
waste in a petroleum refinery is to utilise the already built and existing infrastructure for fuels
and chemical production which require little capital cost investment.
Coke deposition has attracted great interest in the studies of bio-oil cracking. In
catalytic cracking, a significant portion of the feedstock is converted to a carbonaceous deposit
on the catalyst. It was necessary to characterise the nature of this process because of it is
commercial importance. In industrial operation, carbonaceous have long been recognised as
the most prevailing reason for practical zeolite catalyst deactivation leading to significant
problems of great technical, economic, and environmental concerns. The coke formation
reduced the number of catalytically active sites on the catalyst leading to a decrease in catalyst
cavity volume and available surface area resulting in a change in the selectivity and activity of
the catalyst. In a severe coking process, the reaction is interrupted with the mass
transportation of reactant and product generation undesirably blocked. Coke formation in coprocessing of hydrocarbons and oxygenates are generated either through oxygenate pathway
or hydrocarbon pathway.
Microbalance technology based on GaPO4 crystals has shown to be effective for hightemperature operation. This result suggests that the GCM can be utilised as a highly sensitive,
low-cost sensor and microscale technology to study heterogeneous catalytic process at high
temperatures, as well as an in- situ device for incorporation into reactors for control and
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monitoring purposes. This technology would allow to measure easily and effectively the
working status of catalyst and to respond instantaneously to irregularities during the chemical
process such as catalyst deactivation and coking processes.
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1.0

Introduction

The dwindling of conventional light crude oil and stricter environmental regulations, along with
increasing demand for commercial fuels and chemicals, has prompted ever-increasing
demand for the upgrading of heavy oils [1, 2]. The utilization of heavy crude oil as a refinery
feedstock has increased recently because of it is increasing supply, as the explorations of light
crude oil gradually dwindle. Several upgrading processes have been developed to convert
heavy oil into transport fuel and other value-added products. The heavier crudes yield higher
boiling residues such as vacuum residue, which may have to be upgraded to yield lighter and
value-added products [3]. Vacuum residue (VR) is the heaviest fraction of petroleum residue
fractions processed in the refinery industry. The presence of high concentrations of
asphaltene, resin, and organometallic compounds in VR makes their processing markedly
different from that of light feeds [4]. Coke formation and rapid deactivation of catalysts in the
refining of VR are critical for their operability and economics. Consequently, the development
a new technology that could process VR with less coke formation and a higher conversion
using a less expensive catalyst under relatively mild temperature and pressure conditions has
been demanded from the petroleum industries [4, 5].
The utilization plastic waste materials for the production of bio-oil has attracted much
attention in recent years, because of their potential as a transportation fuels and raw material
for catalytic transformation into products of energetic interest or suitable in petrochemical
industries [6]. Plastic residues as an important environmental problem necessitate the
development of new treatment systems other than incineration and landfills [6].
In the developed world, biomass has become more important for applications such as
combined heat and power generation. Moreover, it is a source of clean energy that can replace
fossil fuels if utilized effectively. There are a number of technological options available to make
use of a wide variety of biomass types as a renewable energy source [7].
Co-processing of vacuum residue with plastic waste and biomass may synergise the
cracking of VR to produce stabilized lighter products as a result of several electrophilic
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reactions. It is often claimed that co-processing is better than individual cracking. Reference
is occasionally made to synergism during co-processing of vacuum residue with plastics, coal
or biomass. However, there seems to be a need to study the co-processing of vacuum residue
with fuels from different sources in order to establish any possible synergistic and cosynergistic effect associated with the process and to underpin the incorporation of this
technology into the existing refinery infrastructure without incurring the large capital
investment associated with other alternative processes [1]. Co-pyrolysis techniques have
received much attention in recent years because they provide an attractive way to dispose off
and convert plastics, petroleum residue, coal, and biomass into higher value fuel, and the
specific benefits of this method potentially include the reduction of the volume of waste, the
recovery of chemicals, and the replacement of fossil fuels [8, 9, 10].
The catalytic cracking of hydrocarbons over acid catalysts is an important industrial
process that has been established in the 1930s. Since then, cracking technology has
undergone many major improvements, both in reactor configuration and in catalyst formulation
and has dominated thermal cracking in the commercial production of fuels and chemicals [11].
In petroleum refining, there are many industrially important acid catalyzed processes such as
alkylation and isomerization [12] which used liquid acids catalysts such as HF, AlCl3, H2SO4
and BF3. Due to their corrosive nature and environmental problems they are phase out by
Solid acid [13].
Zeolites acid catalysts are widely used in hydrocarbons transformation, being their
largest application the catalytic cracking [14]. Catalytic cracking over zeolite-based catalysts
is an important reaction in the refining and petrochemical industry which suffers deactivation
from strong coking [15]. Coking is the formation and retention of heavy byproducts known as
coke [16]. Coke is a general name for a mixture of heavy, strongly adsorbed side-products
formed on the surface of solid catalysts during organic heterogeneous catalytic reactions. It
consists of a large number of non-volatile, low boiling points, low hydrogen content
components and is usually the main cause of catalyst deactivation by poisoning active sites
and/or blocking whole segments of catalyst pores [17].
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The process of coke formation involved a sequence of reaction steps, including protonation,
alkylation, isomerisation, hydride transfer, deprotonation, and ring closure, that result in the
formation of large polyaromatic molecules [18].
Coke components can be classified into two kinds: coke precursors and hard coke.
Coke precursors are removed from the catalyst sample simply through volatilisation in inert
nitrogen, whereas hard coke remains on the catalyst even at high temperature (873 K) and is
removed by burning. In catalytic cracking, the behaviour of coke during the initial time on
stream (TOS) is very important, because the coke formation was very strong initially which is
in good correlation with the initial rapid deactivation of the catalyst and then decreases more
slowly with increasing time-on-stream [19].
The composition of coke depends on the nature of the reactants, time-on-stream,
temperature, acid site concentration and the location of coke deposit. In most commercial
processes the cost of catalyst deactivation is very high. Hence, facilitating the catalyst stability
and optimizing regeneration is an important measure of controlling the activity and selectivity
of the catalyst [20].
Cracking of petroleum vacuum residue (VR) and it is co-cracking with, plastics and
biomass are of prime importance in the petroleum industry. Their thermal behaviour/cracking
may be evaluated by means of thermogravimetric analysis (TGA), which provides a
quantitative measure of all the changes that occur in the weight of a sample as a function of
temperature. The quantitative’ ’fingerprint’’ afforded by TGA in terms of the temperature range,
extent and kinetics of decomposition provides a rapid means to distinguish one material from
another using milligram quantities. TGA has been extensively used to determine the
characteristics of the devolatilization of materials [21].
The application of TGA in the chemical analysis could be enhanced by the use of highly
sensitive, low cost and microscale techniques. A method known as microthermogravimetric
analysis (μ-TGA) uses the same thermal decomposition principle as TGA, but uses samples
on the order of 1 μg and can detect mass changes less than a nanogram, thus greatly
improving the detection limits of conventional TGA [22]. In 1958 Sauerbrey, put forward the
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idea of using the change in the oscillations (Δf) of a crystal microbalance as a means of mass
monitoring (Δm). He proved that a change in the oscillation frequency of a quartz crystal was
directly proportional to a change in mass on the crystal surface. It is this relationship, and the
work published by Sauerbrey that has led to the widespread use of BAW resonators as
microbalances for many applications [23]. Piezoelectric crystal microbalance devices based
on GaPO4 allows for operation at over 900 0C and therefore has potential as an analytical
technique for the study of surface reactions at high temperatures. These results suggest that
the technology can be developed as a low cost and a high sensitive gravimetric sensor for
monitoring surface processes in high temperature chemical processes such as catalyst
deactivation and regeneration [24].
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2.0 Literature Review

Abstract
Today, there is increasing interest in obtaining fuels and chemicals from the conversion of
biomass and plastic waste. This increasing energy demand coupled with the restrictive
environmental policies and decreasing reserves of light fossil fuels are contributing to the
technological development of alternative routes for a sustainable supply of refining and
petrochemical products.

Biomass and plastic waste valorization would decrease the

dependency on fossil sources like crude oil, natural gas and coal. Catalyst-oil contact times,
change in process conditions and catalyst deactivation have shown to be affecting the
composition and quality of the products. Coke deposition has attracted great interest in the
studies of bio-oil cracking. Previous studies indicate that there are two pathways of coke
formation in the co-processing of hydrocarbons and oxygenates: the oxygenate pathway and
the hydrocarbon pathway. Attending to these considerations, there is a deepening concern in
the effect of co-feeding bio-oil with vacuum gas oil on the mechanisms of coke formation over
the catalyst in realistic FCC conditions. The use of biomass and plastic waste in the petroleum
refinery is to utilize the already built and existing infrastructure for fuels and chemical
production which require little capital cost investment. Co-feeding biomass-derived molecules
into a petroleum refinery could rapidly decrease our dependence on petroleum feedstocks. In
contrast to petroleum-derived feedstocks, biomass-derived compounds contain large amounts
of oxygen, and their conversion into liquid fuels requires oxygen removal. The direct feeding
of biomass or biomass derived bio-oil in a fluid catalytic cracking (FCC) requires critical
feasibility studies to ascertain it is workability. Part of the previous studies has singled out the
bio-oil immiscibility with hydrocarbons as an impediment to it is direct introduction in the FCC
process.
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2.1 Introduction
The rapid consumption of conventional light petroleum reserves has prompted the increasing
need to refine lower quality petroleum feedstock [1]. This leads to serious consideration of the
development of technologies for the co-processing of vacuum residues with other organic
polymers, such as coal, plastics and petrocrops [2]. The use of plastics is increasing with the
development of more and more useful plastics and other materials. Disposal of plastics is a
big problem as these do not biodegrade in nature for a very long time. Therefore, recycling of
plastics is very important from an energy point of view as well as an environmental point of
view. There is also a limit to recycling the plastics. Direct combustion and landfilling may have
a high environmental impact. Tertiary recycling, which means conversion of plastics into fuels,
chemicals or monomers represents an interesting alternative, since it could be merged into
standard petrochemical or petroleum refinery industrial operation [1, 2, 3]. The thermal
decomposition of blends of coal and plastic, such as high density polyethylene have shown
that plastic wastes have a strong influence on the thermoplastic properties of coal as well as
the structure and thermal behavior of the semi cokes. Co-cracking of waste plastics with coal
provides another alternative to the production of fuels and chemical feedstocks from waste
plastics [4].
Biomass is also an important source of energy. In order to utilize these resources
properly, biomass should be converted to energy that can meet a sizeable percentage of
demands for fuel and chemicals. Thermal or catalytic decomposition of biomass would help in
the production of value-added products [3]. Biomass can provide approximately 25% of our
current energy demand if properly utilized [5]. With the concept of green chemistry, there is
every necessity to produce alternative sources of energy and fuels from renewable biomass.
At present, biomass represents approximately 14–18% of the world’s total energy
consumption [6, 7].
The feasibility of co-cracking of VR with waste plastics or biomass is dependent on the
type of plastic or biomass used. Therefore, co-processing of vacuum residue with different
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type of plastic and biomass in different proportion would eventually assess the best approach
in the high production of lighter and value-added products.
2.2 Plastics
Plastics play a key role in our daily life as many objects are made from different kinds of
plastics: from packaging, films, covers, bags and containers, to construction, electrical and
electronic applications [9]. The major types of plastics include low density polyethylene (ldPE),
medium density polyethylene (mdPE), high density polyethylene (hdPE), linear low density
polyethylene (lldPE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC),
polyurethane (PUR), polybutylene terephthalate (PBT), nylons [8, 9, 10].
Of the plastics type, ldPE, hdPE, PUR, PP, PET, PS, and PVC account for 80.3% of
the European plastic demand in 2014 (Figure 1). There is more than 8% increase in the
demand of these major types of plastics when compared with previous year which stands at
74.2% [11].
Plastic waste generation in Europe is approximately 25 million tonnes per year, of
which 6.6 million tonnes are recycled mainly through mechanical recycling, 8.9 million tonnes
are processed by energy recovery facilities, and 9.6 million tonnes are disposed of in landfills.
The municipal solid waste contains plastics which consist of mainly hdPE, ldPE, PP, and PS,
PVC, and PET [8]. In comparison to gas or liquid feedstocks, solid waste plastic is a cheaper
hydrogen-rich feedstock with economic and environmental advantages. Waste plastics are
mainly formed by the polymerization of olefins with H/C eff ratio of 2, which means they are
proper feedstocks for co-conversion with biomass [12].
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Figure 1. European plastic demand by category (Courtesy, Plastic Europe, 2014 [11])

Since it is first synthesis in the early 1900s, plastics have substituted many types of materials
such as wood, metals and ceramics in the production of consumer products, as they are light,
durable, and resistant to corrosion by most chemicals. They also have a diversity of
applications, ease of processing and low cost [13]. The management of plastic waste is
intended for waste minimization, energy recovery, and recycling. Effective management of
plastic wastes can be implemented by feedstock recycling. The process generates a
hydrocarbon mixture formed by a variety of compounds whose relative proportion depends
primarily on the plastic type and process conditions (temperature, pressure, heating rate and
reactor type) [14]. The main components of the household plastic waste streams beside
polyethylene, polypropylene, poly (vinyl chloride) and poly (ethylene terephthalate) include
polystyrene and styrene copolymers [15]. Plastic waste accounted for 8–12% of total municipal
solid waste (MSW) generated in different countries all over the world. The actual percentage
varies according to the income level of the people in the country. It was also estimated that
global plastic waste generation in 2025 will increase to 9–13% of total MSW, which again
varies according to the country. In order to reduce the adverse effects brought by plastic
waste, efforts have been made in promoting recovery of plastic waste for recycling. In average,
50% of the plastic waste generated in Europe is recovered, while the rest is sent to landfill.
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The high recovery rate is largely contributed by the nations where the partial or total ban is
practised in the landfilling of high calorific waste. However, it was also pointed out that all
recycling alternatives for plastic waste are currently more costly than landfilling and
incineration (excluding energy recovery). Thus, alternatives with more economical benefits are
needed to increase the involvement of private companies in the plastic waste recycling [13].
2.2.1 Methods for Plastic Waste Recycling
The recycling processes have been categorized into four main types, namely mechanical
recycling, landfilling, incineration, and chemical recycling. However, each of these methods
has it is limitations and can be adopted for different purposes to a certain extent [13, 16, 17,
18, 19].


Mechanical Recycling

Mechanical recycling (or secondary recycling) is applicable to thermoplastic materials [16, 17].
It involved mechanical reprocessing of the used plastics to form new products. This method
has found very limited application, as it is not generally applicable, because of the low quality
of the new products and the need for pure waste plastic streams [18, 19].


Landfills Recycling

Landfills for disposal of waste plastics are commonly utilized among the conventional existing
methods. Most waste plastics generated were generally disposed of in landfills, which caused
a serious danger toward the environment owing to plastics degradation and subsequent
contaminant generation. An even worse perspective for waste plastics is low density and low
biodegradability leading to a tremendous and long-term filling of landfill sites [20]. In landfilling,
space is limited and most of the plastic wastes are resistant to environmental degradation [16,
17].


Incineration

Incineration of the plastics to recover energy produces toxic gaseous compounds and only
shifts a solid waste problem to one of air pollution. In many countries, incineration of plastic
waste is forbidden or politically unacceptable [18, 19]. Energy recovery by means of energetic
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valorization (incineration) is prevalently applied among thermal treatment on the base of the
high calorific value of waste plastics. On the other hand, incineration stimulates the release of
harmful compounds such as acid gases, dioxins, and furans into the atmosphere together with
heavy metals causing damage toward the environment and human health. Accordingly, there
is an urgent demand for addressing waste plastics in a different way to the conventional
treatment systems: incineration and landfill [20].


Chemical Recycling

Among all the four methods of recycling, only chemical recycling conforms to the principles of
sustainable development because it leads to the formation of the raw materials from which the
plastics are originally made. Since chemical recycling process is able to recover the energy
content of the plastic in the form of liquid and gas, it is increasingly gaining the attention of
more researchers. Chemical recycling may provide a solution towards the energy crisis [13].
It utilises both the thermal and/or catalytic degradation of plastic waste to gas and liquid
products. Catalytic degradation of plastic waste offers considerable advantages. It occurs at
considerably lower temperatures and forms hydrocarbons in the gasoline range, eliminating
the necessity of further processing [18, 19].
2.3 Biomass
Biomass is the largest source of renewable energy, which approximately accounts for 10% of
the world’s annual energy consumption in comparison to 33%, 21% and 27% from petroleum
oil, natural gas, and coal respectively [21]. The major constituents in biomass are
hemicellulose, cellulose and lignin [22, 23]. Their composition varies alongside with smaller
amounts of pectin, protein, extractives, and ash depending on the biomass type. Normally,
cellulose, hemicellulose, and lignin comprises of 40–60, 20–40, and 10–25 wt% of biomass
materials on dry basis, respectively [24].
Biomass is considered as a renewable energy source with the highest potential to
contribute to the energy needs of modern society for both the developed and developing
economies worldwide [25]. With the depletion of fossil resources and the impact of their use
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on the environment, alternative raw materials must be found. As the precursor of fossil
feedstocks, biomass is also composed of carbon and appears to be one of the best renewable
solutions for the substitution of fossil resources in many applications [26]. Biomass can be
used in energy applications for the production of heat, power and transportation fuels and for
the production of food additives, pharmaceuticals, surfactants, organic solvents, fertilizer etc.
[26, 27].
2.3.1

Biomass Components

Biomass is derived from all the organic materials produced by human and natural activities. It
is a complex mixture of organic materials such as carbohydrates, fats and proteins. The main
components of the plant biomass are carbohydrates and lignin which can vary with biomass
type. The carbohydrates are mainly cellulose or hemicellulose fibres which give strength to
the plant structure and lignin which holds the fibres together. Some plants also store starch
and fats as sources of energy, mainly in seeds and roots. Some of the biomass types are byproducts of the agricultural crops, the raw material from the forest, municipal solid waste,
animal and human waste [28]. The utility of biomass as feedstock for conversion depends on
the chemical constituents and physical properties of the biomass material. Biomass contains
varying amounts of cellulose, hemicellulose and lignin. In biomass, cellulose is generally the
largest fraction followed by hemicellulose, lignin, ash, etc. [29].


Cellulose

Cellulose is a crystalline glucose polymer [30], with an extended, flat, 2-fold helical
conformation. It consists of a linear polysaccharide with β-1,4 linkages of D-glucopyranose
monomers [24], [31], [32]. The basic unit is the same in all types of biomass except for the
degree of polymerization (DP) [24]. Figure 2 below shows a structural diagram of cellulose,
which has a non-reducing end, repeating unit and reducing end [33]. DP is an important
structural which refers to the number of glucose unit in one cellulose molecule. It determines
the mechanical properties of biomass as well as it is chemical and thermal stability [33]. In the
native state of lignocellulosic biomass, cellulose is intimately associated with hemicellulose,
lignin and other biomass components [33].
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Figure 2. Structure of Cellulose (Copied and modified from, Zhou, 2016 [33])


Hemicelluloses

Hemicellulose is a complex amorphous polymer [24, 30, 31, 32], whose major component is
xylose monomer unit [32, 34]. This complex polysaccharide polymer occurs in association
with cellulose in the cell walls and comprises of almost entirely of sugars such as glucose,
galactose, mannose, xylose and arabinose and methlyglucoronic and galacturonic acids, with
an average molecular weight of >30,000 [35]. The composition varies depending on plant
species [36]. The structure of hemicellulose consists of building block units (Figure 3). These

Figure 3. Some Building Blocks of Hemicellulose (Copied and modified from,
Zhou, 2016 [33])
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building blocks also called functional groups can assemble into a range of various
hemicellulose polysaccharides, such as galactans, xyloglucan, xylans and β-1,3;1,4-glucans
with a very diverse structures ranging from linear to highly branched polymer [33].


Lignin

Lignin is a randomly linked, amorphous, high-molecular-weight phenolic compound which is
highly branched, substituted mononuclear aromatic polymer [31, 32]. Lignin is formed by an
enzyme-initiated free-radical polymerization of the alcohol precursors that are chemically
related compounds [34]. The building blocks of lignin are believed to be a three-carbon chain
attached to rings of six carbon atoms, called phenyl-propane [35, 37]. Both hemicellulose and
cellulose are densely packed by layers of lignin [38]. Lignin could be removed by selective
oxidation to leave a combination of cellulose and hemicelluloses called holocellulose [39].
Alternatively, the hemicellulose component could be removed by controlled hydrolysis to leave
a combination of cellulose and lignin called lignocellulose [40]. Complete hydrolysis of
cellulose and hemicelulose leaves the lignin as a dark, partially decomposed residue called
Klason lignin [39], 40].

Figure 4. Monolignol Building Blocks of Lignin (Copied and modified from,
Zhou, 2016 [33])

Lignin can be classified by the isolation methods used such as kraft, alkaline, organosolv etc.
[41]. The relative abundance of the lignin building blocks units and their linkages vary
depending on the biomass sources and isolation methods. More than 90% of softwood lignin
is comprised of G monolignol monomer with small quantities of P, while hardwood lignin
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contains slightly more S than G monolignol monomer units with very few P units. P and G
monolignol monomer units the major component of lignin in herbaceous, agricultural and
energy crops biomass [33].
2.4

Heavy oil

Crude oil and it is residue are processed by the refineries more effectively in order to produce
clean fuel products and persuade market demand. Processing of these crude oils either with
thermal or catalytic processes has been widely used in the past to convert it into valuable
products [42]. One variety of petroleum is heavy oil. Like the so-called “bottom of the barrel”
of conventional petroleum. Heavy oil is quite carbon-rich and very dense. The Energy and
Information Administration (EIA) forecasts the future heavy oil production to increase by 200
% from 2006 to 2030. Of the world’s total oil reserves an estimated 53% are in the form of
heavy oil or bitumen (figure 5). Heavy oil and bitumen are terms used interchangeably to
describe oil that is highly viscous, nearly solid at room temperature, and has low hydrogen
content. It also has a high mass density. Reﬁning heavy oil is a challenge; however, as the
world total oil reserves of regular crude oil goes down, the economics for upgrading heavy oil
to a synthetic crude oil continue to improve [43].
As the worldwide supply of light crude oil has been diminishing, crude oil reserve is
changing toward heavier crudes, which is expected to play an increasing role in order to
accomplish world demand for hydrocarbon fuels. The heavy oil contains more metals (Ni + V),
sulphur, and nitrogen and has low API gravity. Bitumen residues also contain a significant
amount of macromolecules such as asphaltenes which contain high concentrations of
heteroatoms, metals, micro carbon, and polar compounds. In order to obtain clean fuel, almost
all petroleum streams and heavy hydrocarbon sources are required to pass through the
various catalytic processes where the catalyst decreases their activity with time-on-stream
(TOS). Thus, in catalytic processes the key problem is related to the loss of catalyst activity
with TOS, i.e. “deactivation” [42, 44].
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Figure 5. Total World Oil Reserves (Courtesy, Eloy Flores III, 2010) [43])
2.5 SAW (Surface Acoustic Wave) Sensors
The activity of solid catalysts is often substantially reduced by the formation of coke, which is
the main reason for catalyst deactivation [45]. Coke is one of the most unwanted side reactions
in industrial hydrocarbon conversion processes [46, 47]. In thermal cracking, accumulation of
coke layers in the reactor and transfer lines reduces the heat transfer rate, increases the
pressure drop, changes process selectivity, and may lead to corrosion of facilities due to
carbonization. In catalytic cracking catalysts undergo mechanical, physical and/or chemical
alterations with a more or less fast loss in activity and often in selectivity due to the poisoning
of the acid active sites by the coke molecules, deposits of coke and coke components on the
surface or at the micropore mouth or within the micropores with the blockage of the access of
reactant molecules to the active sites [48].
The cutting edge in the analysis of coke deposited during hydrocarbon conversion
involved ex-situ sampling of the catalyst pellets from time to time and analyse them by
thermogravimetric methods or by other means, e.g. by elementary analysis (C- and Hcontent). These indirect methods are not accurate and do not allow to obtain a continuous
information about the actual status of a “working” catalyst [45, 59] and they may lead to an
indirect correlation between the reaction rate (decrease of catalytic activity), product
composition and the carbon load. One of the current challenges is the development of simple,
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rapid methods of analysis enabling on-line determinations without the need for labor-intensive
sampling and sample preparation operations [50].
Thermogravimetric analysis (TGA) is widely used to characterize materials through the
measurement of mass changes arising from decomposition, oxidation, corrosion, adsorption
/desorption, and gas evolution during heating as a function of temperature [51, 52]. Recently,
TGA has been employed to assess such reactions for a wide range of non-traditional
materials, including sustainable biomass mass sources [53, 54], fuel particulate matter [55],
pharmaceutical products [56], nanocomposites [57] and carbon nanotubes [58]. In many of
these instances, analysis requires isolating multiple reactions during heating that result from
material heterogeneity. Advances in TGA instrumentation have enabled better isolation of
such reactions by dynamically controlling the heating rate during analysis [54]. However, the
basic TGA method still provides only an average representation for a given sample (which is
typically on the order of 1 mg or greater), making it difficult to measure small, laboratory-scale
powder samples, thin films, and samples with minor modifications in surface or bulk chemistry
[51,59].
Quartz crystal microbalance (QCM) offer an alternate approach to thermogravimetric
analysis that takes advantage of the high sensitivity of resonant acoustic frequencies to
thermally induced changes in mass deposited on the surface of a crystal. This approach has
been used in a variety of techniques to study many physical and chemical processes that
directly or indirectly involve mass changes [52]. The QCM was originally used for
microgravimetric studies in a vacuum system. The later development of the QCM theories
has enabled it is use as a micro weighing device in gas and liquid phases. The widespread
application of the QCM can be attributed to it is durability, linearity for mass of the target
materials [60], portability, compactness, time efficiency, convenience at room temperature and
atmospheric pressure, and excellent sensitivity to the properties of liquid and soft solid
materials with which it is brought into contact. This sensitivity arises from the coupling
between the mechanical, shear oscillation of the crystal and it is electrical response at
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frequencies close to resonance. This coupling depends on the details of the shear wave
propagation into the material with which the QCM is in contact [61].
QCM is capable of measuring mass changes in the nanogram/cm2 range with a wide
dynamic range extending into the 100 μg/cm2 range [62]. The commonly used AT-cut quartz
(SiO2) crystals have a minimal frequency dependence on temperature at low temperatures,
up to 150 ℃. However, at elevated temperatures, the effect of temperature causes very large
resonator instability and thus affects the accuracy of mass measurements. In addition, the
QCM can only be used up to the Curie temperature (∼573

0

C), above which the

crystallographic structure changes and the quartz loses it is piezoelectric properties. The
process is irreversible and the structure that supports piezoelectric behavior does not return
when the temperature is brought back below the Curie temperature. The crystal is thus
irreversibly damaged once the Curie temperature is reached. In practice, the maximum
temperature of about 450 0C is determined by high losses [63, 64, and 65].
The piezoelectric crystal material GaPO4 can be the "high technology brother and
Analogous to QCM". The high thermal stability up to 970 ℃, a possible coupling coefficient
twice as high as in AT-cut quartz resonators and it is high sensitivity make GaPO4 a very
attractive choice for a wide range of high temperature applications [66]. Furthermore, it shows
no pyroelectricity, no outgassing and a high electric resistivity to guarantee high precision
piezoelectric measurements. GaPO4 offers good temperature compensation for a new
generation of crystal microbalances operating at temperatures up to at least 700 0C as shown
in thermogravimetric and film thickness measurements [66, 63].
The application of GaPO4 crystal microbalance for direct and in situ detection of coke
formation would allow measuring easily and effectively the catalyst status and to respond
instantaneously to irregularities during the chemical process [45].
2.5.1 Piezoelectricity
Piezoelectricity is induced in classes of crystals that do not possess a center of symmetry [67,
68]. The piezoelectric effect arises when pressure applied to a dielectric material. The
deformation of it is crystal lattice causes separation of centers of opposite charges giving rise
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to dipole moments of molecules. When an electrical field is applied across the crystal, a strain
proportional to the applied potential is produced. The opposite polarity produces an identical
strain in the opposite direction [68], and then mechanical oscillations occur within the crystal
lattice. These oscillations are stable only at the natural resonant frequency of the crystal. At
that frequency, the impedance of the crystal to the exciting voltage is low [69].
The crystal cut determines the mode of oscillations. For instance, the AT-cut quartz
crystals, vibrating in a thickness shear mode, are used for the majority of piezoelectric work in
analytical chemistry in liquids and gas phase because they have a zero-temperature
coefficient at room temperature [68].
2.5.2 Sauerbrey Equation
The Sauerbrey equation describes how the changes in the fundamental resonance frequency
of a QCM crystal is related to an elastic mass attached to the AT-Cut quartz crystal [27]. The
frequency of the shear waves of the oscillating quartz crystal called the resonant frequency,
is linearly correlated with the rigid mass loading on the quartz surface, as described by
Sauerbrey’s equation for the idealized mode [50, 71, 72, 73, 74, 75].

Where 𝑓0 is the fundamental frequency of crystal(106 Hz), 𝜌𝑞 is the density of crystal (2.649
g cm−3), 𝜐𝑞 is the shear wave velocity of quartz(2.947 × 1011 cm−1 s−2), 𝐴𝑝𝑧 is the piezeoactive
(mass sensitive) area that is normal to the area between two parallel exciting electrodes on
opposite sides of the quartz (cm2), ∆𝑓𝑚 (Hz) is the change of frequency caused adding or
substrate mass ∆𝑚 where ∆𝑚 is the change of attached mass normal to the piezeoactive
crystal surface[ 71, 72,73].
The application of Sauerbrey equation is only valid if the deposited mass is (1) rigid and
(2) evenly distributed over the electrode(s) of the crystal and if (3) the frequency shift (Δf) is
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much smaller than the oscillating frequency. When these three conditions are valid then a
proportional relationship exists between added mass (Δm) to the crystal and induced
frequency Δf as described by the Sauerbrey equation [76, 77, 78].
2.5.3 QCM (Quartz Crystal Microbalance)
QCM is a sensing instrument based on acoustic waves at surfaces. It is also known as
thickness-shear mode (TSM) resonator [79]. Quartz belongs to the family of crystals that
experience the piezoelectric effect. It is crystal structure is made of a framework of SiO4
silicon–oxygen tetrahedra [80].
QCM has a thin AT cut quartz plate in the middle, and it has two electrodes on both
sides of the plate as shown in Figure (6) below. When an alternating current is applied across
the quartz plate, it causes the vibration of the plate and the vibration leads to a resonant
oscillation in the electric field. The vibration frequency is called resonant frequency of the
quartz plate and is sensitive to the changes of loading and the micro-rheology on the electrode.
The QCM application uses the frequency variation to detect the changed loading. Without any
disturbance, the quartz vibrates infinitely at a basic frequency. However, when the oscillation
is disturbed by an adsorbed material, the oscillation wave propagation from the QCM surface
varies with the properties of the adsorbed material [81, 82]. The fundamental frequency of a
quartz crystal resonator is dependent on it is own material properties and the properties of the
associated metal electrodes. The fundamental frequency shift can occur because of
contributions from (1) the mass loading on the electrode surfaces, (2) the properties (i.e.
density and viscosity) of the fluid in contact with the crystal, (3) the temperature and pressure
of the crystal environment, and (4) the surface roughness of the electrodes [83].
The basic premise of application of the response of the quartz crystal to mass changes
on it is surface is that when a thin film of a material is deposited onto one of the electrodes,
the oscillation frequency of the quartz crystal decreases. The oscillation frequency of the
crystal can be followed as a function of time, and thus permitting monitoring of adsorption,
absorption, and desorption processes. The QCM has been extensively used as a very
sensitive device to measure small mass changes or to monitor thickness in thin film
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applications [84]. Lu [85] reports that the accuracy of mass determinations can be minimized
to an error of less than 2% if the mass loading of the crystal is kept below 2 mg/cm 2 [85].
2.5.4 Quartz Crystal Microbalance (QCM) Theory and Principles
QCM is a surface analysis technique which provides information on the mass and mechanical
properties of ultra-thin layers and films on solid surfaces exposed to liquid and gas
environments. A thin plate of piezoelectric quartz behaves as an electromechanical oscillator
upon application of AC voltage, establishing the mass of a rigidly adherent layer on the crystal
via measured changes in the resonance frequency [86].
The quartz crystal in a commercial piezoelectric sensor is coated with thin layers of
gold serving as electrodes on both sides, acting as a very sensitive transducer. Applying an
alternating current between the two electrodes causes the crystal to oscillate at a specific base
frequency. The interaction of analytes with the crystal surface decreases the base frequency
by effect of the increased mass on the microbalance, the decrease being directly proportional
to the analyte concentration. Quartz microbalances have greater sensitivity than the
conventional analytical laboratory microbalances. Their high mass sensitivity is a result of the
high acceleration acting on the deposited film. The crystal frequency (fr) depends on the
physical properties of the crystal and those of the medium. The change in resonance
frequency (f0) is related to the mass accumulated on the crystal by the Sauerbrey equation
[50, 77]. The operating principle of QCM sensors is based on the interaction between the
surface of a quartz crystal coated with the sensing materials and the target materials [87].
QCM can determine a small electrode-mass change down to the nano-gram level.
Sauerbrey has firstly derived the quantitative relationship between change of frequency of
piezoelectric crystal ∆𝑓 (Hz) and the mass change caused by mass loading on the
piezoelectric crystal surface as provided in equation (2.2) [77, 88]. Kanazawa and Gordon,
[92] have shown that QCM can be operated as microbalance in contact with liquids. The mass
accumulated on the crystal surface moves synchronously with the oscillating surfaces,
resulting in a decrease in the resonant frequency. In addition, a thin layer of liquid adjacent to
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the oscillating crystal surface is entrained by the surface causing a decrease in the resonant
frequency.
In addition, the resonant frequency shift depends on the physical property of the liquid
phase on the sensor surface. According to Kanazawa and Gordon, the resonant frequency
shift in a solution can be described as follows [72, 90]:
3

∆𝑓1 = −𝑓02 √𝜌𝐿 𝜂𝐿/

𝜋𝜇𝑞 𝜌𝑞

…………………. (2.3)

where ηL is the dynamic viscosity of the solution and ρL is the density of the solution. From
equations 2.2 and 2.3 it is evident that variations in the solid mass and liquid viscosity cause
a resonant frequency shift of the sensor for the liquid-phase QCM measurement [72].
The total frequency shifts observed when a crystal is immersed in a fluid can be written
in general form [47].
∆𝐹 = 𝐹 − 𝐹0 = ∆𝐹𝑚 + ∆𝐹𝜂 + Δ𝐹𝑇 + ΔF𝑃 + Δ𝐹𝑟

…………. (2.4)

where F is the measured frequency of quartz, F0 is the unperturbed fundamental resonant
frequency, ∆Fm reflects the mass loading, ∆Fη is caused by the density and viscosity of the
fluid, ∆FT is the temperature effect, ∆FP relates to the pressure, and ∆Fr results from the
roughness of the crystal electrode surface. The crystal can be used effectively as a
microbalance because a small change in mass on the surface of the crystal results in a
proportional shift in resonant frequency. This relationship was described by Sauerbrey with
the equation [77].

where ∆m is the loaded mass per unit surface area; 𝜇q and 𝜌q are the quartz shear stiffness
and mass density, respectively; and n is the number of sides of the crystal in contact with liquid
or coated by a mass layer. The effect of viscosity, ∆Fη describes the interaction of the vibrating
crystal with a viscous medium. This interaction leads to a decrease in frequency that is
proportional to the square root of the product of the viscosity, η and density, 𝜌 of the fluid in
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which the resonator is immersed. For a Newtonian fluid, the frequency shift can be expressed
by:

The third term of equation 2.4, ∆FT, expresses the contribution of temperature to the overall
frequency change. The absolute temperature limit for the QCM measurements is the Curie
point of quartz (573 °C), the point at which the piezoelectric properties disappear. Above 400
°C, the temperature dependence of the quartz resonator frequency becomes significant;
hence, the precision of the mass measurement is reduced at high temperatures. Two different
approaches can be utilized to compensate for the effect of temperature: (1) using two QCM
crystals, a shielded reference crystal and a working crystal, and (2) modelling [91, 92]. The
contribution from temperature is negligible at a fixed temperature. Using ambient pressure and
polished crystals, the frequency shifts caused by the effects of pressure (∆FP) and roughness
(∆Fr) can be neglected If the product of the viscosity and density of the fluid is constant, the
change in resonant frequency, ∆F, can be used directly to calculate mass accumulation by
rewriting equation (2.2) as [91].

Figure 6. Schematic of QCM Consisting of Circular Electrodes Patterned on Both Sides
of Thinned AT-cut Quartz Disk. (Copied and edited from, D. S. Ballantine et al. (1996)
[81])
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Schematic of a typical QCM used in mass deposition studies is shown in Figure 6. The metal
electrodes where the rate of surface mass accumulation is measured, can be formed from a
variety of different metals by vapor deposition. The electrode geometry contains a grounded
circular electrode on one side and, on the other side, a circular electrode at rf potential. The
active area for sensing mass accumulation is approximately the area of the smaller circular
electrode where the electric field is confined. When the crystal is electrically excited at it is
resonant frequency, the crystal undergoes a shear deformation, with displacement maxima at
the crystal faces [91].
2.5.5 Gallium Orthophosphate Crystal Microbalance (GCM)
The piezoelectric crystal GaPO4 can be considered to be the "high technology brother of
quartz". The high thermal stability up to 970 OC and it is high sensitivity make GaPO4 a very
attractive choice for a wide range of high temperature applications. Furthermore, it shows no
pyroelectricity, no outgassing and a high electric resistivity to guarantee high precision
piezoelectric measurements. GaPO4 offers good temperature compensation for a new
generation of crystal microbalances operating at temperatures up to at least 700 0C as shown
in thermogravimetric and film thickness measurements [66, 94].
GaPO4 is of special interest for advanced crystal microbalance applications in particular
for thin film deposition monitoring and related surface phenomena investigations. One of the
most important requirements for crystal microbalance applications is the temperature
compensated behaviour of the resonant frequency. GaPO4 based crystal microbalances can
be designed with much better temperature stability than QCM in a temperature range up to
970 0C. The higher electromechanical coupling coefficients and lower damping allow the
determination of higher film thicknesses than it is possible with the commercially available
QCM [66, 95]. GaPO4 are known to be high temperature-resistive up to 1000 0C [96].
The commonly used AT-cut quartz (SiO2) crystals have a minimal frequency
dependence on temperature at low temperatures, up to 150 0C. However, at elevated
temperatures, the effect of temperature causes very large resonator instability and thus affects
the accuracy of mass measurements. In addition, the QCM can only be used up to the Curie

39

temperature (∼573 0C), above which the crystallographic structure changes and the quartz
loses it is piezoelectric properties. At this temperature, an irreversible transition into a
cristobalite-like phase occurs and the structure that supports piezoelectric behavior does not
return when the temperature is brought back below the Curie temperature. The crystal is thus
irreversibly damaged once the Curie temperature is reached. In practice, the maximum
temperature of about 450 0C is determined by high losses [63, 64, 65, 94].
The temperature coefficient for quartz increases with the cube of the sensor temperature
from -25 Hz 0C-1 at 30 0C to 650 Hz 0C-1 at 393 0C. In contrast, the temperature coefficient of
the GaPO4 (Y-11.1o) crystal decreases linearly with temperature, reaching 3Hz 0C -1 at 450 0C
[95]. In principle, GaPO4 is very attractive because they show extremely low losses [98],
however, productivity and yield of growing GaPO4 single crystals are rather low. Extremely
anisotropic growth rates, twinning and the incorporation of OH- groups in the crystals are
observed. Due to those difficulties, the availability of GaPO4 is limited which prevents it is
large-scale application [99, 100, 101, 102].
2.5.6 Coating and it is Application to QCM/GCM
The QCM has been used widely to determine a variety of analytes. It is application depends
on coating a QCM crystal with a film whose mass changes in the presence of an analyte. Such
films have been previously prepared in a variety of ways, e.g., by casting, spin coating, dip
coating, chemical or physical vapor deposition, or using a Langmuir–Blodgett (LB) film [71].
Quartz experience nonspecific adsorption on uncoated reference devices. Nonspecific
adsorption has been reported as a possible interference on uncoated reference devices. The
interference can be minimized by "deactivation" of the surface, accomplished by replacing
polar groups (e.g., OH) with nonpolar functionalities, such as the methyl groups associated
with chlorotrimethylsilane, Cl(CH3)3Si which is so-called "silanization reaction". Some volatile
compounds or gases can interact strongly enough with methyl-covered surfaces to yield
appreciable equilibrium surface concentrations. The major drawbacks of uncoated surfaces
are lack of specificity and low sensitivity. It is clear that an important key to the performance
of adsorption-based acoustic wave chemical sensors is the adsorbent coating material [81].
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Figure 7. Silanization Reaction for Deactivation of Quartz Sensor Surface
(Courtesy, Naik et al. (2007) [37])

Step (1) involves reaction between the silylating reagent and -Si-OH groups on the (quartz)
surface. Subsequent reactions, indicated in step (2), can produce a polymeric less reactive
coating [81].
2.5.7 Selective Surface Film/Coating and their Application
The world is full of surfaces, and chemistry creates coatings on these surfaces in natural and
man-made ways. Surface chemistry has been developed to give thin films at surfaces
desirable properties-coatings and finishes. Many important chemical and biological processes
occur in these films [82].
Selective surface films and/or coatings are thin layers of material attached to one or
both sides of the crystal to provide selectivity through adsorption or absorption of substances
of interest from a complex sample matrix [70]. The coated-SAW sensor responds to changes
in the physical properties of the coating on the sensor surface. The advantage this feature has
been used in gas and vapor monitoring applications as well as for physicochemical properties
characterisation of the coating materials. For example, coated-SAW sensors have been used
to examine the thermodynamics of water-vapor sorption in hygroscopic polymers, thermally
induced phase transitions in organic polymers and surface areas of microporous inorganic solgel films. Sensor responses can be used to obtain fundamental information about the nature
of the heterogeneous trapping reaction between the coating and the analyte vapour [70].
Examples of high-surface area solid adsorbents suitable for sensor coatings are granular
microporous materials such as activated charcoal, silica gel, alumina gel, porous polymers,
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and molecular sieves-in particular, zeolites. For most such materials, high adsorption capacity
arises from the presence of large numbers of micropores and/or mesopores [80].
Application of a thin layer of the sol-gel solution by dipping or spin-coating, followed by
appropriate thermal treatment, produces a porous, rigid, oxide-based thin film. The pore sizes
and sorption capacities of sol-gel-derived films are highly dependent on precursor materials
and reaction conditions, as well as the final thermal treatment. The polarity and hydrogenbonding capabilities associated with M-OH moieties (M = Si, Al) in silica gel and porous
alumina render these materials attractive toward polar and hydrogen-bonding analytes. An
attractive feature of acoustic-wave-based chemical sensors is that they impose relatively few
constraints on the materials that can be used as chemically selective coatings. The film must
be uniform, adherent, thin, chemically and physically stable when in contact with it is working
medium (gas or liquid). Typically, uniformity in film thickness is not crucial, but can be
important in some circumstances. Assuming all parts of the film fall within the acceptable
thickness limits [81].
Solvent casting is the simplest coating method. It requires that the coating material is
soluble in a solvent that does not chemically attack the piezoelectric sensor device and it is
transducers. Once the coating material is dissolved, the solution can be spread over the device
and the solvent evaporated to leave the desired coating material. Popular techniques in this
category include syringe deposition, painting with small brushes or Q-tips, dipping, spraying,
and spin casting. The coating reproducibility that is achievable with syringe deposition and
painting can range from poor to good depending on the material used and the skill of the
person applying the coating [79, 81].
In any of the solvent casting techniques, less than a few micrograms of coating
material are sufficient to completely coat the sensor device with a film of the appropriate
thickness. Thus, the solutions used are usually quite dilute, the consequence of which is that
solvent purity and equipment cleanliness must be carefully considered [79, 81]. QCM has
recently attracted increasing interest due to the development in the sensor testing. Different
sensing materials including nanostructured materials such as nanosized zeolite, ZnO
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nanoparticles, carbon nanotube/Nafion nanocomposites, were prepared as decorated coating
on the electrode of QCM and used as sensing films to detect volatile organic compound and
humidity and so on [88].


Polymer Based Coated QCM/GCM

Polymers have been used as molecular recognition layers owing to their great design
flexibility. The polymers offer an advantage as a sorbent coating for the detection of analytes
using QCM sensors because they provide specific interactions with analytes as well as form
stable thin films [103]. Adsorption and equilibrium constants in various events could be
determined quantitatively from the time courses of the frequency decrease of the surfacemodified QCM sensors, responding to the addition of analytical targets. Polymers can offer
amplified sensitivity and a real-time response in the QCM sensor systems [104].
Mutsumi Kimura, 2011 [105] used polymer-coated QCM sensors to study the responses
upon exposure to volatile organic compounds (VOCs). The polymer used include PS,
polybutadiene (PBD), poly (acrylonitrile-co -butadiene) (PAB), and poly (styrene-cobutadiene) (PSB). The coatings on the QCM were formed by dissolving these polymers in
organic solvents (tetralin for PS, PBD, and PSB, and o-dichlorobenzene for PAB) at various
concentrations (PS) = 10 wt%, (PBD) = 6 wt%, (PAB) = 5 wt%, and (PSB) = 7 wt %). Polymer
films were deposited onto the QCM surface by spin-coating. After deposition, the sensors
were dried under vacuum at 60°C for 12 h to draw out the remaining solvent.
Yoo and Bruckenstein (2013) [71] prepared QCM coated sensor by dip coating method.
The QCM’s wires connecting the QCM crystal to the crystal holder base were painted with a
solution of Poly(methyl methacrylate) PMMA dissolved in toluene to prevent their corrosion
during the experiments. The evaporated gold electrodes on the quartz crystals were pretreated by soaking them in 1 M NaOH solution with 1 M for 90 min followed by rinsing with 1%
nitric acid and distilled water and then allowed to dry 12 h under clean, ambient conditions.
The 10 MHz AT-Cut quartz crystal was then manually dipped through the surface of a polymer
solution in either toluene or acetone and withdrawn without stirring and dried in a stream of
dry nitrogen until it is frequency remained constant within 10 Hz. It was then used.
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In a similar work, Polymer coated crystal was prepared by cleaning new crystal with
methanol and chloroform before being dried at 105 0C. It was then immersed in a solution of
the polymer under investigation at a concentration of 1 g in 30 cm3 dimethyl formamide for 24
h. After coating, it was washed with hot methanol and water to remove any physisorbed
material until the crystal reached a constant oscillation frequency [105].
Kihlman Øiseth et al. [76] reported highly sensitive coated QCM to monitor the kinetics
of gasification of hdPE films exposed to UV radiation. The hdPE films were prepared by hot
spin coating and dissolved in hot decalin (ca. 150 °C) at various concentrations (1.5–3.0 wt
%) for at least 2 h. QCM discs were cleaned in an 80 °C solution of 25% NH3, 30% H2O2, and
MilliQ water (1:1:5) for 10 min. They were treated twice with UV–ozone for 10 min, washed
with MilliQ water and blown dry with nitrogen. Before the polymer solution was applied, all of
the necessary equipment (QCM discs, chucks, and pipettes) was preheated to 120–150 °C in
an oven close to the spin coater. The transfer of the hot substrate, from oven to spin start,
took about 10 s. After the substrate was completely wetted with the polymer solution, the spin
coater was started immediately, and it ran for 1 min at 2000 rpm.


Mesoporous/Zeolite Based Coated QCM/GCM

Mesoporous and zeolites materials have been employed as physical and chemical filters to
improve the sensitivity and selectivity of gas sensors. Due to their ion-exchange properties,
as well as adsorption and reactions of molecules within it s cages, zeolites have found use in
numerous applications in catalysis and separations. Mass-sensitive transducers such as
SAW, QCM have employed the mesoporous and zeolite layers as a functional element [83].
Zheng et al. (2012) [106), have employed zeolite layer as a functional element. When the
zeolite layer adsorbs the gas molecules from the surrounding, the mass changes (Δm) per
unit surface/volume results in a proportional frequency shift (Δf), which can be measured:
∆𝑓2
𝑓2

∝ ∆𝑚/𝑚 …………………. (2.8)

where f is fundamental resonance frequency, m is the total mass of sensing layer.
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Byoung et al. (2015) [83] prepared a Zeolite-Coated Quartz Crystal Microbalance by
dissolving PMMA (0.05 g) in acetone (9.95 g) in a beaker, and the mixture was agitated for 2
h for complete dissolution. The PMMA solution (2 μL) was dropped on the electrode using
spin coating. The spinning was for 10 s at 50 rpm followed by 20 s at 100 rpm. After the binder
was spread on the electrode, the zeolite powder was sprayed on the electrode using an
airbrush with mild air flow. The coated resonator was cured in an oven at 260 °C for 30 min to
make the powder bind on the electrode. After cooling in a desiccator, the QCM was mounted
in the cell module.
Yan and Bein (1992) [107] prepared zeolite crystals by using thiolalkoxysilanes on
the gold surface as interfacial layers for the zeolite particles. Two types of surface area can
be distinguished on the zeolite coated QCM electrodes: the external surface area which
consists of the zeolitic external surface and the electrode surface exposed to the gas phase
and the internal zeolite surface area that is only accessible to molecules smaller than the
micropore opening size. The monolayers of thiolalkoxysilanes on the gold surface served as
interfacial layers for the subsequent adhesion of the zeolite crystals to the QCM.
Mesoporous SnO2–SiO2 was synthesized via a sol–gel process and the resultant
mixture was aged at 353 K for 24 h without stirring. The obtained solid was dried at 353 K
overnight and calcined at 823 K. 10 mg SnO2–SiO2 composites were first dispersive into 10
mL deionized water. After stirring for 600 s, a homogeneous solution was obtained, which
acted as the coating solution. The QCMs were dipped into the solution and then dried in a
furnace at 353 K. After evaporating the solvent, the as-made QCM sensors coated with SnO2–
SiO2 composites could be fabricated [74].
In another work, highly sensitive and stable humidity sensor based on QCM coated
with hexagonal lamelliform mono disperse mesoporous silicate SBA-15 thin film was
prepared. In order to ensure the QCM to free from contaminants, the crystals were cleaned
first by acetone for 30 min, then washed with anhydrous ethanol, and dried in a baking box.
Then the corresponding resonant frequencies were recorded as the fundamental frequencies.
SBA-15 thin films were prepared by a sol-gel method. As a precursor, 50 mg SBA-15 was first
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dissolved in 100 ml absolute ethanol. After stirring for 600 s, a homogeneous solution was
obtained, which acted as the coating solution. The QCMs were dipped into the solution, and
then the coatings were dried in a furnace at 800 0C to evaporate the ethanol solvent primarily.
Then SBA-15 was deposited on the electrode. After evaporating the ethanol solvent, the white
films were found on the surface of the QCM [75].


Comparison between TGA and QCM in Chemical Analysis

TGA is used in determining the changes in the mass of a material as a function of temperature.
In this type of analysis, materials are heated to elevated temperatures while monitoring the
mass of the sample, which yields the decomposition curve. Analysis of the decomposition
curve yields the oxidation temperature and residual mass of the sample. The oxidation
temperature is the temperature at which the bulk of the material decomposes. For carbonbased materials, the residual mass, or ash content, is the remaining mass of the sample after
decomposition. For nanomaterials, residual mass could be due to inorganic nanomaterials,
residual metal catalysts from synthesis, or impurities within the sample [108]. It provides a
measure

of

the

reaction

kinetics

associated

with

structural

decomposition,

adsorption/desorption, and gas evolution [54, 109].
A drawback on the use of TGA is that a single sample can consume several milligrams
of the sample analysis which result in a large cost to gain meaningful statistics. A method
known as microthermogravimetric analysis (μ-TGA) uses the same thermal decomposition
principle as TGA, but uses samples on the order of 1 μg and can detect mass changes less
than a nanogram, thus greatly improving the detection limits of conventional TGA [109, 110].
In μ-TGA, a QCM is used to detect the mass of materials via piezoelectricity, which is
sensitive to mass changes on the order of nanograms. When materials are deposited on the
active area of the QCM electrode, the resonant frequency is changed. The shift in the resonant
frequency can be related to a shift of mass by using the equation developed by Sauerbrey
[77]. In a typical procedure, sample particles are deposited on the QCM and they are heated
at increasing intervals with the frequency of the QCM being read at the end of the interval,
thus simulating the effect of TGA and yielding a decomposition curve from which materials
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can by evaluated. The advantage of μ-TGA is that micrograms, instead of milligrams, of mass
are required to obtain results [111].
Good agreement in curve shape was generally observed when the TGA and QCM
methods were compared by [109]. Selected materials such as carbon black, Al2O3 and
Pluracol TP 440 (carbon nanotubes) that exhibit characteristic loss of mass at high and low
temperatures were analysed with QCM and compared to analogous TGA measurements. The
results demonstrate μ-TGA is a valid method for quantitative determination of the coatings on
nanoparticles, and in some cases, can provide purity and compositional data of the
nanoparticles themselves [108]. The application of microscale-TGA allows for the
measurement of 1000-fold less sample mass than conventional TGA while yielding
comparable results with a 3-fold increase in resolution [108, 109].
2.6

Zeolite Catalysis

Zeolites are microporous crystalline structure of aluminosilicates. They composed of SiO4 and
[AlO4] - tetrahedra as primary structural units [112,113]. The primary structural units in zeolite
are connected through oxygen atoms and each oxygen atom is shared by two silicon or
aluminum atoms, thus giving rise to a three-dimensional microporous structure [112]. The
negative charge of [Al O4]- tetrahedra is compensated by cations of alkali metals or alkaline
earth metals (typically Na+, K+, Ca+2 or Mg+2) present inside the porous structure of zeolite by
means of cation exchange [113], maintaining the overall electro- neutrality of the zeolite [9].
This exchange allows modification of the original properties of zeolites and renders it highly
acidic, which is useful for many catalytic applications [112,113,114]. The acidity of the zeolite
can be the Brønsted acid type, proton donors or Lewis acid type, pair of electron acceptor
[112,115]. Chemically, zeolites are represented by the formula: M2/nO.Al2O3⋅xSiO2⋅yH2O.
Where "M” can be any one of a number of metals, including sodium, lithium, potassium,
calcium and magnesium, the variable "n" stands for the valence of the metal cation, "x”
represents the number of moles of SiO2, also known as silica to alumina ratio, and "y"
represents the water contained in the voids of the zeolite [116].
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A large number of zeolites are known, some of which are naturally occurring, but most
of which have been synthesized [117]. Zeolites can be prepared by hydrothermal synthesis.
The basic ingredients containing Si and Al together with a structure directing agent (template),
usually an amine or tetraalkylammonium salt, are added to aqueous alkali (pH 8–12) in order
to form a sol–gel comprising monomeric and oligomeric silicate species. The mixture is
gradually heated to ca. 200°C which results in the dissolution of the gel to form clusters of
SiO4/AlO4–. The SiO4/AlO4– clusters formed together with the template undergo polymerization
to form the zeolite which crystallizes slowly from the reaction mixture. The crystallized zeolite
is calcined in air at 400–600°C to burn out the template and evaporate water [117].

Figure 8. Simplified Zeolite Synthesis Scheme (Courtesy, Sheldon et al. (2007) [14])

Zeolites are extensively used in the ﬁelds of heterogeneous catalysis, separations, ion
exchange, chemical separation, adsorption, etc. Such applications of zeolites are strongly
affected by the pore size, type of channels, and morphologies [118].
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2.6.1 Pores, Channels, Cages and Cavities
The basic building unit (BBU) for the framework in a zeolite is a TO 4 tetrahedron where the
central T- atom is typically Si or Al and the peripheral atoms are O. The n-rings (where n is
the number of T atoms in the ring) defining the face of a polyhedral composite building units
(CBU) are called windows or pores. Polyhedra whose faces are no larger than six-rings are
called cages, because the faces are too narrow to pass molecules larger than H2O. Polyhedra
with a least one face larger than a six-ring are called cavities. Pores that are infinitely extended
in one dimension and are large enough to allow diffusion of guest species (i.e., larger than sixrings) are called channels. Framework types can contain one-, two-, or three-dimensional
channels [119]. Some common rings and cages found in zeolite catalysts are shown below:

Figure 9. Rings and Cages Frequently Found in Zeolite Structures
(Courtesy, Zhang et al. (2010) [120])
The applications of zeolite depend largely on both the crystalline structure (e.g. 8, 10,
12- ring, or even larger pore openings and one-, two-, or three-dimensional channel systems)
and framework compositions (e.g., Si/Al ratios and the associated acidity and
hydrophobicity/hydrophilicity) [121]. Each zeolite has its own specific pore network with it is
own tortuosity and porosity: some zeolites are characterized by channels and intersections
(e.g., MFI); others resemble systems of cages connected by windows (e.g., faujasite (FAU)
and Linde type A (LTA)) [122]. Some zeolite types and their channel system are presented in
table
(1).
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Table 1. Typical Properties of Common Zeolites (Courtesy, Kulprathipanja (2010) [123])

Zeolite contains cavities of varying diameters, depending on the type of zeolite [124]. A
distinction is made between large-, medium- and small-pore zeolites. Large-pore Y-zeolites,
have a cavity with a diameter of 7.4 Ȧ which is formed by twelve SiO4 tetrahedral.

Figure 10. Y- Zeolite (Courtesy, Hölderich et al. (1998) [124])
The medium-pore pentasil zeolites have a 10-ring system with an ellipsoidal tubular diameter
of 5.5Ȧ x 5.6 Ȧ [124].
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Figure 11. Pentasil Zeolite (Courtesy, Hölderich et al. (1998) [124])
For small-pore A-zeolites, eight tetrahedra form a ring of diameter 4.1 Ȧ [124].

Figure 12. A-zeolite (Courtesy, Hölderich et al. (1998) [124])
Most of zeolites are highly microporous [125, 126]. The pores of zeolites function as molecular
sieves, blocking the free diffusion of bulky molecules inside the internal surface of the catalyst
[112, 127, 128]. The channels and cavities in zeolites are occupied by ions, water molecules
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or other adsorbates which, due to high mobility, allow the ion exchange [112]. Figure (13)
shows a schematic of the pore structure of four common zeolite classes, showing how the
SiO4/2 and AlO-4/2 tetrahedra crystallise as pentasil or sodalite units to form the 3D zeolite
network.

Figure 13. Structures of Some Selected Zeolites Highlighting their Micropore Networks
(Courtesy, Weitkamp (2000) [129].
2.6.2 Meso- and Macropores in Zeolites
Modiﬁcation are generally carried out on zeolite frame work to provide different sizes of pore.
Zeolites are treated with steam, acid, base, or complexing agents, thereby proving additional
voids. Dealumination, desilication, or selective leaching of other constituting elements of the
zeolite framework are employed to accomplish this process [130].


Dealumination

Dealumination can be carried out by steaming and/or acid leaching. Steaming is usually
performed at a temperature above 500◦C by contacting the ammonium or proton form of the
zeolites with steam. During steaming, Al–O–Si bonds undergo hydrolysis and aluminium is
expelled from the framework, causing vacancy defects [130]. Some less stable and mobile
silicon species migrate and condense with silanols at other sites resulting in the ﬁlling of some
vacancies and large voids originating from expelled aluminium and mobile silicon species
[130]. This is illustrated in figure (14). In regions of high defect concentrations, spherical
mesopores can coalescence into cylindrical pores. As amorphous debris is deposited on the
mesopore surface or on the external surface of the treated zeolite crystals, which cause spatial
blockage of the micropores.

These species can be removed by mild acid washing.

Dealumination can also be performed by only acid leaching with concentrated acid solutions.
The effectiveness of this method also depends on the framework types and compositions of
the zeolites used.
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Figure 14. Schematic Presentation of the Formation of Mesopores
(Courtesy, Zhang et al. (2010) [130]).

53

The grid represents the zeolite framework, the black dots are framework aluminium atoms,
the open circles are aluminium atoms extracted from the framework, and the dotted lines
indicate the mesopores [112].
Dealumination can increase the Si/Al ratios in the zeolite frame work, thereby enhancing
hydrophobicity and (hydro) thermal stability of the zeolites. The increased in Si/Al ratio lead to
a decrease in the acid site density and consequently enhance the acidity of the acid sites,
both exerting strong effects on the catalysis performance [112].


Desilication

Silicon from zeolite framework can also be selectively extracted to generate mesopores. For
this process zeolite is treated with a base, for example, KOH, NaOH, Na2CO3 and NH4OH
and/or a specific acid like HF [112].
Desilication also affect the framework Si/Al ratios, which resulted in the decreased of
Si/Al ratios. Extra framework aluminium species are often observed after the desilication with
base treatment [131]. Additional acid treatment or ion-exchange step would be needed to
remove these species for opening the micropores and mesopores [130].

Figure 15. Schematic Representation of Silicon Hydrolysis from the Zeolite Framework
in Aqueous Alkali Hydroxide Solution (Courtesy, Groen and Pérez-Ramírez (2010) [132].
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Figure 16. Simpliﬁed Schematic Representation of the Inﬂuence of the Al Content on
the Mechanism of Pore Formation during the Desilication Treatment of MFI Zeolites
(Courtesy, Groen et al. (2004) [133].

Other methods employed include detitanation and templating method. Alternatively, small
zeolite particles can also be deposited onto mesoporous support, thereby generating
mesoporous composite materials [134].
2.6.3 Shape Selectivity in Zeolite Catalysis
Shape selectivity of zeolite is considered to originate from their well-defined internal
microstructure which serves as a molecular sieve [135]. The size of the zeolite channels plays
a major role in their catalysis and adsorption. The size of zeolite channels is the same as the
kinetic diameters of many reactants, transition states and products. Zeolite inhibit the
formation of bulky transition states and excludes molecules beyond a certain critical size from
diffusing in and outside the channels and cavities as well as adsorbing them onto the zeolite
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structure and this phenomenon is called shape selectivity [136, 137]. Zeolites have varieties
of channel shapes and the molecule usually rotates around the channel to provide the
projection that is most suitable for the channel [138].
Shape selectivity allow gaining a deeper understanding of the complex interactions taking
place between the porous structure of zeolites and the reacting system. The most widely
accepted theories for explaining shape selectivity are discussed below [139]:


Reactant Shape Selectivity (RSS):

Reactant Shape selectivity occurs when there is difference in reactivity between two
competing molecules that is caused by their different accessibility of the internal active sites
of the zeolite. Change in diffusion usually occurred when the pore opening of the zeolite is
similar to the size of the reactant molecule, which is as a result of a small variation in the
diameter of the reactant molecule. In extreme case this can hinders the access of the reactant
molecule to the internal surface the zeolite [140]. In the event of reactant shape selectivity only
those molecules having a diameter small enough to enter the porous structure will react, while
the larger molecules would bypass the internal pore structure of zeolite leaving the system
unchanged. This can be de depicted in the figure below [139]:

Figure 17. Reactant Shape Selectivity for Selective Cracking of n-hexane in Presence
of i-hexanes (Courtesy: Perego (2010) [139])


Product Shape Selectivity (PSS):

Product shape selectivity occurred when the reactants are too small to diffuse easily through
the channels of the zeolite. For all the possible products that can be formed, only those with
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a size small enough in relation to the pore size can diffuse easily and leave the zeolite
structure. An example of this is illustrated below [139]:

Figure 18. Product Shape Selectivity Involving the Formation of Para-ethyl Toluene with
Ethylene (Courtesy: Weitkamp et al. (2001) [141])


Transition State Shape Selectivity (TSS):

Transition state shape selectivity occurred when there is lack of space around the active sites.
This would hamper the formation of transition states spatially constrained either by their size
or their orientation. An example of this is the suppression of trimethylbenzene during metaxylene isomerization or inhibition of coke formation within ZSM-5 [142].

Figure 19. Transition State Shape Selectivity: Suppression of Tri-methyl benzene
During Meta-Xylene Isomerization (Courtesy: Buchanan (2001) [142])
2.6.4 Acid Sites in Zeolites
In zeolite framework, the acidic properties depend on the zeolite structure, aluminium content,
and distribution, and on the environment deﬁned by the zeolite channels and/or cages
geometry [143]. Zeolite contains both Brønsted acids sites, and Lewis acid sites. Lewis sites
can be generated by dehydration of zeolite structures at high temperature, which leads to
dehydroxylation of the Brønsted sites [144] or by mild steaming that dislodges Al from regular
framework positions [145]. Mild steaming has been reported to reduce the total number of
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Brønsted acid sites, while creating Lewis acid sites, but the remaining Brønsted sites are
usually more acidic, due to the interaction of extra-framework Al hydroxy cations with the
hydroxyl groups of normal Si (OH) Al Brønsted sites [144].
Since zeolites react with acids the proton-exchanged species (H-form) is best prepared
by ion exchange with an ammonium ion followed by thermal dissociation. The Brønsted acid
strength of zeolite is related to the Si/Al ratio. Since an AlO4– moiety is unstable when attached
to another AlO4– unit, they are separated by at least one SiO4 unit. The Si/Al ratio therefore,
cannot be lower than one. The number of proton donor hydroxy groups corresponds to the
number of aluminium atoms present in the structure. The acid strength in zeolite increases
with decreasing aluminium content or increasing Si/Al ratio, i.e. The more isolated the silanol
species are, the stronger the acid and complete replacement of aluminium result to lower
acidity [145].

Figure 20. Acid Form of Zeolites (Courtesy: Sheldon (2007) [145])
The following chemical process represented by equations (2.9) and (2.10) shows the
formation of acidic-form of zeolites.

where, 𝑍-stands for the negatively charged zeolite framework in the local structure of the
tetrahedrally coordinated framework aluminium atoms [146,147]. In the first equation. An
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aqueous ion exchange take place between the alkali metal-form of the zeolite with an
ammonium salt followed by the thermal decomposition of the ammonium ions inside the
zeolite. The thermal decomposition leads to desorption of ammonia and a bonding of hydroxyl
proton at the bridging oxygen of Si–O–Al arrangement. The second equation starts with an
aqueous ion exchange of the alkali metal form of the zeolite with the salt of a multivalent metal
cation followed by thermal dehydration [147,148].
The negative framework charges on zeolites are balanced by extra-framework metal
cations or hydroxyl protons forming weak Lewis acids site or strong Brønsted acid sites,
respectively, responsible for the catalytic activity of the zeolite materials [113,146,148]. The
hydroxyl protons can be located on oxygen bridges connecting a tetrahedrally coordinated
framework silicon and aluminium atoms as shown below [146,148]:

These Brønsted acid sites are weakly bound protons of SiOH groups at tetrahedrally
coordinated silicon atoms interacting with neighboring atoms acting as Lewis acid sites. For
zeolites, which are substituted with different metal atoms in place of Al at framework T
positions i.e. SiOHT, the chemical behavior of the substituting atoms inﬂuences the acid
strength of bridging hydroxyl protons in a characteristic manner [146,148].
The second type of hydroxyl groups in zeolites are called the silanol groups or terminal
OH groups, (SiOH).

They are located on the external surface of the crystal particles or at framework defects. This
structural defect is mostly because of the dealumination of the zeolite framework by
calcination, hydrothermal treatment, or treatment with strong acids. The healing of this
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framework defects may occur by silicon migration, formation of silanol groups, or formation of
hydroxyl groups at extra-framework aluminium species depending on the treatment conditions
as shown below [148,149].

Sometime dealumination of the zeolite framework may be accompanied by the formation of
Lewis acid sites at extra-framework aluminium species and framework defects as shown
below:

Strong Brønsted sites can be formed if these Lewis acid sites are in the vicinity of bridging OH
groups such as in the framework of weakly steamed zeolites [150]. The framework Lewis sites
act as strong electron withdrawing centers for neighboring bridging OH groups and create
Brønsted acid sites with very acid strength. Similar effects can also occur for bridging OH
groups in the vicinity of extra-frame work aluminium species acting as Lewis acid sites [148].
Heat treatment or steaming of acidic zeolites at ≥ 550 °C at a higher heating rate
causes a dehydroxylation of the Brønsted acid sites and water is split off with the concomitant
formation of Lewis acid sites [148]. Framework Lewis acid sites consist of positively charged
silicon ions in the neighborhood of tri-coordinated aluminium atoms. The dihydroxylation of
zeolite framework to form Lewis acid cites can be represented below [148,149, 151, 152]:

Figure 21. Mechanism of the Dehydroxylation of Zeolites and the Formation of
Framework Lewis Acid Sites (Courtesy: Szostak (1991) [151]
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At sufﬁciently high temperatures two Bronsted acid sites drive off a water molecule and leave
behind a coordinatively unsaturated Al+3 site. Both the resulting tri- coordinated Al and the tricoordinated positively charged Si can act as a Lewis acid [151, 152].
2.7 Pyrolysis
Pyrolysis is one of the most important process used in feedstocks recycling. It is a relatively
low-cost process for a broad range of feedstock. Usually pyrolysis process is conducted under
atmospheric pressure at a specific temperature where the organic components of the material
are decomposed generating liquid and gaseous products, which are used as fuels and/or
sources of chemicals. The use of catalysts in pyrolysis enhances the performance of the
process since catalyst can improve the products quality [153].
Pyrolysis methods differ in their residence time, temperature, and heating rate, which in
turn greatly affect the percentages of gas, char, and liquid products in a semi-predictable
manner, while the resulting, individual chemical species remain hard to predict and quantify.
Pyrolysis methods can be grouped into two large categories, slow and fast pyrolysis [154].


Slow Pyrolysis

Slow pyrolysis proceeds at a low heating rate with solid, liquid, and gaseous products in
significant portions. The heating rates are between 0.1–1 °C/s, with a residence time ranging
from hours to minutes, and a temperature range of 400–600 °C. It is mainly used for charcoal
production [155, 156].


Fast Pyrolysis

Fast pyrolysis involved high liquid yield achieved through rapid heating rates of about 10 to
>1000 °C/s, with shorter residence times of less than 2s, at a temperature of 400–650 °C, and
rapid quenching of the vapors [154, 157].
The essential features of a fast pyrolysis process for producing liquids are [158]:
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(i) Very high heating rates and very high heat transfer rates at the biomass particle reaction
interface usually require a finely ground biomass feed of typically less than 3 mm as biomass
generally has a low thermal conductivity.
(ii) Carefully controlled pyrolysis reaction temperature of around 500 ℃ to maximise the liquid
yield for most biomass.
(iii) Short hot vapour residence times of typically less than 2 s to minimise secondary reactions,
(iv) Rapid removal of product char to minimise cracking of vapours.
(v) Rapid cooling of the pyrolysis vapours to give the bio-oil product.


Catalytic Pyrolysis

Catalytic pyrolysis involved the use of catalysts that allows the plastic/biomass degradation
pathway to be modified, with regard to pure thermal cracking. Initially, two positive effects are
to be expected by the incorporation of a catalyst into the reaction medium: a reduction of the
cracking temperature, and suitable control of the selectivity, which enables the formation of
more valuable products [13].
Catalytic pyrolysis represents an essential step forward in the enhancement of
transforming waste plastics into gasoline-range hydrocarbons, eliminating the necessity for
further processing. The suitable catalysts introduced confers the thermal degradation an
additional value to a gradual extent since an adequate catalyst can narrow the spectrum of
evolved products toward an excellent selectivity contributing to more valuable products even
at low temperatures [20, 159].


Catalytic Fast Pyrolysis (CFP)

Catalytic fast pyrolysis (CFP) is also used for the conversion of plastic/ biomass to bio-oil.
Catalytic fast pyrolysis (CFP) is recognized as a promising technology because it can convert
solid substrate to valuable liquid fuels and chemicals in a single-step process. Furthermore,
the reactor is operated at a moderate temperature, atmospheric pressure, and no hydrogen
conditions. CFP can produce several primary petrochemicals, including benzene, toluene,
xylene, ethylene, and propylene. One of the critical challenges with CFP is to increase the
yield of usable petrochemicals [159].
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2.8 Co-pyrolysis
Co-Pyrolysis is a process which involves co-feeding of two or more different materials as a
feedstock for the production of pyro-oil, usually of a plastic source and biomass source [21].
Co-pyrolysis has received much attention in recent years because they provide an alternative
way to dispose and convert polyolefins and cellulose (or lignin) derived materials into high
value feedstock and the specific benefits of this method potentially include: the reduction of
the volume of waste, recovery of chemicals and replacement of fossil fuels [160].
Co-feeding hydrogen-rich thermoplastic polymers along with oxygen-rich biomass is
a potential strategy to improve the quality of bio-oil, especially the H/O ratio. This also paves
the way for a better utilization of waste plastics that constitute a major fraction of municipal
solid wastes. The presence of olefinic polymers is thought to induce hydrogen abstraction
reactions between the long chain polymer species and free radicals produced from biomass
intermediates [161].
2.8.1 Plastic Degradation and Mechanisms
In recent years, there is a significant increase in the production, consumption and the disposal
of plastic products. In Europe for instance, in 2015, 49 million tonnes of plastic have been
produced with 25.8 million tonnes of post-consumer plastics waste ended up in waste streams
from which 69.2 % was recovered through recycling and energy recovery processes while
30.8 % went to landfill [161]. In 2016, only a year later, the European plastics demand has
increased to 49.9 million tonnes with 27.1 million tonnes collected as plastic post-consumer
waste from which 72.7% was recovered through recycling and energy recovery processes
while 27.3% went to landfill [162].
The municipal solid waste contains plastics, which consist of mainly hdPE, lldPE, ldPE,
PP, PS, PVC, and PET [163]. More than 40% of the municipal waste stream comprises of
paper and plastic [164].
In order to reduce the adverse effects brought by plastic waste, efforts have been
made in promoting recovery of plastic waste for recycling [163, 165, 166]. From 2006 -2016,
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the total plastic waste generated in Europe has increased by 11% whose recycling increased
by 79% while the landfill has decreased by 43% [162]. Plastic waste presents a cheap source
of raw materials encouraging it is recycling which has become a necessity. Among all the
methods of recycling plastic waste, only chemical recycling has the highest potential for a
successful future commercialization [167, 162, 166, 168, 169]. Chemical recycling may
contribute significantly towards a solution to the energy crisis [166, 170]. Pure thermal
degradation of plastic waste requires high temperatures and produces heavy products that
need further processing [167, 168, 169, 171]. The presence of catalyst reduces the process
temperature as it lowers the activation energy for breaking C–C bonds and decreases the
residence time of plastics in the reactor, because of the faster rate of degradation. It also
produces hydrocarbon in the motor fuel range, which eliminates the need for further upgrading
process steps [167, 169, 171, 172, 173, 174, 175].
Liquid fuel has been regarded as the most valuable product from the thermal and
catalytic degradation of plastic. Gaseous products are considered of low value but they are
useful as well, as their burning can contribute to the energy demand. However, excess gas
production is not desirable because of their transportation costs. Consequently, the target of
a commercially viable recycling process should be an increase of the liquid product yield
[167,175, 176].
Different types of reactors have been evolved in the literature of plastic pyrolysis with
the aim to maximize the liquid yield and to adopt a very wide possibility of feedstock handling.
Due to their low thermal conductivity, plastic pyrolysis experienced a low and irregular heating
pattern in the reaction environment [177]. Continuous catalytic cracking of polyolefins has
been associated with fused-plastic of sticky nature that clogs the reactor with the formation of
severe by-products [178]. Inadequate reactor design leads to undesired reaction conditions
with detrimental effect on the product quality [177]. In order to overcome these problems,
several reactors design have been studied from lab to pilot plant scale reactors with several
improvements to attain specific objectives [178]. Stirred reactors have been proposed as a
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simpler alternative to improve the heat supply to the plastic and to minimize heat transfer
limitations [177, 179, 180]. Reactors of different configurations have been reported.
Batch and semi-batch reactors have been used for thermal and catalytic pyrolysis of
virgin and waste plastic, they have the advantage of simple design and easy to control process
parameters [170, 179, 181]. Batch reactors require frequent materials charging and restarting
of the process, which represent a drawback in the recycling industry for continuous application.
It is more favourable to develop a continuous pyrolysis process, that does not require frequent
materials charging and restarting that could be less labour-intensive. Few studies for polymer
pyrolysis have been conducted using fixed bed reactors [182]. There are several reports
regarding the combination of fixed bed reactor after thermal pyrolysis of polymer feed [170],
[183, 184, 185]. Fixed bed reactors are considered very economical due to the manageable
maintenance and operation of the unit. Their limitations arise from the limited surface area of
the catalysts typically accessible by the reactants and the particle size and shape of the
feedstock [186]. Following the development of the pyrolysis technology, there is a need to
develop a more robust and continuous process for the polymer pyrolysis before it can be
applied in scalable production in the industries [170]. Fluidized bed reactors, gained recent
applications due to several advantages they possess, including excellent mixing properties,
as well as improved heat transfer from the reactor to the polymer, compared to batch reactors
[187, 188]. Fluidized beds are characterized by high solid mixing regime with a significant
versatility on gas residence time, a clear advantages over fixed beds [177, 186]. In Fluidized
bed reactors, it is possible to periodically replace the used catalyst with the regenerated
catalyst without halting the process. However, care has to be taken to avoid bed defluidization,
as this can easily happen when melted plastic stick on the fluidized bed [170], [188, 189, 190].
In order to avoid fluidization caused by melted plastic in fluidized bed reactor, the use
of Conical spouted bed reactor (CSBR) was proposed, as the vigorous contact between
different phases and collision between particles reduced the chance of particle agglomeration
in the bed materials [177, 186, 191]. Shorter residence time of polymer materials in CSBR

65

help to avoid secondary reactions that leads to the formation of coke precursors [191, 192,
193].
Thermal pyrolysis of plastic in continuous CSBR at low, moderate and high temperature
range showed higher selectivity to wax products [194, 195]. At a lower temperature, waxes
rich in parrafins were produced and the olefins content increased with temperature [170, 194].
As CSBR pyrolysis produces more wax rather than liquid and gaseous products a second
reactor can be added for further cracking of the waxes in order to improve the pyrolysis
performance [170, 180].
Two-stage pyrolysis system can be designed by thermally cracking the plastic in the
reactor at the bottom, and the vapour formed was then flown upwards and reacted with the
catalyst on the fixed bed reactor [196]. This could avoid direct contact of the catalysts with
melted plastic, which causes difficulties in catalyst recovery after pyrolysis process, and rapid
deactivation of the catalyst [170].
Microwave-assisted pyrolysis is receiving increasing attention from researchers, due
to the several advantages over the traditional pyrolysis such as faster heating rate and cost
effectiveness [197, 198]. One distinctive feature in MAP is the application of microwave power
on the polymer materials, which is converted into heat at a fast rate. It is possible to raise the
reaction temperature up to 1000℃ in a short period in MAP using microwave absorber [199].
The use of sub-critical water (CW) system and supercritical water system (SCW) was
attempted in plastic pyrolysis [170]. Supercritical water behaves as solvent and catalyst
simultaneously in the process. The small hydrocarbons molecules formed during polymer
pyrolysis can easily disperse in SCW, hence, the chance of subsequent condensation and
coke formation is reduced [170, 200, 201].
Non-conventional reactors have been proposed to ease the polymer handling and
ensure uniform heat supply [170]. The use of plasma technology allows for reaching
temperatures of up to 8000 °C with extremely high heating rates of 106 °C s−1 [202, 203]. The
main advantage of this type of reactor is for the gasification of plastic, which needs high
temperature to achieve full tar cracking, and consequently high gas yields [204].
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Stelmachowski (2014) [205] had proposed molten metal bath reactor for the pyrolysis of
plastics. This type of a reactor allows direct contact between the polymer and the molten metal
which improves heat transfer and avoids the use of any stirring mechanical device [205, 206].
Despite the challenges of working with semi-batch reactors, they have been used
largely in the lab-scale applications due to their easy design and operation. They also enable
to work with large samples and particle sizes closer to the conditions used in industrial
applications. Some of the recent work with Semi-batch were reported in the following literature
[169,171, 172, 175, 176, 207, 208, 209, 210, 211].
Zeolite-based catalysts [168, 169, 171, 172, 175, 212, 213, 214, 215, 216], have
been used in catalytic degradation of polymer , as well as silica–alumina [217], clay-based
catalysts [167, 171] and MCM-type mesoporous materials [218, 219]. The required properties
of highly active catalysts for the pyrolysis of plastics are a large external surface area, bent
and large pores for suppressing carbon deposits and rapid mass transfer of reactants and
products. Many researchers have used various zeolites due to their acidity. The application of
zeolites to the pyrolysis of waste plastics, however, has encountered technical problems, such
as relatively high quantity of gas products and coke formation, which consequently decrease
the liquid product yield. This is attributed to the very strong acidity of the zeolitic sites, which
brings about severe cracking of the plastic molecules [172, 220, 221].



Plastic Degradation and their Mechanisms

Degradation of plastics is a consequence of plastic pyrolysis. Processes inducing changes in
polymer properties (deterioration of functionality) due to chemical, physical or biological
reactions resulting in bond scission and subsequent chemical transformations have been
categorized as polymer degradation. Degradation has been reflected in changes of material
properties such as mechanical, optical or electrical characteristics, cracking, erosion,
discoloration, phase separation or delamination [222, 223].
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Thermal Degradation of Polymers

Thermal degradation of polymers is ‘molecular deterioration as a result of overheating’. At high
temperatures, the components of the long chain backbone of the polymer can begin to
separate (molecular scission) and react with one another to change the properties of the
polymer. The chemical reactions involved in thermal degradation lead to physical and optical
property changes relative to the initially specified properties. Thermal degradation generally
involves changes to the molecular weight and molecular weight distribution of the polymer and
typical property changes include; reduced ductility and embrittlement, chalking, color changes,
cracking and a general reduction in most other desirable physical properties [222, 223].



Mechanism of Thermal Degradation of Polymer

The degradation of polymer to form smaller molecules may proceed by random scission or
specific scission. Polymer decomposition occurs during breakage of the bonds that hold the
atoms of the polymer together. When heated above 450 ℃, polymers such as polyethylene
and polypropylene degrade to form a mixture of hydrocarbons. Other polymers undergo a
specific chain scission with breakage occurring only at the ends [224, 225].
Four different mechanisms are proposed for thermal degradation of polymers [224, 225]:
(1) end-chain scission or unzipping,
(2) random-chain scission/fragmentation
(3) Chain stripping/elimination of side chain
(4) Cross-linking.
The decomposition mode mainly depends on the molecular structure of the polymer.
∗
𝑀𝑛∗ → 𝑀𝑛−1
+𝑀

………. (2.11)

∗
∗
𝑀𝑛−1
→ 𝑀𝑛−2
+𝑀

………. (2.12)

𝑀𝑛∗ → 𝑀𝑥∗ + 𝑀

………. (2.13)

Equations (2.11) and (2.12) represent the thermal degradation, and (2.13) represent the
random degradation route of the polymer pyrolysis. The fourth type of mechanism that is,
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cross-linking often occurs in thermosetting plastics upon heating at high temperature in which
two adjacent “stripped” polymer chains can form a bond resulting in a chain network polymer
[224,225]. In thermal degradation of plastics, the formation of the primary radicals is also the
rate determining step of the reaction [226].


Catalytic Degradation of Polymers

In catalytic degradation, suitable catalyst is used to carry out the cracking reaction. The
presence of catalyst lowers the reaction temperature and time. The process results in much
narrower product distribution of carbon atom number and peak at lighter hydrocarbons which
occur at lower temperatures polymer [225].


Mechanism of Catalytic Degradation

Different mechanisms involving ionic and free radical for plastic pyrolysis having proposed by
different researchers. Carbonium ion reaction mechanism involved H-transfer, chain/betascission, isomerisation, oligomerization/alkylation, and aromatization which is influenced by
acid site strength, density, and distribution [227]. Solid acid catalysts, such as zeolites, favor
hydrogen transfer reactions due to the presence of many acid sites. The presence of Bronsted
acid sites supports the cracking of olefinic compounds polymer [228, 229]. The carbonium ion
mechanism of catalytic pyrolysis of polyethylene can be described as follows [230]:

Catalytic cracking proceeds by random scission in medium or weakly acidic catalysts
Figure 22. Mechanism of Catalytic Cracking of Polyoleﬁns over Acid Solid Catalysts
(Courtesy: Aguado et al. (2001) [231]
such as silica meso-structured MCM -41 or by end-chain scission in strong acidic catalyst such
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as H-ZSM-5, aluminium meso-structured MCM-4 [232]. Catalytic cracking via random scission
produces waxes and middle distillates as primary cracking products, while with strong acidic
catalysts olefins are produced as the primary cracking products. These primary cracking
products can undergo secondary reactions such as H-transfer, oligomerization, cyclization,
and aromatization to produce light paraffins [232]. Cracking reactions have also been studied
for most polymers showing that the nature of the resulting products depends primarily on the
polymer type [233]. For the catalytic decomposition of heavy hydrocarbons, in spite of different
mechanisms being proposed, it is agreed that the reactant molecules are adsorbed on the
acid sites of the catalysts where they are protonated to obtain carbenium ions, which promote
the cracking of the molecule [234]. In sequent steps hydrogen transfer reactions, isomerization
or 𝛽-scission reactions, etc., take place to produce a distribution of low molecular weight
compounds. For large molecules, as is the case of polymers, it has been suggested that
decomposition reactions are initiated on the active sites located on the external surface of the
catalyst. Lower molecular weight products obtained can diffuse through the molten polymer
as products or react in the pores and micropores where smaller molecules are obtained [234].

2.8.2 Mechanisms of Biomass Conversion Process
Thermo-chemical conversion processes, such as pyrolysis, gasification and combustion have
received

too

much attentions

in

the

conversion

of biomass into biofuels

[235].

Thermochemical treatment of biomass can produce liquids, gases and solids products [236].
Among these conversion processes, pyrolysis is a promising technology for biomass
utilization, during which biomass can be converted into syngas, bio-oil, tar and biochar [237].
Syngas and bio-oil have high heating value and can be used for energy recovery. Bio-oil can
also be upgraded into hydrocarbon gases, gasoline, kerosene, diesel, as a renewable
transportation fuels to replace and the fuels and chemicals currently derived from
nonrenewable sources. Biochar can be used as a fuel, activated carbon, or as
a fertilizer replacement offering an advanced option for biological sequestration of carbon
[238].
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Pyrolysis of biomass is a complex process and it includes numerous reactions
occurring simultaneously, e.g. dehydration, deploymerization, fragmentation, rearrangement,
repolymerization, condensation and carbonization [239]. A schematic chart for the various
processes taking place during the pyrolysis of biomass with acidic catalysts is represented in
Figure (23).

Figure 23. Thermal and Catalytic Reaction Route for the Pyrolysis of Biomass with
Zeolite Acid Catalysts (Copied and modified from Zhang et al. (2009) [240])
In the primary pyrolysis process, biomass feedstock produced primary organic vapors, gas,
water and char via thermal pyrolysis (step 1). Temperature is the most influential parameter
that determine the nature and extent of the product yields distribution during the thermal
cracking. After the primary organic vapors released which constitute of heavy oil fraction, they
were adsorbed by the active surface on the catalyst, and then cracked to light vapors (step 2).
The light vapors then underwent series reactions such as deoxygenation, cracking to form
H2O, CO2, CO, alkanes, alkenes and aromatic hydrocarbons (step 4). Several other reactions
including decarbonylation, decarboxylation and oligomerization of dehydrated products to
aromatics may take place [236]. These reactions would result in an overall decrease of the
condensed oil vapors and increase of non-condensable vapors and water yields. During the
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catalytic reactions, part of the primary organic vapors polymerized directly to form tar and
subsequently coke (step 3). The coke would deposit on the catalyst surface, which would lead
to the deactivation of the catalyst and change in the selectivity of the reactions. On the other
hand, a part of the aromatic hydrocarbons might also undergo polymerization (step 5) to form
coke [34]. The coke formation reactions involved two routes (steps 3 and 5) which significantly
increased the coke yield. As for the decrease of char yield in the presence of acidic zeolite
catalysts, it can be attributed to further pyrolysis of char precursors with the catalyst active
sites. The main aim of the use of catalyst is to remove the oxygen content in the bio-oil to
obtain hydrocarbon products. Three main reaction routes for removing oxygen from the
primary organic vapors are via the removal of water, CO and CO2 formation [241, 242, 243].
It is preferable for the oxygen in the biomass to be eliminated as CO or CO 2 via
decarboxylation of the primary products due to the retention of the hydrogen content from
biomass in the condensed liquid fraction and the maximum removal of the oxygen content with
a minimum loss of carbon, resulting in a suitable H/C ratio of the upgraded bio-oil [241, 242,
243].
The bio-oils obtained from the thermal pyrolysis of biomass were characterised by low
heating value, solids contents, high viscosity, incomplete volatility, chemical instability and
overall incompatibility with conventional fuels. The presence of variety of oxygenates
compounds which includes, organic acids, aldehydes, alcohols and ketones accounted for
these challenges, which were mainly formed by the decomposition of cellulose and
hemicellulose fractions of the biomass [236, 244]. Bio-oils, therefore, must be upgraded if they
are to be used as a replacement for fossil fuels [236, 244, 245, 246]. To convert the hydrophilic
biomass-derived feedstock into a hydrophobic molecule with appropriate combustion or
chemical properties, three different conversion and/or upgrade strategies can be used : (1)
hydrodeoxygenation with typical hydrotreating catalysts (sulfided CoMo or NiMo) [247, 248,
249], (2) zeolite upgrading [250, 251], (3) forming emulsions with the diesel fuel [252, 253].
Alternatively, bio-oils and chars can be converted into H2 or syn-gas by steam-reforming [254].
Hydrodeoxygenation of bio-oils involves heat treatment at moderate temperatures (300-600
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°C) with high H2 pressure in the presence of heterogeneous catalysts. During
hydrodeoxygenation, the oxygen in the bio-oil reacts with H2 to form water and saturated C-C
bonds. Hydrogenation of aromatics would decrease the octane number and increase H2
consumption. De-oxygenation is an easier and promising route [254, 255], as it does not
require use of hydrogen, which is expensive and not easily available. Complete deoxygenation results in an aromatic hydrocarbon mixture [256], while a mixture of oxygen
containing organic, aliphatic/aromatic, acids aldehydes, alcohols are produced in incomplete
de-oxygenation [257, 258].
Acidic and non-acidic mesoporous catalysts, non-acidic silica catalysts, acidic
aluminosilicates, as well as metal-modified catalysts, have been tested as catalysts for the
pyrolysis of biomass [259, 260]. Zeolites are the most frequently used catalysts in the
upgrading of biomass and they are very effective in selective deoxygenation of pyrolytic
vapors, and improving the thermal stability of bio-oil [261]. They are crystalline microporous
materials with well-defined pore structures, they are widely used as industrial catalyst in oil
refining, petrochemical, and fine and speciality chemicals production [259, 260, 261]. Zeolites
contain active sites, usually acid sites, which can be generated in the zeolite framework [261].
The strength and density of the active sites can be tailored for a specific application [260].
Zeolites have very high surface areas and adsorption capacity. Their adsorption properties
can be controlled, and they can be varied from hydrophobic to hydrophilic materials [259].
Research is being directed towards the design of selective zeolite catalysts for either
optimizing the production of specific high added value chemicals (e.g. phenols) or minimizing
the formation of undesirable bio-oil components (e.g. acids, carbonyls) [261, 262, 263, 264].
Catalysts used included several forms of activated and commercially available zeolites
including H-ZSM-5 [265, 266, 267, 268, 269, 270, 271, 272, 273, 274, 275, 276, 277], zeolites
(HY, NH4-Y, NH4-ZSM-5 types) [277, 278, 279, 280, 281, 282, 283, 284], H-Mordenite [283],
[277, 285], H-Beta [283, 285, 286], H-Ferrierite [277, 283, 285], US-Y [270, 271, 275, 287],
silicate [283, 288], silica-alumina [283, 288], commercial FCC catalyst [260], fresh fluidized
catalytic cracking (FCC) catalyst and spent (FCC) catalyst [289], equilibrium catalysts and
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silica sand [290], iron-containing zeolites of different structure (Beta, Y, Mordenite, ZSM-5)
and SiO2/Al2O3 [291], mesoporous Al-MCM-41 [260, 288, 289, 292], mesoporous Al-MSU-F
[240, 288, 290], mesoporous acidic SBA-15 [260], mesoporous non-acidic SBA-15 [260], Cu
cations modified mesoporous Al-MCM-41 [260], metal containing mesoporous catalysts
(Cu–Al-MCM-41, Fe–Al-MCM-41 and Zn–Al-MCM-41) [286], alumina-stabilised ceria MI-575
[288], sulfated metal oxides (SO42 -/TiO2, SO42 -/ZrO2 and SO42 -/SnO2 ) [293], proprietary
commercial catalysts (Criterion-534 and alumina-stabilised ceria-MI-575) [288, 290], metal
oxides (zinc oxide, zirconium (IV) oxide, cerium (IV) oxide and copper chromite) catalysts [288,
290], zinc oxide catalyst [293], ZrO2/Al 2O3 catalysts [294], micro-NiO, nano-NiO particles
catalysts [295], nanopowder metal oxides (SiO2, Al2O3, MgO, TiSiO4 and Al2O3TiO2) [296],
nano-NiO particles [297], and natural catalysts (slate, char and ashes derived from char and
biomass) [288, 290].
To achieve high yields and selectivity to a particular product, the biomass must first be
pre-treated. The goal of pre-treatment is to decrease the crystallinity of cellulose, increase
biomass surface area, remove hemicellulose, and break the lignin seal [298]. This pretreatment alters the biomass structure and improves downstream processing. Pre-treatment
methods include physical, chemical, thermal and/or combination of the physical, chemical and
thermal. Most of these pre-treatment methods were very expensive and represent one of the
most expensive processing steps for the catalytic conversion of biomass to the value added
products [298].
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3.0 Experimental

3.1 Materials
Polymer samples used include lldPE, ldPE, hdPE and PP in pellet form (average particle size
1-2 mm, density 0.928A g/cm3, average molar mass of 117 kg/mol) provided by Vantage
Polymers Ltd. Medium density polyethylene in powder form with CAS number= 9002-88-4,
mp=109 -111 °C, density = 0.94 g/mol at 25 °C was also purchased from Sigma-Aldrich Co.,
Ltd UK. The biomass model compounds were purchased from Sigma-Aldrich Co., Ltd UK,
including cellulose, hemicellulose and lignin all in powder form with average particle size of
100 µm. The cellulose is α-cellulose with CAS number (9004-34-6), and lignin is alkali lignin,
kraft in brown powder, with CAS number (8068-05-1). Hemicellulose is a combination of two
model compounds, D-(-)-Arabinose (C5H1005) with CAS number 10323-20-3 and D-(+)Mannose (C6H1206) with CAS number 3458-28-4. Spent roast and ground coffee (Colombian
Supremo, Arabica Beans) was also used as raw biomass. The heavy crude oil samples used
include bitumen kindly provided by the R&D analysis centre at Nalco Co. and they are
bituminous vacuum residue from the North Sea, Ex-Mwambe and KSG-49 supplied by
Roemex. Eicosane (C20H42) (CAS=112-95-8, mw=282.55 g/mol, mp=35 - 37 °C, bp= 220 °C)
purchased from Sigma-Aldrich Co., Ltd UK, was also used as simplest form of heavy
hydrocarbon.
The catalysts used in this study include HY, USY, ZSM-5 90 and ZSM-5 400 zeolite samples
in powder form provided by Grace Gmbh with an average particle size of 1 μm. Commercial
cracking catalysts (40% and 20% USY) in an amorphous support with an average particle size
of 100 µm provided by AKZO-NOBEL. The clay catalysts include montmorillonite (K30), (K10)
and aluminium pillared clay purchased from Sigma-Aldrich Co., Ltd UK, with following CAS
numbers (1318-93-0), 1318-93-0) and 139264-88-3 respectively. Other clay catalysts include
zenith-N montmorillonite, provided by Silver & Barite Min. Co. (Greece), acidic pillared clay
samples of ATOS, AZA, and FAZA provided by TOLSA S. A. (Spain). ATOS and AZA are
aluminium pillared clay derived from saponite and zenith N respectively while FAZA contains
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mixed Al, Fe pillars. All the clay catalysts are in powder form and had a particle size smaller
than 160 µm, the properties of all the catalysts are stated in table 2.

Table 2. Properties of the Catalysts

PROPERTIES

CATALYST
Micropore
Volume
BET (M2/g)
(cm3/g)
HY
590.00 ± 23.50 0.26
USY
433.60 ± 14.08 0.19
Cr. Cat. (20%) 172.32 ± 2.84
0.03
Cr. Cat. (40%) 216.75 ± 6.70
0.09
ZSM-5-90
ZSM-5-400
APC
K10
K30
ZENITH-N
ATOS
AZA
FAZA
MCM-41-A
900-1100
0.8-1.1
MCM-41-B
1000
0.98

Micropore
Area (m2/g)
532.40
361.02
60.70
160.02
250.00
220-270
330.00
165.10
230.15
220.10
240.00
2-4(nm)
2.1-2.7(nm)

External surface
Area (m2/g)
72.58
72.58
111.62
56.74
-

Si O2 /Al2 O3
2.5
5.7
45
200
-

3.2 Methods
3.2.1

Pyrolysis Rig

The pyrolysis experimental rig shown in Figure 24 and 25 consists of a semi-batch pyrex
reactor with two semi-circle infrared heating elements for fast heating connected to a
temperature controller, mass flow controller and two condensers placed in ice baths for liquid
collection. The semi-batch pyrex reactor has an internal diameter of 30 mm. The external
diameter of the reactor was 35 mm and a total height of 150 mm. At the beginning of the
experiment, the catalyst sample was dried under a nitrogen stream at 473 K for 30 min. Before
the actual experiment, the reactor was purged with 100 mLN/min of nitrogen for 15 min,
determined by a mass flow controller in order to remove any oxygen from the reactor. The
liquid samples were collected in the condensers. The gases including the hydrocarbon
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products were collected in gas bags and disposed of safely. For each experimental run, the
reactor and furnace temperatures were measured and recorded by a thermocouple each. The
initial amount of (polymer, biomass, heavy oil) was in all experiments equal to 2 g. The
(polymer, biomass, heavy oil) to catalyst ratio was varied, by varying the amount of catalyst.
The experiment was usually run for 30 min. At the end of each experiment, the condensers
were weighed to calculate the mass of the liquid collected and the reactor was cooled and
weighed to determine the mass of the converted plastic. At the end of the experiment, the
majority of the (plastic, biomass, heavy oil) had been converted to gases and liquids, leaving
in the reactor only catalyst with deposited coke and any unvolatilised solid (polymer, biomass,
heavy oil) remnants. The latter were identified visually. In only two catalytic pyrolysis
experiments polymer remnants were identified for which the amount of coke includes their
amount too as it is not possible to separate them from the catalyst particles. In pure thermal
experiments in the absence of catalysts all the amount left in the reactor was unvolatilised
polymer.

Figure 24. Overview of the Laboratory Pyrolysis Rig Equipment Setup
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1= Furnace, 2=Reactor, 3=Thermocouples, 4=Temperature controller, 5= Ice bath,
6= Nitrogen inlet, 7= Condensable and non- condensable outlet 8= Condenser-1 9=
Condenser-2, 10= Mass flow controller, 11= TC-08, Picolog data recorder, 12= LabVIEW for
flow rate setting and temperature recording.

Figure 25. Schematic Diagram of the Laboratory Pyrolysis Rig
3.2.2

Pre-degradation Method

The first set of the catalytic polymer experiments conducted with USY catalyst using the
normal mixing produced very little liquid yield, less than 30%, with high gas and coke yields,
which were incomparable with literature data. Since a high liquid yield is the main objective,
considering liquid fuel the prime products, efforts were made to address these issues. The
reason believed to be responsible for this uncommon behaviour is the bad contact between
catalyst and melted polymer. The first attempt was to grind the polymer particles into powder.
Trial experiments were conducted using liquid nitrogen to cool the polymer below it is glass
transition temperature where it would be brittle. The polymer particles were placed inside a
mortar (figure 26) and liquid nitrogen was poured into the mortar with the plastic in order to
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cool mortar and plastic particles. A pestle was used to break the particles into powder. After
several unsuccessful attempts the polymer particles remained intact. The idea of using liquid
nitrogen is to cool down the polymer particles to polymer glass transition temperature (-120
°C for linear polyethylene to -80 °C for branched polyethylene) [1], at this temperature the
polymer particles will be brittle and easily breakable into powder.
The next and the simplest option is using the pre-degradation. A better contact can
be obtained than the one that existed in powder – powder mixture. Schematic presentation of
pre-degradation method was presented in figure (27).

Figure 26. Mortar used for grinding of the polymer particles

Figure 27. Pre-degradation Procedure
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Pre-degradation is a pre-treatment method that involves heating the polymer to a temperature
around it is melting point. In this study, 423 K and 453 K were used as the pre-degradation
temperatures and the effect of pre-degradation temperature was evaluated at three different
holding times i.e. 5, 10 and 15 min respectively. As the polymer has melted, the content is
mixed constantly for about 1 min to produce intimate contact between the polymer and
catalyst. There are no volatile products formed during pre-degradation. However, as shown
by Manos et al. [2] there are changes taking place in the solid polymer structure in the form of
shortening of the largest polymer chains. As shown in figure 27, different types of catalysts
behave differently in their mixing with polymer particles due to the differences with their crystal
structures. The pre-degradation method depends on the temperature and the holding time,
figure 28 below takes us through the differences in pre-degradation with holding time.

Figure 28. Pre-degradation at Different Holding Time
With zeolite catalysts which were mostly white in colour, as the holding time was extended to
10 and 15 minutes the colour was changed from white to yellowish, a sign of preliminary
reactions, although no loss in volatiles was observed. The holding time above 15 minutes did
not present any improvement, hence the highest holding time used by this study was 15
minutes. Above this time, although the experiment finished within shortest time, the liquid yield
decreased due to the further softening of the polymer cross-linkages. As it will be presented
latter in the results and discussion chapter, pre-degradation method was also tested with
powdered polymer, where both the polymer and catalyst were in powdered form.
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3.2.3

Biomass Pre-treatment Methods

As stated in section 3.1, the biomass samples include cellulose, hemicellulose and lignin.
These components of biomass have different thermal decomposition behaviour, due to the
differences in their structures. To improve their degradation behaviours, pre-degradation
method was considered and used for the biomass catalytic degradation. Hemicellulose
contains C5 and C6 sugars and melts at about 423 K, similarly to the polymer and therefore
application of pre-degradation as used with polymers is advantageous. Cellulose and lignin
could not melt up to 474 K. Therefore, a different pre-treatment method was used, namely
co-pressing. The pre-treatment used for hemicellulose was the same as the pre-degradation
for polymers shown and described under section 3.2.2.
3.2.4

Co-pressing Method

Co-pressing procedure involve mixing the biomass with the catalyst thoroughly with a spatula
as in a normal mixing. After this stage, the mixture was placed on a hydraulic press and
pressed for 5 min at a weight of 3 tons for 5 times, so as to produce intimate contact between
the biomass and the catalyst as shown in figure 29. The disc containing cellulose and catalyst
was then crushed gently by hand to produce smaller pellets of sizes that could be placed in
the reactor as demonstrated in figure 29. The bio- oil obtained using the normal mixing method
contained precipitate of tar deposited at the bottom of the sample bottle and the reactor was
very dirty with black sticky char particles deposited everywhere (figure 29). With the copressing method there was no sign of heavy tar deposited at the bottom of the sample bottle
and the reactor was in good clean condition after the experiment. There are clear differences
between the bio-oil obtained at low and high temperatures, as it will be discussed under results
and discussion.
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Figure 29. Biomass Pre-treatment Method
3.2.5

Heavy Crude Oil Samples

The heavy crude oil samples used in this study include, bitumen, Ex-Mwambe and KSG – 49.
Some of the properties of Ex-Mwambe and KSG-49 were presented in table 3 below. These
Properties will be useful indication to their degree of heaviness.
Table 3. Properties of the Crude Oil Samples

Crude
oil
sample

Colour

ExMwambe

Black

32.1

KSG-49

Brown

38

API
(°API)

Pour
point
(°C)
ASTM
D97

Wax
content
(wt %)

Saturates
(wt %)

Aromatic
(wt %)

Resins
(wt %)

Asphaltenes
(wt %)

0.0213

26

15.8

58.18

29.4

10.1

2.32

0.0203

24

19.7

73.25

21.2

5.14

0.41

Viscosity
@ 50 °C
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3.2.6


Pre-treatment Processes in Co-pyrolysis Experiment

Polymer co-pyrolysis experiment with biomass

Figure 30. Pre-treatment Methods for Biomass Co-pyrolysis

For the co-pyrolysis experiments of plastic with biomass, all pre-treatment methods involving
co-pressing and pre-degradation were used as shown in figure 30. Due to the presence of
plastic, pre-degradation could also be used with cellulose and lignin. Although the contact with
pressing was not as good as with pre-degradation it produces better clean bio-oil as compared
to the normal mixing which produces more bio-oil with dirty precipitate (tar). Pre-degradation
method produced less bio-oil due to the intimate contact with the catalyst leading to over
cracking and more deoxygenation and upgrading of the bio- oil into hydrocarbon fractions with
less water content at high temperature.
.
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Polymer co-pyrolysis experiment with heavy oil

Figure 31. Pre-degradation Method for Polymer Co-pyrolysis Experiments with
Heavy Oil
As shown in figure 31, pre-degradation method was used for the co-pyrolysis of plastic with
heavy oil. The liquid fraction obtained from thermal degradation is heavier and was improved
with catalytic pyrolysis which produced lighter fractions compared to the thermal degradation.
Catalytic co-pyrolysis of the heavy oil with plastic produced lighter and better cleaned fraction
due to the presence of plastic which obviously contributed to the production of lighter fractions.
The catalytic co-pyrolysis of heavy oil with plastic was improved with pre-degradation method
producing more and lighter liquid fuels (figure 31).
3.2.7

Experimental Calculations

The conversion to volatile products, liquids and gases, was calculated as the fraction of the
initial mass of (Polymer, biomass, heavy oil) reacted to form the volatile products. The yield to
the liquid products was calculated as the mass of the liquid collected divided by the initial
amount of the (Polymer, biomass, and heavy oil) and represents the fraction of the original
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(Polymer, biomass, heavy oil) converted to the liquid products. The coke concentration was
estimated by TGA and converted to yield based on the catalyst amount in the reactor.
Coke concentration is the amount of coke deposited on the catalyst divided by the catalyst
mass and represents the amount of coke formed per g of catalyst: 𝐶𝑐

=

𝑚𝑐 /𝑚𝑐𝑎𝑡

Coke yield is the mass of the coke divided by the initial amount of the (Polymer, biomass, and
heavy oil) and represents the fraction of the original (Polymer, biomass, heavy oil) converted
to coke:

𝑌𝑐

=

𝑚𝑐 /𝑚𝑝0

As explained in section 3.1 above, in two catalytic pyrolysis experiments, the coke amount
included the unvolatilised polymer remnants. These are the 623 K experiments at 3:1 and 4:1
polymer to catalyst ratios in Table 2.

3.2.8

Liquid sample analysis

The liquid products were analysed on a Shimadzu 2014 gas chromatograph equipped with a
flame ionization detector (FID) using a non-polar Rtx-1 DHA 100m x 0.25mm x 0.50 µm
capillary column. The hydrogen ﬂow was adjusted to 30 mL/min, and the injector temperature
was set at 270 °C. The temperature program began with a hold at 40 °C for 10 min followed
by a ramp of 5 °C/min to 270 °C, and a hold for another 30 min. The temperature of FID
detector was fixed at 300 °C. Injections of 1 µl and 0.2 μL were used for the calibrations
standard and the oil samples respectively. Splitless ratio was used for the standard and 50:1
for the oil samples. For the samples from the thermal pyrolysis, the method has been reviewed
with additional heating step. A ramp from 270 °C to 300 °C and hold for 50 min. The maximum
injector temperature of 300 °C was used while the maximum column temperature was 340 °C
and the temperature of FID detector was fixed at 320 °C. After several test run, the method
used for the lighter oil samples was found to be good as no peaks appeared after the running
time around 86 min. For the thermal pyrolysis oil samples which are heavier, a total of 142
min for the experiment was found to be enough. A calibration mixture of normal alkanes C5 –
C20 (standard) was run at the beginning of the analysis to assign retention time to each
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components. The whole sample for analysis was divided into intervals between the boiling
points of the normal alkanes of the calibration mixture, Table 1. The mass fraction
corresponding to each interval was calculated from the sum of the area fractions of all
components in this interval. The mass fraction of each component is set equal to the area
fraction. To each interval, the probability density function value was then calculated, as being
equal to the mass fraction of this interval divided by the temperature interval width 𝛥𝑇. Hence,
the probability density function is expressed as %/𝐾. In the graphs of the boiling point
distribution, each interval is represented by it is middle value. All components with retention
time smaller than that of n-pentane were assigned to a group corresponding to the boiling
point interval between n-butane and n-pentane (272.70-309.20 K). This was repeated for all
16 groups and a total distribution curve for the overall sample was constructed as shown in
the table 4.
Table 4: Boiling Point Distribution Intervals
Group of
carbon atom

Boiling point
(K)

C4H10
C5H12
C6H14
C7H16
C8H18
C9H20
C10H22
C11H24
C12H26
C13H28
C14H30
C15H32
C16H34
C17H36
C18H38
C19H40
C20H42

272.70
309.20
341.90
371.60
398.80
424.00
447.30
469.10
489.50
508.60
526.70
543.80
560.00
575.20
589.50
603.10
617.00

Group of
carbon atom
C4H10 - C5H12
C5H12 - C6H14
C6H14 - C7H16
C7H16 - C8H18
C8H18 - C9H20
C9H20 - C10H22
C10H22 - C11H24
C11H24 - C12H26
C12H26 - C13H28
C13H28 - C14H30
C14H30 - C15H32
C15H32 - C16H34
C16H34 - C17H36
C17H36 - C18H38
C18H38 - C19H40
C19H40 - C20H42
C20H42+
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Average
Boiling
point (K)
290.95
325.55
356.75
385.20
411.40
435.65
458.20
479.30
499.05
517.65
535.25
551.90
567.60
582.35
596.30
610.05
617.00

ΔT(K)

Retention time

36.50
32.70
29.70
27.20
25.20
23.30
21.80
20.40
19.10
18.10
17.10
16.20
15.20
14.30
13.60
13.90
-

16.03
20.94
27.16
33.26
38.64
43.37
47.61
51.49
55.05
58.51
61.91
65.26
68.71
72.43
76.60
81.45

3.2.9

Thermal gravimetric analysis

TGA analysis was conducted for the pyrolysis of raw polymer, biomass, heavy oil and their
co-pyrolysis with and without catalysts, as well as coked catalysts, ca.10 mg was heated to
473 K at a rate of 10 K/min and was maintained for 30 min under nitrogen flow (30 mL N/min)
to remove the adsorbed water and any reaction mixture components. After this period, the
temperature was raised to 1073 K at a rate of 5 K/min and kept constant for 30 min. The hard
coke deposited on the catalyst was burnt out by switching from nitrogen to air at the final
temperature (1073 K) at the same flow rate (30 mLN/min). For the experiments with raw
samples, the sample was held at 873 K for 30 min to complete the degradation and then the
temperature was ramped to 1073 K to remove the coke. The amount of soft coke in the catalyst
would be equal to the difference between the sample mass after drying at 473 K and the
sample mass at 1073 K i.e. before switching from nitrogen to air at the final temperature 1073
K. The amount of hard coke is the mass difference of the sample mass before and after the
switching from nitrogen to air, when the hard coke was completely burned. The concentration
of the coke was estimated by dividing the corresponding coke amounts by the mass of the
catalyst, which corresponds to the sample mass at the end of the TGA procedure after the
burning of the coke.
3.2.9.1 Coke Characterisation and Calculation
The procedure used in the coke characterisation was simple, rapid and specific using
thermogravimetric analysis (TGA) of the coked catalyst (Figure 32). This method provides
information about the character of coke components, more specifically their volatility. The
procedure involved removal of water and reaction mixture from room temperature to 473 K,
which is represented by ‘’A’’ in Figure 32. The Coke components can be classified into soft
coke and hard coke. The soft coke is removed from 473 K to 873 K through volatilisation in
inert nitrogen, which is represented by ‘’B’’ in Figure 30 The hard coke remains on the catalyst
even at high temperature (873 K) and is removed by burning i.e. by switching the atmosphere
from nitrogen to air, which is represented by ‘’C’’ in Figure 32.
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Figure 32. TGA of Coked Sample (lldPE + USY) Showing the Coke Characterisation

The characterisation of coke can be flexible and unique to type of coke of the same nature
and composition. For instance the coke illustrated in figure 32 is from plastic pyrolysis with
USY catalyst. Figure 33 showed coke characterisation of sample obtained from the pyrolysis
of cellulose with USY catalyst. The nature of soft coke in figure 33 which was removed from
m0 to m1 is more complex than the soft coke from figure 32, different rates were used for the
removal of the coke in figure 31, hence it will be more appropriate to classify it into type I and
type II corresponding to the soft coke removed at low and high temperature respectively.

Figure 33. TGA of Coked Sample (Cellulose + USY) Showing the Coke Characterisation
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Figure 34. TGA of Coked Sample ((Ex.Mwambe + PP) + Cracking Catalyst -2 (20% USY))
Showing the Coke Characterisations

The composition of the total coke in figure 34 which is from the catalytic co-pyrolysis of heavy
oil and polypropylene is different with the composition of coke in figure 31 and 32 respectively.
The removal of soft coke in figure 32 started late at around 773 K and proceeded with almost
the same rate up the final temperature of 1073 K at which the atmosphere was switched from
N2 to air. The coke components in figure 33 were less stable than those in figure 32 and little
soft coke were removed up to 723 K, then the rate shoots up and latter moves slowly up to
the final temperature. Although the soft coke components in figure 34 were less compared to
the figure 32 and 33 respectively, their rate of removal is more complex with an early slow rate
removal. These differences in the volatility of the coke components is clearly indicating the
complex nature of coke formation and hence their removal at different rate. Another important
point with the coke content in figure 34 is the nature of the hard coke, the decomposition rate
is uniform and happened within short time highlighting on it is homogeneous nature.
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Figure 35: TGA of Coked Sample (lldPE + Cellulose + USY) Showing the Coke
Characterisation
By simple comparison between the coke contents of figure 34 and 35, it is evident that both
the soft and hard coke in figure 35 were heterogeneous in nature with different rate of removal,
therefore a classification can be considered where both the soft and hard coke were of type I
and type II corresponding to the amount that was removed at low and high temperature
respectively. This is an illustration of the effect of reactants composition, catalysts and
experimental parameters on the coke content, more of these will be discussed under results
and discussion. Figures 33, 34 and 35 presented the same procedure as in figure 32, which
involved removal of water and reaction mixture from room temperature to 473 K, i.e. from the
beginning to the weight loss ′′ 𝑚0 ′′ corresponding to the time ′′ 𝑡0 ′′. The coke/char
components can be classified into soft coke/char and hard coke/char. The soft coke/char was
removed from 473 K to 873 K through volatilisation in inert nitrogen, which was represented
by the weight loss ′′ 𝑚0 𝑡𝑜 𝑚1 ′′ corresponding to the time interval ‘′ 𝑡0 𝑡𝑜 𝑡1 ′′. The hard
coke/char remains on the catalyst even at high temperature (873 K) and was removed by
burning when the atmosphere was switched from nitrogen to air. The removal of the hard
coke/char was represented by the weight loss ′′ 𝑚1 𝑡𝑜 𝑚2 ‘’ corresponding to the time interval
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‘′ 𝑡0 𝑡𝑜 𝑡1 ′′. The removal of the total coke/char was represented by the weight loss
′′ 𝑚0 𝑡𝑜 𝑚2 ′′ which corresponded to the time interval ‘′ 𝑡0 𝑡𝑜 𝑡1 ′′.
The % concentration of the coke/char, were estimated by dividing the corresponding
coke/char amounts by the mass of the catalyst, which corresponds to the sample mass at the
end of TGA procedure after the burning of coke/char.
% soft coke/char =
% hard coke/char =
% total coke =

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑓𝑡 𝑐𝑜𝑘𝑒/𝑐ℎ𝑎𝑟
𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑏𝑢𝑟𝑛𝑖𝑛𝑔
𝑚𝑎𝑠𝑠 𝑜𝑓 ℎ𝑎𝑟𝑑 𝑐𝑜𝑘𝑒/𝑐ℎ𝑎𝑟
𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑏𝑢𝑟𝑛𝑖𝑛𝑔

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑓𝑡 𝑐𝑜𝑘𝑒/𝑐ℎ𝑎𝑟+𝑚𝑎𝑠𝑠 𝑜𝑓 ℎ𝑎𝑟𝑑 𝑐𝑜𝑘𝑒/𝑐ℎ𝑎𝑟
𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑏𝑢𝑟𝑛𝑖𝑛𝑔

3.3 Quartz Crystal Microbalance (QCM)/ Gallium Crystal Microbalance (GCM) Analysis
The rig setup for QCM and GCM experiments can be viewed in figure 36. It consists of the
following: (1) Furnace (Elite, UK, and THH11/90/305), Max temperature 1100 C, and tube
outside diameter: 90 mm, heated zone length: 305 mm, max power 2.1 kW, (2) a glass quartz
tube (Cambridge glass blowing, UK), it was used as a reaction chamber providing a sealed
working environment, (3) ceramic tubes, they were used to house the electrical connections,
thermocouples and gas inlet, (4) rubber bungs, which were placed at both end of the glass
tube to provide a gas tight condition, (5) frequency analogue controller –QCM200 (Stanford
Re-search Systems, USA), it provided and recorded the resonant frequency changes (0.1 Hz
resolution) to a LabView program via an RS-232port to the lab computer, (6) frequency
oscillator, (7) picolog (pico technology, UK, TC-08), it was used

as temperature data

acquisition unit, (8) PC LabVIEW, which displayed the readings of the frequency and the
resistance. It also contained the software display control unit where all the settings were
located including the results view options, running, logging and pausing of the software as well
as printing and copying options, (9) volatiles and gases outlet (10) a second PC LabVIEW,
which was used to displayed the temperature profile of the experiment, (11) variable area
flowmeter controller (omega, UK, range 0-200 mLN/min), this was used to control the inert and
air flow rate into the glass tube, (12) heat proof bricks, situated at both ends of the glass tube
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to minimize the heat loss and prevent higher temperature exposure to the rubber bung, (13)
extraction vent.

Figure 36. QCM/GCM Rig Operating within Furnace

3.3.1 QCM/GCM Crystal Holders
The operational temperature for the QCM/GCM experiments range up to 400 oC to 800 oC in
an array of nitrogen and/or air. As the QCM and GCM crystals can survive to operate up to
573 oC and 970 oC respectively, a holder to provide the electrical connections and mechanical
stability for the crystal at elevated temperatures is not commercially available. The first step in
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this study involved designing a custom holder that would allow the experiments to take place
at these high experimental temperatures. A machinable mineral pyrophyllite (Ceramic
Substrates and Components Ltd, Pyrohyllite Ceramit 10) was used as base material for the
production of the crystal holder. This mineral which is composed of aluminium silicate
hydroxide after heat treatment can assume many properties of fired ceramics, and it is
therefore ideal for higher temperature experiments. Some of it is advantages include:
resistance to thermal shock, low thermal expansion coefficient, good thermal insulator and
mechanical stability. Pyrophyllite components fired to a given temperature can be operated
continuously at that temperature and have the advantage to be used at very high temperature
[3]. This study aimed to make the use of pyrophylite to produce very suitable crystal holder
comfortable for both QCM and GCM.
Carcinogenic effects associated with chronic and long-time exposure to pyrophylite dust has
made the department safety unit to withhold it is assent on the safety use of pyrophylite. After
long period without any further safety information on how the future use of pyrophyllite could
be of safeguarded, alternative crystal holders were used in order to progress with this study.
Although different crystal holders were used in this study, only the most widely used are
reported and they will be discussed in details in latter sections.



GCM Crystal holders

GCM unlike QCM is much more fragile and delicate to work with. It therefore presented much
restriction in the provision of alternative crystal holders. The first set of the crystal holders
utilised by this study for GCM experiments are shown in figure 37 below.
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Figure 37. GCM Crystal Holders

In figure 37 two different designs of GCM crystals are shown with alternate way in which their
experiments were handled. One major advantage of using the crystal holder is to provide
conducive electrical connections to the two metal electrodes on the surface of the crystal
where an electric current can be applied to the crystal. The position of these electrodes
depends on the available design. The design represented in figure 37 by A-E are the most
popular design where one of the electrode was an anchor electrode placed at the top of the
crystal (A) and the second electrode was used as the base electrode located at the bottom of
the crystal (B). The method in figure 37 used ‘’Klinger’’, a higher temperature insulation
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material, to cover one side of the electrode at the top and bottom of the crystal fastened with
the aid of silver paint (A and B). As shown in picture (C) and (D) platinum wire was coiled into
a spring and used to establish connections at both sides of the crystal. To examine the
applicability of this crystal holder, a coke zeolite sample was placed on the active centre of the
crystal (B) and then placed in the furnace (D) for the experiment. Picture (E) is the crystal at
the end of the experiment. Although there is good indication of complete coke removal, the
crystal was damaged with a perceived degradation that coved most of the surface. Two
possible reasons might be behind the crystal surface failure. The insulation material used is
likely conductive and there is possibility of silver paint undergoing some transformation at
higher temperature, despite the fact that, it has been fired to higher temperature prior to the
sample loading. One important point that was noted from the previous experiments was the
coiling of platinum wire into spring and used to establish the electrical connections from the
sides could work effectively if the electrodes were placed at the sides. A new GCM crystal
(picture E) was ordered with the electrodes at the sides. This crystal has worked well with the
arrangement shown in figure 37 and has produced many good results.
To work with the crystal with the electrodes at the top and bottom, one of the previously
produced crystal holder from pyrophyllite was modified and used. Details step by step
processes are shown in figure 38 below. This crystal holder contained bottom and upper part.
The space in the bottom part of the crystal holder to house the GCM crystal is larger compared
to the crystal side, when it was used in this form without any modification, the crystal slides a
side and lost connection. Therefore, modification was done as shown in figure 38.
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Figure 38. Modified GCM Crystal Holder

A mesh was modulated to fill in the extra spaces in the crystal holder and provided a base for
the crystal to sit on. The platinum wire was twisted along the mesh to provide the necessary
electrical connections. The upper side of the crystal was used to make connections to the
bottom part of the holder, so that any volatiles evolved during the experiment can use the hole
at the centre and exit outside. The electrode from the bottom side of the crystal was connected
with a platinum mesh connected with a platinum wire and placed at the centre of the crystal
as shown in figure 38. Complete set of the holder with the crystal inside is shown in figure 38.
It has a thermocouple placed at the bottom to read the temperature of the crystal. The active
area of the crystal where the sample was placed is at the centre of the bottom part of the
crystal holder which has a hole at the centre, through which the volatiles from the sample
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exited the tube upon degradation (figure 38). QCM is easier to work, with different points of
connections. Electrical connections were made using the pair electrodes from the top and
bottom of the crystal and from the electrodes at the sides of the crystal disc depending the
crystal holder used. The connections to the metal electrodes at the sides were made using
crocodile clips as shown in figure 39.

Figure 39. QCM with Crocodile Clips Connections

Figure 39 A is an empty crystal holder before commencement of the experiment while the (B)
part showed a connected crystal in the furnace after the experiment. These connections have
been stable and used to produce all the results with QCM crystal holder.

3.3.2 QCM and GCM Characteristics
The QCMs samples used in this study were O100RX1 Chrome/Gold crystals, 5 MHz, AT-cut,
(1.37 cm diameter), with electrodes (0.51 cm in diameter) (Lambda Photometrics Ltd, Stanford
Research Systems). The GCMs used in this study were R-30 sensor crystals supplied by
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Piezocryst (Austria). They were designed and optimized for use in thin film deposition system
at higher temperatures. The crystals were temperature compensated at around 500 °C (932
°F) and enabled precise measurements from 300 °C —850 °C (572 °F — 1562 °F). The
electrode design is compatible with the industrial standard (Inficon, Maxtec, Sycon and
Sigma). The properties and specifications of R-30 crystal resonator are given in table 4 below.
Table 5. Properties and Specifications of R-30 Crystal Resonator
Specifications
Resonant frequency
Piezoelectric material
Diameter
Thickness
Sensitivity
Frequency temperature behaviour

Front side
Back side
Electrode material

Values
5.8±0.1 MHz
GaPO4 ( Gallium phosphate) single crystal
13.97 mm (0.550 inch)
0.2 mm (0.008 inch)
0.3 ng/Hz
fs(T) = fs (T0) [1 + a (T – T0) +b (T – T0)2 +
c (T – T0)3]
T0 = 505°C (941°F), a= 0.00831 ppm/°C,
b = - 0.00186 ppm/°C2, c = 8.5·10-6 ppm/°C3
Fully metallized, flat
Double anchor
Platinum on Ti (Adhesion layer)

3.3.3 Sample Coating
The resonant frequency of the uncoated QCM/GCM was measured and recorded as the initial
crystal frequency. For viscous samples a pipette was used to drop small portion of the sample
which was later dispersed evenly as shown figure 40, while for powder samples like cellulose
and polyethylene, they were dispersed in a small volume of methanol and applied on the
surface of the crystal. The coated crystal with the sample was dried in an oven at 100 °C to
drive off the methanol prior to the start of the experiment. Details of the sampling procedure
were discussed under the figure 40 and 41 for GCM and QCM respectively. Crystal admittance
spectroscopy (CAS) was carried out for the deposited sample layer on the crystal to ensure
film uniformity and validity of the Sauerbrey equation as described previously [3,4]. One of the
major aims of this study was to use QCM/GCM as a µ-TGA and therefore accurate
measurement of the initial mass deposited on the crystal is very important. QCM/GCM deal
with very small quantity in the range of micro and nano grams and has to be deposited on the
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crystal surface in such a way that it is oscillational frequency satisfies Sauerbrey equation.
This very small amount of mass is very difficult to weight accurately on traditional weighing
balances, thus QCM/GCM experimental rig was used for in situ sample casting and it is was
also used and verified the applicability of Sauerbrey equation on the electrically connected
unloaded and loaded QCM/GCM. Ideally when QCM/GCM reported frequency close to it is
operational frequency it assumes it has satisfied the Sauerbrey equation. CAS measurement
was carried on the QCM/GCM to ensure it satisfactorily validated the Sauerbrey equation.
One issue encountered with the loaded QCM/GCM is that they can satisfy Sauerbrey equation
at room temperature but fail during the heating process. This failure of the loaded crystal was
associated to the overloading. Normal loaded crystals satisfied Sauerbrey equation at the
whole temperature range, overloaded crystals failed the Sauerbrey equation at all
temperatures while semi overloaded crystal satisfied Sauerbrey equation at room temperature
but failed during the heating process and satisfied again with the partial mass loss from part
of the sample. Mass deposition on the crystal surface leads to the decrease in the resonant
frequency. After several experiments this study found that sample size with less than 5000 Hz
decrease in frequency satisfied Sauerbrey equation at all temperatures and any sample size
with more than 5000 Hz decrease in frequency failed to satisfy Sauerbrey equation. For pure
volatiles and light samples like C20 the sample size was much less than this limit as explained
in chapter 4. To ensure strict compliance to this limit, the sample casting method was
automated as presented under figure 40 and 41 and more details are discussed under results
and discussion. Figure 40 shows step by step the introduction of the sample and getting the
right sample size. The bitumen sample was introduced on the GCM surface with a pipette as
a droplet point (step 1). At this stage no frequency reading was obtained from the GCM due
to the overloading and sample size disparity. Bitumen is a sticky and very viscous liquid, and
it was uniformly distributed on the active area of GCM by heating the GCM crystal with the
bitumen sample in an oven operated at 100 °C for few seconds using a spatula. The weight
of the crystal at this stage as indicated in figure 41 was 0.204 mg with a frequency decrease
of -11559.7 Hz.

This sample size was too large and it was reduced by pausing the
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measurement as shown in figure 41. Part of the sample was taken off using a hot spatula,
then the measurement was continued and a new sample weight of 0.116 mg (- 6565.2 Hz)
was obtained through step 3 as shown in figures 40 and 41 respectively. As stated above this
sample size with - 6565.2 Hz was also high. Therefore, the measurement was paused again
as shown figure 39 and the process described in step 3 was repeated as shown in figures 40
and 41. A new sample weight of 0.083 mg (- 47003 Hz) was obtained through step 4 as shown
in figures 40 and 41 respectively and this sample size was used for the experiment as it was
within the expected range that satisfied Sauerbrey equation.

Figure 40. GCM Sample Casting Procedure
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Figure 41. Graphical Representation of Sample Weight Manipulations
and Extrapolation
In all the subsequent samples measurement, steps 3 as shown in figures 40 and 41 was
severally repeated by pausing the experiment/measurement and part of the sample was
removed by using a hot spatula until a reading in the range satisfying the Sauerbrey equation
was attained.
Similar procedure was used with QCM sample casting as shown in figure 42. The
arrangement shown in figure 42 with crocodile clips is easier and easier to handle than the
one used for GCM in figure 40. As shown in figure 42, with QCM there was no need to take
off the electrical arrangement for sample size adjustment while with GCM using the crystal
holder in figure 41, the GCM crystal was removed always for sample adjustment due to the
confined space available with this type of crystal holder. As it is comfortable to use crocodile
clips on QCM, GCM is too delicate to sustain such high pressure. The only other option used
for GCM was coiled spring which has similar advantages as crocodile clips, although the
connections were more secured with crocodile clips
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Figure 42. QCM Sample Coating Procedure

The sample used with QCM in figure 42 is C20 which is white volatile liquid. Due to low
temperature used with the QCM experiments residues were always left as shown in figure 40.
The final temperature of 500 °C used for these experiments was not enough to decompose
and burnt the coke components that left after the pyrolysis experiments.
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3.3.4 QCM/GCM Experimental Procedure

In a typical experimental run the crystal holder with the QCM/GCM crystal placed inside and/or
attached was positioned at the centre of quartz glass tube (figure 36) in a horizontal split tube
furnace in order to accurately control the crystal stability. The oscillation frequency of
QCM/GCM crystal with and/or without sample was measured using frequency digital analyser
with BNC connections to the crystal holder in connections to the QCM/GCM. The temperature
within the crystal holder premises was monitored with the thermocouple connected to a data
acquisition unit (picologo, Pico Technology, UK). The gases connection and temperature were
controlled and monitored from the PC by LabVIEW. Platinum wire (Goodfellows, UK) 0.25 mm
diameter and 99.9% purity was used for electrical connections between the frequency digital
analyser and crystal electrodes. For the crystal holders with bottom electrodes, platinum mesh
was used with a weave mesh (open areas: 65%, wires/cm: 32x32) 0.06 mm diameter and
99.9% purity, connected to a platinum wire and placed under the crystal to ensure good and
stable electrical connection even at higher temperatures. Ceramic tubes which house the
electrical connections, inert gas connections and thermocouple were drilled through the rubber
bung to the centre of the furnace. Heat proof brick cut into shape were placed over the inside
section of the bung to prevent melting. All the gaps on the rubber bang were sealed with high
temperature sealant; (ACC, Silicones, UK, Silcoset 101).
As reported by several studies [3, 4, 5, 6], the application of crystal microbalances was
extremely temperature-dependent, and more severe so at higher temperature [3, 4, 5, 6]. The
initial experiments, studied the effect of temperature on the frequency stability of the crystal
under different heating rates and conditions. As the results from these preliminary experiments
showed, no two crystals exist with the same base frequency. Hence the frequency
temperature-dependent was determined with every single crystal without any loading and the
effect due to the thermal stresses were compensated from the frequency readings of loaded
crystal as described in literature [3, 4, 5]. It was found that microbalances are not only very
sensitive to the smallest change near it is operating environment, but also from the
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surrounding noise in the room. Experiments were carried out that monitored the stability of the
crystals at room temperature in terms of the noise and drift. Details of these experiments are
discussed in chapter 4.

3.3.5 QCM/GCM Experimental Calculations

Frequency measurements were related to mass changes by use of the Sauerbrey equation
[5, 6]. Using the Sauerbrey equation relationships, 𝛥𝑓 (Hz) and 𝛥𝑚 (µg/cm2) were calculated
automatically using the software and displayed alongside the values for the raw 𝑓 (Hz) and
Time (s). From these relationships the shifts in resonant frequency was calculated using
𝛥𝑓
𝑓𝑡0

× 106 (𝑝𝑝𝑚) where 𝛥𝑓 represents the change in frequency at any given time 𝑡 and 𝑓𝑡0

is the frequency at time ‘0’ or the base frequency. The resultant frequency shift using this
relationship is reported in

𝑝𝑝𝑚

or parts per million. This method presents frequency

distribution data on a smaller more comparable scale, and was also reported by [7, 8]. The
change mass 𝛥𝑚 was also converted to 𝑚𝑔 by diving (µg/cm2) with 1000, this allowed
comparisons with TGA in the same units of measurements.
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4. 0 Plastic Pyrolysis
Results and Discussion
4.1 Thermogravimetric Analysis of Raw Plastic

TGA is an experimental technique in which the weight loss or the mass change of a sample is
measured as a function of sample temperature or time or both [1, 2, 3]. The measurement is
normally carried out in an oxidizing atmosphere, such oxygen, air, inert atmosphere, such as
helium, argon or nitrogen or in a lean oxygen atmosphere, 1 to 5% oxygen in nitrogen or
helium to slow down oxidation and the mass is recorded as a function of increasing
temperature [5, 6]. Inert purge gases are suitable for determining the decomposition behaviour
purely by pyrolysis while the oxidizing purge gases are suitable for determining thermosoxidative decomposition (oxidation) [2].
TGA measurement can be done under different heating mode depending on the type
of information required about the sample. Changes in the atmosphere during a measurement
may also be made. The results of a TGA measurement are usually displayed as a TGA curve
in which mass or percent mass is plotted against temperature and/or time. [1, 2, 6, 7]. Lost or
gain from the sample mass produces steps in the TGA curve which are linked to the
evaporation of volatile constituents, drying, and removal of moisture and water of
crystallisation as well as desorption and adsorption of gases [1]. In TGA measurement the
purge gas pressure must be adjusted to ensure that the specimen is completely enveloped. A
flow meter is needed for providing precise control [2]. All the TGA measurements conducted
were done to study the degradation behaviour of the sample and it is temperature requirement
as well as to compare the effect of pre-treatment processes of the feed stock with the normal
mixing. Thermal and catalytic decomposition mechanisms always plays a role in catalytic
pyrolysis depending on the temperature of the process and catalyst properties.
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4.1.1 The Influence of Pre- degradation on the Rate and Temperature of Polymer
Degradation
The effect of pre-degradation was evaluated using TGA analysis and the results are presented
in Figure 43, the degradation of lldPE was used as a typical example. For the thermal
degradation of lldPE in the absence of catalyst, the degradation starts after 600 K with 10%
degradation of lldPE obtained at 704 K. For consistent comparison with other mixing methods,
temperature at 10% conversion has been used as the initial degradation temperature. The
degradation of lldPE without catalyst was completed at 763 K. For normal mixing, i.e. lldPE
and catalyst being simply mixed thoroughly with spatula before the commencement of the
experiment, the degradation started at 610 K and proceeded with higher rate up to 673 K with
almost 40% conversion. After this temperature, the degradation continues slowly up to 745 K
resulting into a shoulder with additional 20% conversion and the rest of the polymer is
assumed to be converted via thermal cracking with a peak temperature at 761 K and additional
20% conversion was also obtained. With 5 min pre-degradation, the lldPE degradation pattern
has improved dramatically without any shoulder, attaining a maximum degradation
temperature at 665 K. To further explore the effect of the pre-degradation, the holding time
was extended to 10 and 15 min respectively as shown in Figure 43. For the 10 and 15 min
pre-degradation holding time, the initial and maximum degradation temperatures were almost
the same as the 5 min pre-degradation, but they showed higher conversion and low coke
formation which is closely to 100% soft coke opposite to 5 min pre-degradation and normal
mixing which delivered a lot of hard coke. The pre-degradation procedure was used for the
thermal degradation, to find out if there is any thermal influence in the pre-degradation
procedure or it is pure effect of intimate contact between the polymer and the catalyst. As
indicated in Figure 43, the effect of pre-degradation to the thermal degradation of lldPE shifted
towards higher temperature, an opposite trend to the catalytic degradation. Choi et al. [8] also
reported thermal degradation of lldPE with a maximum degradation temperature of 773 K
which is similar to the result obtained by this study. For the catalytic degradation of lldPE, the
presence of the short-branched chains on it is skeleton suppresses the close contact with acid
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sites, resulting in a low conversion with normal mixing [9]. The bulky nature of the lldPE
molecules played a role in the type of contact between the catalyst and lldPE. If the catalyst
is not uniformly dispersed through the lldPE, a mass transfer limitation could exist within the
mixture, which are characteristic of heterogeneous catalysis [10]. For the normal mixing of
lldPE with the catalyst, the result suggests that, the available contact between the lldPE and
the catalyst permits the degradation of a fraction of the lldPE at lower temperatures, through
a catalytic pathway, whereas, the rest of the lldPE were decomposed by thermal cracking at
higher temperatures [10]. A limited number of studies have looked into the effect of the contact
between the polymer and the catalyst. Sakata et al. [11] studied the effect of catalytic contact
mode on the degradation of polypropylene. Their findings suggested that the acid sites of the
catalyst in contact with the polymer melt (liquid phase) accelerated the degradation of the
polymer signiﬁcantly into lower molecular weight compounds.

Figure 43. TGA of lldPE Thermal and Catalytic Degradation with HY- zeolite using Normal
Mixing and Pre-degradation; Polymer Mass Fraction Removed against Temperature
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In figure 44 below cracking catalyst was used and compared with HY zeolite. Containing small
amount of acidic zeolite, cracking catalysts are less acidic than HY- zeolite and should form
more liquid hydrocarbons. The application of cracking catalysts in polymer pyrolysis would
serve as an enhancement for the commercialization of polymer pyrolysis since they produced
higher amount of liquid yield compared the acidic catalyst, which is the prime commercial
product, and they are also less prone to the deactivation by coke formation, this make them a
better option for the re-usability of the catalyst.

Figure 44. TGA of lldPE Thermal and Catalytic Degradation with HY- zeolite and
Cracking Catalyst using Normal Mixing and Pre-degradation; Polymer Mass Fraction
Removed against Temperature.

The cracking catalysts contains 40% USY zeolite and two TGA measurements with
different conditions were carried out with this catalyst as shown in figure 44. The normal mixing
with 2:1 ratio showed a very fast and narrow degradation at lower temperature (623 K)
compared to the other catalysts and mixing method used. For the lower catalyst to polymer
ratio (4:1) due to the effect of pre-degradation, the degradation started earlier but achieved
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full degradation around 680 K, at a temperature slightly higher than the 2:1 ratio with normal
mixing. Cracking catalyst showed more degradation ability compared to HY zeolite due to their
microporous structure which can present more accessible external sites for the initial
degradation with polymer macromolecules. On the other hand, degradation with cracking
catalyst using normal mixing did not show any shoulder as with HY zeolite, due to their milder
acidity which is invulnerable to the coke formation. Pre-degradation has produced good results
especially with HY zeolite and in all the cases it has recorded higher conversion compared to
the normal mixing wich practically means decreased in the coke content.
The degradation with cracking catalyst even with pre-degradation has been shifted
toward higher temperature due it is lower acid content compared to HY zeolite. Gobin and
Manos (2004) [12] compared the degradation of plastic with USY amd HY catalysts. They
found that the degradation over USY is faster due to the higher and stronger acidity of USY
while the initial degradation of HY is better due to it is higher acid site density. When 2:1 and
4:1 ratios with cracking catalyst were compared, the 4:1 ratio shifted slightly to higher
temperature and around 873 K both ratios have achieved the same level of conversion with
the same coke content. Similar trend was obtained by Gobin and Manos (2004) [12], they
compared two different cracking catalysts containing 40% and 20% USY. The catalyst with
40% USY shows a slightly higher activity over the 20% USY, but at higher temperature the
20% containing catalyst temperature compensated for this slight activity difference leading to
same levels of polymer degradation at a slightly higher temperature.
In order to ascertain the limitation of the pre-degradation method. TGA analysis was
conducted with powder polyethylene using normal mixing and pre-degradation with Aluminium
Pillared Clay catalyst. With both the polymer and catalyst in powder form, the contact is
expected to be coequal to the pre-degradation, although pre-degradation supposed to be
better due the heat treatment which soften the polymer cross-linkages.
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Figure 45. TGA of Catalytic Degradation of mdPE with Aluminium
Pillared Clay Catalyst using Normal Mixing and Pre-degradation;
Polymer Mass Fraction Removed against Temperature.

As presented in figure 45, the pre-degradation method is slightly better than the normal
mixing even with powder – powder mixing and produced higher conversion with more volatiles
residues. Therefore, pre-degradation can be used in all type of mixing to produce more
intimate contact with higher conversion at lower reaction temperature avoiding the extreme
coke formation and catalyst deactivation. Marcilla et al. [13] in their work on the polymer–
catalyst contact effectiveness and heating rate influence on the HDPE pyrolysis showed that
a good contact between polymer and catalyst accelerates the activity of the catalyst, reduces
the heavy fractions and leads to higher volatile yields than thermal degradation. Similar
conclusions were made in this work as the advantage of pre-degradation method over the
normal mixing.
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4.2 Experimental Results from the Pyrolysis Rig
As seen from the previous section, pre-degradation has improved the catalytic degradation of
plastic and accelerated the heat transfer within the reaction system. This important effect has
also affected the temperature set point used in the pyrolysis experiments whereby two different
set point are used as shown in figure 61 below. The furnace set up temperature for the normal
mixing was set 20 - 30 K higher than that of the pre-degradation mixing method. This would
allow both mixing methods to reach the same final reaction temperature.
770
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Figure 46. Furnace Set up Temperature for Normal Mixing and Pre-degradation
More details of the influence of the pre-degradation method on the temperature profile of the
pyrolysis experiments are presented in Figure 62.

Figure 47. Experimental temperature profile for Different Mixing Method
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As indicated in figure 62, the rate of the degradation is steeper and more intense as the predegradation holding increases, with the 15 min pre-degradation showing the fastest rate of
degradation and normal mixing showing the slowest rate of degradation.

4.2.1 The effect of Some Important Experimental Parameters on the Product Yield of
Plastic Pyrolysis
This section study different experimental parameters in the plastic pyrolysis which include predegradation, flow rate, catalysts content and temperature. The results was evaluated based
on the percentage liquid and coke yields produced. The effect of this important parameters
was also checked between different plastics and catalysts as this would help in determining
the best experimental conditions for a given plastic and catalyst.
4.2.1.1 The effect of carrier gas on the product yields from thermal and catalytic
pyrolysis of lldPE with USY and HY catalysts
As mentioned in the previous section, the carrier gas flow rate can play a major role in fixing
some important degradation parameters such as the residence time, extent of secondary
reactions and the percentage products yield.
The first set of experiments conducted in this research work involved catalytic pyrolysis
of lldPE with USY at different flow rates using the normal mixing. The results as presented in
figure 48 are not satisfactorily. The contact mode between the polymer and the catalyst has a
role to play in the ability of the catalyst to work optimally. The plastic used in this work was in
particles form while all those experiments cited from the literature that produced higher liquid
yields were carried out with polymer in powder form. The next step to improve the liquid yield
is to break the polymer particles into powder. As stated in the methodology the first attempt to
manipulate the contact between the polymer and the catalyst failed, hence the use of predegradation method.
Figure 48 shows the percentage product yields at different flow rates for the catalytic
pyrolysis of lldPE using USY catalyst. One of the main objective of this study is to optimize the
liquid yield fraction in the pyrolysis and/or co-pyrolysis of waste plastic. The results would be

145

assessed based on their liquid yields which is the most important commercial fraction. Using
the normal mixing, the highest liquid yield of 19.0 and 18.5 % was obtained at 40 and
50 𝑚𝐿𝑁 /𝑚𝑖𝑛 respectively. Gobin and Manos (2004) [12] reported 55% liquid yield for the
catalytic pyrolysis of lldPE using USY at flow rate 50𝑚𝐿𝑁 /𝑚𝑖𝑛. This value is higher than the
value obtained in figure 48, since the liquid yield at 50𝑚𝐿𝑁 /𝑚𝑖𝑛 is 18.5%. In another study
Manos et al. (2001) [38] obtained a liquid yield of 44% from catalytic degradation of lldPE with
USY zeolite. By comparing the results presented in figure 48 with different literature results
the values reported with normal mixing were lower than expected. Using the pre-degradation,
the liquid yield has increased by more than 100% with the highest yield at 60𝑚𝐿𝑁 /𝑚𝑖𝑛 flow
rate and the coke yield has slightly been reduced. The results obtained with pre-degradation
method are comparable to the literature results reported. Since pre-degradation method work
effectively, it would be use with other catalysts. Based on these results, it is evident that, the
contact mode affects the product yields of catalytic pyrolysis. The next set of experiments
looked at product yields at different flow rates using HY catalyst and thermal cracking was
conducted and compared with catalytic cracking.

Figure 48. The Liquid and Coke Yields from Catalytic Pyrolysis of lldPE with USY
Zeolite using Normal Mixing and Pre-degradation (453 K, 15 Minutes) at Different N2
Flow Rates (lldPE, 2g:USY, 1g; Temperature:693 K)
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To get more details on the role of the carrier gas on the degradation of lldPE, 5 min predegradation at 453 K with 4:1 lldPE to HY ratio was chosen and compared with thermal
degradation and normal mixing at 0, 1, 10, 20, 30 and 60 mLN/min as shown in figure 49.

Figure 49. The Liquid and Coke Yields for Thermal and Catalytic Degradation of lldPE
with HY zeolite using Normal Mixing Method and Pre-degradation at Different N2 Flow
Rate (Temperature: 723 K)
For thermal degradation as shown in figure 49, higher conversion was achieved by varying
the flow rate from 0 – 60 mLN/min. The liquid yield increases while the coke yield decreases
with increase in the flow rate in following order 45.0% > 46.0% > 52.5% > 64.0% > 70.0% >
75.0% and 39.5% < 37.5% < 32.0% < 19.5% < 10.0% < 7.5% for 0, 1, 10, 20, 30 and 60
mLN/min respectively. Most of these coke were unconverted lldPE, due to the temperature
used for this study i.e. 723 - 733 K is not enough for complete thermal degradation of lldPE.
For the normal mixing with 4:1 ratio, 1 mLN/min gave the optimal liquid yield of 61.5% and then
decreases with increase in flow rate with the lowest liquid yield of 45.0% recorded at 60
mLN/min. This is due to the loss of the volatiles into the gaseous phase as explained before.
The coke content diminishes as the flow rate increses, with 7.0% at 0 mLN/min and 3.5% at
60 mLN/min. With the pre-degradation, the liquid yield also exhibited maxima at 1 mLN/min.
Both the liquid and coke yield expressed similar pattern as in the case of the normal mixing.
At all the flow rate, the pre-degradation gives a better liquid yield and less coke content. One
of the important result from this study, is the results at 0 mLN/min. This indicated that, pyrolysis
can be carried without the carrier gas, reducing the expense of the process.
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4.2.1.2 The effect of the catalyst content
Catalyst played an important role in the degradation of polymer. The content of the catalyst
used is usually expressed as the ratio of polymer to catalyst. This ratio is very important as
low ratio, i.e. high catalyst amount, may lead to overcracking, whereby more gases will be
generated and higher ratio, i.e. lower catalyst amount, may yield unvolatilised solid polymer
remnants at a specific reaction temperature. Manos et al. [39], reported that, the addition of
more catalyst above a specific amount corresponding to a polymer-to- catalyst ratio between
1:1 and 2:1, did not increase the overall degradation rate, due to the added catalyst not being
in contact with the polymer. Based on these findings three different ratios were selected for
this study which include 2:1, 3:1 and 4:1. In each of the ratio, the amount of the lldPE was
maintained constant at 2.00 g. The amount of the catalyst depends on the ratio. For instance,
1.00 g, 0.67 g and 0.50 g of the catalyst were used for 2:1, 3:1 and 4:1 ratios respectively. The
effect of catalyst content was studied at different reaction temperatures and using both, the
normal mixing method as well as pre-degradation, as all of them have similar synergetic effect
to the rate and products of the lldPE degradation.

Figure 50. The Liquid and Coke Yields for Catalytic Degradation of lldPE at Different
Reaction Temperatures and lldPE: HY Ratios using Normal Mixing at 60 mLN/min
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Figure 51. The Liquid and Coke Yields for Catalytic Degradation of lldPE at Different
Reaction Temperatures and lldPE: HY Ratios using Pre-degradation (453 K, 5 min) at
60 mLN/min

Based on the results presented in figure 50 and 51, pre-degradation resulted in superior
performance at all conditions, especially at lower temperatures. The coke amounts at the
lowest temperature of 623 K and normal mixing at the two lowest catalyst amounts (4:1 and
3:1 polymer to catalyst ratio) included unvolatilised solid polymer remnants, which were stuck
on catalyst particles and impossible to separate from them. Their presence was visible as
sticky particles in the mixture. Applying pre-degradation resulted in elimination of those
remnants. The trends at each temperature level and polymer to catalyst ratio are as follows.
A certain amount of catalyst is required to accomplish a catalytic conversion. This means that
at low catalyst amounts, adding more catalyst results in higher conversion and higher liquid
yield. Above a certain amount though, catalyst amount increase leads to overcracking with the
result of much smaller products being collected in the gaseous fraction. Higher reaction
temperatures compensate for the catalytic effect and lead to the overcracking threshold in the
catalyst amount to lower. This explain the conflicting trends regarding polymer to catalyst ratio
effect at different temperatures. At 623 K, lowest temperature, and normal mixing, as the
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catalyst amount increases, cracking is enhanced, resulting in higher liquid yield, which is an
indication of a non-effective contact between polymer and catalyst. With the pre-degradation
method as shown figure 51, the pattern has changed completely with 4:1 ratio giving the
highest liquid yield and the lowest coke yield at all the reaction temperatures. The maximum
liquid yield of 60.0% was obtained at the reaction temperature of 673 K, while the lowest coke
yield of 2.0% was obtained at 724 K. An interesting point here is comparing of 4:1 ratio at
lower reaction temperature (623 K) for the normal mixing and pre-degradation. With the predegradation, the liquid yield has increased from 9.0% to 48.5% while the coke yield has
reduced from 24.5% to 3.0%. This fact, revealed that, pre-degradation enhanced the cracking
reaction by providing intimate contact. Akpanudoh et al. [40] varied the polymer to catalyst
ratio using commercial cracking catalysts of different zeolitic content in order to investigate the
acidity content effect of the whole polymer catalyst system. They carried out the catalytic
degradation of lldPE over commercial cracking catalysts in a semi-batch reactor at 700 K with
50 mLN/min N2 flow rate. The maximum liquid yield was observed at around 7 % acidity.
However, the coke concentrations was higher, as higher polymer to catalyst ratio was applied.
These results were consistent with the present study at similar experimental conditions,
despite different catalysts being used. Abbas-Abadi et al. [41] examined the effect of
degradation temperature on the catalytic pyrolysis of lldPE at four temperatures: 420, 450,
480 and 510 °C. The results show that the residence time decreases remarkably, while the
temperature of cracking increases from 420 to 510 °C. The condensed hydrocarbons show a
maximum peak at 450 ° C. These results also showed the same pattern as reported by present
work.
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4.2.1.3 The effect of pre-degradation holding time and temperature on the lldPE
degradation product yields
Pre-degradation has shown to be an effective method to improve the quantity and quality of
the liquid yield and reduce or eliminate the severe deterioration of catalyst activity by coke
formation. To get a broader understanding of the pre-degradation pre-treatment method,
further pyrolysis experiments were conducted at different pre-degradation temperatures and
holding times. Preliminary experiments show that 423 K is the minimal temperature at which
lldPE could melt and easily mixed with the catalyst after prolong holding time. Pre-degradation
at 473 K showed a considerable formation of volatile products, hence 423 and 453 K were
chosen respectively. Figure 52 present the results for the liquid and coke yields obtained using
normal mixing method and pre-degradation at different temperatures, holding times, lldPE:
HY ratios and carrier gas flow rates respectively.

Figure 52. The Liquid Yield for Catalytic Degradation of lldPE using Normal Mixing
Method and Pre-Degradation at Different Temperature, Pre-Degradation Holding Time,
lldPE: HY Ratio and 0 mLN/min N2 Flow Rate
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Figure 53. The Coke Yield for Catalytic Degradation of lldPE using Normal Mixing
Method and Pre-Degradation at Different Temperature, Pre-Degradation Holding Time,
lldPE: HY Ratio and 0 mLN/min N2 Flow Rate

As shown in figure 52 at 0 mLN/min N2 Flow rate, for the normal mixing, 2:1 and 4:1 ratio
produces 60.0% and 54.0% liquid yield respectively. Comparing these results with the predegradation results at 423 K temperature and different holding times, 4:1 ratio produces the
highest liquid yield except at 5 min holding time. For the pre-degradation pre-treatment method
to be effective for optimal liquid yield, appropriate temperature and holding time need to be
selected. At 423 K pre-degradation temperature, 5 min holding time is not enough for the
lldPE to melt and be able to mix with the catalyst effectively. The results are similar to the
normal mixing with only 3.0 - 4.0% increase. By extending the holding time to 10 min, the liquid
yield has increased from 54.0 to 85.0% with 4:1 ratio produceing the highest liquid yield. For
15 min holding time, the contact is extreme as in the case of higher amount of lldPE: HY ratio
leading to overcracking which favours gas formation and hence the liquid yield drops to 77.5%,
but the coke content from figure 53 decreased significantly from 7.5 and 7% to 4.5 and 3.5%
for 2:1 and 4:1 ratio respectively. As the pre-degradation holding has increased from 5 min to
15 min, the cracking reactions were more enhanced and the volatiles spent less time in the
reactor. This limits the possibility of secondary reactions and hence the lower content. For the
pre-degradation at higher temperature (453 K), 5 minutes is enough to get the appropriate
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contact between the lldPE and HY catalyst, and above this holding time, the liquid yields
reduces in favour of gas yield due to overcracking of the lldPE as mentioned above.
Inert flow rate is very important parameter as it can influence the residence time,
secondary reactions, overcracking and coke formation respectively. It also facilitates a better
heat transfer in the system. With 0 mLN/min, the carrier gas is only used prior to the start of
the experiment at 100 mLN/min for 15 min to purge out any air trapped in the reactor. Figure
53 and 54 below represent the percentage liquid and coke yields obtained as the N2 Flow rate
has increased from 0 to 1 mLN/min.

Figure 54. The Liquid Yield for Catalytic Degradation of lldPE using Normal
Mixing Method and Pre-Degradation at Different Temperature, Pre-Degradation
Holding Time, lldPE: HY Ratio and 1 mLN/min N2 Flow Rate

Figure 55. The Coke Yield for Catalytic Degradation of lldPE using Normal Mixing
Method and Pre-Degradation at Different Temperature, Pre-Degradation Holding
Time, lldPE: HY Ratio and 1 mLN/min N2 Flow Rate
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As the N2 Flow rate has increased from 0 to 1 mLN/min, the heat transfer and the residence
time in the reactor have changed favouring the reaction at low polymer to catalyst ratio and
pre-degradation at lower temperature and holding time. At 423 K pre-degradation, for 4:1 ratio,
the liquid yield has increased from 54.0% to 61.5% and 58.0% to 73.5% for the normal mixing
and 5 min pre-degradation respectively. The behaviour was the same when the holding time
was changed from 5 min to 10 and 15 min respectively. With 2:1 ratio there is little decrease
of the liquid yield through out as compared to 0 mLN/min due to shifting of volatiles from liquid
into gas phase. With the flow rate increased from 1 to 10 mLN/min as shown in figure 55 and
56 for the liquid and coke yields respectively more volatiles escaped into the gas phase, due
to the higher flow rate of the inert. It is obvious from the condensers arrangment, the second
condenser always collected more when the flow rate is quite high. At 2:1 ratio and 5 min predegradation, the liquid yield decreases from 72.5 > 68.0 > 60.0% for 0, 1 and 10 mLN/min
respectively. With 15 min holding time at 4:1 ratio it decreases from 77.5 > 75.7 > 68.0% for
0, 1 and 10 mLN/min respectively.

Figure 56. The Liquid Yield for Catalytic Degradation of lldPE using Normal
Mixing Method and Pre-Degradation at Different Temperature, PreDegradation Holding Time, lldPE: HY Ratio and 10 mLN/min N2 Flow Rate

The coke behaviour at 10 mLN/min as shown in figure 56 below is similar to 1 mLN/min with
the coke content keep on decreasing due to the more restriction of secondary reactions. As
the flow rate is changed from 0, 1 and 10 mLN/min, the coke content decreases from 6.5 %
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< 5.5 % < 5.0 % and 2.5 % < 2.0 % < 1.5 % for normal mixing and pre-degradation at 4:1 ratio
and 15 minutes pre-degradation holding time.

Figure 57. The Coke Yield for Catalytic Degradation of lldPE using Normal
Mixing Method and Pre-Degradation at Different Temperature, Pre-Degradation
Holding Time, lldPE: HY Ratio and 10 mLN/min N2 Flow Rate
Caldeira et al. [42] adopted a thermal homogenization step at a temperature slightly above of
the melting temperature of ldPE (393 K) in order to overcome the limitations of contact surface
between a solid-solid system during catalytic decomposition of ldPE. The procedure involved
heating from ambient to 1073 K at a heating rate of 10 K min-1. To achieve the thermal
homogenization, the sample was upheld isothermal at 393 K for 6 h. This procedure as
evaluated using TGA, exhibited only one mass loss event compared to two mass loss events
without thermal homogenization for the catalytic decomposition of ldPE with HY zeolite. This
fact suggested that the thermal homogenization procedure supplied a different reaction
mechanism with better accommodation of the molecules on the catalyst surface favouring the
bond scission with lower coke formation and generation of lower molecular mass products,
which is in agreement with the effect observed for the pre-degradation procedure [43]. The
coke yield decrease is consistent across the flow rate range, as the increase in flow rate limits
the possibility of secondary reactions that lead to coke formation
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4.2.1.4 Evaluation of performance of HY and USY zeolite catalysts at different reaction
temperatures and N2 flow rates
The percentage of the product yields may alter by varying the polymer and catalyst type.
Catalysts differ in their properties and therefore they have different respond to parameters
alteration. USY zeolite is a very active cracking catalyst that is widely used in the catalytic
cracking of hydrocarbon. It is prepared from Y-zeolite by hydrothermal treatment. During this
process, structural changes due to the destruction to the part of the zeolite structure leads to
the removal of some frame work aluminium (𝐴𝑙𝐹 ) ions, which would now have appeared as
extra-frame work aluminium (𝐴𝑙𝐸𝐹 ) species [44]. Figure 58 and 59 compare the performance
of HY and USY at different experimental temperature as obviously USY is thermally stable
while HY undergo structural collapse at higher temperature.

Figure 58. Comparism of the Liquid and Coke Yields from Catalytic Degradation of
lldPE with HY and USY catalysts using Normal Mixing Method and Pre-Degradation at
Different Reaction Temperature (Pre-Degradation: 423 K, 10 min., lldPE 2g: Catalyst
0.5g, 0 mLN/min N2 Flow Rate)

At 0 ml/min 773 K, USY produces slightly higher liquid and coke yields than HY zeolite for the
normal mixing and pre-degradation method. Pre-degradation has produced higher liquid yield
with lower coke content when compared with normal mixing especially with HY zeolite at
higher flow rate. At higher flow rate 80 ml/min both the liquid and coke yields have decreased
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due to the loss of volatiles into gas fraction and limited chances of secondary reactions thereby
minimizing the coke formation. These trends were the same at moderate temperature i.e. 723
K and low flow rate. At higher flow rate, it favoured HY zeolite and it was similar trends at lower
temperature. Due to the higher acid site density of HY zeolite, it is very active at low
temperature and effective in initial degradation. USY produced high coke amount due it is
strong acid site. HY zeolite catalyst has higher acid site density but the acid site in USY are
stronger and therefore more susceptible to coking than HY zeolite acid site. As mention ealier
Gobin and Manos (2004) [12] reported catalytic pyrolysis of lldPE with USY catalyst. Using
similar experimental conditions at 50 𝑚𝐿𝑁 /𝑚𝑖𝑛, they obotained 55.0 % and 8.0 % for liquid
and coke yields respectively.

Figure 59. Comparism of the Liquid and Coke Yields from Catalytic Degradation of
lldPE with HY and USY catalysts using Normal Mixing Method and Pre-Degradation at
Different Reaction Temperature (Pre-Degradation: 423 K, 10 min., lldPE 2g: Catalyst
0.5g, 80 mLN/min N2 Flow Rate)

.
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4.2.1.5 Evaluation of performance of clay and Aluminium pillared clay catalysts at
different experimental conditions
Figure 60 and 61 compare the performance of clay catalyst and pillared clay. Clays and their
pillared form can serve as a convenient, cheap and widely available alternative catalysts to
the expensive manufactured catalysts [45]. The extensive surface area of clay is not available
at high temperatures in excess of 150—200 ° C [45, 46] and this make the major disadvantage
in their use as catalysts. At higher temperature the sorbed interlamellar molecules are driven
off and the layers come into direct contact with each other forming a collapsed clay [45, 46].
To overcome this situation, acid leaching of the octahedral sheet was used which increased
both the surface area and the available acidity sufficiently for them to be used as cracking
catalysts in the petroleum industry [45, 46]. Moreover, the surface area and porosity at high
temperatures have also been controlled by the introduction of polyoxymetal cations into the
interlayer region which, when the composites are fired, form rigid, thermally stable pillars. [45,
46].

Figure 60. Comparison of the Liquid Yield from Catalytic Degradation of lldPE with K30
and APC catalysts using Normal Mixing Method and Pre-Degradation at Different
Catalyst Content and Flow Rate, (Pre-Degradation: 423 K, 10 min., Reaction
Temperature: 723 K)
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The K-10 and K-30 clay catalysts used in this work are acid treated clay catalysts and
therefore, they can have competitive catalytic function as Aluminium pillared clay catalysts.
Based on the results in figure 60 amd 61 pre-degradation has increased the liquid yield and
lower the coke yield compared to the normal mixing. No significant difference between 2:1 and
4:1 ratio at the same flow rate even though in some cases 4:1 ratio is slightly higher than 2:1
ratio. By changing the flow rate from 0 to 10 mLN/min the liquid yields increases pointing to
slightly heavy fraction was obtained. As with the previous results, the pre-degradation
produced higher liquid yields and less coke compared to the normal mixing. The highest liquid
yield of 78.0 % was obtained at 10 minutes pre-degradation and it also has the lowest coke
amount of 1%. Pillared clays have the advantage that the interconnection of their voids is at
least conceptually and less flexible than that of their parent expanding clays [38].

Figure 61. Comparison of the Coke Yield from Catalytic Degradation of lldPE with K30
and APC catalysts using Normal Mixing Method and Pre-Degradation at Different
Catalyst Content and Flow Rate, (Pre-Degradation: 423 K, 10 min., Reaction
Temperature: 723 K)
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As shown in 60 and 61, there is no any significant difference between the normal mixing and
the pre-degradation method. One obvious advantage with the pre-degradation as shown
throughout is the low coking which makes it an alternative method for the re-usability of the
catalyst. As the pre-degradation temperature and holding were extended, the liquid and coke
yields decreases. The reasons for these is that, when the contact between the catalyst and
lldPE is extreme, then eventually overcracking would occurred where by smaller gas
molecules would be formed which will escape into the gas fraction. With this extreme contact
between the catalyst and lldPE, the decomposition will take place at low temperature within
shortest time, this will avoid part of the coke that will be formed at higher reaction temperature
and time. The highest liquid yield of 84.5% was obtained at 4:1 ratio with 10 minutes predegradation holding time while the lowest coke yield was obtained at 4:1 ratio with 15 minutes
pre-degradation holding time.
4.2.1.6 Comparison of the product yields from catalytic pyrolysis of different plastics
with different catalysts
Different plastics including lldPE, ldPE, hdPE and PP have been tested and their product
yields was compared with different zeolite catalysts, clay and cracking catalysts. Table 6
shows the liquid and coke yields from catalytic pyrolysis of lldPE using different catalysts at
different mixing method, flow rate and catalyst content. With USY catalyst no difference in the
liquid yield between the normal mixing and pre-degradation method. Similar trend was
observed with the cracking catalyst containing 20 and 40 % of USY zeolite respectively. In the
overall, the highest liquid of 85.0 % was produced from lldPE degradation with HY- zeolite
using pre-degradation at 4:1 ratio and 0 mLN/min flow rate. The cracking catalyst produced
the lowest coke amount due their milder acidity and microporous structure. For USY and HYzeolite catalysts 2:1 ratio produced higher liquid compared to 4:1 ratio with normal mixing while
with pre-degradation method 4:1 ratio produced the highest amount of the liquid yield and the
lowest coke content. These results with pre-degradation was achieved due to the intimate
contact between the plastic and catalyst.
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Table 6. Comparison of the Liquid and Coke Yields for Catalytic Degradation of lldPE
with Different Catalysts using Normal Mixing and Pre-degradation (Pyrolysis
Temperature = 723 K)

Normal Mixing
2:1 @ 0
mLN/min

Normal Mixing
4:1 @ 0
mLN/min

Catalyst
Liquid
USY
HY
APC
K-30
K-10
20%
40%

Coke Liquid

0.0
60.0
75.0
63.0
37.0
65.5
68.0

0.0
7.5
4.0
2.5
2.5
1.5
1.0

78.0
54.0
80.5
63.5
54.5
61.5
73.5

Predegradation
4:1 @ 0
mLN/min

Coke Liquid
8.0
7.0
3.5
1.5
2.0
1.5
1.0

77.5
85.0
84.5
74.0
67.0
79.0
65.0

Normal Mixing
4:1 @ 10
mLN/min

Coke Liquid
7.0
4.0
2.5
1.5
1.5
0.5
1.0

0.0
52.0
60.5
72.5
55.5
55.5
73.0

Predegradation
4:1 @ 10
mLN/min

Coke Liquid
0.0
5.0
1.5
1.5
2.0
1.0
1.0

0.0
70.0
74.0
78.0
70.0
67.5
64.5

Coke
0.0
2.5
1.5
1.0
1.0
0.5
0.5

The increased in flow rate does not significantly alter the pattern with of the liquid yield with
USY and HY zeolites but coke yield has decreased due to limited number of secondary
reactions in the reactor. Similar trend was obtained with APC and cracking catalysts when the
flow rate was increased. With the clay catalysts the liquid yields have increased with the flow
rate while the coke yields decreases. Based on the percentage liquid yields obtained, the
performance of the catalysts is in the following order. Using normal mixing at 2:1, 0 mLN/min
APC > 40% USY > 20% USY > K-30 > HY >K-10 and the coke yields at the same conditions
is of the order HY > APC > K-30 > K-10 > 20% >40% USY. At lower ratio of 4:1 the order is
almost the same with APC > USY > 40% USY >K-30 >20% USY > K-10 >HY, this order at
lower temperature is based on the acidity and microporous structure of the catalysts. For the
experiments with pre-degradation the pattern has changed favouring other catalysts in the
order HY > APC > K-30 > K-10> 20% USY > 40% USY and the coke yield is almost the same
at all the conditions.
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Table 7. Comparison of the Liquid and Coke Yields for Catalytic Degradation of ldPE
with Different Catalysts using Normal Mixing and Pre-degradation (Pyrolysis
Temperature = 723 K)

Normal
Mixing
2:1 @ 0
mLN/min

Normal
Mixing
4:1 @ 0
mLN/min

Predegradation
4:1 @ 0
mLN/min

Normal
Mixing
4:1 @ 10
mLN/min

Predegradation
4:1 @ 10
mLN/min

Catalyst
Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

HY

41.0

7.0

55.5

6.0

58.0

4.5

49.5

4.5

54.5

4.0

APC

69.5

3.0

75.5

2.0

74.0

1..5

82.5

1.5

82.0

1.0

K-30

84.0

2.5

89.0

2.0

85.5

1.5

88.0

1.0

89.0

0.5

K-10

51.0

1.0

68.5

1.0

79.0

0.5

75.0

0.5

81.5

0.5

20%

64.5

1.5

70.0

1.0

69.5

0.5

74.5

1.0

77.0

0.5

40%

63.5

2.5

68.5

2.0

63.0

1.5

60.0

1.5

68.5

1.0

While all the previous experiments were carried out with lldPE, the liquid and coke yields in
Table 7 were obtained with ldPE with different catalysts, catalyst content and flow rate. The
clay catalysts including K-30, K-10 and the pillared clay shows the highest liquid yield with low
coke formation. The cracking catalysts were at the middle with the HY zeolite producing the
lowest liquid yield of 41 % and the highest coke amount of 7%. The highest liquid yield of 89.0
% was obtained with K-30 catalyst. By comparing the pattern of Table 6 with lldPE and Table
7 with ldPE. Cracking catalysts and APC produced no any significant difference between the
two polymers while HY- zeolite produced higher coke yields with lower liquid yields ldPE
compared to lldPE. For clay catalysts they produced higher liquid yield compared lldPE and
still do better at higher flow rate.
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Table 8. Comparison of the Liquid and Coke Yields for Catalytic Degradation of hdPE
with Different Catalysts using Normal Mixing and Pre-degradation (Pyrolysis
Temperature = 723 K)

Normal
Mixing
2:1 @ 0
mLN/min

Normal
Mixing
4:1 @ 0
mLN/min

Predegradation
4:1)@ 0
mLN/min

Normal
Mixing
4:1 @ 10
mLN/min

Predegradation
4:1) @ 10
mLN/min

Catalyst
Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

HY
APC
K-30

44.5

7.0

33.0

5.5

50.0

3.5

36.0

4.0

63.5

3.5

74.0

2.5

72.5

2.0

77.0

1.5

74.0

1.5

78.0

1.0

86.5

3.0

73.5

2.0

77.0

1.0

73.5

0.5

82.0

0.5

K-10

83.5

3.0

84.0

2.5

90.5

2.0

80.5

1.5

88.5

1.0

20%

69.5

1.5

74.5

0.5

80.0

0.5

78.5

0.5

83.0

0.5

40%

63.0

3.0

65.5

2.0

65.5

1.0

48.0

1.0

62.0

1.0

Table 8 is similar to Table 7 in this case with high density polyethylene. All the results were
similar except the highest liquid yield of 90.5 % was produced with K-10 catalyst. HY catalyst
still produced the lowest liquid yield of less than 40 % but it was improved greatly with the predegradation. With all the catalysts the general pattern is comparable with Table 13 with
changes. HY zeolite has also produced higher liquid yield at higher flow rate compared to
lower flow rate, this is indicating more heavy oils are produced with hdPE than ldPE. Almost
with all the catalysts pre-degradation has produced higher yield than normal mixing at all the
experimental conditions, also clearly indicating the heavy nature of the products.
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Table 9. Comparison of the Liquid and Coke Yields for Catalytic Degradation of PP
with Different Catalysts using Normal Mixing and Pre-degradation (Pyrolysis
Temperature = 723 K)

Normal
Mixing
2:1 @ 0
mLN/min

Normal
Mixing
4:1 @ 0
mLN/min

Predegradation
4:1 @ 0
mLN/min

Normal
Mixing
4:1 @ 10
mLN/min

Predegradation
4:1 @ 10
mLN/min

Catalyst

HY
APC
K-30
K-10
20%
40%

Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

54.0
66.5
72.5
77.0
87.5
65.5

7.5
3.0
2.5
2.5
1.0
2.0

65.0
82.0
76.5
75.5
89.5
81.5

4.0
2.0
0.5
2.5
1.0
1.5

79.5
85.5
76.0
78.5
95.0
83.0

4.0
2.0
0.5
2.5
1.0
1.0

64.5
83.0
82.5
80.5
87.5
77.5

3.5
1.5
0.5
2.0
1.0
1.0

73.0
87.0
83.5
91.5
88.5
80.0

3.0
1.0
0.5
1.5
1.0
1.0

Table 9 presented the liquid and coke yields obtained from the catalytic degradation of PP
with different catalysts at different flow rate, mixing method and catalyst content. Even though
the coke content is high compared to lldPE, ldPE and hdPE, the performance of the liquid
yield is better and similar throughout the experiments, with this PP was the best in terms of
liquid yield among the polymer used in this work. With most of the catalyst, higher flow rate
produces the highest liquid yields. Also with most or all the catalysts pre-degradation was
favoured against the normal mixing. The issues of the coke content was adjusted with the use
of pre-degradation. For example, the highest coke yield of 7.5 % was obtained from HY –
zeolite, with pre-degradation the coke content was reduced to 4.0%. The maximum liquid yield
of 95.0 % was obtained with 20% USY cracking catalyst while the highest coke content of 7.5
% was obtained with HY catalyst using normal mixing.
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4.2.1.7 Re-usability experiments for catalytic pyrolysis of PP with different catalysts
The re-usability experiments is very important because it can ensure the feasibility of the
catalytic process. For the process to be efficient, economical and commercially viable, the
catalyst should be used severally run before it would be fully deactived mostly by coke
deposition in hydrocarbon reactions. Several catalysts including zeolites, clays, pillared clays
and mesoporous catalysts were screened for their re-usability propensity. The results of the
several runs are presented in table 10. After several run and full deactivation of the catalysts,
they were regenerated and compared their activities with fresh catalysts.
Catalysts with high acidity and thermal stability have done very well throughout the reusability experiments. USY, HY, APC the liquid yields they produced increases with reusability and coke content decreases even though the total coke increases. The fresh catalysts
are very active and they produced a lot small molecules with significant gas fractions, with the
re-usability the catalysts become mildly acidic and therefore optimum for the higher liquid
formation and since the acid sites are weak they are less attracted by coke formation. Other
catalysts such as K-30, K-10, 20% USY, 40% USY, ZSM-5 -1, ZSM-5 -2, MCM-41-1
maintained almost similar performance throughout the re-usability experiments. Clay catalysts
used which include ATOS, ZENITH, AZA and FAZA their performance were not good with reusability, after limited number of re-usability experiments, they produced products similar to
thermal cracking. The last MCM -41-2, it is non-acidic and it was used to shows the extent of
the effect of acidity in the polymer degradation. For MCM -41-2 like other catalyst, the liquid
yield increases with the pre-degradation, this actually demonstrated the presence of some
active species on it is structure. For example with the pre-degradation the liquid yield has
increased from 64.5 % to 76.0 % with the coke yield decreases from 10.0 % to 7.5 %.
Furthermore, as with the highly acidic catalyst the re-usability increases with the non-acidic
mesoporous MCM-41, the liquid yield has increased from 76.0 % to 90.5 % with the coke yield
decreases from 7.5 % to 7.0 %. But with subsequent re-usability the liquid yield slightly
reduced indicating a kind of transient acidity. The ability of the non-acidic MCM-41 to be used
as a catalyst in the degradation of polymer was further evaluated with experiments at lower
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temperature with the regenerated MCM-41. The result of these experiments will be presented
in the subsequent Tables. With all the catalysts, re-usability experiments were stopped when
the liquid yield turn heavier as with the thermal degradation. In all the cases, the catalyst
looked recovered after the regeneration at 1073 K for 5 hrs. The regenerated catalysts
produced liquid yields similar to fresh catalysts.
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Table 10. The Liquid and Coke Yields for Catalytic Degradation of PP with Different Types of Fresh, re-used and regenerated Catalysts

Normal
Mixing

Re-usability

Predegradation

1

2

3

4

5

Regenerated

6

Catalyst
Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

Liquid

Coke

USY

52.5

4.5

50.5

4.0

52.5

1.5

77.5

1.0

82.0

1.0

82.0

1.5

71.7

2.0

0.0

0.0

50.0

1.0

HY
APC
K-30

64.5

3.5

73.0

3.0

83.0

2.5

85.1

1.5

79.6

1.5

77.7

1.5

0.0

0.0

0.0

0.0

60.8

1.0

83.0

1.5

87.0

1.0

88.7

1.0

89.4

2.2

85.6

1.5

82.2

1.3

0.0

0.0

0.0

0.0

72.0

1.0

82.5

0.5

83.5

0.5

81.5

0.5

83.5

1.0

81.7

1.0

80.8

1.0

0.0

0.0

0.0

0.0

75.0

0.5

K-10

80.5

2.0

91.5

1.5

74.5

1.0

75.0

1.0

74.5

1.0

81.8

1.0

0.0

0.0

0.0

0.0

78.0

0.5

20% USY

87.5

1.0

88.5

1.0

84.9

1.0

81.4

1.0

79.0

1.5

79.0

1.5

0.0

0.0

0.0

0.0

62.0

1.0

40% USY

77.5

1.0

80.0

1.0

83.0

1.0

86.0

1.0

83.8

1.0

76.3

1.0

0.0

0.0

0.0

0.0

60.0

1.0

ZSM-5 -1

64.0

0.5

52.0

0.5

62.5

0.5

63.0

0.5

65.0

0.5

64.5

1.0

55.0

1.5

0.0

0.0

54.5

0.5

ZSM-5 -2

67.0

1.0

60.5

0.5

67.0

0.5

69.0

0.5

68.0

0.5

65.0

0.5

63.3

0.5

60.5

1.5

63.0

0.5

ATOS

72.5

1.5

85.0

0.5

82.0

0.5

82.5

1.0

82.5

1.0

-

-

-

-

-

-

78.0

1.0

ZENITH

79.0

1.5

82.5

0.5

73.5

1.0

71.0

0.5

72.5

0.5

-

-

-

-

-

-

62.5

1.5

AZA

73.0

1.0

82.0

1.0

75.5

2.0

-

-

-

-

-

-

-

-

75.0

1.0

FAZA

80.0

3.0

74.5

1.0

72.5

0.5

69.0

0.5

64.0

1.0

-

-

-

-

-

-

74.0

1.5

MCM-41-1

61.5

1.0

58.0

0.5

64.5

0.5

64.5

0.5

62.5

0.5

-

-

-

-

-

-

65.0

1.5

64.5 10.0
76.0
MCM-41-2
APC: Aluminium Pillared Clay
ZSM-5 -1 (SiO2/Al2O3): 200
ZSM-5 -2 (SiO2/Al2O3): 45
MCM-41-1 (SiO2/Al2O3): Acidic
MCM-41-2 (SiO2/Al2O3): Non-acidi

7.5

90.5

7.0

84.5

4.0

82.5

2.0

0.0

0.0

0.0

0.0

0.0

77.0

2.0

-

-
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0.0

Liquid

Coke

4.2.1.8 The effect of acidity and catalysts structure on the product yields

Acidity and structure of the catalyst all played key role in the intial and subsequent catalytic
degradation of polymer. In order to widen this understanding, experiments were carried out
with acidic, non acidic, mesoporous and microporous catalysts and their catalytic performance
was evaluated at higher and lower temperature.
Table 11 contained the liquid and coke yield of catalytic pyrolysis of powder
polyethylene with Aluminium pillared clay catalyst. This can be compared with the previous
experiments that were carried out with polymer in particles form. Pressing method was also
used to achieve high contact between the PE and the catalyst. From the results, normal mixing
produced the highest amount of liquid yields and the coke amount were comparable. The
higher contact achieved with the pre-degradation and pressing method may lead to
overcracking and part of the liquid yields would escape into gas fraction.

Table 11. Catalytic pyrolysis of PE (powder) with Aluminium Pillared Clay

Normal Mixing
Flow rate
(mLN/min)

Pre-degradation

pressing

Liquid yield
(%)

Coke
yield
(%)

Liquid yield
(%)

Coke
yield
(%)

Liquid yield
(%)

Coke
yield
(%)

1

75.5

2.0

67.0

2.0

-

-

10

72.5

3.0

70.5

3.0

66.5

3.5
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Table 12. Comparison of the Performance of Acidic Catalysts with Al2O3 and Nonacidic MCM-41 Mesoporous Catalyst at Different experimental Temperatures.

Catalyst
Al2O3
HY Zeolite
USY Zeolite
20% USY Zeolite
APC
K-30
K-10
Thermal
Thermal
MCM-41- 1 (Regenerated)
MCM-41- 2 (Regenerated)
MCM-41- 2 (Regenerated)
Thermal

Temperature
(K)

Flow Rate
(mLN/min)

748.0
748.0
748.0
748.0
748.0
748.0
748.0
748.0
693.0
693.0
693.0
723.0
693.0

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
100.0

Liquid
Yield
%
47.0
47.0
41.0
52.0
61.0
62.0
53.0
66.5
0.0
65.0
30.7
77.0
65.6

Coke
Yield
%
17.0
1.0
2.0
1.0
1.0
1.0
1.0
3.0
0.0
1.5
47.5
2.0
10.0

Table 12 presented the results of pyrolysis experiments with non-acidic catalysts and
compared with other catalysts and thermal degradation at the different reaction temperature.
At 748 K Al2O3 produces 47% liquid yield which is comparable to the yield obtained with HY –
zeolite and higher than the yield obtained with USY while cracking catalysts, APC and clay
catalysts all produces higher liquid yields. One important point here is the coke content
produced with Al2O3 is high i.e. 17% and is partially sticky with sign of unvolatilised polymer.
When compared with thermal degradation of PP at 748 K, 66.5 % liquid yield with 3.0 % coke
yield were obtained. There is possibility that the degradation with Al2O3 experiences heat
transfer limitation after deposition of coke components residue whereby the remaining left over
unconverted polymer will need higher temperature to finish the degradation. For MCM-41
separate experiments were carried out at lower temperature of 693 K at which the thermal
cracking may not be active. At this temperature acidic MCM-41 regenerated produced 65.0 %
liquid yield and 1.5 % coke yield. For the regenerated non-acidic MCM-41 it produces 30.7 %
with 47.5 % coke/unvolatilised polymer while the thermal degradation at this flow rate
produces no liquid. For the thermal degradation the flow rate was changed to 100 mLN/min
then liquid yield of 65.5 % with 10.0 % unvolatilised polymer was obtained. For the regenerated
non- acidic MCM -41 another experiment was conducted at 723 K and 77 % liquid with 2%
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coke yield were obtained. This actually shows that both non-acidic MCM-41 and Al2O3 have
certain catalytic ability to initiate polymer degradation but they moderately high temperature to
achieve complete degradation.
Park et al. (2014) they used Al-MCM-48 and Si-MCM-48 to investigate the effect of the
acidity of the catalyst on the pyrolysis product distribution of waste pepper stem. Their result
shows that Si-MCM-48 may contain some acid sites, it is acidic ability for the conversion
oxygenates to hydrocarbon is not as the Al-MCM-48 but it is better than thermal cracking.
Figure 62 below shows the liquid fractions obtained from thermal degradation of polypropylene
and catalytic degradation with acidic and non-acid MCM-41.

Figure 62. Pyro-oil from thermal Cracking PP and Catalytic Degradation with Acidic
and Non- acidic MCM-41

From figure 62 the pyro oil with acidic MCM-41 is more yellowish compared to the pyro-oil
from non-acidic MCM-41 while the pyro-oil from the thermal is whiter like a typical polymer
compared to non-acidic MCM-41 which is in between the two. This clearly shows that non-
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acidic MCM-41 contain some active sites that can be used at moderately higher temperature
for polymer degradation.

4.2.2 GC Analysis for Liquid Sample Characterisation from Thermal and Catalytic
Pyrolysis of Plastics
The liquid sample characterisation was carried out using a non-polar capillary column, which
aids in the separation of the components of the liquid product mixture according to their
volatility/boiling point. Due to the complexity of the components samples, the results
discussion would be based in three-component groups i.e. the lighter fractions, which include
the components in the boiling point range from C4-C9 (272.70 K - 424.00 K), the middle
fractions, which include the components from C9-C14 ( 424.00 K - 526.70 K) and the heavier
fractions, which include the components from C14-C20 ( 526.70 K - 617.00 K). This will provide
a better overview and makes it easier to compare between different results.

Figure 63.

Boiling Point Distribution of the Liquid Fractions from the Catalytic

Degradation of lldPE using Normal Mixing Method and Pre-Degradation at Different
Temperature and Holding Time with 2:1 Polymer to Catalyst Ratio and 0 mL N/min N2
Flow Rate
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All the samples presented in Figure 63 (0 mLN/min N2 flow rate, 2:1 ratio) shows higher
percentage of light fractions and moderate amount of middle fractions with very few heavy
fractions. The low flow rate used and higher ratio of polymer to catalyst accounted for these
results. The removal of products from the reactor was relatively slow allowing them to undergo
secondary reactions enhancing overcracking. On the other hand, the pre-degradation has
helped to increase more of the gasoline and the kerosene fractions as shown by the predegradation at 453 K/10 min.

Figure 64. Boiling Point Distribution of the Liquid Fractions from the Catalytic
Degradation of lldPE using Normal Mixing Method and Pre-degradation at Different
Temperature and Holding Time with 4:1 Polymer to Catalyst Ratio and 0 mL N/min N2
flow rate
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With the 4:1 ratio as presented in Figure 64, the product distribution pattern has slightly
changed in favour of light and middle fractions with more gasoline and kerosene fractions,
except with normal mixing and pre-degradation at 453 K/10 min, which they showed significant
amount of lighter fractions.

Figure 65. Boiling Point Distribution of the Liquid Fractions from the Catalytic
Degradation of lldPE using Normal Mixing Method and Pre-degradation at Different
Temperature and Holding Time with 2:1 Polymer to Catalyst Ratio and 1 mLN/min N2
flow rate

By increasing the flow rate from 0 to 1 mLN/min as shown in Figure 65, the amount of lighter
fractions has decreased favouring more of gasoline and kerosene fractions (middle fractions)
except with the pre-degradation at 453 K/5 min which maintains similarly high lighter fractions.
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Figure 66.

Boiling Point Distribution of the Liquid Fractions from the Catalytic

Degradation of lldPE using Normal Mixing Method and Pre-degradation at Different
Temperature and Holding Time with 4:1 Polymer to Catalyst Ratio and 1 mL N/min N2
flow rate

With 4:1 ratio at 1 mLN/min as presented in Figure 66, the product distribution has shifted to
middle fractions, with more gasoline and kerosene fractions.

174

Figure 67.

Boiling Point Distribution of the Liquid Fractions from the Catalytic

Degradation of lldPE using Normal Mixing Method and Pre-degradation at Different
Temperature and Holding Time with 2:1 Polymer to Catalyst Ratio and 1 mLN/min N2
flow rate

Figure 67 shows the results obtained with 10 mLN/min flow rate. The amount of the lighter
fractions has declined showing a peak at the gasoline range fractions with more middle
fractions and very few heavy fractions. Lin and Yang [53] have also observed similar behaviour
when the flow rate was increased with lower C1–C4 hydrocarbon gases and higher liquid
yields.
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Figure 68.

Boiling Point Distribution of the Liquid Fractions from the Catalytic

Degradation of lldPE using Normal Mixing Method and Pre-degradation at Different
Temperature and Holding Time with 2:1 Polymer to Catalyst Ratio and 1 mLN/min N2
flow rate

For the 4:1 ratio at 10 mLN/min N2 flow rate as presented by Figure 68, the behaviour is similar
to 2:1 ratio with little decline of the lighter fractions and little increase of the heavy fractions.
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Figure 69.

Boiling Point Distribution of the Liquid Fractions from the Catalytic

Degradation of lldPE using Normal Mixing Method and Pre-degradation at Different N2
Flow Rates

Figure 69 looked at the effect of the carrier gas flow rate in more details using normal mixing
and pre-degradation at 453 K / 5 min. The difference between 0 and 60 mLN/min N2 flow rates
is very visible. With 0 mLN/min flow rate, the product distribution started with higher amount
of lighter fractions and decreased sharply towards the middle and heavy fractions. For the 60
mLN/min flow rate, the product distributions decline initially at lighter fractions then reach
maxima at the gasoline fractions and then slowly decreases as it moves toward the heavy
fractions. This is a clear sign of more secondary reactions with 0 mLN/min flow rate due to the
longer residence time of the products in the reactor while the opposite case is true with the
highest flow rate. In both cases, the products with pre-degradation were of better quality and
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fitted within the gasoline and kerosene fractions. Elordi et al. [54] reported that, HY- zeolites
maximize the production of middle distillates.
As the flow rate changed from 0 to 1 mLN/min, the product distribution changed with more
stability across the lighter and the middle fractions as it decreases slowly toward heavier
fractions. With the 20 mLN/min flow rate, the behaviour is similar to the 60 mLN/min flow rate
but the margins between the normal mixing and the pre-degradation is bigger with the normal
mixing showing higher maxima at the gasoline range fractions but decreasing abruptly
compared to the pre-degradation. This is evidence of more overcracking with the predegradation mixing because due to intimate contact between the lldPE and the catalyst. With
10 mLN/min flow rate the normal mixing has lower content of lighter fractions compared to the
pre-degradation, but has a peak at gasoline range fractions. For the higher flow rate of 30
mLN/min the pattern is similar to the product distribution of 10 mLN/min, but the pre-degradation
decline slowly as proceeded from the middle fractions to the heavier fractions whereas the
normal mixing decline suddenly. The possible reason for this behaviour with the normal mixing
could be due to the presence of appreciable thermal cracking, because of the poor contact
between the polymer and catalyst. In pre-degradation, it is supposed to be almost purely
catalytic cracking due to the intimate contact between the polymer and catalyst.
Temperature of the reaction is one of the parameters that affect the boiling point
distribution of the products. Figure 70 looked at the temperature of the reaction on the catalytic
pyrolysis of PP with clay catalyst (K-30). Based on the results in figure 70, the boiling point
distribution at all the temperature has a maxima at the gasoline range fractions. The 400 C°
has the highest heavier fraction around diesel range with the lighter fraction within naptha
range. There is no much difference between 500 C° and 600 C° even though, 600 C° shows
the maximum peak gasoline range fraction.
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Figure 70. Boiling point Distribution of the Liquid Yield from Catalytic Pyrolysis of
PP with K-30 Catalyst at Different Reaction Temperature

Figure 71. Boiling Point Distribution of the Liquid Yield from Catalytic Pyrolysis of PP
with K-10 Catalyst at Different Catalyst Content
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Another parameter that affect the boiling point distribution is the catalyst content. Figure 71
consider the effect of catalyst content on the product distribution of catalytic pyrolysis of PP
with clay catalyst (K-10). As the catalyst content was increased from 0.25g to 1g similar pattern
with the effect of temperature increased was obtained. With the lowest amount of catalyst
0.25g heavier and less light oil is obtained. With 1.0g of the catalyst the lightest with lowest
heavier fraction and maxima at the gasoline range is obtained. With 0.5 g of the catalyst, the
boiling distribution of the oil is in between.

Figure 72. Boiling Point Distribution of the Liquid Yield from Catalytic
Pyrolysis of PP with HY zeolite Catalyst at Different Catalyst Content

Figure 72 used a different catalyst i.e. HY zeolite catalyst to check the effect of catalyst content
on the product distribution. As shown in figure 72, unlike K-10 catalyst, as the content of HYcatalyst was increased the boiling point distribution shifted toward the middle fraction and the
overall performance shows a peak at the middle fraction.
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Figure 73. Boiling Point Distribution of the Liquid Yield from Catalytic
Pyrolysis of PP with Different Catalysts

Figure 73 shows the boiling point distribution of the liquid yield from catalytic cracking of PP
with different catalysts. Three different behavious were displayed with the highly acidic
catalysts i.e. USY and APC having more lighter and less heavier fractions while the clay
catalysts i.e. K-30 and K-10 having less lighter more heavier fractions. The cracking catalyst
has shown liquid compostion similar to their structural composition with middle boiling point
distribution

4.2.3 Coked Catalyst Characterisation from Thermal and Catalytic Pyrolysis of Plastics
In catalytic degradation, a significant portion of the feedstock is converted to coke deposited
on the catalyst. It was necessary to characterize the nature of this process because of it is
commercial importance. Coke formation is the major and the most impotant prevailing reason
for practical zeolite catalyst deactivation leading to significant problems of great technical,
economic, and environmental concerns. Several techniques have been employed to get the
information about, the amount, composition, chemical nature and location of the coke. Most
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of these techniques were complex, time consuming and destructive. TGA is widely used to
quantify the amount of coke on a surface, and to characterise the composition of
carbonaceous materials in terms of their fixed carbon content, moisture, ash content and
volatile components [60, 61, 62].
To further, explore the influential role of the pre-degradation pre-treatment method on
the degradation of lldPE. Coked catalysts at lower experimental temperature i.e. 623 K were
characterised for their coke/unconverted polymer, as shown in Figures 74 and 75.

Figure 74. TGA of Coked Samples from Catalytic Pyrolysis of lldPE with HY Zeolite at
623 K, 60 mLN/min and Different Polymer to Catalyst ratio Using Normal Mixing
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Figure 74 contains both the coke fraction and coke concentration. The coke concentration is
very important parameter especially when comparing the coke content of coked catalysts with
different catalyst content. For 3:1 and 4:1 ratios, they show peaks corresponding to the peak
for the TGA of the fresh lldPE, which confirmed the presence of unconverted polymer. For the
ratio 2:1, the degradation is complete and contained no any unconverted polymer but has high
percentage of hard coke due to the slow rate of the lldPE degradation which encourages the
prevalence of secondary reaction and hence the high rate of coke formation. The pattern of
the coke concentration is similar to the coke fraction, with 4:1 ratio being overburden due to
the presence of the unconverted lldPE.

Figure 75. TGA of Coked Samples from Catalytic Pyrolysis of lldPE with HY Zeolite at
623 K, 60 mLN/min and Different Polymer to Catalyst ratio using Pre-degradation at
453 K/5 min.
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With the pre-degradation as shown in Figure 75, the picture has changed completely with all
the ratios attaining complete conversion as no any sign of unconverted lldPE. For the 2:1 ratio,
pre-degradation has help to reduce the content of the hard coke by 10% and the coke
concentration from 0.27 to 0.25.

Figure 76. TGA of Coke Characterisation of Different Polymer with USY Catalyst

Figure 76 contained the results of coke characterisation from catalytic pyrolysis of different
polymer with USY catalyst. The majority of the coke is hard coke and the soft coke components
of these polymers is of the order lldPE>ldPE>PP. The distribution of the coke components
tally with the structure of the polymers with lldPE has the lowest aromatic coke components
and the PP with the highest aromatic content of coke components.
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Figure 77. TGA of Coke Characterisation from the Re-usability Pyrolysis Experiments
with ZSM-5 Catalyst

Figure 77 and 78 looked at the effect of coke deposition after several re-usability of the
catalyst. Based on the results presented in Figure 77, the fresh catalyst contained mostly soft
coke with about 10% hard coke. With the first re-usability the hard coke increases to 16% and
with second re-usability it increases further to 30%.

Generally, the nature of the coke

components produced are very volatile and mostly removed by simple volatilization in inert.
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Figure 78. TGA of Coke Characterisation from the Re-usability Pyrolysis Experiments
with USY Catalyst
Figure 78 presented the results of coke removal and characterisation from catalytic pyrolysis
of lldPE with USY zeolite for several re-usability experiments. The volatility of the coke
components increases with the re-usability of the catalyst in opposite order with ZSM-5.
Several reasons can account for this behaviour which include the possibility that, on the fresh

catalyst the coke species can enter into channels and cavities and grow into polyaromatic and graphite-like species. Most of these species are too large to move, highly
unsaturated and strongly adsorbed leading to the blockage of the channels and cavities.

In the re-usability experiment with the same catalyst, since the channels and cavities
are unready blocked, the coke components are adsorbed on the catalyst surface and
these adsorbed aromatic species can be removed by purging in inert since they are still
mobile and hydrogen rich. The pores size of USY are larger compared to pores of ZSM-5

because USY has super cage cavities which can accommodate a large number of benzene
rings while with the small channels size of ZSM-5, the coke formation stopped at smaller
aromatic coke species which are very volatile to remove from catalyst structure and are

mostly removed in inert atmosphere.
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4.3 Conclusion

The use of pre-degradation pre-treatment method has improved the product yields from
catalytic degradation of polymer. The effect of pre-degradation with mesoporous and mildly
acidic catalyst is less compared to the acidic catalyst but still improve the volatility of the coke
components. Pre-degradation has increased the conversion of catalytic cracking of PE with
low coke yield even when compared with normal mixing in powder form.

Moderate

temperature and catalyst content produced the optimal liquid yields. At higher temperature
even though the coke content is low there is severity of secondary reactions lowering the liquid
yield while at lower reaction temperature the coke content/ unconverted polymer is high due
to the lower conversion but that can be improved with pre-degradation. At lower catalyst
content, the acidity and catalyst structure played the major role in the order of the catalysts to
produce optimal liquid yields with USY catalyst showing the best re-usability results. Finally,
pre-degradation can serves as the best route for the co-pyrolysis of polymer with heavy oil
and biomass where the main objective is to adjust the heavy fractions from other components
by synergetic effect of mixing with the hydrogen rich polymer.
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5. 0 Biomass Pyrolysis
Results and Discussion
5.1 TGA of Biomass Components
As mentioned in the introduction and under methodology, one of the components raw feed to
be used in this work is biomass and their components as well as experiments involving copyrolysis of these components with polymer. In order to gain similar insight into the
degradation behaviour of raw biomass as well to examine the effect of pre-treatment
processes to the degradation pattern of biomass, TGA measurements similar to polymer
degradation were done using different approach and the results were presented in the
following figures.

Figure 79. TGA of Cellulose Thermal Degradation at Different Heating Rate
As presented in figure 79, the degradation of cellulose in all the cases started around 580 K
with maximum degradation attained around 660 K. Looking at the trend of the decomposition,
cellulose decomposes at high rate within a narrow range of temperature. After this stage, the
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next transformation can be attributed to the coke/char formation, transformation
decomposition and removal. As the heating rate was increased from 5 to 10 and 20 K/min
respectively, the degradation of the cellulose shifted toward higher temperature with the
highest maximum degradation temperature of 673 K corresponding to the degradation at 20
K/min.
The starting and final degradation temperature of the active components increases when the
heating rate was increased, the maximum and minimum degradation temperatures shifted
towards higher temperature. Based on the heat transfer limitation, at low heating rate, the
longer reaction time allowed instantaneous distribution of thermal energy into the system while
at a higher heating rate because of the shorter reaction time, the temperature needed for the
sample to decompose is also higher and this causes the maximum rate curve to be shifted to
the right [13, 14, 15, 16, 17]. The next figure showed the effect of catalyst in the predegradation of cellulose.

Figure 80. TGA of Cellulose Catalytic Degradation with HY zeolite at
Different Heating Rate
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Comparing the thermal decomposition of cellulose with catalytic in the presence of HY catalyst
as presented in figure 80, using normal mixing the decomposition pattern with HY catalyst
shifted slightly to higher temperature, here the main effect of the catalyst was not to lower the
activation energy for the cellulose decomposition but to affect the upgrading of the bio-oil to
produce less or non-oxygenated bio-oil. As the rate was increased, similar behaviour as with
the thermal degradation took place and the degradation temperature shifted to higher
temperature. At about 773 K all the three different rate of heating have attained the same level
of conversion, after this temperature 5 and 10 K/min were the same for the processes of
coke/char formation, decomposition and removal. The heating rate at 20 K/min produces a lot
of coke compared to the previous at lower temperature. As stated earlier, in order to improve
the de-oxygenation ability of the catalysts, pre-treatment methods were used as shown in the
figure 81 below.

Figure 81. TGA of Co-pressed Cellulose with HY zeolite at Different Heating Rate
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Co- pressing is one of the pre-treatment method specifically used for cellulose and lignin. The
figure 81 showed co-pressed cellulose with HY zeolite catalyst. The degradation pattern with
the co-pressed sample is the same, although it was shifted slightly to lower temperature when
compared to the thermal degradation and normal mixing with HY zeolite catalyst. On the other
hand this difference is an indication that co-pressing can enhance the catalyst performance
through the intimate contact between the cellulose and the catalyst, whereby most of the
reactions can proceed at lower temperature. The coke formation can be assessed in more
details by last bit of the decomposition pattern at higher temperature. In the absence of
catalyst, no sign of the hard coke/char, all the transformation that took place could be
described as devolatilization, char formation, decomposition and the removal of soft coke/char
in the inert atmosphere. The char formed can be referred to as soft char, since it was removed
in nitrogen atmosphere. In the presence of HY catalyst, both soft and hard coke/char were
formed. It is difficult to differentiate between the char and soft coke as they were removed
together in the inert atmosphere. For the hard coke it appears at the last stage when the
atmosphere was changed from inert to air at the final temperature. For the normal mixing and
the co-pressed sample 10 and 12% hard coke were formed respectively. This is as expected,
with the co-pressing the activity of the catalyst is high due to the intimate contact between the
cellulose and the HY catalyst. The deoxygenation ability of the catalyst will be high with better
contact between the cellulose and the catalyst, hence more transformation would take place
with more oxygenated compounds converted to aromatic hydrocarbons accompanied with
hard coke formation. The devolatilisation temperature range for cellulose reported by this
study is similar to the results reported in the literature. Yang et al. (2007) [18] in their studies
characteristics of hemicellulose, cellulose and lignin pyrolysis. They carried out the thermal
pyrolysis of cellulose in TGA up to 1173 K at 10 K /min using 120 mLN/min carrier gas.
Cellulose decomposed by thermal pyrolysis with low residue attaining maximum degradation
temperature at 628 K and decomposition temperature range between 588 K – 673 K [18].
Venderbosch (2010) [19] reported cellulose thermal decomposition between 593 K – 1073 K
at a high rate of degradation process, then slow and steady process up 1073 K – 1173 K [17].
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Chi et al. (2018) [20] carried out the thermal and catalytic pyrolysis of cellulose with MCM -41
using TGA at a flow rate of 100 mLN/min with a constant heating rates of 10 K/min up to
1173 K. The thermal pyrolysis of cellulose occurs at 623 K and the addition of Al-MCM-41
slightly increased the temperature to 638 K. This result shows that the addition of catalyst
does not have very obvious influence on the temperature range of cellulose pyrolysis process
[20]. As shown in the previous figures, there is much difference between the normal mixing
and the co-pressing as the heating rate was changed from 5 to 10 K/min. The amount of the
hard coke with the normal mixing is the same as the previous one, but with co-pressing it
almost double 12% to 20%, signifying more hydrocarbon conversion with increasing heating
rate. Onay et al. (2001) [21] conducted thermal cracking of rape seed oil in a fixed-bed reactor
at a different heating rate of 273 K min−1 and 573 K min−1. At the higher heating rate, the oil
yield was about 58% higher than that of 273 K min−1, employing that at the higher heating rate,
the heat and mass transfer limitation in the pyrolysis are negligible [21]. The same reason
can be used to explain the difference between the normal mixing and co-pressing, even with
a little increased in the heating rate, there will be more transformations of the biomass oxygen
based compounds into hydrocarbon compounds leading to increased hard coke formation.

Figure 82. TGA of Thermal Degradation of Hemicellulose at Different Heating Rate
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As shown in figure 82, the degradation of hemicellulose started at low temperature of about
493 K with the 10 K/min heating rate shifted toward higher temperature. Like cellulose, 50 –
60 % of hemicellulose were decomposed over a narrow range of temperature between 523 K600 K, while the remaining were degraded over a wide range temperature up to 873 K.
Hemicelluloses are thermally the most unstable components of biomass and decomposes
faster and at lower temperatures in the range of 498–598 K for slow heating rates than
cellulose and lignin [21], which corresponds to the main decomposition in figure 49. Burhenne
et al. (2013) [22] reported decomposition of hemicellulose in a small temperature interval
between 573 K and 673 K comparable to the main degradation of hemicellulose in figure 82.
The thermal and catalytic degradation of lignin with HY- zeolite were presented in figure 83
and figure 84 below.

Figure 83. TGA of Thermal Degradation of Lignin at Different Heating Rate
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Figure 84. TGA of Catalytic Degradation of Lignin at Different Heating Rate

The thermal degradation of lignin at 5 and 20 K/min was conducted at 873 K while the rest of
the TGA were carried out up to 1073 K. Like hemicellulose, the lignin degradation started early
around 473 K and proceeded over a wide range of temperature up to the final temperature.
Lignin shows a different heating pattern for the thermal degradation among the different
heating rates used. Wide margin appeared between 5 and 10 K/min, whereas no difference
between 10 and 20 K/min. Lignin, cellulose and hemicellulose differ in their thermal stability
due to their differences in internal energy as well as heating values with lignin being the most
stable and does not decompose completely until temperatures up to 973 K [23]. As seen in
Figure 83, Lignin decomposes slowly and has a higher yield of char/coke compared with
cellulose and hemicellulose [24]. For catalytic degradation of lignin with HY- zeolite, the
presence of the catalyst does not change the overall trends in the degradation curves, but the
mass losses were modified with catalytic degradation shifting toward higher temperature,
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similar degradation pattern was obtained by Rencoret et al. (2009) [25] and with USY there is
enhanced mass loss in the initial stage with minimal mass loss in the temperature range 350–
400 °C [25]. Wang et al. (2010) [26] reported decomposition of lignin with initial loss before
250 °C and the main loss corresponds to the temperature range 250–430 °C and the final
stage occurs beyond 420 °C. They found that, the addition of USY enhanced CO2 release in
the initial stage and the final stage, but inhibited it is release in the main stage [26]. Plaza et
al. (2012) [27] found the last stage of lignin decomposition to involved continuous
decomposition of the residual solid at a very slow rate, with a slight decrease of weight due
to the char consolidation which occurred in the temperature range from 600 °C to 1000 °C. In
the next Figure, TGA of coffee was presented as a typical biomass and compared with the
biomass components.

Figure 85. TGA of Thermal Degradation of Coffee at 5 K/min
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From Figure 85, the thermal decomposition of coffee can be divided into three stages. The
first stage which started from room temperature up to 473 K equivalent to 10% of the sample
weight involved the loss of water and reaction mixture. The next stage which run up to 873 K
corresponds to the decomposition of the coffee main structure and the last stage involved the
decomposition and the removal of the residual solid.

Figure 86. TGA of Thermal Degradation of Spent Coffee Grounds, Cellulose,
Hemicellulose and Lignin at 5 K/min

Figure 86 shows the thermal degradation of spent coffee grounds alongside degradation
profile for cellulose, hemi-cellulose and lignin respectively. Due to the structural differences
between the three biomass components their decomposition temperature varies, the same is
applied to the coffee residue which is a typical biomass. The degradation pattern of the coffee
and the other three components can be divided into three stages. The first stage up to 473 K
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involved the evaporation of water and reaction mixture. The second stage corresponds to
depolymerization and decomposition of polysaccharides and fatty acid, and the final stage
represents formation of char residues and it is decomposition. For cellulose as stated earlier,
the main transformation took place at 580 – 660 K. For hemi-cellulose, lignin and coffee
residue, the main decomposition took place between 532 K – 623 K, 523 K - 873 K, and 473
K – 873 K respectively. The degradation temperature range of coffee has covered all the range
between the three components, indicating it is structure comprises of cellulose, hemi-cellulose
and lignin. Comparing these results with the literature, Yang et al. (2007) [18] reported main
cellulose decomposition temperature at 588 K – 673 K. For hemi-cellulose the main
decomposition happens at 493 K–588 K while for lignin it decomposes slowly under the whole
temperature range from ambient to 1173 K. The results from their study is similar to the results
presented in this work. The differences in biomass structures and chemical nature was behind
the different behaviours observed in the decomposition of the biomass components. Cellulose
consists of a linear long polymer of glucose that are orderly arranged with high thermal stability
[18]. Hemicellulose consists of amorphous structure with various saccharides that a randomly
with many branches which are very easy to degrade to volatiles at low temperatures [18].
Lignin consists of various aromatic rings with branches. The activity of C-C and C-O chemical
bonds in lignin covered a wide range area, which led to the degradation of lignin occurring in
a wide temperature range between 373 K – 1173 K [18]. Chen and Kuo (2010) [28] study the
thermal decomposition of raw coffee residue. The thermal decompositions mainly occur within
the temperature ranges of 513 K– 593 K. From the TGA curves three mass loss stages were
identified. The first one which starts at approximately 334 K is as a result of the water
evaporation. The greatest transformation occur during the second stage, at approximately
573 K. The main transformations that took place at this stage include depolymerization and
decomposition of polysaccharides and oils present. The last thermal event is related to the
decomposition of the samples starts at 723 K [29]. In another study by Etabani et al. (2018)
[21], the spent Coffee grounds was heated up to 1473 K at 10 K/min. The TGA curve shows
three-stages of decomposition as reported by the previous studies, which appears at 334 K,
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247 K–376 K and 782 K respectively. All these studies presented similar findings as reported
by this work.

Figure 87. TGA of Cellulose Thermal Degradation and Catalytic Degradation
using Normal Mixing and Co-pressing with HY- zeolite

Figure 87 compare the thermal and catalytic degradation of cellulose using the normal mixing
and co-pressing with HY catalyst. From the results in figure 87, the pre-treatment process by
co-pressing of cellulose with HY zeolite shifted the degradation temperature slightly to lower
compared to the thermal degradation while for the normal mixing the temperature was shifted
slightly to higher temperature compared to that without catalyst. Both the mixing method with
HY zeolite converged at some higher temperature and finally more coke components were
deposited with the pre-degradation due to more intense conversion of oxygenated
hydrocarbon compounds to aromatic compounds, and these was severe when the heating
rate was changed to 10 K/min as shown in Figure 81.
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5.2 The Effect of Catalyst Type and Content, Reaction Temperature and Carrier Gas
Velocity on the Product Yields of Biomass Pyrolysis

Catalysts played an important role in catalytic upgrading of biomass to hydrocarbons. Different
catalysts have different deoxygenation ability based on their acidity content, strength and
structure. The products distribution depends on the catalyst content, reaction temperature and
the flow rate of the carrier gas. Higher amount of catalyst and reaction temperature leads to
overcracking, where by more gases will be generated. Higher amount of the carrier gas also
leads to the loss of volatiles into the gas fraction, there is always a peak value that is needed
for the optimal yield of the condensed liquid fraction. As shown in table 13, thermal and
catalytic upgrading of biomass components, simulated biomass and coffee was conducted
under different parameters. The feed to catalyst ratio as well as contact mode applied only to
the catalytic degradation. For all the experiments the mass of the biomass is kept constant at
2 g while the mass of the catalyst varies depending on the ratio requirement. For the thermal
decomposition of cellulose, hemi-cellulose and lignin at 723 K and 60 mLN/min flow rate. Hemicellulose gave the highest liquid yield of 58.0 % and lowest coke/char yield of 18.0 %. Lignin
has the lowest conversion with lowest liquid yield of 28.7 % and highest coke/char yield of
55.3 %. The percentage liquid yield and coke/char yield for cellulose were 58.0 % and 19.5 %
respectively. This figures were consistent with the structure and chemical nature of these
biomass components. Hemi-cellulose is much easier to devolatilize, while lignin is very difficult
to devolatilize and it happens over wide range of temperatures. For simulated -1 biomass
(chemical pulp) with 60 .0 %, 30.0 % and 10.0% cellulose, hemi- cellulose and lignin
respectively, the liquid and coke yield were 46.1 and 22.3% respectively. Although this is
lower than the yield obtained from the cellulose and hemi-cellulose, there is much
improvement compared to the yield obtained from lignin. Samolada (2000) [43] reported a
mixture of oxygen containing organic, aliphatic/aromatic, acids aldehydes, alcohols from
thermal degradation biomass. As highlighted in the introduction by several studies, the oil from
thermal cracking of biomass is acidic and thermally unstable and hence the need of the
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catalyst for upgrading of the bio-oil. Most of the results reported in Table 19 were catalytic
cracking to improve the quality of the bio-oil. The catalytic cracking of cellulose with HY zeolite
catalyst at 723 K and 60 mLN/min flow rate, using 2 g of the biomass and 1 g of the catalyst
produced 54.5 % liquid yield with 15.0 % coke yield. When compared co-pressing method at
the same conditions 57.5 % and 14.0 % liquid and coke yield were produced. To look into the
effect of temperature, experiments were carried out at 823 K. The liquid and coke yield were
47.0 %, 16.0 % and 55.1 %, 20.5 % for normal mixing and co-pressing respectively. The
results from catalytic degradation with HY zeolite looked strange from what is expected. The
products distribution from catalytic upgrading of bio-oil depends on the characteristics of the
catalyst used, mostly aliphatic hydrocarbons are produced with HY- zeolites [48], and it is also
good catalyst for the production of small aromatics hydrocarbons such as benzene and
toluene [49]. Most of the literature as reported in the introduction found that, the amount
bio-oil decreases with catalytic upgrading. In reality this depends on the catalyst type, it is
properties as well as some important experimental parameters e.g. temperature. At low
temperature this study found that, the liquid yield increases slightly and coke yield decreases
slightly with both the normal mixing and co-pressing. This behaviour can be attributed the
catalytic activity of the catalyst and it is acidity (Si/Al ratio of 2.5), the difference is wider when
the catalytic activity of the catalyst was improved by co-pressing. The higher acidity of HY
zeolite, leads to the relative instability of the catalyst framework which leads to the collapse of
the framework. The low Si/Al ratio of this catalyst implies a relatively high acidity, where the
Al-O bond is susceptible to hydrolysis reactions which lead to the breaking of Si-O-Al bonds
and removal of the aluminum from the tetrahedral lattice position further leading to lattice
defects and ultimately framework destabilization and eventual collapse [50]. In the study
conducted by Adjaye and Bakhshi (1995) [51] HY zeolite was more active than all the catalysts
studies at low temperature of 563 K – 933 K [51]. During catalytic upgrading of biomass with
zeolite catalyst the oxygen is removed mostly as H2O at temperatures below 773 K and as
CO and CO2 at higher temperatures above 773 K. These could explain why at low temperature
the quantity of the bio-oil increases while the quantity of coke/char decreases. The bio-oil

200

obtained in this work as shown under methodology is one single layer where by the organic
layer has been dispersed into the aqueous layer and the brownish nature of the oil is indication
of the presence of reasonable amount of water. At higher temperature, the behaviour is
different and behaved as explained by most literature. For the normal mixing the liquid yield
of the catalytic upgrading decreases while the coke/char yield increases for the co-pressing
method as compared with the thermal degradation. At the higher temperatures, the bio-oil
contain significantly higher amounts of single ring and polycyclic aromatic hydrocarbons (PAH)
because of deeper de-oxygenation [43], and hence high amount of coke is generated. The
results obtained at higher temperature is also convincing, by considering the high temperature
augmenting the catalyst activity after the eventual collapse and deactivation of the catalyst,
evidence of this can also be explored from the TGA results where both the normal mixing and
co-pressing suffer hard coke deposition at higher temperature.
The effect of HY catalyst content in upgrading of the bio-oil from cellulose degradation
was evaluated by carrying out experiments at 773 K and 10 mLN/min N2 flow rate for two
different cellulose : catalyst (1:1 and 4:1) under co-pressed pre-treatment. The percentages
liquid and coke/char yield were 57.0 %, 51.0 % and 20.0%, 20.0 % for 1:1 and 4:1 ratios
respectively. The coke/char deposits is the same for the two ratios but the liquid yield for 1:1
is slightly higher than the liquid yield obtained with 4:1 ratio. This is similar to the previous
results obtained with HY catalyst. It can be assumed that, temperature is more important
parameter than the catalyst content in fixing the amount of the coke /char deposited. HY
catalyst was also used to compare cellulose with hemi-cellulose and lignin degradation at 773
K, 10 mLN/min N2 flow rate and 1:1 ratio using co-pressed pre-treatment method. The
percentages liquid and coke/char yield were 53.0 %, 41.0 % and 22.0%, 36.0 % for hemicellulose and lignin respectively. For hemi-cellulose, the catalytic upgrading produces less
liquid and more coke/ char yield as anticipated. For lignin it has a very wide range of
degradation temperature, therefore, this dramatic change can be ascribed to more conversion
that will be achieve with increasing the temperature, hence more bio-oil and less coke/char
will be obtained.
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USY catalyst has shown different behaviour with HY catalyst, the liquid yield decreases
and coke/char yield increases with percentages of 41.5 % and 24.5 % respectively. This can
be attributed to the thermal stability and strong acid sites of USY zeolite, although it has an
extra aluminium frame work that will create mesoporous sites attracting more coke/char
deposition. For the co-pressed cellulose with USY catalyst at 723 K and 773 K, 52.0 %, 55.0
% and 21.0 % and 20.0 % were obtained for the liquid and coke/char yield respectively. This
result is also as expected, the liquid and coke/char yield increases slightly when compared
with the thermal cracking. This is obvious because high flow rate was used for the experiments
with the thermal cracking, some volatiles will escape into the gaseous fraction and due to more
secondary reactions with lower flow rate more coke/char will be deposited with co-pressed
experiments. For hemi-cellulose upgrading with USY using normal mixing and co-pressed
method at 723 K and 773 K, with 1:1 and 2: 1 ratios, using 60 and 10 mLN/min flow rate
respectively. The liquid and coke/char yield were 53.5 %, 53.0 % and 24.0 % and 19.0 %
respectively. These results were as expected, the liquid yield decreases while the coke/char
yield increases when compared with the thermal degradation. For lignin with the same
conditions as reported with hemi-cellulose, 24.0 %, 36.0 % and 61.2 %, 42.0 % for normal
mixing and co-pressed method respectively. For simulated- 1, 2 and 3 experiments with USY
at 723 K and 60 mLN/min flow rate respectively, the liquid and coke/char yield were 48.4 %,
34.7 %, 30.9 % and 27.4 %, 37.4 %, 37.1 % respectively. The catalytic simulated-1 shows
high coke/ char formation as compared with the thermal degradation as expected. When the
simulated -1 was also compared with simulated-2 and 3 were the lignin content was increased,
the liquid yield drop with more coke/char deposited due to the high lignin content.
Using cracking catalyst-1 (40 % USY) with cellulose at 723 K, 0 mLN/min flow rate,
using normal mixing with 2:1 and 4:1 ratios respectively, the liquid and coke/char yield were
60.0 %, 57.5% and 14.0 %, 13.0 % respectively. When compared with the thermal degradation
of cellulose these values were slightly higher for the liquid yield and quite lower for coke /char
yield. The basic difference between these two experiments is the flow rate, with the 0 mLN/min
flow rate, the carrier gas was only used, prior to the start of the experiment to purge the system
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of any oxygen trapped in the system. With the two ratios, the differences is normal where more
catalyst content leads to slightly high liquid and coke/char formation. For hemi-cellulose, pregradation was evaluated with the cracking catalyst-1 (40% USY) at 723 K, 2:1 ratio and 0
mLN/min flow rate. The liquid and coke/char yield were 53.5 %, 60.5 % and 13.0 % and 10.0
% for normal mixing and pre-degradation method respectively. Pre-degradation produces
slightly higher liquid yield and lower coke yield, this can be visibly inspected from the graphical
abstract, where the bio-oil from the pre-degradation is more brownish indicating more water
content. This is reasonable by considering the low temperature used and the intimate contact
provided by the pre-degradation enhancing the deoxygenation ability of the catalyst. The liquid
and coke/char yield for catalytic upgrading of lignin with cracking catalyst-1 (40% USY) at 773
K, using normal mixing with 2:1 ratio at 40 mLN/min were 24.5 % and 48.0 % respectively. The
liquid has increased and the coke/char yield decreased when compared with thermal
degradation, this is not surprising because the temperature increased permitted more
conversion, hence the increased in the liquid yield and decreased in the coke/char yield.
Cracking catalyst-2 (20% USY) was catalytic upgrading of simulated-4 biomass at 723 K,
using normal mixing with 2:1 ratio and 40 mLN/min. The liquid and coke/char yield were 39.5
% and 25.5 % respectively. Aluminium pillared clay (APC) was also used for the catalytic
upgrading of cellulose, hemi-cellulose and lignin bio-oil at 773 K, using co-pressing method
with 1:1 ratio and 10 mLN/min. The results for the liquid and coke/char yield were 53.0 %, 54.0
%, 36.0 % and 20.0 %, 22.0 %, 41.0 % for cellulose, hemi-cellulose and lignin respectively.
For cellulose and hemi-cellulose there is decreased in the liquid yield and increased in the
coke yield, it is obvious that, catalytic upgrading of biomass leads to these trends. For lignin
since the temperature has increased and in the presence of catalyst more conversion took
place with more liquid and less coke/char yield. The last part of the pyrolysis experiments
involved thermal and catalytic upgrading of bio-oil from raw and simulated coffee with ZSM5 catalysts at 723 K, 0 mLN/min flow rate, and normal mixing with 2:1 ratio. For the thermal
degradation, the liquid and coke/char yield were 51.0 % and 24.0 % respectively. Two ZSM-5
with different acidity were used i.e. ZSM-5-4 (Si/Al203 = 45) and ZSM-5-2 (Si/Al203 = 200). The
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liquid and coke/char yield obtained with these catalysts were 40.5 %, 45.0 % and 29.5 %, 26.0
% respectively. There is decreased in the liquid yield and increased in the coke/char yield
when compared with the thermal cracking. ZSM-5 is well known with these effects and is more
pronounced when the acidity of the ZSM-5 was increased as shown by this study and similar
studies from the literature. Catalytic upgrading of simulated coffee produced 38.0 % and 30.0
% for liquid and coke/ char yield respectively. There is further decreased in the liquid yield and
decreased in the coke/char yield with the simulated coffee when compared with previous
experiments. A simple reason for this is, the raw coffee contained some amount of other
extractives while the simulated coffee is a pure mixture of the three components.
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Table 13. Product Yields from Thermal and Catalytic Pyrolysis of Cellulose, Hemicellulose, Lignin and Simulated Biomass at Different Experimental Parameters
Experiment
Type
Cellulose
Hemi-cellulose
Lignin
Coffee
Simulated-1
Cellulose
Cellulose
Cellulose
Cellulose
Cellulose
Cellulose
Cellulose
Cellulose
Cellulose
Cellulose
Cellulose
Cellulose
Hemi-cellulose
Hemi-cellulose
Hemi-cellulose
Hemi-cellulose
Hemi-cellulose
Hemi-cellulose
Lignin
Lignin
Lignin
Lignin
Lignin
Coffee
Coffee
Simulated-1
Simulated-2
Simulated-3
Simulated-4
Simulated-5

Catalytic/
noncatalytic
Thermal
Thermal
Thermal
Thermal
Thermal
HY
HY
HY
HY
HY
HY
USY
USY
USY
40%USY
40%USY
APC
USY
USY
40%USY
40%USY
HY
APC
USY
USY
HY
APC
40%USY
ZSM-5-4
ZSM-5-2
USY
USY
USY
20%USY
ZSM-5-4

Feed :
Catalyst
Ratio (g)
2:0
2:0
2:0
2:0
2:0
2:0.5
2:2
2:1
2:1
2:1
2:1
2:2
2:2
2:1
2:1
2:0.5
2:2
2:1
2:2
2:1
2:1
2:2
2:2
2:1
2:2
2:2
2:2
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1

Temperature
(K)

Contact Mode

723.0
723.0
723.0
723.0
723.0
773.0
773.0
723.0
823.0
723.0
823.0
723.0
773.0
723.0
723.0
723.0
773.0
723.0
773.0
723.0
723.0
773.0
773.0
723.0
773.0
773.0
773.0
773.0
723.0
723.0
723.0
723.0
723.0
723.0
723.0

−
−
−
−
−
Co-pressed
Co-pressed
Normal mixing
Normal mixing
Co-pressed
Co-pressed
Co-pressed
Co-pressed
Normal mixing
Normal mixing
Normal mixing
Co-pressed
Normal mixing
Co-pressed
Normal mixing
Pre-deg.
Co-pressed
Co-pressed
Normal mixing
Co-pressed
Co-pressed
Co-pressed
Normal mixing
Normal mixing
Normal mixing
Normal mixing
Normal mixing
Normal mixing
Pre-deg.
Normal mixing
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Flow rate
( mLN/min)
60.0
60.0
60.0
0.0
60.0
10.0
10.0
60.0
60.0
60.0
60.0
10.0
10.0
60.0
0.0
0.0
10.0
60.0
10.0
0.0
0.0
10.0
10.0
60.0
10.0
10.0
10.0
40.0
0.0
0.0
60.0
60.0
60.0
60.0
0.0

Liquid
Yield
(%)
53.0
58.0
28.7
51.0
46.1
51.0
57.0
54.5
47.0
57.5
55.1
52.0
55.0
41.5
60.0
57.5
53.0
53.5
53.0
53.5
60.5
53.0
54.0
24.0
36.0
41.0
36.0
24.5
40.5
45.0
48.4
34.7
30.9
39.5
38.0

Coke/Char
Yield
(%)
19.5
18.0
55.3
24.0
22.3
20.0
20.0
15.0
16.0
14.0
20.5
21.0
20.0
24.5
14.0
13.0
20.0
24.0
19.0
13.0
10.0
22.0
22.0
61.2
42.0
36.0
41.0
48.0
29.5
26.0
27.4
37.4
37.1
25.5
30.0

Table 14. Percentage composition of simulated biomass [52]

Simulated-1: Chemical pulp
Simulated-2 : Grasses
Simulated-3: News paper
Simulated-4 : Cotton
Simulated-5: Coffee

Cellulose
60.0%
40.0%
50.0%
80.0%
47.3%

Hemi-cellulose
30.0%
40.0%
30.0%
20.0%
19.0%

Lignin
10.0%
20.0%
20.0%
0.0%
29.3%

5.3 GC Analysis for Liquid Sample Characterisation from Thermal and Catalytic
Pyrolysis of Biomass

The method of characterisation used in this section is the same as the previous one under
plastic pyrolysis since the same GC column and methodology was used. The results are
presented in following figures.

Figure 88. Boiling Point Distribution of the Bio-oil from Thermal and Catalytic Degradation of
Cellulose with HY Zeolite Catalyst using Normal Mixing and Co-pressing Method
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As shown in figure 88, the product distribution of the bio-oil from the thermal degradation of
cellulose started with a decline around C4 – C5 then a peak

at C6- C7 and C11 – C12

hydrocarbons and then the major peak at C14 – C15 . Thermal pyrolysis of cellulose produces
levoglucosan as the main primary product. This intermediate can undergoes two competing
reactions: evaporation and polymerization to oligosaccharides, which then undergo further
polymerization to form polysaccharides and dehydration to form LMWV (lower molecular
weight volatiles) without char. The polysaccharides dehydrate to the same LMWV as the
oligosaccharides plus char, with the possibility of also partially undergoing depolymerization
back to oligosaccharides [55, 56]. Levoglucosan is C6 compound and from the product
distribution although there is a peak at C6, other peaks exist with the maximum peak at C15.
The possibility of levoglucosan intermediate undergoing evaporation to form levoglucosan
vapour has been cancelled. The possible mechanism is through polymerization to
oligosaccharides to polysaccharides and then dehydration to form LMWV. By using this
reaction path, the appearance of C12 and C15 can be explained through the polymerization of
the primary intermediate.

Cellulose decomposition proceeds via breakdown at the 1,4-

glycosidic linkages producing macro radicals. These macro radicals further break down
generating levoglucosan and other radicals [56]. Direct polymerization of levoglucosan may
not generate C15 but it could be a product of the reaction of the generated radicals with
oligosaccharides and polysaccharides. The presence of the catalyst is to upgrade the bio-oil
by deoxygenation. As shown in figure 87, the catalytic upgrading of the bio-oil with HY catalyst
has changed the product selectivity pattern of the thermal cracking where by the first peak at
C6 has been decreased and the selectivity of C10 and C15 has increased which are products of
polymerization and macro radicals. At 723 K the difference between the normal mixing and
the co-pressing appeared only at C15 where by co-pressing produced higher amount of C15
compared to normal mixing. At high temperature of 823 K additional major peak appeared at
C20+ with the normal mixing and with the co-pressing method this peak has shifted to C15. The
effect of the flow rate is also visible, when the flow rate was changed from 60 mLN/min to 10
mLN/min, the product distribution showed the lowest selectivity at C6 and highest selectivity
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at C12. Generally, the quality of the oil is good as most of the peaks appeared within middle
fraction class belonging to kerosene and diesel.

Figure 89. Boiling Point Distribution of the Bio-oil from Thermal and Catalytic
Degradation of Cellulose with USY and Cracking Catalyst-1 using Normal Mixing and
Co-pressing Method
Figure 89 represent the product distribution of catalytic upgrading of bio-oil from cellulose
using USY and cracking catalyst. When compared with HY now the selectivity has changed
favouring lower molecular weight compounds, with the largest peaks appeared at C12. The
lowest percentage of the primary product from the thermal degradation of cellulose appeared
with co-pressed sample with USY catalyst and the normal mixing with USY catalyst showed
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the lowest conversion of this product. The co-pressed sample with USY shows the highest
percentage of C12 compound. Cracking catalyst-1 with 4:1 ratio produces lighter fractions
compared to 2:1 and also converted the primary product better than 2:1 with additional wider
peak around the gasoline fraction. The cracking catalyst at both ratio showed similar behaviour
with HY normal mixing at higher temperature as they appearance of products corresponding
to C20+, but it is more outlined by 2:1 ratio.

Figure 90. Boiling Point Distribution of the Bio-oil from Thermal and Catalytic
Degradation of Hemicellulose with USY and Cracking Catalyst-1 using Normal Mixing
and Co-pressing Method
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As presented in figure 90, thermal pyrolysis of hemi-cellulose at 723 K produced wide range
of compound with carbon atom C4-C20. The most abundant compounds are C14 – C15 followed
by C11– C12, C9– C10 and C7– C8. The thermal decomposition of hemicellulose produced two
intermediate species, which undergo successive decomposition routes, leading to the
formation of xylose, H2, H2O, CO, CO2, HCHO, CH3OH, C2H5OH, and char [57]. Räisänen et
al. (2003) [58] carried out thermal pyrolysis of arabinose and mannose,

among other

compounds they have identified were C2,C3,C4,C6,C10 and C16 carbon atom compounds which
include (2H)-furan-3-one, 2-furancarboxaldehyde, furanmethanol, 1-(2-furanyl)-ethanone, αangelicalactone, 3-hydroxy-2-penteno-1,5-lactone, 3-methyl-1,2-cyclopentanedione, methyl
ester of furoic acid, tricyclo[6.2.0.0(3,6)]dec-1(8)-en-2,7-dione and hexadecanoic acid [57].
In the native state, the xylose, and mannose residues in hemicellulose polysaccharides have
acetyl groups attached at position 2 and/or position 3 [58]. Based on the literature findings,
the presented results for the thermal pyrolysis of hemicellulose is in order and some of the
compounds may appear as radicals intermediate participating in the subsequent
polymerization and volatiles formation. Thermal pyrolysis of the hemicellulose was compared
with thermal pyrolysis of simulated biomass with the following composition 60%, 30% and 10%
for cellulose, hemicellulose and lignin. The effect of various components is visible, the pattern
is closely similar to that of hemicellulose. The effect of cellulose also resulted in increasing the
proportion of C4-C6 and decreasing the amount of C14-C15. The presence of catalyst is to
upgrade the bio-oil acidity and thermal instability by deoxygenation. In the presence of USY
zeolite catalyst, the selectivity has changed drastically favouring gasoline fraction.
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Figure 91. Boiling Point Distribution of Bio-oil from Thermal and Catalytic Degradation
of Hemicellulose with Different Catalysts using Normal Mixing and Co-pressing Method

Figure 91 represents the results of catalytic upgrading of bio-oil from the pyrolysis of hemicellulose using different catalysts. All the catalysts showed a good selectivity for the gasoline
fraction around C7-C8, the order of the selectivity is USY > HY > APC > cracking catalyst. An
important change happened with the co-pressed USY, the product distribution showed a peak
at C7 - C8 with normal mixing decreases in favour of C11-C12. For APC and cracking catalysts
they showed better selectivity than USY and HY around C9-C11 and C14-C15, this can be
attributed to the mesoporous pores. APC showed unique character with appreciable amount
of C16-C17, while cracking catalysts were peculiar with high amount of C20+.
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Figure 92. Boiling Point Distribution of Bio-oil from Thermal and Catalytic Degradation
of Spent Coffee Grounds with ZSM-5 Catalysts

Figure 92 contained the results from the thermal and catalytic pyrolysis of SCG and it is
simulated form. For all the samples, there is low amount of distribution except at C7-C8, C711C12, C17-C18 and C20+. Some of these peaks may be attributed to polyaromatic hydrocarbon
compounds since ZSM-5 is very good catalyst for the production of ZSM-5 from biomass. The
thermal pyrolysis produced high amount of C20+ followed by ZSM-5 (200). Raw coffee showed
high amount of heavier compounds compared the simulated coffee and the simulated coffee
is better with ZSM-5 (45) than ZSM-5 (200). ZSM-5 has high acidity with Si/Al2O3 (45), it has
showed a peak at gasoline range. Becker et al. (2010) [59] conducted GC–MS spectra of the
bio-oils obtained from Catalytic pyrolysis of spent coffee grounds using ZrO2 catalyst at 623
K. The primary products in the collected bio-oil were found in the C16–C20, which were
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recognised as various groups of organic acids, accounting for more than one third of the
compound contents. The compounds were mainly linoleic acid, palmitic acid and 1-eicosanoic
acid. The remainder of the compounds were primarily aromatic organic compounds, including
catechol, hydroquinone and phenol [59]. These results were in line with the results presented
by the present studies.

5.4 Coked Catalyst Characterisation from Thermal and Catalytic Pyrolysis of Biomass

The coke/char removed from thermal degradation of cellulose, hemi-cellulose and lignin were
compared with the coke/char from the catalytic upgrading of these components with USY
catalyst. For cellulose, the compositions of coke/char between the thermal and catalytic were
similar with catalytic degradation producing more softer coke/char. This differences increases
based on their structure complexity and degradation pattern. For hemi-cellulose and lignin
these difference is wider, with the thermal degradation producing more hard coke/char and
the catalytic producing more softer coke/char.

Figure 93. Coke/char characterisation of thermal and catalytic conversion of
Cellulose, Hemicellulose and Lignin
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The rate of the removal of soft coke/char is not the same though out the temperature range,
part of the soft coke/char were removed at higher temperature very close to the final
temperature. Therefore, the soft coke/char can be divided further into type I and type II. Similar
experienced was reported by Yongsheng et al. (2018) [63], they defined the coke decomposed
at lower temperature as type I coke (300–600 °C ) and the one decomposed at higher
temperature as type II coke (600–800 °C ) [63]. The appearance of different rate of weight
loss showed that the coke deposited during biomass degradation had different chemical
structures [64]. Type I coke/char is oxygenated coke/char with a filamentous structure, loose
and easy to remove while type II coke/char is a graphite-like coke/char with a dense lamellar
structure and difficult to remove [65].

Figure 94. Coke/ char concentration for catalytic upgrading of Cellulose,
Hemicellulose and Lignin

Figure 94 show concentration of coke/char on the catalyst for the catalytic upgrading of
cellulose, hemi-cellulose and lignin with USY. Hemi-cellulose has the lowest coke/char
concentration with most of the coke/char removed at higher temperature. Cellulose has more
concentration of the coke/char compared with hemi-cellulose but most of the coke/char were
removed at lower temperature compared to hemi-cellulose. Lignin represent the most complex
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component of the biomass, it is coke/char components were widely distributed and their
concentration is much higher than the concentration of other components.

Table 15. Calculation of Percentage Soft and Hard Coke/char

Sample

Experiment type

Soft coke/char (%)

Hard coke/char
(%)

Cellulose

Thermal

72.0

28.0

Hemicellulose

Thermal

14.5

85.5

Lignin

Thermal

36.0

64.0

Cellulose + USY

Catalytic

78.0

22.0

Hemi-cellulose + USY

Catalytic

75.5

24.5

Lignin + USY

Catalytic

73.0

27.0

Table 15 shows the percentage of soft and hard coke/char obtained from the TGA of the
coke/char produced by thermal and catalytic degradation of cellulose, hemicellulose and
lignin. With the thermal degradation, for cellulose 72.0 % of the components deposited were
soft coke/char while only 28.0 % were hard coke/char. For hemi-cellulose 14.5 % of the
components were soft coke/char and the remaining 85.5 % were hard coke/char. For lignin
36.0% of the components were soft coke/char while 64.0 % were hard coke/char. When
compared with catalytic degradation there is dramatic changes to the nature of the coke/char
components and more than 70.0 % of these components were soft coke/char with respect to
cellulose, hemi-cellulose and lignin. Although these components were transformed to lower
volatility components, still they were removed in inert at higher temperature
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5.4 Conclusion

Thermal and catalytic cracking of biomass produces a very wide range of compounds. The
products from the thermal cracking are predominantly oxygenated compounds which are
converted into hydrocarbons in the presence of acidic catalyst. Among the catalysts used by
this study HUS-Y shows the highest catalytic activity for the conversion of biomass into
hydrocarbons. The improvement of the contact between the biomass and the catalysts by copressing and pre-degradation has improved the catalytic activity of the catalysts. At higher
temperature the catalytic activity of HY zeolite declined due to immense deactivation but it has
been improved by co-pressing method. The activity of the catalysts for the conversion of the
biomass is in the following order USY> HY> APC> 40% USY. Generally, pre-treatment
method could also be useful in co-pyrolysis of biomass with other components by improving
the mixing between the components, hence a better synergetic effect can be achieved
between the components.
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6. 0 Heavy Oil Pyrolysis
Results and Discussion
6.1 Thermogravimetric Analysis of Heavy Oil Samples
TGA measurements were carried out to study the degradation behaviour of the heavy oil
samples used in this work. This would help in assessing the influence of the heavy oil
components in the co-pyrolysis and the effect of using the pre-treament method.

Figure 95. TGA of KSG-49 Thermal Degradation and Catalytic Degradation with
Aluminium Pillared Clay Catalyst

As shown in figure 95, the degradation of the oil started before 473 K, at this temperature
almost 70% of the oil is gone. As stated under the methodology, this heavy oil is lightest of the
heavy oil used in this work and it presented a peculiar behaviour in it is catalytic pyrolysis with
Aluminium pillared clay where by the degradation in the presence of catalyst shifted to higher
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temperature, a similar behaviour with the catalytic degradation of cellulose using normal
mixing was observed. With the increasing the content of the catalyst using 2:1 ratio, the
degradation shifted further to higher temperature. Although no much coke was formed during
these transformations which is less than 5%, similar reason could be used as with cellulose,
where by the coke components deposited on the catalyst during the initial rapid degradation
would cause solid−solid interactions with the unvolatilised heavy oil and the catalyst, thereby
acting as a thermal stabilizer hence, the increased in the pyrolysis temperature of the
unvolatilised oil [31].

Figure 96. TGA of Ex-Mwambe Oil at Different Catalyst Content with Aluminium
Pillared Clay

Ex—Mwambe is heavier in composition than KSG-95, it has shown a different heating pattern
and the degradation took place over a wide range of temperature with less than 40 % at 473
K. In the presence of higher catalyst content the degradation shifted to lower temperature,
indicating higher ability of the catalyst to reduce the degradation temperature. From the last
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bit at the final temperature, 4:1 ratio showed higher concentration of heavier coke component
compared to 2:1 ratio based on the result in figure 96.

Figure 97. TGA of Thermal Degradation of Eicosane (C20)

Figure 97 shows the TGA of eicosane (C20) which was used a simple and model compound
for heavy oil. Evaporation plays a major role in the decomposition of C20 with only less than
10% decomposed by thermal degradation and most of the this oil evaporated at 473 K which
is below the cracking temperature of C20. Significant amount of hard coke was formed of about
9% which may conflict the prevailing expectation of evaporation as similar results was reported
in the literature. Basal et al. (2011) [34] carried out the thermal degradation of eicosane and
achieved 5% conversion at 323 K with full degradation at 513 K, and this is similar to the
results presented in Figure 97.
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Figure 98. TGA of Bitumen Thermal Degradation and Catalytic
Degradation with USY
Figure 98 shows the TGA bitumen thermal degradation and catalytic degradation with USY
catalyst. The degradation in both cases started around 523 K and occurred over a wide range
of temperature up to 743 K. The catalytic degradation of bitumen shifted slightly to lower
temperature from the beginning and later after the coke deposition on the catalyst the
remaining degradation took place at high temperature. The thermal degradation contained
about 12 % of hard coke while the catalytic contained up to 21 % of hard coke. Yoon et al.
(2010) [35] used TGA to compare the thermal behavior of the bitumen and it is fractions under
N2 atmosphere. Their study include thermal cracking of bitumen and catalytic hydrocracking
using Molybdenum containing silica-based porous catalysts. In both cases the degradation of
bitumen took place around 723 K. When the thermal cracking was compared to the catalytic
hydrocracking similar degradation pattern was obtained as with the results presented in Figure
97. At the beginning, the degradation with hydrocracking catalyst shifted to lower temperature
region but later due to the complexity of the formed constituents with coke components
deposited formed on the catalyst, the degradation shifted to higher temperature.
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6.2 Heavy Oil Pyrolysis Experiments with Different Catalysts
Experiments were conducted with different type of heavy olis as shown in Tables 16. The
results of the liquid and coke yields will be compared with the co-pyrolysis in order to effectivey
evaluate the synergetic effect of each components in the co-pyrolysis.

Table 16 . Thermal and Catalytic Pyrolyis of Heavy Oils with Different Catalysts

Experiment
Type

Catalytic/
non-catalytic

Feed : Catalyst
Ratio (g)

Temperature
(K)

Flow rate
( mLN/min)

Liquid
Yield
(%)

Coke Yield
(%)

KSG-49

Thermal

−

723

10

80

1

KSG-49

FCC1

2:1

723

10

78.5

4.5

KSG-49

HY

2:1

673

40

34.5

26.5

KSG-49

HY

2:1

723

40

64.5

10

KSG-49

HY

2:1

773

40

63.5

11

Ex-Mwambe

HY

2:1

723

40

52.5

7.5

Table 16 presented the results from thermal and catalytic pyrolysis of heavy oil with different
catalysts. The highest amount of liquid yield of 80 % was obtained with thermal degradation
of KSG-49. The lowest liquid yield with the highest coke yield was obtained at lower
temperature of 673 K.

The pyrolysis of KSG -49 with HY –zeolite at 673, 723 and 773 K

produces 34.5, 64.5 and 63.5 % of liquid yield with 26.5, 10 and 11% coke yield respectively.
When the KSG-49 was compared with Ex-Mwambe, KSG-49 produces more liquid yield of
63.5% with coke yield of 11% while Ex-Mwambe produces 52.5 % liquid yield with 7.5% coke
yield.
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6.3 GCM Experiments with Heavy Oil
6.3.1 GCM Experiments with Ex-Mwambe Oil

Figure 99. Temperature Dependence Calibration Measurement
At the beginning of the experiment temperature- dependence measurements were carried out
as show in Figure 99. The weight loss due the thermal stress was later subtracted from the
sample weight loss as shown the subsequent figures.
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Figure 100. Sampling
Figure 100 represented the sampling method used for the experiment, the sample weight used
is 0.073437 mg.

Figure 101. Sample Measurement with GCM
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Figure 101 is the heating profile obtained during the analysis. At the final temperature air was
to burn any coke deposited on the GCM.

Figure 102. Sample Weight Calculation
Figure 102 shows the sample weight calculations. The weight loss from the calibration was
subtracted from the sample weight and difference represent the actual weight of the sample
loss at a given time and temperature, which was used latter to calculate the % weight loss, by
busing the initial sample weight deposited on the GCM.
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Figure 103. Comparison of GCM with TGA

Figure 103 compare the GCM measurement with TGA. From the beginning up to 773 K GCM
shows higher weight loss compared to GCM. Similar results was obtained by Elisabeth et al.
(2014) [66] at low temperatures, the mass fluctuates around 100%, presumably because of
associated water with the material and also in all their measuring the % loss reported with μ-TGA
is higher than the conventional TGA.
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6.3.2 GCM Experiments with KSG-49 Oil

Figure 104. Sampling
At the beginning of the experiment temperature- dependence measurements were carried
out as show in Figure 104. The weight loss due the thermal stress was later subtracted from
the sample weight loss as shown the subsequent figures.
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Figure 105. Sample Weight loss Measurement with GCM
Figure 105 is the heating profile obtained during the analysis. At the final temperature air was
to burn any coke deposited on the GCM.

Figure 106. Weight loss Calculation
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Figure 106 shows the sample weight calculations. The weight loss from the calibration was
subtracted from the sample weight and difference represent the actual weight of the sample
loss which was used latter to calculate the % weight loss.

Figure 107. Comparison of GCM with TGA
Figure 107 compare the GCM measurement with TGA. From the beginning up to 773 K GCM
shows higher weight loss compared to GCM. By studying the two heating profile from the
beginning up to 573 K the agreement between the two method is fair, after 573 K there is a
major dip with GCM this may be connected to coke formation and as the temperature
increases the coke components were decomposed and removed.
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6.4 Conclusion
Thermal and catalytic cracking of different types of heavy oil was conducted and different
experimental parameters were analysed. In the cracking of most of the lighter heavy oils
evaporation has played a significant role with the thermal cracking produced the highest liquid
and lowest coke yields. The product yields distribution from the thermal cracking are
predominantly heavier fractions in the range of C20+ but the composition was shifted to lower
and moderate fractions in the presence of catalysts with the majority in the gasoline range
fraction. The less heavier oil produces the highest liquid and coke yields while at moderate
reaction temperature highest liquid and lowest coke content were obtained.
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7. 0 Co-pyrolysis
Results and Discussion
7.1 Thermogravimetric Analysis of Co-pyrolysis Components
Plastics are considered as the main and the most important component of the co-pyrolysis
and the results will be presented based on the effect of the components to the thermal and
catalytic degradation of plastic.
7.1.1 Thermogravimetric Analysis of Plastic with Biomass
As will be shown by the following figures, the effect of adding biomass with plastic pyrolysis
was evaluated using TGA and the synergy between these components was improved with the
pre-treatment method.

Figure 108: TGA of Catalytic Pyrolysis of Cellulose with lldPE

Figure 108 shows the TGA of catalytic co-pyrolysis of cellulose and lldPE using the normal
mixing and pre-degradation. The individual catalytic degradation of cellulose and lldPE with
the normal mixing took place at different temperature with a wide margin between them. The
maximum degradation temperature for cellulose corresponds to 623 K while that of lldPE is
760 K. The role of the catalyst in the degradation can be improved by maximizing the contact
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between the cellulose, lldPE and the catalyst, this was achieved with pre-degradation method.
As indicated in Figures 43, 87 and 108, the presence of catalyst in the degradation of cellulose
and lldPE might have played a different role. For lldPE as shown in 43, the presence of catalyst
shifted the degradation to lower temperature while for cellulose as in Figure 86 the degradation
shifted slightly to higher temperature. With pre-degradation and pressing as applied to lldPE
and cellulose respectively, the picture has changed in both cases but it is more rewarding with
the lldPE. The degradation pattern of lldPE has changed tremendously with the predegradation shifting further to lower temperature region while for cellulose it shifted slightly to
this region. The margin between the cellulose and lldPE maximum degradation temperatures
is about 137 K with the normal mixing while with pre-degradation, the maximum degradation
temperature of lldPE was shifted closer to the maximum degradation temperature of cellulose
with a margin of less than 30 K. Using the pre-degradation for the catalytic co-pyrolysis of
cellulose and lldPE a better synergetic effect could be obtained which would favour the liquid
formation as the degradation shifted to lower temperature and in any other case where the
degradation shifted to higher temperature more gasses would formed due to overcracking.
Studying the co-pyrolysis results in figure 108, the normal mixing is in more similar pattern to
the normal mixing of lldPE and HY zeolite while the pre-degradation is more similar to the predegradation of lldPE and HY zeolite. The good point with the pre-degradation is that it shifted
to lower temperature further to lldPE and cellulose degradation temperature while with the
normal mixing the degradation shifted further to higher temperature.
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Figure 109. TGA of Co-pyrolysis of Cellulose and lldPE using Thermal,
Catalytic and Catalytic with Pre-degradation using HY zeolite
From figure 109 it is obvious that, no any difference between the thermal and catalytic
degradation of cellulose and lldPE except with catalyst more coke components were deposited
due to the upgrade of bio-oil oxygenated compounds to hydrocarbons. With pre-degradation
there is a signinficant difference with thermal as well as catalytic co-pyrolysis with normal
mixing. A good credit to the pre-degradation is how it differs explicitly with the normal mixing
and thermal degradation. Firstly, the shoulder which shows the point of disparity in the
degradation pattern between the two components was shifted from 20 % to 50 % as with the
thermal and normal mixing. Secondly, the shoulders that appeared with pre-degradation
between 50-78 % and 78- 90 % confirmed more vigorous conversions took place, which was
true because coke components were also deposited with the thermal cracking which were
absent in the thermal cracking of the individual components. Zhang et al. (2016) [30]
investigate the thermal decomposition behaviors cellulose and ldPE in a non-catalytic and
catalytic co-pyrolysis overZSM-5 catalyst by using a TGA at heating rate of 20 °C/min. The
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results from their measurements shows peaks which were attributed to the differences in the
characteristics of the two components. The degradation temperature of the thermal blend was
between 300 – 400 °C while that of the catalytic blend was higher around 400 – 450 °C. In
their experiment they used 20% of the lldPE while in this work equal ratio of 1g each was used,
this could be the reason their thermal co-pyrolysis degradation temperature is much closer to
the cellulose degradation temperature. In another study Kim et al. (2016) [31] carried out the
co-pyrolysis of cellulose with lldPE and HY zeolite, they found that, for both the thermal and
catalytic pyrolysis of cellulose, the decomposition of cellulose occurred mainly at 300−400 °C.
The peak temperature of the blend with HY zeolite catalyst was much higher than that of the
lldPE with a shoulder peak at the higher temperature (>430 °C), which was not detected during
the pyrolysis of lldPE over HY zeolite. For the catalytic co-pyrolysis of cellulose and polymer,
the cellulose decomposed at a lower temperature than the polymer, due to the char deposited
from the cellulose, the decomposition the peak temperature of the polymer was changed and
the optimal reaction temperature for the catalytic pyrolysis of the polymer over the deactivated
catalyst was increased to a higher temperature compared to that over the fresh catalysts [31].
In catalytic cracking the mass transfer rate of the reactants to the acid sites of catalysts,
which are located predominantly inside the internal pores determines the severity of the
cracking activity [31]. The catalytic decomposition of cellulose is usually hindered because of
the restricted catalytic reaction. The kinetic diameter of cellulose is (8.6 Å) which is larger than
the pore sizes of USY zeolite. The catalytic reaction between the cellulose and USY zeolite
would be restricted to occur on the external surface of the catalyst. Very few acid sites located
on the external surface of zeolite participated in the initial cracking and the smaller cracked
molecules formed diﬀused into the zeolite pores for further reactions and this would cause the
maximum degradation temperature with HY zeolite shift to higher temperature as also
observed by this work [31]. This temperature can also be caused by the remained char and
coke deposited on the catalyst formed by cellulose decomposition [31]. Jakab et al. (2000)
[32] stated that the char from biomass degradation influenced on the radical degradation
mechanism of the polymer in the co-pyrolysis of the biomass with polymer. In a different study
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by Aboulkas et al. (2008) [33] explained that the char formed during biomass pyrolysis
reactions could cause solid−solid interactions with the polymer and act as a thermal stabilizer
for polymer, thereby increasing the pyrolysis temperature of the polymer.

7.1.2 Thermogravimetric Analysis of Plastic with Heavy Oil

Figure 110. TGA of Bitumen and it is Co-pyrolysis with Polyethylene

As shown in Figure 110, both the pyrolysis of polyethylene and bitumen occurred at lower
temperature compared to the degradation temperature with the co-pyrolysis. Bitumen
pyrolysis has low conversion with a lot of soft and hard coke formation. Using the co-pyrolysis
with polyethylene the conversion can be increased with low coke formation. In all the cases,
the degradation of bitumen started after 573 K indicating it is heavy nature compared to the
previous heavy oils which they almost attained full degradation at this temperature. It has a
full degradation at around 723 K.
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Gersten et al. (2000) [36] studied the degradation of oil shale and polypropylene and
found that, polypropylene acts as a catalyst in the co-pyrolysis cracking. Polypropylene
catalysed the initiation of the thermal degradation of the organic matter in the oil shale and
increased the yields of hydrogen gas, lighter hydrocarbon compounds and hydrocarbon
gases. In a different study by Ahmaruzzaman et al. (2005) [37] reported the presence of
polypropylene in the mixture of the vacuum residue and polypropylene lowers the onset of
cracking. The cracking reaction of the co-pyrolysis took place faster than that of Vacuum
residue alone due to the presence of polypropylene in the reaction mixture. The mixture of
vacuum residue and polypropylene decomposed completely to form the lighter products
without any no residues while the cracking of vacuum residue alone left residues. Similar issue
with the residues was also observed in this work, the thermal and catalytic cracking of bitumen
left a lot of residues but in the co-pyrolysis with lldPE these residues were absent. Moreover,
Ahmaruzzaman et al. (2005) [37] found that, the activation energy of the overall co-pyrolysis
cracking was less than that of polypropylene cracking. This showed that the presence of
vacuum residue resulted in the reduction of activation energy of the cracking of polypropylene
and the whole process was kinetically controlled with fewer maxima peaks showing a
synergistic effect the vacuum residue and polypropylene.

7.1.3 Product Yield from Thermal and Catalytic Co-pyrolysis of Plastic with Biomass

As presented in table 17 experiments were conducted with different catalysts to find out the
effect of co-pyrolysis of cellulose as the most abundant biomass with lldPE. Several
experimental parameters were analysed.
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Table 17: Product Yields from Thermal and Catalytic Co-pyrolysis of Cellulose with
lldPE using Different Catalysts

Experiment
Type

Catalytic/
noncatalytic

Feed :
Catalyst
Ratio (g)

Cellulose:
PE (g)

Temperature
(K)

Flow rate
(mLN/min)

Liquid
Yield
(%)

Coke/Char
Yield
(%)

Cellulose:lldPE

Thermal

−

1.75:0.25

823

10

64

18

Cellulose:lldPE

Thermal

−

1.5:0.5

823

10

54

16

Cellulose:lldPE

Thermal

−

1.25:0.75

823

10

52

14

Cellulose:lldPE

Thermal

−

1:1

823

10

43

16

Cellulose:lldPE

USY

2:0.25

1.5:0.5

773

10

54

20

Cellulose:lldPE

USY

2:0.5

1.5:0.5

773

10

52

21

Cellulose:lldPE

USY

2:0.75

1.5:0.5

773

10

51

20

Cellulose:lldPE

USY

2:1

1.5:0.5

773

10

52

19

Cellulose:lldPE

USY

2:0.5

1.5:0.5

723

10

46

25

Cellulose:lldPE

USY

2:0.5

1.5:0.5

823

10

55

16

Cellulose:lldPE

USY

2:0.5

1.5:0.5

873

10

36

16

Cellulose:lldPE

HY

2:0.5

1.5:0.5

773

10

57

20

Cellulose:lldPE

HY

2:0.5

1.75:0.25

773

10

51

20

Cellulose:lldPE

HY

2:0.5

1.25:0.75

773

10

55

20

Cellulose:lldPE

HY

2:0.5

1:1

773

10

56

17

Cellulose:lldPE

APC

2:0.5

1.5:0.5

773

10

53

20

Cellulose:lldPE

USY

2:1

1:1

723

60

29.7

19.8

Cellulose:lldPE

USY

2:1

1:1

723

60

29.7

19.8

As shown in Table 17, for the thermal co-pyrolysis of cellulose with lldPE, the liquid yield
decreases with increase amount of lldPE while the amount of char/coke decreases. With USY
catalyst increasing the catalyst content decreases the amount of the liquid yield due to more
de-oxygenation that took place in the presence of increase amount of catalyst. The highest
liquid yield in all the cases was obtained with thermal degradation of cellulose with lowest
amount of polymer. The lowest liquid yield was obtained with USY catalyst with 1:1 ratio of
cellulose and lldPE at 60 mLN/min the higher flow rate in this case may lead to escape of the
volatiles into gas fraction. The optimal temperature for the co-pyrolysis of cellulose with lldPE
in the presence of USY was 823 K at this temperature 55% of bio-oil was obtained. At lower
temperature of 723 K the liquid yield decreases to 46 % while at higher temperature of 873 K
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the liquid yield further drop to 36 % with coke/char content being constant at 823 K and 873 K
while at the lower temperature it is 25%.

Table 18. Product Yields from Thermal and Catalytic Co-pyrolysis of Hemicellulose with
lldPE with Different Catalysts

Experiment
Type

Catalytic/
noncatalytic

Feed :
Catalyst
Ratio
(g)

Cellulose:
PE (g)

Temperature
(K)

Flow rate
(mLN/min)

Liquid
Yield
(%)

Coke/Char
Yield
(%)

Hemicellulose:lldPE

APC

2:0.5

1.5:0.5

773

10

54

22

Hemicellulose:lldPE

HY

2:0.5

1.5:0.5

773

10

53

22

Hemicellulose:lldPE

USY

2:0.5

1.5:0.5

773

10

53

19

Hemicellulose:lldPE

USY

2:0.5

1.75:0.25

773

10

52

21

Hemicellulose:lldPE

USY

2:0.5

1.25:0.75

773

10

59

15

Hemicellulose:lldPE

USY

2:1

1:1

723

60

49.2

20.2

Hemicellulose:lldPE

Thermal

−

1:1

723

60

31.3

45.1

Table 18 above presented the results of the co-pyrolysis of hemicellulose with lldPE.
Hemicellulose shows different behaviour as with the cellulose, the liquid yield increase with
increasing amount of lldPE. The highest liquid was obtained with the experiment that
contained the highest amount of lldPE with USY catalyst. Comparing the performance of
different catalysts, there is no much difference among APC (54%), HY (53%) and USY (53%),
while USY produces the lowest coke of 19%.
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Table 19. Product Yields from Thermal and Catalytic Co-pyrolysis of Lignin with lldPE
with Different Catalysts

Experiment
Type

Catalytic/
noncatalytic

Lignin:lldPE
Lignin:lldPE
Lignin:lldPE
Lignin:ldPE
Lignin:ldPE
Lignin:ldPE

Thermal
Thermal
USY
USY
HY
APC

Feed :
Catalyst
Ratio
(g)

Lignin:
PE (g)

Temperature
(K)

Flow rate
(
mLN/min)

−
−
2:1
2:0.5
2:0.5
2:0.5

1:1
1:1
1:1
1.5:0.5
1.5:0.5
1.5:0.5

773
773
723
773
773
773

30
40
60
10
10
10

Liquid
Yield
(%)
51.5
51.5
10.5
36
41
36

Coke/Char
Yield
(%)
23
22.3
42.1
42
36
41

As shown in Table 19, the co-pyrolysis of lignin with lldPE is similar to cellulose with the
thermal co-pyrolysis producing the highest liquid yield. With the different catalysts used the
amount the liquid and coke yields were similar with HY produced the highest liquid yield. The
lowest liquid yield of 10.5 % was obtained at the highest flow rate. By comparing the liquid
yield of thermal cracking of lignin alone with the thermal co-pyrolysis with lldPE there is
increase in the liquid yield due to the presence of lldPE.
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7.1.4 Product Yield from Thermal and Catalytic Co-pyrolysis of Plastic with Heavy Oil
As with biomass experiments were conducted with heavy oil sample to check the effect of the
co-pyrolysis of plastic with heavy oil on the product yields. Several parameters were studied
as presented in the table 20 below.

Table 20: Co-pyrolysis of Heavy Oil with Polymer at Different Experimental Parameters

Catalytic/
noncatalytic

Feed :
Catalyst
Ratio
(g)

Heavy
Oil: PE(g)

Temperature
(K)

Contact
Mode

Flow rate
( mLN/min)
w

Liquid
Yield
(%)

Coke/Char
Yield
(%)

KSG:PP

Thermal

−

0.25:1.75

773

Pre-deg.

10

45

13

KSG:PP

Thermal

−

0.75:1.25

773

Pre-deg.

10

56

5

KSG:PP

Thermal

−

1:1

773

Pre-deg.

10

58

5

KSG:PP

Thermal

−

1.5:0.5

773

Pre-deg.

10

53

2

KSG:PP

USY

2:0.5

0.5:1.5

773

Pre-deg.

10

83

8

KSG:PP

APC

2:0.5

0.5:1.5

773

Pre-deg.

10

71

4

KSG:PP

K-30

2:0.5

1:1

723

Pre-deg.

10

45

27

KSG:PP

20% USY

2:0.5

0.75:1.25

723

Pre-deg.

10

57

1

KSG:PP

20% USY

2:0.5

1:1

723

Pre-deg.

10

54

2

KSG:PP

20% USY

2:0.5

1.25:0.75

723

Pre-deg.

10

57

2

KSG:PP

20% USY

2:0.5

1.25:0.75

873

Pre-deg.

10

48

1

KSG:PP

20% USY

2:0.5

1.25:0.75

773

Pre-deg.

10

49

2

KSG:PP

20% USY

2:0.5

1.25:0.75

673

Pre-deg.

10

28

38

KSG:PP

20% USY

2:0.5

1.25:0.75

823

Pre-deg.

10

56

1

KSG:PP

20% USY

2:0.25

0.25:1.75

773

Pre-deg.

10

46

1

KSG:PP

20% USY

2:0.25

1:1

823

Pre-deg.

10

48

1

KSG:PP

20%USY

2:0.5

0.5:1.5

773

Pre-deg.

10

58

1

KSG:PP

20% USY

2:0.5

0.25:1.75

723

Pre-deg.

10

68

2

KSG:PP

20% USY

2:0.5

0.5:1.5

723

Pre-deg.

10

58

1

KSG:PP

HY

2:0.25

0.5:1.5

773

Pre-deg.

10

49

6

KSG:PP

HY

2:0.5

0.5:1.5

773

Pre-deg.

10

43

6

KSG:PP

HY

2:0.67

0.5:1.5

773

Pre-deg.

10

40

7

KSG:PP

HY

1:1

0.5:1.5

773

Pre-deg.

10

31

9

KSG:PP

HY

2:0.25

0.5:1.5

723

Pre-deg.

100

29

25

KSG:PP

HY

2:0.5

0.5:1.5

773

Pre-deg.

10

43

6

Experiment
Type

Table 20 shows the liquid and coke yields from the thermal and catalytic co-pyrolysis of heavy
oil and PP with different catalysts. The highest amount of the liquid yield 83.0 % was obtained
with higher amount of polymer with USY catalyst. As the temperature was increased from 723
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K to 823 K using the same experimental conditions, the liquid yield decreases from 57% to
48%. As the amount of the catalyst was increased with HY catalyst the liquid yield also
decreases due to the higher amount of catalyst leading overcracking. For the thermal copyrolysis increasing the amount of PP from 1.0g to 1.75g decreases the liquid yield from 58 to
45 % with the coke yield also increase from 5 to 13%. Comparing the performance of USY,
HY, APC, and 20% USY. USY produces the highest liquid yield of 83%, followed by APC with
71 %, then 20% USY with 58% and the last HY with 43 %. Their coke content is of the order
USY>HY>APC>20%USY.

7.1.5 GC Analysis for Liquid Sample Characterisation from Thermal and Catalytic Copyrolysis of Plastic with Biomass
The effect cellulose and hemi-cellulose content on the product distribution of ldPE co-pyrolysis
with cellulose and hemi- cellulose was evaluated and the results are presented in figure 110
and 112 below.

Figure 111. Boiling Point Distribution of Liquid Yield from Co-pyrolysis of Cellulose
with lldPE
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Based on the results presented in figure 111, increasing the content of the lldPE shifted the
boiling point distribution to a maxima a within the diesel range fraction.

Figure 112. Boiling Point Distribution of Liquid Yield form Co-pyrolysis of Cellulose
(1.5g) and lldPE (0.5g) with USY (0.5g) at Different Reaction Temperature
By comparing Figure 112 with Figure 111, ldPE has a different behaviour with lldPE. For
lldPE the peak toward lighter fraction is larger. As the temperature was increased the lighter
fraction also increase.
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Figure 113. Boiling Point Distribution of Liquid Yield from Co-pyrolysis of
Hemicellulose (1.5g) and ldPE (0.5g) with APC, HY and USY (0.5g)

Based on Figure 113, catalytic co-pyrolysis of hemicellulose produces liquid fractions with
maxima at the gasoline range fraction. USY shows the highest peak at the gasoline range with
very few heavier fraction followed by HY then APC.

7.1.6 GC Analysis for Liquid Sample Characterisation from Thermal and Catalytic Copyrolysis of Plastic with Heavy Oil
As with the biomass this section looked at the effect of adding heavy oil with plastic on the
product distribution. The results are presented in the figures below.
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Figure 114. Boiling Point Distribution of Liquid Yield from Co-pyrolysis of KSG-49 and
PP

Based on the results presented in Figure 114, increasing the amount of PP increases the peak
at the lighter fraction with a peak at the gasoline range but at higher KSG-49 amount the peak
shifted to heavier fraction within the diesel range.

Figure 115. Boiling Point Distribution of Liquid Yield from Co-pyrolysis
of KSG-49 and PP
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Figure 115 shows the boiling point distribution of liquid yield from co-pyrolysis of PP with KSG49. With increasing amount of HY content, the lighter fraction increases but the peak around
the gasoline range decreases.

Figure 116. Boiling Point Distribution of Liquid Yield from the Copyrolysis of KSG-49 and PP with Different Catalysts

Figure 116 show the boiling point distribution of Co-pyrolysis of KSG-49 and PP with different
catalysts. HY shows the lightest fraction with a peak at the gasoline range followed by APC
then 20% USY.

244

7.4 Conclusion
Co-pyrolysis involving plastics with biomass and heavy oil was conducted. The synergetic
effect between these components was improved with the use of pre-treatment processes. The
pre-treatment method is very effective at lower catalyst ratio because of the intimate contact
it provided between the components and the catalyst. The catalytic conversion of lignin was
significantly improved with the co-pyrolysis with plastic.
The thermal cracking of biomass with plastic produces a lot of hard coke/char and in
the presence of catalyst majority of the coke/char components were volatile. Different
behaviour was expressed by different biomass components. The co-pyrolysis of ldPE with
cellulose produced mostly products within the diesel range while with he-micellulose lighter
products distribution was obtained within the gasoline range.
The presence of plastic in the heavy oil pyrolysis generally increase the liquid yield and
decrease the coke yield and it is reciprocal to the amount of plastic used. On the products
distribution, the heavy components in the heavy oil fractions with shifted to lighter fractions in
the presence of plastic with the majority within the gasoline range.
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8.0 Conclusions and Future Work

The utilization of plastic waste materials and biomass to produce bio-oil has attracted much
attention in recent years owing to it is potential as a fuel for diesel engines and raw material
for catalytic transformation into products of energetic interest or suitable in petrochemical
industries. The increasing demand of light oil fractions and depleting reserves of sweet crude
oils resulted renew interest in the processing of petroleum vacuum residue. It has been
recognized that heavy crude oil will be available in much larger quantities as the supplies of
light crude oil are gradually dwindling. The heavier crudes yield more high-boiling residues,
such as vacuum residue, which may have to be refined to yield lighter and value-added
products. Upgrading technologies were constantly being improved, with the objective of
improving the process, lowering the capital costs, and addressing safety and environmental
concerns. There is a need to develop the technologies for the co-processing of vacuum
residues with other organic polymers such as plastic waste and biomass which may replace
the role of hydrogen.
The use of pre-degradation pre-treatment method as demonstrated by this work
enhances the catalytic degradation of polymer and their co-pyrolysis with biomass and heavy
oil by improving the contact between the polymer and the catalyst. Pre-degradation resulted
into higher liquid yield, and lower coke formation. This method could also be useful in copyrolysis of polymer with heavy oil and biomass where the main objective is to adjust the
heavy fractions from other components by synergetic effect of mixing with the hydrogen rich
polymer. Furthermore, pre-degradation lowers the pyrolysis temperature making it more
economical and viable method for polymer pyrolysis and co-pyrolysis. The improved behavior
delivered by this method is due to the intimate contact between polymer and the catalyst.
Moreover, pre-degradation enables the effective low temperature pyrolysis even in the
absence of carrier gas.
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There is much challenges with polymer co-pyrolysis with the biomass. The future work should
look at more appropriate way to increase the synergetic effect between the components.
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Appendix A: Raw TGA Data of Pyrolysis Experiment

A1: TGA of lldPE thermal degradation

A2: TGA of lldPE thermal degradation with 15 minutes pre-degradation
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A3: TGA of lldPE + HY catalyst with normal mixing

A4: TGA of lldPE + HY catalyst with 5 minutes pre-degradation

259

A5: TGA of lldPE + HY catalyst with 10 minutes pre-degradation

A6: TGA of lldPE + HY catalyst with 15 minutes pre-degradation

260

A7: TGA of lldPE with 40 % cracking catalyst using normal mixing (2:1)

A8: TGA of lldPE with 40 % cracking catalyst using pre-degradation (4:1)

261

A9: TGA of polyethylene (powder) with APC catalyst using normal mixing

A10: TGA of polyethylene (powder) with APC catalyst using pre-degradation

262

A11: TGA of catalytic degradation of Exwambe 2:1 with APC

A12: TGA of catalytic degradation of Exwambe 4:1 with APC

263

A13: TGA of catalytic degradation of KSG-49 2:1 with APC

A14: TGA of catalytic degradation of KSG-49 4:1 with APC

264

A15: TGA of catalytic degradation of PE 1: Bitumen 1: APC 4:1

A16: TGA of thermal degradation of Coffee

265

A17: TGA of catalytic degradation of co-pyrolysis of lldPE: Cellulose: HY

A18: TGA of thermal degradation of eicosane

266

A19: TGA of coke sample HY: lldPE (2:1, 723 K)

A20: TGA of coke sample HY: lldPE (4:1, 723 K)

267

A21: TGA of coke sample HY: lldPE (2:1, 673 K)

A22: TGA of coke sample cellulose: USY (Co-pressed)

268

Appendix B: Raw GC Data

B1: Thermal pyrolysis of lldPE

B2: Thermal pyrolysis of PP

269

B3: lldPE+ HY

B4: MCM- 41 non acidic regenerated

270

B5: 20% USY with hdPE

B6: 20% USY with ldPE

271

B7: 20% with PP

B8: 20% regenerated with PP

B9: 40% USY with cellulose

272

B10: 40% USY with hemicellulose

B11: APC with hdPE

B12: APC with ldPE

273

B13: APC with PP

B14: ATOS with PP

B15: AZA with PP
274

B16: FAZA with PP

B17: HY with PP

B18: K-10 with PP

275

B19: K-30 with PP

B20: MCM – 41 acidic with PP

B21: MCM – 41 non acidic with PP

276

B22: Heavy oil

B23: Heavy oil with cracking catalyst

B24: USY: PP

277

B25: ZSM-5 – 200: PP

B26: ZSM-5 – 45: PP

B27: Zenith: PP

278

Appendix C: Raw GCM/QCM Data

C1: QCM temperature Calibration

C2: QCM temperature Calibration

279

C3: QCM C20 at 373 K

C4: QCM C20 at 473 K

280

C5: QCM C20 at 573 K

C6: QCM C20

281

C7: QCM KSG-49
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