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Abstract

This research has used catalytic pyrolysis and catalytic co-pyrolysis of biomass
and plastics with upgrading of oils to make them more suitable for fuel use or
as chemical feedstocks.

Pyrolysis of biomass at 500°C produced char, gas and liquid products, with the
liquid containing both oil and water. All of the compounds which were identified
in the bio-oil contained oxygen which is the primary cause of poor fuel
properties in pyrolysis bio-oils through increased acidity and instability and
reduced energy density.

Catalytic pyrolysis using ZSM-5 reduced the vyield of liquid products by
formation of deoxygenation gases (carbon monoxide and carbon dioxide) and
light hydrocarbon gases (C2-C4) through zeolitic cracking. The proportion of oil
within the liquid yield was also reduced with further deoxygenation reactions
forming water. The Zeolite catalyst acts as a solid acids through two main sites,
Strong Bronsted acid sites donate protons (H*) whilst weaker Lewis acid sites
accept electrons often in the form of a hydride (H") ion. Deoxygenation reactions
include decarbonylation, decarboxylation and hydrodeoxygenation.

Metal-impregnated ZSM-5 catalysts were produced and used during pyrolysis
as a pathway towards further upgrading of oils. These metal catalysts improved
or maintained the oil yield observed for unmodified ZSM-5 and had varying
effects on the oxygenated compounds in the oils. Gallium impregnated ZSM-5
(5 wt.%) produced the lowest proportion of oxygenated compounds. The
gallium impregnated zeolites appear to function as bifunctional catalysts with
the gallium atoms enhancing the acidity of the Bronsted acid sites. This allowed
for decarbonylation of furan derived from cellulose into allene compounds which
could then be further converted into aromatic compounds.

Catalytic co-pyrolysis using plastics was identified as another method for
upgrading bio-oils through hydrogen donation. Plastics produce high oil yields
when pyrolysed and these oils have low oxygen content. Co-pyrolysis oils of
biomass and plastics, therefore, had a lower abundance of oxygenated
compounds and greater oil yields than biomass alone. There were also
synergistic effects observed which altered the oil yields beyond what was
expected. These synergy effects involved free radical interactions between
biomass and the plastics leading to hydrogen donation from the plastics to the
biomass as well as natural catalytic effects involving char produced during
biomass thermal decomposition. This was particularly notable in co-pyrolysis of
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biomass and polystyrene where deoxygenation was enhanced during fixed-bed
experiments.

Catalytic co-pyrolysis of biomass and polystyrene at different mixing ratios was
examined in more detail using metal-loaded ZSM-5 catalysts. The metal
impregnated ZSM-5 catalyst were able to reduce the oxygenated compound
abundance in the pyrolysis oils compared to unmodified ZSM-5 in many cases.
At a 1:1 mixture ratio cobalt-ZSM-5 produced the highest oil yields and joint
lowest oxygenated compound abundance. At 4:1 gallium-ZSM-5 produced the
highest liquid yield and lowest oxygenated compound abundance. This
deoxygenation involved a mixture of decarbonylation, decarboxylation and
hydrodeoxygenation reactions. The formation of carbon oxides during
decarbonylation and decarboxylation reactions removed oxygen from the oil
whilst reducing the oil yield directly as a result of carbon removal.
Hydrodeoxygenation to remove oxygen in the form of water could also cause
indirect loss of oil yield through carbon loss by enhanced coke formation. This
is a particular problem where hydrogen content is depleted such that high yields
of alkene and aromatic compounds are not viable. For efficient deoxygenation
of bio-oil, the balance of these deoxygenation reactions should lead to
maximum oxygen removal with minimal loss of carbon as carbon oxides or
coke. Catalytic co-pyrolysis experiments using different metal-impregnated
ZSM-5 catalysts gave varied results both for yield and composition of pyrolysis
products with variation in the sample composition strongly influencing the
effectiveness of a particular catalyst.
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Chapter 1. Introduction

1.1 Concerns regarding fossil derived fuels

Figures produced by the International Energy Agency for 2017 [1] put Global
supply of energy at approximately 13,972 Mtoe (Million Tonnes of Oil
Equivalent) of which 81.3% was sourced from fossil fuels. According to the
study, these fossil fuels led to the release of an estimated 32,840 Mt of COa.
These figures are understandably enormous but do not begin to explain the toll
that is accounted on the Earth by the extraction and use of such large quantities
of fossil fuels. It is worth listing several of the more serious consequences
caused by fossil fuels: oil spillage or leakage during transportation and
extraction; greenhouse gas emissions caused by leakage and combustion
exhaust gases, leading to climate change; acid precipitation caused by
combustion exhaust gases; air quality problems caused by emissions of
nitrogen oxides, incompletely combusted hydrocarbons and particulates during
fuel combustion which can through interaction with nitrous oxides lead to,
photochemical smog; environmental damage caused by drilling and digging
into ocean beds and landscapes to draw out the fuels, damaging not only the
landscapes themselves but also the ecosystems which inhabit them [2, 3].

On top of this damage caused by using fossil fuels as a source of energy there
are also consequences from the use of fossil fuels to produce chemicals and
raw materials such as plastics. These materials eventually come to the end of
their useful lives and are disposed of, leading to more environmental damage
such as landfill sites, air pollution from combustion, water pollution and climate
change due to greenhouse gases released during decomposition or unstable
materials. The more stable materials are also problematic due to their long
persistence in the environments to which they become part [4].

1.2 Current energy usage

These issues accumulate to provide an environmental imperative to reduce the
use of fossil fuels from the current level. Unfortunately, the issues with fossil
fuels are counter balanced by their usefulness for many purposes. They are
excellent energy carriers and useful chemical building blocks, which coupled
with their abundance, versatility and relatively low extraction and processing
costs, makes them attractive.
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Figure 1.1: Energy use by various sectors in the UK — adapted from data
published in BEIS, “Energy consumption in the UK - 2017” [5].

It is therefore no surprise, that in the UK, they account for a high proportion of
energy supply, and figures from the department for business, energy and
industrial strategy (BEIS) show that transport makes up a large, and growing,
part of that energy demand. In 2016 transport accounted for approximately 40%
of energy used in the UK with domestic at 29%, industry at 17% and the service
sector at 14% [5] — (Figure 1.1).
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Figure 1.2: Energy use in the UK by type of fuel- adapted from data
published in BEIS, “Energy consumption in the UK - 2017” [5].

Figure 1.2 shows the energy use by type of fuel and the two largest sections
using this division are fossil derived fuels, petroleum and gas. This trend
appears to be continuing although there has been significant progress made on



reducing the reliance on solid fossil fuels such as coal. This appears to have
been offset largely by use of gaseous fuels which have increased at a similar
rate to solid fuels decreases. Petroleum however, has remained largely
constant which is almost certainly due to the dependence of the transport sector
on liquid fuels (Figure 1.3). Further statistics from the “Energy consumption in
the UK - 2017” report indicate that of the transport sector road transport (74%)
accounted for the main energy use followed by air transport (23%) [5]. In 2017,
Department for Transport figures regarding licensed vehicles in the UK give the
number of road vehicles at approximately 38 million which saw a small increase
of 1.7% from the previous year. Of this number, 31.3 million of these were cars
and during the period July through to September in 2017 54.1% of new
registrations were petrol fuelled, 40.5% diesel fuelled and 5.4% electric vehicles
(both plug in (2.3%) and non-plug in hybrids (3.1%)) [6].
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Figure 1.3: Global oil production during the previous decade, adapted from “BP
Statistical review of world energy June 2018” [7].
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Figure 1.4: Global oil consumption during the previous decade [7].

This is probably most strikingly seen by examining global consumption and
production figures for the fossil-based material, crude oil. Statistics compiled by



BP in their report “BP Statistical review of world energy June 2018” show that
both demand and supply have increased consistently during the last decade [7]
(see Figure 1.4).

1.3 Replacing fossil fuels

1.3.1 The three main fossil fuels

As can be observed from these figures and graphs, the use of fossil fuels is
dominant both in the UK and globally with long term trends suggesting they will
remain a significant part of the global energy mix. In the UK, transport is one of
the biggest consumers of energy and this energy is sourced almost exclusively
from petroleum. There are many advantages of using fossil fuels and if their
use is to be reduced or replaced there is a need to understand why they are so
attractive.

Solid fuels such as coal have seen extensive use for providing heat and for
power generation [8, 9]. Coal extraction, transportation and combustion are all
environmentally damaging with public perception of solid fuel combustion as
unclean leading to reduced use for power generation in the UK. Coal still holds
considerable importance to the steel manufacturing industry. The reduction in
use of coal for power generation and for heating in the UK has mostly been
replaced by renewable technologies such as solar, wind and nuclear energy as
well as use of cleaner burning natural gas. Gaseous fuels were originally used
for lighting but in modern times find use for cooking, domestic heating and
power generation [10]. Liquid fuels which are usually derived from petroleum
which can be extracted from underground reservoirs trapped in geological
formations and can then be separated by fractional distillation to give many
different hydrocarbon products [11].

1.3.2 Bio-sourced fuels

Efforts are being made to replace fossil fuels with both liquid and gaseous fuels.
In the UK and across Europe bioethanol and biodiesel are routinely used as
part of the transport fuel mix although concerns about land use change, through
use of first generation / food biomass derived fuels, have indicated to policy
makers that these are only a starting point on a road to fossil fuel replacement
[12]. Second generation biofuels which are derived from non-food crops and
third generation biofuels which used organisms, such as microalgae, to produce
fuels directly are another potential source of non-fossil derived fuel although
these are young technologies and have only had limited development. Gaseous



fuels such as biomethane and hydrogen are also an important possibility. These
have the advantage of being able to be used with current internal combustion
(IC) engine technology with only minor alteration of operational parameter.
However, the low energy density of gaseous fuels makes them challenging to
store. Hydrogen combusts extremely cleanly producing just water as a by-
product, however, it is currently expensive and energy intensive to produce
thereby limiting its potential.
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Figure 1.5: Examples of 15t, 2"d and 3" generation biofuels [13, 14].

1.4 Disposal of waste materials

1.4.1 Plastic waste

Petroleum is used to produce fuel, but it is also used as a feedstock for a range
of chemicals and materials which impact all areas of modern life, areas such as
food, clothing, construction materials as well as medicine. This introduces a
secondary issue which is the production of high quantities of waste; material
which is no longer suitable for its primary purpose and has limited value. This
waste includes synthetic plastics, much of which is derived from fossil
hydrocarbons, for example in 2015 global production of resins and fibres was
380Mt of material. Equivalent to a compound annual growth since the 1950s of
approximately 9%. Half of the plastic ever produced was made in the last 13
years [15]. This is a problem which continues to expand and if it is not treated



as a priority it has the potential to cause environmental damage in many ways
as serious as those observed from fossil fuel use.

1.4.2 Biomass waste

Biomass waste is also produced on a large scale, however because it is a
natural material, unless it is chemically treated it readily undergoes
biodegradation, if not protected from the natural environment. This is
advantageous in that it does not linger in an environment and in degrading gives
nourishment and habitats for a wide range of organisms which are vital to life
on planet earth [10]. However, if it degrades naturally it produces methane gas
which has a high global warming potential (GWP). Biomass waste is produced
at scale but also in great variety. Biomass can be extremely complex in nature
with one plant such as a tree producing many different biomass products,
leaves, bark, trunk wood, roots which are each composed of many cellular
structures and materials. The nature of each of these materials can vary based
on many conditions including weather, soil, nutrients, age, maturity and season
of the year, to name a few. This makes utilisation of biomass extremely
complicated [16, 17].

Lignocellulosic biomass derived from the main trunk of a tree, with bark and
leaves removed, is a feedstock used in several industries including
construction, furniture making and paper making and each of these produces
waste biomass material both at the production stage and at the end-of-life of
products. Unfortunately, many waste materials from these sources are
contaminated with chemicals used to treat the materials to improve their
longevity or functionality [10]. Another major source of biomass waste is as a
direct result of plant cultivation, these include forestry, arboriculture, sawmill
residues as well as agricultural residues [18].

1.4.3 Fate of UK waste

The process by which waste material is handled will be an important factor in
determining environmental damage, therefore it is important to examine the
current destination of UK waste. Data collected by the charity Recoup, which
focuses on the use and recycling of plastic packaging within the UK domestic
market in 2017 gives a helpful overview. 1.02 Million Tonnes of plastic
packaging was collected with the purpose of recycling from a total 2.26 Mt of
packaging on the market. This equates to a recycling rate of just under 45%.
From this recycled fraction 63% was exported and 37% was recycled
domestically. The other 1.24 Mt was either sent to landfill or disposed of through
energy recovery processes [19]



From this data it could be inferred that 16.7% of total packaging was recycled
domestically and 28.4% exported with the intention of recycling but the outcome
of the recycling process is more challenging to establish. The residual waste,
which is the fraction collected by waste authorities without the purpose of being
recycled or reused, was also examined by the Recoup report. It found that 36%
was reported to be utilised for energy from waste purposes (EFW), 28% to
landfill, 23% converted to RDF (refuse derived fuel) and 13% recycled. The
report also looked at the financial details and indicates that in 2015 the average
mixed bottle price was £70 per tonne of material. If this value remains
unchanged then the value of bottles which were not recycled could be worth
more than £17 million and cost £25 million for disposal [19]. This indicates that
there is a large amount of material which is collected and sorted and has the
potential to be utilised and is not currently being used in the UK market. There
would be a financial incentive to making use of this material which as a
commodity has a comparatively low cost and at the same time has a cost
associated with disposal.

Another source of UK waste data, are UK government values published by the
department for environment, food and rural affairs (DEFRA) [20]. These
compare many different aspects of waste management on a quantitive basis,
highlighting patterns of change and explain the causes of these variations. The
key section that will be examined below are statistics on packaging waste. The
EC Directive 94/62/EC sets targets for recycling of packaging and packaging
waste which were to be met by participating countries by 2008 from which point
these targets remained in place or could be superseded by more tight
restrictions implemented by each country. The figures for plastics waste in 2016
are the same as those given in the recoup report (2017) and the recycling /
recovery rate of 44.9% exceeds the EU target of 22.5%. The wood collection
figure is 1.31 Mt with only 0.41 Mt recycled a rate of 30.9% compared to the EU
target of 15.0% thereby, current waste targets are being exceeded [20].

1.5 Conversion of biomass and waste materials into useful
products via Pyrolysis

1.5.1 Biomass as aresource

Defra statistics indicate that biomass is more likely to be used for energy
recovery rather than recycled [20]. Chemically impregnated and low-grade
wood can be carefully combusted during an EFW process to reduce the risk of
contaminated material causing environmental damage. However, this waste
makes up only a limited proportion of the variable and complex biomass



resource available. Table 1.1 shows several different biomass sources outlined
by the Forest Research [21].

Table 1.1: Biomass resources categorised according to their sources [21].

- Agricultural .
Virgin wood Energy Crops gn _u u Food waste Industrial waste
residues
Short rotation tree Food Production | Treated & untreated
Logs . Plant husks
plantations waste wood
Wood composites
Bark Grasses Straw Household waste .p
and laminates
Non-woody ener . . . . Paper industr
Sawdust woody 9y Animal litter Cooking oils perindusty
crops waste pulps
. ricultural ener .
Woodchips Ag 9y Textiles
crops (sugar beet)
Water crops
Brash (seaweed and Sewerage sludge
algae)

Due to the complexities arising from determining the potential biomass
resource, studies have been undertaken to calculate the amount and type of
biomass resource which can be realistically made available for replacement of
fossil fuel. A study at the Tyndale Centre for Climate Change Research
(Manchester UK) examined the potential for UK sourced biomass resources to
replace fossil-based resources with emphasis on forwards planning to meet 4
scenarios [18].

The 4 scenarios focused on:

e Prioritisation of food security.

e Economic development and competition as a priority.
e Conservation of biodiversity and land as a priority.

e Producing energy through biomass as a priority.

The study found that without undermining food security the UK could meet up
to 44% of its energy demand by 2050 through biomass resources produced
within the UK land area. The resource with the most reliability and robustness
was the use of residues from agriculture, forestry and associated industry which
could potentially provide up to 6.5% of primary energy by 2050. On top of this,
waste materials could potentially provide up to 15.4% and crops grown with the
direct purpose of providing energy or as a source of biomass as much as 22%.
The study found that this resource is not automatically available and would



need to be achieved through strategic decision making, planning and
implementation which are not currently in line with UK bioenergy strategies [18].

There is also an abundant biomass resource that could be utilised from outside
the UK whilst still adhering to sustainability targets. Drax power station in North
Yorkshire, which has seen conversion from coal as the primary fuel through to
a mixture of coal and biomass fuels, notably imports wood pellets mainly from
North America (83% - 2017, 5.6 Mt) as well as some from Europe (including
UK) and South America [22]. Data from Drax for 2017 presents the types of
biomass which was used for power generation — (Figure 1.6).

H Sawmill Residues M Branches, top and bark ® Low grade round wood
Thinnings m Agricultural residues  m Diseased and damaged

u Short rotation forestry m End of life

Figure 1.6: Biomass types used at Drax power station - 2017 [22].

1.5.2 Sustainable biomass utilisation

However, utilisation biomass resource is not straight forward and use of
biomass is not sustainable unless the material is sourced in a responsible way
and leads to reduction of emissions when compared to the alternative. The UK
government published a bioenergy strategy in 2012 [23] which highlighted that
bioenergy is the only resource able to readily supply all the UK energy
requirements (heat, transport and electricity) and was important to meet carbon
reduction targets. This was announced with the important proviso that it must
be sustainably sourced or greater damage could be caused than carbon
reduction alleviated.

The strategy indicated that use of bioenergy would initially be focused on heat
and power generation but envisaged transport becoming the key utiliser of
bioenergy by 2030 and continuing through to 2050 regardless of whether
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carbon capture and storage technology was available. Although, bioenergy with
carbon capture and storage (BECCS) could potentially lead to negative
emissions where more carbon dioxide might be removed from the atmosphere
than released to produce the energy and is therefore a vital technology for long
term greenhouse gas reductions [23].

Utilisation of biomass has sometimes attracted criticism even between
researchers with disagreements at times handled in the public eye. One such
dispute was between Chatham House and IEA bioenergy who had differing
views with regards to accounting of carbon sequestration in forests [24, 25].
Both parties however, agreed that biomass has the potential to replace for fossil
fuels, but this must only be undertaken where sustainability is achieved.

The IEA report comments on its vision for the role of biomass as fuel source
with the following quote - “Biomass is a renewable resource with large potential
for expansion, and unlike other renewable resources, biomass can be stored
and converted to different energy carriers. It can thus play a critical role in
facilitating transition to low-carbon energy systems” [25]. This highlights the key
value of biomass utilisation, but sustainability must also be achieved.

1.6 Current conversion technologies

1.6.1 Conversion possibilities

There are four main categories of processing for conversion of biomass
materials into useful and valuable commodities, physical, biological, chemical
and thermal. The first, physical could include milling and grinding of materials
or pressing as is the case with olives to force natural oils away from the bulk of
the biomass material to produce a pure liquid product separated from a solid
residue. Biological systems are also widespread and are used for production of
ethanol from sugar containing crops through fermentation. Anaerobic digestion
is also used for the decomposition of food and plant waste which contains high
moisture content. The gases produced such as methane are then able to be
upgraded or combusted directly thereby removing a compound with a high
global warming potential whilst potentially producing useful heat or energy [10].
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Figure 1.7: Potential conversion pathways for biomass material - adapted from
handbook of alternative fuel technologies [26].
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Chemical technologies are also widespread but are usually specifically
designed for each feedstock and end use. There is ongoing development in
fields such as chemical conversion of lignin into chemicals, however due to the
highly specific nature of the chemical processes they will not be considered
further in this study.

Thermal processing includes a wide range of technologies and processes
which use thermal energy to break bonds within a material with the purpose of
producing lower molecular weight compounds.

In direct combustion of a hydrocarbon material the aim is often full conversion
of a material into ash, carbon dioxide and water, with the aim of producing
useful energy or to dispose of bulky materials. This can produce very high
temperatures and usually utilises managed air flow to control completeness of
combustion and product formation.

Gasification seeks to reduce high molecular weight hydrocarbons down to
useful low molecular weight, gaseous, compounds such as hydrogen, carbon
monoxide or methane with the aim of producing chemical feedstocks or energy
carrier gases which can be combusted at a later stage. This usually uses
temperatures of around 700-1000°C, often with reduced oxygen to hinder
combustion processes although gasification above this temperature range is
also possible.

Processes such as partial oxidation and torrefaction are at the other end of the
thermal scale and uses comparatively gentle conditions such as temperatures
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below 300°C to decompose targeted compounds within a material such as
hemicellulose with the aim of producing a solid fuel with favourable physical or
mechanical characteristics. This is very similar to the process used to roast
coffee beans to produce a substance similar in nature to the original material,
but which is more easily mechanically ground and where extraction of
compounds using boiling water is augmented.

Pyrolysis is a process which stands part way between partial oxidation and
gasification (400-600°C) and is usually used to produce either a solid fuel such
as char, a liquid such as bio-oil or a combination of the two. These thermal
processes are more of a spectrum than a binary set of processes and use
controlled temperature, atmosphere and pressure to determine yields of
products [10, 26, 27].

1.6.2 Pyrolysis

When biomass is heated in the absence of oxygen there are 3 major
components produced, char, gas and condensed liquid (bio-oil). If pyrolysis is
used to produce liquid fuel then it is the bio-oil which is the most important
product, however the gas and char are likely to be useful as well. Bio-char is
similar in nature to charcoal and several different uses have been suggested
including as a soil additive or decarbonisation of steelmaking. The gaseous
yield are normally a mixture of permanent gases and hydrocarbons and might
be possible to use as a fuel or a chemical feedstock, however when producing
bio-oil they would most likely be combusted to produce heat for the pyrolysis
process [27-29].

: PerIVSiS : Char : Condensers : Char
Material i ! : |

) | e | I ; G
| | ! | Oils

Figure 1.8: A schematic representation of the pyrolysis process.

1.6.3 Catalytic Pyrolysis

Bio-oil can be upgraded post pyrolysis through several processes, notably,
Zeolite cracking (FCC), hydrotreating and hydrocracking. Each process is used
routinely in crude oil refining and are effective although with varying efficiency
and each have drawbacks. Catalytic pyrolysis is a similar thermal process to
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standard pyrolysis however the vapours produced during devolatilisation are
passed through a catalyst before condensation occurs. If post pyrolysis catalytic
treatments are used the yield is condensed and then reheated to undergo the
catalytic process and this can lead to many different side reactions occurring
which will change the bio-oil. The advantage of catalytic processes directly to
vapours is the reduction or elimination of these unwanted reactions. Hydrogen
is used routinely to assist in reactions to remove oxygen from bio-oils however
this increases the cost and the energy input of the total process thereby
reducing efficiency. Some literature has suggested that polymers could be used
as hydrogen donor materials alongside catalytic processes to aid removal of
oxygen. The exact processes will be examined further during the literature
review [27, 28, 30]

! Pyrolysis | Char i Catalyst i: Condensers ' e
Material | ! : > ¥ >:

:I:> i Volatiles ! | i: | : Gases

| ! | h i QOils

Figure 1.9: A schematic representation of a catalytic pyrolysis process.

1.7 Aims

This project aims to examine the catalytic pyrolysis of a standard wood pellet
sample alongside plastic samples representative of waste plastics utilised
globally in large quantities. The plastics studied are polyethylene terephthalate
(virgin/reinforced), low density polyethylene (virgin), high density polyethylene
(recycled), polypropylene (recycled) and polystyrene (recycled) which are
available in a homogenous pelletised form. The wood sample and plastic
samples will be pyrolysed in a two-stage fixed bed reactor both individually and
in various combinations to investigate co-pyrolysis of biomass and plastics.
Ex-situ catalysis using ZSM-5 and metal impregnated (Co, Cu, Fe, Ga, Ni, Mg
and Zn) ZSM-5 catalysts, produced through wet impregnation of commercially
available ZSM-5, will also be examined to investigate the effect of these
modified and unmodified zeolites on the yield and composition of pyrolysis
products. The effect of combining co-pyrolysis and catalytic pyrolysis using the
metal-impregnated zeolites will also be investigated. The products from these
pyrolysis experiments will be analysed to determine if oils suitable for fuel
production or production of chemical feedstocks may be possible using this
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process catalytic pyrolysis / co-pyrolysis process. The composition of the
pyrolysis products and the yield of products will both be important for assessing
then suitability of each pyrolysis output for fuel or chemical feedstock
production.

The analysis of the products will investigate the effect of co-pyrolysis on the
yields of liquid, solid and gaseous products with analysis of the liquid yield
undertaken to identify changes to the amount of water formed during pyrolysis
such as through hydrodeoxygenation reactions which may reduce the oxygen
content of the oil. Semi-quantitive GC-MS analysis of the oils will also be used
to compare the types of compounds identified in the oils produced through the
various co-pyrolysis mixtures and through catalytic co-pyrolysis. This will be
used in conjunction to quantitive gas chromatography of gaseous products and
Karl-Fischer titration of the liquid yield to identify the cause of observed
variations between the compounds identified in the oils.

The project will also examine the catalysts after pyrolysis has been completed
to identify whether coke deposition is enhanced or minimised through
co-pyrolysis or through deposition of the metals onto ZSM-5.

1.8 Objectives

1. To determine the yield and character of the pyrolysis products obtained
by pyrolysis of a sample of biomass. This biomass sample is a
commercially produced wood pellet from virgin wood with a homogenous
composition and consistent moisture content. The pyrolysis will use a
two-stage fixed-bed reactor which remains unchanged throughout
further pyrolysis experiments such that comparison can be drawn
between pyrolysis of different samples. Solid yield is to be determined
through comparison of sample weight before and after pyrolysis. Liquid
yield is to be determined by comparison of the condenser weight before
and after pyrolysis. Gas yield is to be determined through calculations
using quantitative gas chromatography analysis of permanent and
hydrocarbon gases. Oil yield is to be determined through Karl-Fischer
titration of the liquid samples to determine the water content of the liquid
which is subtracted from the liquid yield to determine the oil yield. The
composition of the oils is to be determined through semi-quantitative gas
chromatography with mass spectrometry such that variations between
the compounds which are identified in the oil samples might be
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observed. These values may not be treated as absolute values but
where variations are present between two oil samples these should be
observed. Analysis of oil composition will focus on the proportion of the
compounds identified in the oil which contain oxygen and those which
contain aromatic or polyaromatic features. Quantitive gas
chromatography and Karl-Fischer titration are to be used in conjunction
with the GC-MS analysis to identify the cause of changes in the oil
composition such as through deoxygenation products, water, carbon
dioxide and carbon monoxide.

. To determine the effect that a commercial ZSM-5 catalyst has on the
yield and characteristics of products from pyrolysis of the biomass
sample. This will be through comparison of results obtained through non-
catalytic and ex-situ catalytic pyrolysis using the same fixed bed reactor
and product collection equipment used for pyrolysis of the biomass
sample.

. To produce metal impregnated ZSM-5 catalysts at a 5 wt.% loading
(metal is present as 5% of the weight of the catalyst produced) by wet
impregnation of the commercially available ZSM-5 using metal nitrate
hydrates followed by calcination and reduction using hydrogen. The
metals used for impregnation are copper, cobalt, iron, gallium, nickel,
magnesium and zinc.

. To use the metal impregnated ZSM-5 (Co, Cu, Fe, Ga, Ni, Mg and Zn)
for ex-situ catalytic pyrolysis of the biomass sample to identify the effect
they have on the yields and compositions of the pyrolysis products under
the same conditions as the previous experiments.

. To observe the pyrolysis of plastics using the ex-situ unmodified ZSM-5
catalyst for comparison against the pyrolysis products for the biomass
sample. The plastics are polyethylene terephthalate (virgin-reinforced),
low density polyethylene (virgin), high density polyethylene (recycled),
polypropylene (recycled) and polystyrene (recycled). Analysis is to be
completed as with the biomass sample to allow for comparison.

. To observe the effect of co-pyrolysis of the biomass sample with plastic
samples at a 1:1 mixing ratio (by weight) in the presence of the
unmodified ZSM-5 catalyst. The yields of pyrolysis products and the
composition are to be analysed such that comparison can be undertaken
to the results obtained for pyrolysis of the individual samples of biomass
and plastics during objectives 2 and 5.

. To observe ex-situ catalytic co-pyrolysis of biomass and plastics (HDPE,
PET, PS) using unmodified ZSM-5 at different mixing ratios (1:1, 4:1 and
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9:1 by weight) with biomass in each case being the greater proportion of
the sample. This will be undertaken for polyethylene terephthalate, high
density polyethylene and polystyrene.

8. To analyse non-catalytic thermal decomposition of the biomass and
plastic samples using TGA-MS to identify the profile of decomposition.
This is to be compared against the thermal decomposition of the
combined biomass and the plastic samples to identify interactions or
synergy effects which may be observed between the biomass and plastic
samples during the devolatilisation process.

9. To undertake ex-situ catalytic co-pyrolysis of the biomass sample and
polystyrene using the metal impregnated ZSM-5 catalysts at different
mixing ratios (1:1 and 4:1) and compare the effect of changing the mixing
ratio and catalyst on the pyrolysis yields and composition of these
products.

10.To observe the effect of changes to mixing ratio (1:1, 4:1, 19:1, 99:1 and
1:0) and catalyst temperature (450°C, 500°C, 550°C and 600°C) on the
yield and composition of pyrolysis products during ex-situ catalytic co-
pyrolysis of biomass and polystyrene using gallium impregnated ZSM-5
as the catalyst.

11.To identify the coke deposition on the catalyst which are used for
pyrolysis of the biomass and plastic samples using temperature
programmed oxidation. This can provide insight into the poor
performance of a catalyst or identify whether a catalyst might be
susceptible to enhanced deactivation during pyrolysis.

12.To identify the coke deposition on the catalyst which are used for
co-pyrolysis of the biomass with the plastic samples using temperature
programmed oxidation to provide insight into the potential that
co-pyrolysis using a particular mixture of biomass and plastic might
enhance or reduce coke formation.

13.To compare the simulated distillation profile of oils produced using
pyrolysis and co-pyrolysis of biomass and plastics in order to compare
against the standard profile for a fuel. This is to identify whether
co-pyrolysis or the use of metal impregnated catalysts may lead to
improvements for the purpose of fuel production and to identify the
limitations of these improvements.
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1.9 Thesis structure

Chapter 1 introduces and details the global and local (UK) environmental
concerns to which catalytic pyrolysis may be able to provide a solution. This
chapter gives the basic process of catalytic pyrolysis and examines the reasons
that catalytic pyrolysis could provide a suitable solution to the issues identified.

Chapter 2 gives a state-of-the-art literature review identifying the current
understanding concerning catalytic pyrolysis of biomass and plastics and
examining the effect of co-pyrolysis of biomass with different plastics. This
chapter also examines the production, action and effect of both unmodified and
metal impregnated ZSM-5 catalysts to provide upgrading to pyrolysis vapours.
This chapter also identifies the way in which changes to catalysts, pyrolysis
conditions and pyrolysis feedstock might affect the products of pyrolysis both in
a beneficial or a detrimental manner.

Chapter 3 provides the experimental methodology which was used for pyrolysis
experiments and for analysis of the products of pyrolysis. This chapter also
examines the processes which were used for data analysis, identifying the
significance of results which were obtained using these analytical
methodologies. The composition of the samples which were used for pyrolysis
were also reported alongside the methodologies used to determine these
results.

Chapter 4 investigates the non-catalytic (objective 1) and catalytic pyrolysis
(objective 2) of the biomass sample to identify the way in which the use of a
commercial ZSM-5 catalyst effects the product yield during pyrolysis using the
two-stage fixed bed reactor and to identify the changes in oil compounds
identified during oil analysis. Metal impregnated ZSM-5 produced (objective 3)
through wet impregnation of the commercial ZSM-5 used in objective 2 are then
used for ex-situ pyrolysis of the biomass sample in the two-stage fixed bed
reactor (objective 4) with pyrolysis product yields and compositions compared
against those for the unmodified catalyst to determine if oils which are more
suitable for fuel production or chemical feedstock formation have been
produced. The unmodified ZSM-5 and metal modified ZSM-5 catalysts were
investigated through temperature programmed oxidation (TPO) (objective 11)
to identify coke deposition during pyrolysis to determine if metal impregnation
of ZSM-5 might cause enhanced or reduced coke formation.

Chapter 5 used thermogravimetric analysis with online mass spectrometry
(TGA-MS) to examine the temperature profile for the thermal decomposition of
the biomass and plastic samples and to identify changes in the devolatilisation
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profile during co-pyrolysis of biomass with the plastics (objective 8). The mass
spectrometry was used to observe the evolution of water, carbon dioxide,
carbon monoxide and hydrogen gas during the thermal degradation process to
identify any changes which might indicate that co-pyrolysis is producing an
effect on the chemical reactions which are occurring during decomposition.

Chapter 6 investigates catalytic co-pyrolysis of the biomass and plastics in the
two-stage pyrolysis reactor using unmodified ZSM-5. Initial investigations
examine pyrolysis of the individual plastic samples in the presence of the
unmodified ZSM-5 catalyst (objective 5) before examining co-pyrolysis of the
biomass sample with the plastic samples in a 1:1 mixing ratio by weight
(objective 6). Further investigations examined co-pyrolysis of the biomass with
high-density polyethylene, polyethylene terephthalate and polystyrene at
different mixing ratios (1:1, 4:1 and 9:1) to observe what effect this had on the
yield and composition of pyrolysis products (objective 7). The catalysts which
were used during pyrolysis were examined by TPO to identify whether
co-pyrolysis of the biomass sample with these plastics resulted in enhanced
coke deposition (objective 12).

Chapter 7 investigates the catalytic co-pyrolysis of biomass and polystyrene
using metal-impregnated ZSM-5 catalysts at two different mixing ratios (1:1 and
4:1) to identify the effect that the different mixing ratio had on the effectiveness
of each metal impregnated catalyst to produce oils suitable for fuel use or to
produce chemical feedstocks (objective 9). Further analysis was conducted
using one of the metal-impregnated catalysts (Ga-ZSM-5 (5 wt.%)) which
performed effectively in the previous chapters. This further analysis examined
the effect of varying the temperature of the catalyst bed and varying the mixing
ratios used during co-pyrolysis further (objective 10). Simulated distillation was
used to compare the distillation profile of oils produced during pyrolysis and co-
pyrolysis using the metal modified and unmodified ZSM-5 catalysts to identify
to what extent the changes introduced to the experiments were able to produce
an oil suitable for fuel use and to compare this against the profile expected for
a standard fuel (objective 13).

Chapter 8 concludes the results obtained during catalytic co-pyrolysis of
biomass and plastics using ZSM-5 catalysts. This highlights the advantages
and limitations regarding the catalytic upgrading of pyrolysis oils to produce
fuels or chemical feedstocks. This chapter also identifies further work which
would improve or expand on the results obtained, particularly focussing on the
differences between this methodology, optimised for research, and a process
which might be used commercially.
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Chapter 2: Literature review

2.1 Introduction

This research examines the catalytic co-pyrolysis of biomass and polymers with
the desired result of producing oils suitable for fuel use or for production of
chemical feedstocks. In order to evaluate these oils it is valuable to understand
the processes which are occurring during pyrolysis. This will include the thermal
effects, the effects of interactions between samples and catalytic effects. It is
also important to ascertain how the changes brought about through upgrading
might change the oils, and to establish how these upgraded products might
compare to gasoline derived through petroleum crude oil sources.

2.2 Pyrolysis of biomass

Pyrolysis is a process which can be used to convert biomass into gaseous,
liquid and solid products which is a potential pathway towards replacement of
petroleum derived transportation fuels, the basic process is concisely defined
by the encyclopaedia Britannica [31].

“Pyrolysis, the chemical decomposition of organic (carbon-based) materials
through the application of heat. Pyrolysis ... occurs in the absence or near
absence of oxygen, and it is thus distinct from combustion.” — Encyclopaedia
Britannica [31].

Lignocellulosic biomass may provide an abundant renewable resource for the
[26] production of such bio-derived fuel with thermal degradation of biomass
through pyrolysis leading to three major products, bio-oil (or tar), bio-char and
non-condensable gases [29, 32]. Lignocellulosic biomass is composed of three
major components, cellulose, hemi-cellulose and lignin with each component
involved in different decomposition pathways leading to different compound
mixtures. Adding to the complexity of biomass pyrolysis, each of the three
components, cellulose, hemi-cellulose and lignin has varied and complex
composition which can vary widely between biomass type and as the pyrolysis
process progresses these compounds are able to interact with each other
leading to an even greater range of pyrolysis products. As well as the major
constituents of lignocellulosic biomass, the minor components, such as
extractives and char, may have a significant impact on secondary reactions and
therefore the final composition of pyrolysis products [33-35].

The literature review will initially examine the processes which affect a single
particle of biomass and will then continue by focusing on the fates of individual
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components during pyrolysis. This will include examining variations in method
which would affect the output from pyrolysis. Once this is established the review
will examine reaction pathways which may lead to upgrading of the pyrolysis
products with a particular focus on catalytic pathways.

2.2.1 Devolatilisation of biomass

Pyrolysis of biomass is a similar process to combustion of lignocellulosic
biomass with the major difference being the absence or near absence of
oxygen. This means that whilst thermal decomposition of the material occurs
there is a halt before the highly exothermic thermal oxidation stage which is
often referred to as combustion or oxidation. Figure 2.1 describes the
processes which compose the combustion of a particle of biomass. Combustion
of biomass typically has three main processes [10, 36].
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Figure 2.1: Stages during thermal degradation of biomass [10, 36].

The moisture content of biomass can vary widely between biomass sources
and can be significantly affected by storage or pre-treatment. In an undried
sawdust sample it might have a range of 25%-60% moisture which often drops
to around 10% or below in a wood pellet. In the first stage of combustion (a),
which takes place at temperatures of <100°C, the material dries as moisture is
driven off the particle. As the biomass patrticle heats further (b) water or steam
is forced out of the particle and in doing so drives channels in the fabric of the
particle. If the particle continues to be heated above 250°C, the various
components of the lignocellulosic biomass begin to break down and release
volatiles which also force their way out of the particle either through the
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channels previously formed or creating their own channels as they exit. The
temperature at which this process occurs is dependent on the composition of
the biomass [34]. As the volatiles leave the particle they can begin secondary
reactions with species in the particle, or with other species in the gas phase
such as other volatiles or low boiling point metals. In this way both
homogeneous and heterogeneous cracking reactions are present even without
the presence of a dedicated catalyst.

Figure 2.2: SEM images at 500x magnification of pine which has been
devolatilised by heating from room temp to 1000°C in a nitrogen
atmosphere. Left - low heating rate (10°Cmint) Right - high heating rate
(1000°Cmin?).

Figure 2.2 shows SEM images of a pine sample which has been devolatilised
at a low heating rate and a high heating rate with these images clearly
indicating the effect of the moisture and volatiles rapidly expelled from the
sample.

Generally, above 600°C these devolatilisation reactions cease. In an oxidising
atmosphere such as air, the particle may then undergo a third stage which is
oxidation or combustion. There are two types of oxidation, initially as volatiles
leave the particle they can become ignited which is referred to as flaming
combustion the remaining material can also become ignited and oxidise from
the exterior of the particle through to the centre which is called glowing
combustion. It is possible for glowing combustion to happen without flaming
combustion [36].

During pyrolysis, where there is an absence of an oxidising agent, the third
stage is avoided. Instead the volatile vapours either react within the sample,
condense or polymerise onto the exterior of particle or become entrained into
the gas flow through the reactor where further decomposition may occur, or
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they are carried through to the condenser system. In the condenser system low
temperatures or electrostatic precipitators can be used to condense volatiles.
Gases which are non-condensing continue through the condenser system and
might be collected for utilisation or analysis or vented [10, 37, 38].

2.2.2 Pyrolysis conditions and yields

Carbonisation has been used for centuries to convert lignocellulosic biomass
into charcoal, a solid with high carbon content. In principle it is a very similar
process to pyrolysis which produces three products which are utilised char, oll
and gas although the oil or the char is usually the priority product from pyrolysis
[10, 26].

Table 2.1 outlines three pyrolysis technologies, slow or conventional pyrolysis,
fast pyrolysis and flash pyrolysis. Slow pyrolysis much like carbonisation
comprises relatively slow heating rates and long residence times and favours
the production of solid products although moderate gas yields are also
observed. Fast pyrolysis is designed to maximise the yield of liquid products
and uses high heating rates and short residence times with the aim of reducing
secondary reactions of volatile gases. Flash pyrolysis usually aims to produce
gaseous hydrocarbon products, utilising extremely short residence times and
rapid heating rates generally linked with raised temperatures to achieve this.
These are not the only pyrolysis processes possible but they helpfully describe
how variation in process conditions can be used to direct the pyrolysis products
[27, 29, 30].

The conditions which can be achieved during pyrolysis are highly dependent
on the equipment which is being used. There are a wide range of reactor
designs which encompass gasification, pyrolysis and combustion and each has
its own advantages or disadvantages for each purpose. The main reactors
which are currently used for pyrolysis are bubbling fluidised bed (BFB),
circulating fluidised bed (CFB), rotating cone, screw kiln, auger, ablative and
fixed bed. Each design may also be modified both in scale and function to
optimise the usefulness of the technology [26].

Table 2.1: The effect of changing conditions on the yield of pyrolysis products
[26, 27, 29, 30].

Conditions Product yields
Pyrolysis Residence Heating Temperature | Char Bio-oil | Gases
technology time rate (°C) (%) (%) (%)
Slow / Conventional | 5-30 min <50 °C min* 400-600 <35 <30 <40
Fast pyrolysis <5s ~1000 °C st 400-600 <25 <75 <20
Flash pyrolysis <0.1s ~1000 °C st 650-900 <20 <20 <70
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The differences in reactor design have implications on the conditions to which
the pyrolysis material is exposed during pyrolysis. The major variation is the
method of heat application (friction, conduction, convection and radiative) which
often directly relates to the rate of heat transfer. The reactor type usually also
affects the size distribution of material which can be used for pyrolysis as well
as the residence time for the pyrolysis products such as char and vapour before
these are removed from the effect of high temperature zones within the reactor.
There are also implications with regards to separation of particular pyrolysis
products. With biomass pyrolysis, for example, catalytically active species in
the char material can enhance secondary reactions with the volatiles which may
lead to an increased formation of coke rather than other more desirable
products. The reactor design is also likely to have implications with regards to
whether batch or continuous feed is possible with some designs more suitable
for scale-up than others. In general, the greater the pyrolysis heating rate that
is required, the more advanced the technology which is needed to rapidly
deliver the thermal energy to the pyrolysis material. This in turn can have
ramifications on the cost of the pyrolysis process [27, 29, 30, 38, 39].

The term lignocellulosic biomass can include a wide variety of materials with
each composed of a number of constituents. Guedes et al. [40] list 162 types
studied during biomass pyrolysis experiments which include plant matter such
as leaves, bark, trunk wood, fruit derives material, shells/husks, straws/grasses
and refuse derived wood. The most commonly examined examples in literature
were rice husks, palm shell, jatropha curcas cake, rapeseed and pine wood
with these dry fibrous materials being readily available in many parts of the
world and amongst the most suitable for pyrolysis [40]. Regardless of the
biomass material the major constituents are water, extractives, hemicellulose,
cellulose, lignin and inorganic species (which are often associated with ash
deposits). Variations in the proportions of these constituents accounts for the
suitability of a particular material for use with pyrolysis as well as the yield and
the characteristics of the products [38]. In general bio-oil yields are best for
woody biomass followed by energy crops and then agricultural residues [29].
Van Loo et al. [10] compared thermogravimetric analysis of four woody biomass
samples (spruce, birch, beech and acacia). These showed a similar trend for
devolatilisation, however there was variation in the amount of hemicellulose and
cellulose which led to differences in the devolatilisation profile. Hard woods
contain a greater proportion of hemicellulose than softwoods although for an
average dry wood sample, hemicellulose is likely to account for 20-35 wt.%,
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cellulose for 40-45 wt.% and lignin 15-30 wt.% [10, 41]. Bridgwater et al. [27]
also highlight that different biomass feedstocks will lead to a variation in the
organic yield from pyrolysis at a specific temperature.

For any biomass sample as well as the intrinsic composition, there are also a
number of key process parameter which will have a significant effect on the
yield and selectivity of the pyrolysis products. The main factors which are
discussed in literature are heating rate, residence time, pyrolysis temperature,
particle size, reactor type and the interactions of ash/char with pyrolysis
vapours [27, 30, 40].

2221 Heating rate

Heating rate is a key property for the production of high yields of bio-oil. The
aim is to increase the temperature of a sample from the resting temperature
where the material is stable through to the temperature at which reactions which
favour liquid compounds are most favoured whilst spending minimal time at
intermediate temperatures where char formation reactions are operating
favourably. The resulting vapours then required stabilising as rapidly as
possible to inhibit secondary reactions which may lead to further coke
formation. This is usually achieved by removal of the vapours away from the
heat source. During pyrolysis, the processes which are happening such as heat
transfer, mass transfer, chemical reactions and phase change are very rapid,
in the order of seconds or below. Rapid heating rates introduce control over
these fast processes [27]. As well as rapid heating of a reactor it is also
necessary to introduce rapid heat transfer from the reactor to the sample itself.
One method to achieve this is to use small particle sizes to minimise the time
necessary for the heat to conduct through the particle [40]. There are also
reactor designs which are more suited to rapid heat transfer such as ablative
heating, and fluidised bed reactors which minimise the time taken to raise the
temperature of a sample by heating transfer using solid-solid contact rather
than relying on heat transfer through gas-solid contact which is a much slower
process. Fast pyrolysis uses heating rates in the region of 10°Cs™* to 1000°Cs?
to achieve high bio-oil volumes of around 65 wt.% to 80 wt% (dry basis). For
biomass these usually use temperatures of around 500°C or sometimes
marginally higher for different feedstocks [29]. Guedes et al. [40] highlight that
whilst heating rate often leads to a significant increase in oil yield this effect
often became negligible at high heating rates which varied depending on
feedstock. They also found that for some studies such as those of Morali et al.
[42] and Sensoz et al. [43], oil yield remained relatively constant or reduced as
heating rates increased. This shows that the effect of changing heating rate is
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not an independent factor and may lead to the introduction or inhibition of
secondary processes.

Biomass is a poor conductor of heat which means that particle size reduction
is associated with increased heat transfer in fluidised bed reactors leading to
increased oil yields. The same effect is not as clearly observed in fixed bed
reactors where heat transfer to particles is reduced by low gas-solid heat
transfer rates. In this case Bridgwater et al. [44] recommend particle sizes of 2
mm or lower in a fixed bed reactor. Research by Akhtar et al. [45] challenge this
statement and indicate that particle sizes which gave the maximum oil yields
for one feedstock could vary widely from another. In general, particle size of
between 0.2-2 mm appear to give the highest oil yields from a list of feedstocks
examined by Guedes et al. and Akhtar et al. but it appears to depend both upon
the reactor design and the biomass sample. Particle sizes outside this range
were also observed to be optimal in some cases. In general, there is agreement
that reduction of particle size is beneficial to oil yields however this is limited for
each feedstock and reactor design. Reducing size below a certain point may
be detrimental to oil yields and increases the energy in milling which will also
reduce overall efficiency [40, 45].

2.2.2.2 Vapour Residence time

Vapour residence time becomes a critical factor with regards to increasing oil
yields. In general, residence time reflects the purpose for which pyrolysis is
being utilised with low heating rates and long residence times leading to
increased solid carbonaceous material whilst high heating rates and short
residence times lead to high oil yield [29]. Conditions require optimising to
produce high oil yields which are also high quality. To maximise oil yields,
biomass must be heated for a long enough period to allow for decomposition
reactions to be completed, however the longer vapours are held at pyrolysis
temperatures and conditions the more susceptible they are to secondary
reactions such as thermal cracking, repolymerisation, recondensation and char
formation leading to increased char and gas yields [38]. In this way a very short
residence time may reduce the loss of vapours to secondary reactions but may
not allow for complete biomass particle decomposition [45]. Bridgwater et al.
[27] recommend very short hot zone residence times (<2s) to discourage
secondary reactions however Akhtar et al. [45] highlight that whilst this leads to
high oil yields it is not the optimal conditions for increasing bio-oil quality. Their
consideration is that longer residence time at elevated temperatures may lead
to loss of oil yield through secondary reactions, however, it also allows for
deoxygenation of bio-oils which is not achievable at extremely short residence
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times. In an ideal reactor the residence time, particle size, temperature of
pyrolysis should be optimised to both to give elevated oil yields as well as oils
with beneficial characteristics. Use of inert gases to remove tar compounds
away from the pyrolysis zone are viewed as beneficial to encourage these high
oil yield and high quality oils. Guedes et al. [40] examine the use of nitrogen as
a low cost and readily available inert gas for pyrolysis. They found that in many
cases the increase in flow rate of the inert gas increased oil yields with greater
removal of vapours away from the high temperature pyrolysis zone leading to
reduction in secondary reactions leading to coke or gas formation. This effect
was limited, however, with modest increases in inert gas flow improving yield
but larger increases leading to no quantifiable increase in yield. Some studies
showed that if inert gas flow was too high it could lead to reduction in oil yields
by hindering product condensation and forcing biomass particles out of the
pyrolysis zone of the reactor [46, 47].

2223 Pyrolysis temperature

The temperature at which pyrolysis is most effective for production of bio-oil is
dependent on the feedstock which is being utilised. In general, the optimum
temperature is approximately 500°C [27, 29]. Table 2.2 gives the optimum
pyrolysis temperatures in order to maximise liquid yield from a wide range of
biomass sources examined by Guedes et al. [40]. The range is from 450°C with
rice husks through to 600°C with olive bagasse and a mean of 486°C for this
range of samples. Once these temperatures are exceeded the liquid yield may
remain steady and then start to decrease as temperatures increase further.

Table 2.2: Various biomass resources evaluated by Guedes et al. [40] showing
the variation in the temperature of maximum liquid yield and the maximum
yield obtained during different literature studies.

Biomass Optimum Maximum Literature

sample temperature (°C) liquid yield (wt.%) reference
Rice Husk 450 70 [48]
Palm waste 500 72 [49]
Neem de-oiled cake 400 40 [50]
Olive Bagasse 600 46 [51]
Sugar cane bagasse 475 56 [52]
Cassava rhizome 472 63 [53]
Jatropha seed shell cake 470 48 [54]
Pistachio shell 550 21 [55]
Poplar 455 69 [56]
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The temperature needs to be balanced to meet several factors, it needs to be
high enough to cause sufficient decomposition of the material however as the
temperature increases, secondary reactions are encouraged leading to loss of
liquid yield with increased coke and non-condensing gases formed [45]. It
should also be considered that as temperatures rise further they may also
encourage deoxygenation reactions which may be beneficial to the quality of
the oil although they will likely also lead to reductions in yield.

2224 Char and ash metal species

The char material which is the primary solid product from pyrolysis contains a
range of inorganic species which would be present in an ash formed during
combustion of a material and these species are concentrated by removal of
volatile matter from the biomass material. These species include alkali and
alkaline-earth metals such as potassium, sodium, calcium and magnesium
which are key nutrients obtained by plants from soil and water where they are
valuable to the development of healthy plants. These species are actively used
by the plants for key processes and reactions and as such are often
accumulated in particular parts of a plant such as the leaves or fruit. In this way
these species can, to a limited extent, be avoided by careful harvesting of
biomass in a particular season, through the selection of parts of the plant with
low levels of these species such as trunk wood or through biomass pre-
treatment such as washing [10, 57, 58]. The most active of the species are
potassium and calcium and these can accumulate in the char obtained during
pyrolysis and can lead to secondary vapour reactions with the char acting as a
natural catalyst [27, 38]. These reactions usually lead to increased yields of
both coke deposition as well as cracking to non-condensing gases. It is of
primary importance to limit the exposure of the vapours to the char to reduce
these secondary reactions. The fine char species are also able to pass into oil
collection systems and thereby introduce further instability into bio-oils. Beyond
introducing instability into the bio-oil, these fine char particles may be
problematic for use of the oil with increased corrosion and deposition on
engines a common effect of these inorganic species. Hot vapour filtration is a
potential method to reduce the quantity of fine char material in a bio-oil but it is
has only limited efficacy [27]. Inorganic species such as transition metals, alkali
and alkaline-earth metals may also detrimentally impact catalyst used for bio-
oil upgrading with deactivation caused by clogging of pores and reduction of
surface area [59].
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2.2.3 Biomass pyrolysis

The three major constituents of lignocellulosic biomass which are decomposed
during pyrolysis and give rise to bio-oil yields and compositions are cellulose,
hemicellulose and lignin. The decomposition of each of the constituents gives
rise to different compounds and it is therefore important to understand the
reactions which are occurring so that upgrading strategies can be applied to the
compounds which are forming during biomass devolatilisation.
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Figure 2.3: Example structures for cellulose, hemicellulose and lignin given by
Talmadge et al. [41].

Figure 2.3 shows three example structures of cellulose, hemicellulose and
lignin which are given by Talmadge et al. [41] These components of
lignocellulosic biomass are made up of repeating and recognisable building
blocks however the final structure will contain a high degree of variability.
Cellulose is a crystalline polymer with variation presenting itself chiefly in terms
of polymer chain length. Hemicellulose is very similar to cellulose in terms of
chemical formula, being formed from sugar subunits, however unlike cellulose
it is amorphous and branched. Lignin is also made up of repeated building
blocks although not sugars as is the case with cellulose and hemicellulose and
is an amorphous polymeric material which includes an extremely high level of
structural complexity [58, 60].

The high proportion of oxygen atoms in the biomass material is very clear in
Figure 2.3 and this oxygen content is particularly for cellulose and
hemicellulose. The composition of the bio-oil, formed by pyrolysis, will be highly
dependent on the composition of the biomass material which is used but will
also be affected by the reaction pathways which predominate the pyrolysis
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process. These pathways are different for the cellulose, hemicellulose and
lignin [41].

Table 2.3 shows the variation in lignocellulosic content that was measured for
a range of different biomass samples. The hardwoods and softwoods contained
a greater proportion of cellulose than either the hazelnut shell or the wheat
straw. There was some variation between the mean softwood and the mean
hardwood analysed however this variation was lower than that measured
between a representative hardwood, beech, and the mean hardwood. Wheat
straw had a much lower lignin content than the wood and the shell samples
whilst the shell sample had the lowest cellulose content.

Table 2.3: Variations in lignocellulosic content for different biomass samples
measured by Demirbas et al. [61].

Biomass content (wt.%)
Cellulose Hemicellulose Lignin
Spruce wood 51 21 28
Softwood (Mean) 46 24 28
Beech wood 46 32 22
Hardwood (Mean) 45 31 43
Hazelnut shell 26 30 43
Wheat straw 39 29 19
2.2.3.1 Cellulose

Cellulose is the simplest of the three major structural components of
lignocellulosic biomass. It consists of single glucose units linked together
through a glucosidic bond to form a cellobiose unit (two glucose units in
opposite orientation). Many thousand cellobiose units (>10,000) combine end-
to-end to produce a single long cellulose polymer (see Figure 2.4) [32, 41, 62].
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Figure 2.4: Diagram of glucose units linked together to form a linear polymer
chain which is cellulose [33].
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These long cellulose polymers can then form tightly bound bundles using
intermolecular forces such as hydrogen bonding to form microfibrils suitable for
plant cell walls [33].

Pyrolysis of cellulose is a complex process which has been modelled by a
number of different researchers with varying levels of complexity [63-66]. The
basic methodologies are similar but later models account for more of the
products of pyrolysis. Figure 2.5 shows a simplified reaction scheme for the
pyrolysis of cellulose similar to that proposed by Piskorz et al. [65, 67, 68].
During heating of cellulose, the glucosidic bond is the point at which cleavage
is most readily achieved. The initial stages of pyrolysis of cellulose involves the
breaking of the long cellulose polymer into much shorter sections. This
reduction in the degree of polymerisation (DP) is not accompanied by the
release of volatiles but is in competition with a low temperature char formation
reaction which produces water and carbon dioxide gas. The low molecular
weight cellulose units are able to follow two main reaction pathways. One
pathway involves the fragmentation of the cellulose molecular ring to produce
hydroxyacetaldehyde and other low molecular weight compounds. The other
main pathway involves a breaking and reformation of the glucosidic bond
(transglucosylation). This pathway is responsible for the formation of
laevoglucose type compounds as well as other sugar derivatives. These
products may undergo secondary reactions such as char formation or
vaporisation reactions if not removed from the pyrolysis environment [67].
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Figure 2.5: Simple cellulose pyrolysis pathway similar to that proposed by
Piskorz et al. [65, 67, 68].

Cellulose begins to decompose at around 300°C and decomposition is

completed before around 430°C although this will depend on both the structure

of the cellulose as well as interactions with hemicellulose and lignin [62, 69].
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2.2.3.2 Hemicellulose

Hemicellulose is a polymeric material which is composed from a number of
different sugar molecules in such a way as to produce short strands with
branching in the order of around 150-200 sugar units (Figure 2.6). The
backbone of the hemicellulose molecule is commonly composed of xylobiose
which is a molecule composed from two xylose molecules (Figure 2.7). The
main constituent sugars which make up hemicellulose are glucose, galactose,
mannose, xylose, arabinose and glucuronic acid (Figure 2.8) which contrasts
to cellulose which is composed of repeated units of glucose alone [32, 41, 62].

Figure 2.6: Diagram of a generic hemicellulose molecule — a branched strand.
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Figure 2.7: The polysaccharide xylobiose, formed from two xylose saccharide
molecules, is the major constituent of the hemicellulose backbone.
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Figure 2.8: Monosaccharides of which hemicellulose is composed.
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Decomposition of hemicellulose will often occur between 200°C and 260°C
which is lower than that for cellulose. The varied structure of hemicellulose
makes study into decomposition of the material more challenging than for
cellulose with methods often focusing on model saccharide decomposition [67,
70, 71] although experimental studies have also been completed [72].
Patwardhan et al. [72] studied the decomposition of hemicellulose which had
been extracted from switchgrass and compared the resulting products with
those from cellulose. They found three major classes of compounds from the
hemicellulose. The first class of compounds were low molecular weight
compounds, containing carbon, hydrogen and oxygen, mostly in the molecular
size range Ci-Cs. These compounds included, CO, COz2, formic acid, acetic
acid, acetaldehyde and acetol. These low molecular weight compounds are
likely to have been formed by ring scission as was the case with the low
molecular weight compounds produced from cellulose. The second group of
compounds included furan and pyran rings which are likely to have been formed
by a combination of depolymerisation, dehydration and rearrangement
reactions. The third group included anhydrosugars which would likely have
been formed through depolymerisation and rearrangement pathways although
in contrast to cellulose this did not lead to levoglucosan as a major product as
was the case during rearrangement of cellulose derived feedstocks.
Competition would be present for each of these reaction pathways and char
formation was also higher than was observed when cellulose was the feedstock
[33, 67, 72]. Hemicellulose composition can vary significantly between
feedstock and this variation leads to differences in pyrolysis products observed
although common products such as anhydrosugars and furfuran are observed
[33].

2233 Lignin

Lignin is an aromatic framework which adds rigidity to biomass and is therefore
present in different proportions depending on the purpose of a plant material.
The three-dimensional lignin framework is mainly composed of three basic
compounds, p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (see
Figure 2.9). Each of these compounds contains an aromatic ring, a propyl
alcohol group and a phenyl group which can be linked together at a number of
different points which leads to very complex structures. The type of compound
which makes up the lignin can vary substantially depending on the type of
biomass material with grasses, softwoods and hardwoods containing widely
differing proportions of the three main compounds [32, 33]. The structure of
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these building block units often referred to as phenylpropane units (ppu)
contains some oxygen however this is significantly lower as a proportion than
for the sugar compounds which compose cellulose and hemicellulose.

P-coumaryl alcohol coniferyl alcohol sinapyl alcohol

HsCO HsCO
HO HO HO

OCHy

Figure 2.9: Lignin is a complex structure constructed from three primary
molecules, p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol [32,
33, 62].

The structure of lignin is more complex than that of cellulose and hemicellulose
and decomposition occurs over a greater temperature range. Figure 2.10
shows a number of processes which have been observed to occur in pyrolysis
of lignin by Anca-Couce [67] with the temperatures or temperature ranges at
which they occur detailed.
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Figure 2.10: Temperatures at which lignin decomposition processes occur
during thermal degradation [67].
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Although the structure of lignin is very complex and varied, there are three main
types of bonding between the basic lignin subunits. 60-70% of the linkages are
ether (C-O-C) bonds which break at relatively low temperatures and lead to
phenolic products [73] and 30-40% are carbon-carbon bonds which require a
much greater energy input to break. A small proportion may be ester bonds, but
this tends to be constrained to herbaceous lignin material. Side chains such as
methoxy groups and aliphatic side chains can also be broken and these are
broken at temperatures intermediate to those required to break the two major
unit linkage bonds [33]. Zhou et al. [74] have studied the decomposition of
biomass and proposed a mechanism to explain the general process which
leads to pyrolysis products (Figure 2.11). As with cellulose and hemicellulose
the initial process is the breaking up of the matrix into smaller units often
referred to as pyrolytic lignin [75]. In the case of lignin there is also an
intermediate process where the rigid framework becomes softened and
liquefied prior to the cleavage reactions. The cleavage of lignin is considered to
be dominated by free radical reaction mechanisms which can explain the
presence of a number of lignin pyrolysis products [58, 76].
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Figure 2.11: Lignin decomposition mechanism proposed by Zhou et al. [67,
74].

2234 Combined lignocellulosic pyrolysis

When biomass undergoes pyrolysis the three components are not reacting in
isolation and this adds levels of complexity to the reaction pathways which are
followed [77]. Whilst the three components are produced over different
temperature ranges there is significant overlap between volatile release from
cellulose, hemicellulose and lignin allowing for interactions of the vapours (see
Figure 2.12).
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Figure 2.12: Temperature ranges for devolatilisation of the three main
constituents of lignocellulosic biomass. a) Hemicellulose, b) cellulose and
¢) lignin [30, 62, 67, 69, 78].
Collard et al. [78] explain that both chemical interactions and physical effects
such as mass and heat transfer are critical during pyrolysis. This ensures that
whilst individual decomposition of the three components of lignocellulosic
biomass may be relatively well understood it is still challenging to account for
the actual yield. Hosoya et al. [79, 80] examined the differences in the
compounds which were measured when comparing pyrolysis of biomass
components separately or together under the same conditions. They found that



addition of cellulose to lignin was particularly influential with guaiacol type
compounds removed with the formation of catechols, cresols and phenols
instead. These conversions appear to be due to hydrogen donation reactions
between cellulose and lignin. There were also effects observed on sugar
derived compounds such as levoglucosan with stabilisation of C-H bonds by
the presence of 1r-electron densities which are prevalent in lignin derived

compounds.
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The complex interactions of hemicellulose, cellulose and lignin make it
challenging to predict the precise outcome of pyrolysis, by examining the
constituent products. Despite the multitude of reaction pathways and physical
interactions it is still possible to identify a wide range of compounds which are
present in bio-oil and to understand the component form which they were
derived in many cases. Figure 2.13 shows a number of compounds typically
observed in bio-oils which Talmadge et al. [41] identify as derived from cellulose
and hemicellulose. These are categorised into a number of functional groups
with oxygen accounting for a vast majority of the functionality and a high
proportion of the compound molecular mass.
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Figure 2.14: Compounds derived from pyrolysis of lignin (41).

Figure 2.14 shows some of the products which are regularly observed as
derived from lignin during pyrolysis of biomass to bio-oils [41]. These also
contain oxygenated functional groups and all the compounds listed contain
aromatic nature although fragmentation and loss of side chains from lignin is
likely to account for non-aromatic compounds to some extent [33, 67].

Wang et al. [62] made a list of bio-oil compounds which are typically present in
bio-oil (see Table 2.4) drawing on several studies [81-84] which used a range
of biomass materials and varying pyrolysis and analysis methodologies to
determine the oil composition. The compounds which were determined contain
a range of functional groups which often contained oxygen. These compounds
vary significantly. Variations in compounds include, molecular size, pH range,
aromatic nature and boiling point. Although these are commonly observed
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compounds the number of compounds which are present can be extremely
large (many hundreds of compounds) [33].

Table 2.4: Compounds observed during pyrolysis of bio-oil, adapted from Wang

et al. [62].
Compounds Standard compounds
Acetic acid, formic acid, propanoic acid, methyl-1-propanoic
Acids acid, butanoic acid, methyl butanoic acid, pentanoic acid,
glycolic acid
Esters Methyl acetate, methyl formate, methyl propionate,
butyrolactone, dimethyl pentanedioate
Alcohols Butane-2,3-diol, methanol, ethanol, 2-propene-1-ol, isobutanol,
ethylene glycol
Acetone, 2-butanone, 2,3-butanedione, cyclopentanone,
Ketones methylcyclopentanone, 2-pentamone, cyclohexanone, 3-
hexanone, methylcyclohexanone, cyclopentanedione
Aldehydes 2-butenal, glyoxal, formaldehyde, acetaldehyde, 2-propenal, 2-

methyl2-butenal, pentenal, benzaldehyde

Other oxygenates

Glycolaldehyde, 1-hydroxyl-2-propanone, methyl-2-
oxopropanoate, 1-hydroxyl-2-butanone

Sugar derivatives

Levoglucosan

Glucose, fructose, D-xylose, D-arabinose

Furans (+ derivatives)

Furan, methylfuran, dimethyl-furan

Furfural

2-furanone, 4-methyl-2-furanone, furfuryl alcohol, 2-
acetalfuran,

Alkenes and alkanes
Single unit aromatics

Hexane, methyl-propene, alkylated cyclohexene

Toluene, xylene, ethylbenzene, naphthalene

Phenols
Anisoles
Catechols
Guaiacols

Syringols

Others

Phenol, methyl-phenol, dimethyl-phenol

Anisole, methyl-anisole, ethyl-anisole

Catechol, methyl-catechol, ethylcatechol, methoxycatechol

Guaiacol, methyl-guiaicol, ethyl-guiaicol eugenol

Syringol, methyksyringol, ethylsyringol, propyl-syringol, 4-
propenyl-syringol

Vanillin, vanillic acid, sinapaldehyde, syringaldehyde,
acetosyringone

High-molecular-weight

Dimer, trimer and oligomer of cellulose, hemicellulose and
lignin pyrolysis products

2.3 Pyrolysis of Plastics

Pyrolysis is a method which may be used to convert waste polymers into useful

or valuable products. This allows for efficient use of materials as well as energy

[85, 86]. In the UK there are seven categories which are used to identify plastics

(see Table 2.5) [87].
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Table 2.5: Categories used for identification of common plastics [87].

A"

(A PET polyethylene terephthalate
LIZ:S HDPE high-density polyethylene
/A" . .
(D) PVC polyvinyl chloride
@.\ LDPE low-density polyethylene
(_?..\ PP polypropylene
L,‘?.\ PS polystyrene
L,’?) Other Other plastic types

OTHER

2.3.1 Polyethylene

HDPE and LDPE are both polyethylene (PE) polymers (see Figure 2.15) with
the difference consisting in the different amounts of branching and crosslinking
which is present. LDPE has the greater degree of branching and crosslinking
which hinders the polymer chains from packing as tightly together therefore
leading to a lower density material. These differences also change other
physical characteristics of the polymeric material.

a) polyethylene (PE)  b) polypropylene (PP) c¢) polystyrene (PS)

CH B ]
H, 3
c
C/
Hy C
n Ha n ~

d) polyethylene terephthalate (PET)

(@) (@]
/
(@)

O—CH, |,

Figure 2.15: Chemical structure for polyethylene, polypropylene, polystyrene
and polyethylene terephthalate.

Williams and Williams [88] examined pyrolysis of LDPE using a fluidised bed
reactor for temperatures between 500°C and 700°C. At 500°C the gas vyield
was 10.8 wt.% and the oil (oil and wax) yield 89.2 wt.%, when the temperature
was increased the gas yield increased to 24.2 wt.% at 600°C and 71.4 wt.% at
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700 °C. This was accompanied by a comparable decrease in the oil yield. The
gas composition was mainly alkene gases (ethene, propene and butene)
although lesser quantities of hydrogen, and alkanes (ethane, propane, butane)
were also measured. Increasing temperature increased the proportion of the
hydrocarbon gases especially the alkenes. Gas chromatography analysis of the
liquid showed a clear peak (triplet) for each molecular size composed of an
alkene peak flanked by an alkadiene peak and an n-alkane peak.

Research by Sogancioglu et al. [89] examining recycled HPDE and LDPE found
similar liquid yields to Williams et al. [90] at 500°C. As they increased the
reactor temperature there was a more limited shift from liquid products to gas
products although the liquid yield was at the highest at 300°C. As the
temperature was increased from 300-700°C the yield of char also decreased
from 2.24 - 2.14% in the HDPE sample and from 10.12 - 6.44% in the LDPE
sample. These are recycled materials and the char is much lower in the
pyrolysis products of virgin polymers [85].

Research by Aguado et al. [91] attempted to establish a kinetic mechanism for
HDPE pyrolysis using a conical spouted bed reactor and proposed the scheme
outlined in Figure 2.16. Initially HDPE is decomposed to form waxes which can
then undergo secondary reactions to account for three products observed from
HDPE pyrolysis, liquids, gases and aromatics. The aromatics may then
continue to react to produce char. Williams et al. [90] did not observe aromatic
compounds until temperatures were 600°C or above with increasing aromatic
yield as temperatures increased further.

Liquids

/ (Cs-Co)

v

HDPE Waxes ____ , Aromatics —— Char
(cho)
\ Gases
(C1-Ca)

Figure 2.16: Kinetic scheme proposed by Aguado et al. [91] to account for
HDPE pyrolysis, dotted arrows represent other potential routes proposed
by Onwudili et al. [92] and Westerhout et al. [93]
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2.3.2 Polypropylene

Encinar et al. [85] analysed the pyrolysis of virgin PP in a nitrogen atmosphere
with heating of the material from room temperature through to 800°C with
heating rates ranging from 5°Cmin' to 20°Cmin. The yield of pyrolysis
products at the intermediate rate (10°Cmin!) gave a char at 0.1 wt.%, liquid at
82.7 wt.% and gas at 17.2 wt.%. The gaseous products were mainly alkenes
and alkanes with a greater selectivity towards alkene gases though not as much
so as for PE this was also observed by Williams et al. [90]. Demirbas [94]
analysed pyrolysis of PP as part of a study into pyrolysis of municipal waste
between temperatures of 400° and 600°C. At 400°C the oil products were
mostly composed of linear hydrocarbons (alkane — 30.4 wt.%, alkene —
44.7 wt.%) with some aromatic compounds (naphthenes — 21.5wt.%,
aromatics — 1.4 wt.%). At 600°C the linear hydrocarbon yield has decreased
slightly (alkane — 29.6 wt.%, alkene — 35.5 wt.%) with an increase in aromatic
compounds (naphthenes — 23.5 wt.%, aromatics — 10.2 wt.%). Both PE and PP
are understood to decompose via random chain scission mechanisms which
lead to a wide range of products (gas and liquid) [94].

2.3.3 Polystyrene

By contrast PS is understood to decompose both by random chain scission as
well as end-chain scission [94]. Onwudili et al. [92] analysed pyrolysis of PS in
a closed batch reactor over a range of temperatures. At 300°C there was little
degradation of the starting material present whereas at 350°C all of the sample
was degraded to a liquid. GC analysis of the oil determined that all the
compounds were aromatic in nature or linear compounds were below detection
limits. The compounds included, toluene, xylene, benzene, ethylbenzene as
well as further alkylated benzene and naphthalene. There was no observance
of the monomer styrene as may be expected from a sample of polystyrene
however it is probable than the unstable styrene molecule was hydrogenated
to ethyl benzene in the closed batch reactor which is both sealed and
pressurised which is not the case for many pyrolysis reactors.

Pyrolysis of PS by Demirbas [94] at 400°C determined styrene yield as
58.0 wt.%, C2-Cs hydrocarbons at 3.4 wt.%, Cs-Cs hydrocarbons at 19 wt.%,
methane at 7.5 wt.%, toluene at 6.8 wt.% and benzene at 5.3 wt.%. Increasing
temperature to 475°C increased the styrene yield slightly but beyond this
temperature it decreased rapidly again. The Cs-Cs compounds decreased as
temperatures were raised above 375°C whereas the C2-C4 gaseous compound
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increased over the same temperature range. These findings are consistent with
the findings of Scott et al. [95] where a monomer yield greater than 75% was
obtained from pyrolysis of styrene with aromatic compounds of between 83-
88%. This links to findings from Kiran et al. [86] which connected the high liquid
yields from pyrolysis of polystyrene with the control obtained through
intermolecular forces in contrast to the random scission for PE.

2.3.4 PET

PET as a material is comparable to lignin in that it contains both aromatic rings
as well as oxygenated groups. This combination makes pyrolysis both
potentially valuable but also challenging. Grause et al. [96] examined using
catalytic processes to convert high purity PET into benzene. They show in
earlier research [97] that PET starts by cleaving to produce terephthalic acid
and other products. In the presence of water this can produce ethylene glycol
which can further decompose into carbon dioxide and hydrogen (see Figure
2.17 - a). At higher temperatures PET can undergo intramolecular reactions
leading to terephthalic acid and benzoic acid vinyl ester (b). These initial steps
are possible without a catalyst however decarboxylation (d) of these products
to produce benzene is not efficient without a catalyst such as CaO. Use of high
temperatures may be used to drive decarboxylation but this will lead to
uncontrolled side reactions and increase gas yield with a reduction in liquid yield
[98].

a)
e} o]
0, o] R HO, OH
>\‘—< >_< +H,0 OH
j i ; : IO OJ_ — > < > < * HO—/_
R—O O o} o]
Terephthalic acid Ethylene glycol

b)

Terephthalic acid
0, o] OH o
: DSOS o W WS
-O-g-d I o
R—O o] /
Benzoic acid vinyl ester

c) Benzoic acid vinyl ester

O~ — o e

Acetophenone

d)

HO OH €O, o) -CO,
o o OH

Terephthalic acid Benzene Biphenyl

Figure 2.17: Various mechanisms which may feature during thermal pyrolysis
of PET [96, 99, 100].
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For non-catalytic pyrolysis of PET, the major liquid products are benzoic acid
and terephthalic acid. The other products are generally composed of aromatic
and aliphatic oxygenated compounds. The gaseous products are mainly carbon
dioxide and carbon monoxide [98]. Williams et al. [90] determined the yields of
pyrolysis products from PET, with heating rate at 25°Cmin-! to 700°C, with gas
at 34.0 wt.% oil at 41.3 wt.% and char at 15.6 wt.%.

2.4 Upgrading of bio-oils

Pyrolysis of biomass can be controlled to a limited degree by utilising process
conditions such as heating rate, temperature, inert gas flow etc. However, this
only gives limited control by managing the energy available to pyrolysis
reactions and by controlling the way in which the products of those reactions
interact. This has serious shortcomings when trying to optimise to products of
pyrolysis meaning that pyrolysis oils often reflect the composition of the starting
material. In biomass this means that bio-oils are highly oxygenated leading to
poor properties such as instability and low pH leading to corrosiveness [38,
101].

There are alternative ways to control the pyrolysis process allowing for
upgrading [59]. The main pathways for upgrading revolve around catalysis [59]
which allows for alternative reaction mechanisms by stabilising intermediate
chemical species. The other method is to introduce new chemical species
which can react with the compounds in the pyrolysis oil to produce differently
composed oils. This approach may coincide with catalytic upgrading or may be
used separately. One example of a chemical species being used alongside a
catalyst might be hydrodeoxygenation where pressurised H2 gas is used
alongside solid catalysts to remove oxygen in the form of water [102]. A catalyst
does not always need to be involved as may be the case in co-pyrolysis.
Research by Lu et al. [103] compares pyrolysis of two different materials
together, in this case PE and biomass, with the material pyrolysed separately.
They found that synergistic effects could produce greater oil yields than could
be achieved by separate pyrolysis. Li et al. [104] investigated synergistic effects
of catalytic co-pyrolysis between cellulose and LDPE and found Improved
aromatic selectivity with reduced coke deposition. This contrasts with
hydrodeoxygenation where one specific reaction pathway was targeted, in this
case complex interactions between catalyst and two different sets of
compounds can lead to improvements against separate pyrolysis.
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2.4.1 Bio-oil characteristics

The composition of bio-oils can vary highly depending on the composition of
feedstocks and the processing conditions. Yet it is important to understand the
characteristics which would be expected from a bio-oil so as to ascertain the
suitability for utilisation of the oil and to target upgrading to improve the
necessary characteristics. Table 2.6 outlines values given by Mortensen et al.
[105] which could reasonably be expected for a bio-oil sample with comparison
against a typical crude petroleum oil sample.

Table 2.6: Comparison between bio-oil and crude petroleum oil [105].

Bio-oil Crude Oill
Moisture Water [wt%o] 15-30 0.1
Acidity pH 2.8-3.8 -
Density p [ka/l] 1.05-1.25 0.86
Viscosity Msooc [CP] 40-100 180
Energy density HHV [MJ/kg] 16-19 44
C [wi%] 55-65 83-86
O [wt%] 28-40 <1
Elemental H [wi%] 5.7 11-14
composition
S [wit%] <0.05 <4
N [wt%o] <0.4 <1
Ash composition Ash [wt%] <0.2 0.1

For some of the properties there is limited variation between values for the two
oils yet with others there is a significant difference. The properties of particular
note are, moisture, acidity, oxygen content and energy density. For these
properties there are two major factors which would need to be corrected to
improve the oil characteristics.

The high moisture content increases the pH of bio-oil by diluting the acidic
compounds whilst at the same time reducing the viscosity and the energy
density [38]. However, the most important factor effecting bio-oil is the high
oxygen content which not only reduces energy density but also causes low
volatility, low pH and high viscosity, as well as instability and corrosivity which
is due to the acidic nature of the oils. The oxygen containing groups include
organic acids which have low pH values but also contain groups which will react
together at room temperature and pressure which leads to the instability
observed during storage. There can also be serious immiscibility issues with
existing petroleum infrastructure which is also due to oxygenated compounds
in the oil [41]. Reductions in oxygen levels lead to improvements in the quality
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of bio-oil to a limited extent, however, this needs to be extensive to allow for
combination with and utilisation alongside petroleum based fuels [62].

2.4.2 Fuel characteristics

If bio-oils are to be used for transport fuel purposes, there are specifications
which need to be met. Table 2.7 shows the specifications which are required
for gasoline fuels in the European Union. These include standards for oxygen
content as well as limited proportions of certain oxygenate compounds. A bio-
oil may not meet this specification directly but may instead require blending with
petroleum derived oils to meet these standards, however, this introduces a
further set of challenges [16, 41, 106].

Table 2.7: Fuel specifications for highway gasoline in the EU [107].

Parameter Unit o Limits _
Minimum Maximum

Research octane number 95 —
Motor octane number 85 —
Vapour pressure, summer period4 kPa — 60
Distillation:
Percentage evaporated at 100 °C % viv 46 —
Percentage evaporated at 150 °C % viv 75 —
Hydrocarbon analysis
Olefins % viv — 18
Aromatics % viv — 35
Benzene % viv — 1
Oxygen content % m/m — 3.7
Oxygenates
Methanol % viv — 3
Ethanol (stabilising agents may be necessary) % viv — 10
Iso-propyl alcohol % viv — 12
Tert-butyl alcohol % viv — 15
Iso-butyl alcohol % viv — 15
Ethers (=five carbon atoms per molecule) % viv — 22
Other oxygenates % viv — 15
Sulphur content mgkg* — 10
Lead content gL? — 0.005
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There are also standards for the direct utilisation of bio-oils within industrial
burners and boilers. These standards are not as rigorous as those for transport
use but still require pH, viscosity, energy density and water content to meet
prescribed levels. These do not require oxygen content to be measured,
however, the properties which are measured are directly affected by the oxygen
content [38].

2.4.3 Upgrading methodology

There are many different methodologies which may be used for upgrading of
pyrolysis oils. Figure 2.18 outlines a number of steps which may be included in
an upgrading methodology depending on the required products. The route
which is being used in this research is outlined in red and involves online
upgrading of pyrolysis vapours as they pass through the reactor prior to product
collection through condensation.

Biomass Catalytic pyrolysis
+——| Zeolitic cracking Fuel and
* Chemicals
Pyrolysis . Hydrotreating
»| Condensation
Bio-oil _ _
> Fractionation

Figure 2.18: Routes which may be used for the pyrolysis and upgrading of
biomass to produce fuels or chemicals [59, 62].

There are two main upgrading processes which remove oxygen, these are
hydroprocessing and zeolitic cracking [108].

)] Decarboxylation is a process which utilises carbon in the pyrolysis
feed to remove oxygen as carbon dioxide. This is often accompanied
by some degree of decarbonylation (removal of carbon monoxide)
and coke formation which further deplete the carbon in the sample
which is no longer available for oil formation. There is usually hydro-
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deoxygenation which will occur in conjunction with the
decarboxylation.

i) Hydro-deoxygenation uses hydrogen to remove the oxygen from the
oil. This may be achieved through utilisation of hydrogen in the
sample but this this reduces the hydrogen content of the sample
leading to increased coke formation. Often hydrogen gas is added at
high pressure (10-20 MPa) in the presence of a catalyst and this
efficiently removes the oxygen. The hydrogen is very costly and bio-
oil can severely degrade the expensive catalysts leading to further
expense meaning this is not cost competitive with existing petroleum
fuels [109].

The main focus of this research will be on zeolitic cracking although hydro-
deoxygenation will also be present to a smaller extent with hydrogen donation
through co-pyrolysis of polymers. Zeolitic upgrading may be online, offline or a
combination of the two options. The advantages of each option are as follows.

1. Offline catalytic upgrading using zeolites cracking or hydroprocessing of
pyrolysis oils is possible, but the additional condensation and
vaporisation step increases the formation of PAH compounds and coke
deposition.

2. Catalytic pyrolysis involves upgrading of pyrolysis vapours before they
condense which removes the issues associated with offline upgrading
however the disadvantage is that the catalysts are in close proximity to
the sample leading to increased deactivation by species present in the
pyrolysis vapours. There is a limit as to how far the oil can be upgraded
through this approach.

3. Catalytic pyrolysis with further offline upgrading is a combination of
options 1 and 2. This means that the pyrolysis oils are upgraded using
robust catalysts such that they are more suitable for further upgrading
using more expensive catalysts with removal of oxygen ensuring that a
lower hydrogen input is required and improved miscibility with existing
petroleum feedstocks might allow for co-refining which would further
reduce process costs.
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2.4.4 Hydroprocessing

Hydroprocessing is a term denoting several processes which use hydrogen gas
to chemically alter compounds, examples of this include hydrocracking,
hydrodeoxygenation (HDO), hydrotreating and hydrogenation [16, 30, 62, 105,
110-112]. Whilst each process might utilise different conditions (pressure,
temperature) catalysts or equipment, to achieve varied results, they all apply
the same fundamental method, Hydrogen is added to a compound or set of
compounds; the hydrogen reacts with the compound(s) directly or in the
presence of a catalyst; this leads to new compounds. Common applications of
these processes in the petroleum refinery industry include cracking large
molecules into smaller molecules, increasing saturation of unsaturated
hydrocarbons and removal of oxygen atoms in the form of water (H20). The
degree to which each of these processes happen depends on the function of
the catalyst and the process conditions. Talmadge et al. [41] considered the
potential of hydrodeoxygenation of bio-oil to produce gasoline and diesel fuel.
The recommendation of the authors was that whilst the removal of oxygen
through the application of hydrogen is beneficial for fuel production it is
achieved at a relatively high financial cost. The strategy which was deemed
most beneficial was to use hydroprocessing to reduce the oxygen content of
the bio-oil to around 7 wt.% and then to utilise existing petroleum refinery
infrastructure for additional upgrading, assuming certain criteria were met. The
criteria which were needed for successful operation in the refinery included,
reducing the acidity of the oil, ensuring complete miscibility with hydrocarbon
feedstocks and ensuring the bio-oil was of high enough volatility to pass through
fractional distillation equipment (b.p <540°C). The strategy of mild hydrotreating
followed by refinery upgrading meant that a lower quantity of hydrogen was
needed for this process whilst minimising the hydrogenation of aromatic
molecules which consumes hydrogen whilst not improving the oil.

2.45 Zeolite reactions

Fluid catalytic cracking (FCC) is a key process during the petroleum refining
process. The major component of a FCC catalyst is zeolitic material which acts
as a molecular sieve providing selective catalysis since its introduction in the
1960s [113]. Zeolites are porous crystalline lattice structures, generally
composed from silicon, aluminium and oxygen, in a tetrahedral geometry. The
silicon atoms may form a tetrahedral geometry with the oxygen atoms without
carrying a net charge but the aluminium-oxygen formations have a net negative
charge which requires balancing using a counter-ion to add stability [114].
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Zeolites can be naturally occurring but many synthetic types have been
discovered including ZSM-5 which is highly regarded in literature [115]. During
zeolite synthesis sodium (Na*) is often used to balance the negative charge
such that ZSM-5 often refers to Na-ZSM-5. The acidity of a zeolite is related to
the ratio of silicon and aluminium as this is the major cause of acid sites in the
material and by changing this ratio the effect of the catalyst may be modified
[116]. Whilst many synthetic zeolites are formed with sodium as the counter-
ion it is common for ion-exchange to be used to change this. In the case of
ZSM-5, hydrogen is commonly exchanged for sodium to give H-ZSM-5. There
are usually two main methods of operation for zeolite type catalysts. They can
act as proton donators, which is due to acid sites on the surfaces of the zeolite,
and they can also control reactions of species through steric control, which is
mainly due to pore volume effects [115].

2.45.1 Acid sites

Within a zeolite material there are three main types of acid site these are
Bronsted acid sites, terminal hydroxyl sites and Lewis acid sites. These acidic
sites form where there are defects in the crystalline structure and by necessity
are at the surface of the material to enable interaction with the reactants.

H
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Figure 2.19: Bronsted acid site - hydroxyl bridging acid site formation from a
silicon-oxygen bridge.

A Bronsted acid site is a strong acid site which forms where a silicon-oxygen-
silicon bridge is altered through the exchange of one silicon atom for an
aluminium atom. This produces an uneven charge on the bridging oxygen
which will then gain stabilisation as a hydroxide group. The hydroxide bridge
may lose this proton relatively easily with stabilisation of the negative charge
on the oxygen (see Figure 2.19) [116, 117].
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Figure 2.20: Terminal hydroxyl sites supported on both silicon and aluminium.

The edges of zeolite crystals often have terminal hydroxyl groups such as the
silanol group (Si-OH). Damage to the crystal structure using high temperatures
or strong acids can lead to defects, which enable the formation of hydroxyl
groups on both silicon and aluminium (seeFigure 2.20).

\gi Al

Figure 2.21: Lewis acid site caused by steam damage to zeolite.

Lewis acid sites can be formed by delamination of the zeolite framework on
external surfaces (see Figure 2.21). These acid sites are much weaker than
Bronsted acid sites. However, a Lewis acid site positioned near a Bronsted acid
site may help withdraw electrons from the bridging OH which in the Bronsted
acid site and lead to a superacidic Bronsted acid site [118].

2452 Steric effects

Steric effects are also extremely important in solid acid catalysts. A major factor
which makes zeolites so effective is that they are both catalytically active but
also very selective. The selectivity is due in large part to the ability of zeolites
to constrain reactions by restricting products to those which can be produced
and diffuse through the geometric limitations of pores [119]. Zeolites can be
described as microporous because they have pores which are smaller than 2
nm. Some zeolites have extremely small pores for which only gas molecules
such as carbon dioxide can pass through. For others, such as ZSM-5, the pores
are medium sized allowing for hydrocarbon rings of up to 10 carbon atoms able
to diffuse. This has the effect of selectively producing compounds such as p-
xylene, benzene and toluene with compounds such as methylated
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naphthalenes becoming too large to pass through pores rapidly although these
may pass through slowly or at high temperatures (above 600°C). Whilst
reactions may be constrained within pores (internal active sites) it is also
possible for reactions to take place on the surface of a zeolite catalyst (external
active sites). These external reactions are not constrained in the same way as
compounds which react within the pores, however, most of the reactive sites
will only be available in the internal framework of the zeolite. Bhatia [120]
suggests that internal sites may be around 100 times higher than the external
sites, therefore many of the reactions will occur internally. Shape selectivity can
be improved by reducing the number of active sites on the external surface of
the catalyst. Conversely coke deposition may limit diffusion through the pores
and thereby improve the overall effect due to external sites through limiting
access to the internal sites [30, 113]. The size and shape of catalyst and
enzyme active sites can produce selectivity effects which control or template
the products which may be produced during a reaction. These size and shape
effects can apply in several different ways which may be referred to as shape
selectivity. Bhatia [120] describes three types of shape selectivity which are
observed during reactions within the restrictive pores of zeolites.

e Reactant selectivity — selectivity is controlled by the types of reactants
which are readily available within the pores i.e. those which are the
optimal size and shape to diffuse freely.

e Product selectivity — selectivity is governed by products which are able
to diffuse from the pores after formation. If products are too large they
may be converted into smaller or less hindered products through
equilibrium processes and may then pass from the pores as a product
or if this is not possible the large product will block the pore causing
catalyst deactivation.

e Transition state hindrance — in this case the products and reactants may
be able to diffuse freely through the pore but the transition state which
would be needed to produce the product is not possible or is restricted
by the necessary space availability. Shape selectivity therefore generally
favours mechanisms which require smaller transition states.

2.45.3 Zeolite reactions and product selectivity

Mortensen et al. [105] outlined a number of key reactions which take place
during HDO and zeolite cracking of bio-oil through catalytic pyrolysis. The rate
of a reaction is dependent on the availability of the reactants. In the presence
of high pressure hydrogen gas, as is the case during hydroprocessing, the
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hydrocracking (d), hydrodeoxygenation (e) and hydrogenation (f) reactions
shown in Figure 2.22 will be enhanced. These reactions are also possible
during zeolite cracking processes, but the limited availability of hydrogen will be
a rate limiting factor. The catalyst is key to promoting the effectiveness of these
reactions by adsorbing hydrogen and presenting it to the reactants during the
reaction. Cracking (a), decarbonylation (b) and decarboxylation (c) are not
dependent on the arrival of a secondary reactant as the reaction is directed by
interaction with an active site in the catalyst.

In a zeolite, cracking (a) is directed by acid sites of which there are two main
types, Bronsted acid sites function through donation of a proton (H*), whereas,
Lewis acid sites accept electrons which can be seen as a removal of H from
the reactant. Both processes have the effect of producing a positively charged
carbon atom within the hydrocarbon. This charge is unstable and
rearrangement of the ion can occur to produce greater stability with stability
greatest on a tertiary carbon (a three carbon branch). It is least stable on the
end carbon in a linear hydrocarbon. The cracking reaction will then usually
occur through beta-scission with longer hydrocarbon chains more reactive than
short chains due to charge stabilisation being lower on a small molecule. 4 or
5 carbon chains are not able to stabilise the positive charge and can transfer it
to a larger hydrocarbon. The positive charge continues to pass between
molecules propagating the scission until the charge terminates through chain
collision. During catalytic cracking hydrogen transfer is also possible with two
alkenes able to transfer a hydride (H") such that one of the alkenes becomes
an alkane and the other becomes a cyclic-alkenes such as aromatics. Alkenes
and naphthalenes can also transfer hydrides to produce an alkane and an
aromatic [121].



53

/\/\/ Rz
a) Cracking Ri

O
R
b) Decarbonylation %
H
o}
R
¢) Decarboxylation \(

OH

R
d) Hydrocracking R1/\/ 2+ H

e) Hydrodeoxygenation R—OH + H,

f) Hydrogenation \ / T H

\

R1—\\ . HZC\\_ R

2

R—H + CO,

Figure 2.22: Key reactions identified by Mortensen et al. [105] for zeolite

cracking and HDO.

A major purpose for zeolite cracking is the removal of oxygen atoms from bio-

oils and this is accomplished through three main reactions decarbonylation (b),
decarboxylation (c) and hydrodeoxygenation (e) which remove oxygen as
carbon monoxide, carbon dioxide and water respectively. Carbon dioxide and
carbon monoxide are non-condensing gases and don'’t participate in further
reactions. Water is a condensing gas and has the potential to participate in

further reactions such as steam reforming.
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Figure 2.23: Various reactions which are involved during catalytic pyrolysis of
biomass as identified by Wang et al. and Pham et al. [33, 122].

Wang et al. [33] include further reactions during their analysis of catalytic
pyrolysis which includes catalytic effects from inorganic species in the biomass
itself whereas Mortensen et al. [105] focused solely on zeolite catalysis. As with
the zeolite reactions the major products are carbon dioxide, carbon monoxide
and water although for Mortensen et al. the production of water depended on
hydrogen gas availability whereas these reactions produce water through other
pathways. Formation of aromatics were possible through catalytic cracking
reactions but could also be produced by Diels-Alder type aromatisation of
alkenes with furan derived compounds.
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Figure 2.24: Pathway for the catalytic upgrading of bio-oil over acidic zeolite
catalysts with thermal effects (TE) and thermo-catalytic effects (TCE)
partitioned, proposed by Adjaye et al. [123-125].

Rezaei et al. [123] examined catalytic pyrolysis of bio-oil using zeolite catalysts
with the aim of producing green aromatic compounds. Figure 2.24 shows a
scheme giving an overview of bio-oil upgrading with the focus being on the
relationships between different products. Rezaei argue that catalytic cracking
may be an economically feasible alternative to HDO, however, there are issues
which need to be overcome. Zeolites have three main drawbacks; they can
cause high coke formation which produces catalyst deactivation; they can
cause increased formation of polycyclic aromatic hydrocarbons (PAHSs), with
medium pore sized zeolites forming these predominately on external surfaces
[120]; and low liquid yields with liquid compounds converted to coke, gases and
PAHSs. The scheme (Figure 2.24) is divided into two regions with initial thermal
effects responsible for breaking down of the bio-oil with thermal catalytic effects
responsible for many of the reaction pathways which lead to specific product
types such as short chain aliphatics, aromatics, coke and tar.

Figure 2.25 which is adapted from Wang et al. [33] examines the pathways
which lead from cellulose, hemicellulose and lignin through to liquid products.
The scheme starts by identifying key compounds produced by the components
of lignocellulosic biomass. It then identifies key reactions, such as those in
Figure 2.23 and how these combine to produce catalytically upgraded bio-oil. It
is clear that whilst primary reactions produce highly oxygenated compounds
form each component, the secondary reactions, which are directed by catalysts,
produce both non-oxygenated aromatics and aliphatics as well as coke.
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Figure 2.25: Complex combinations of biomass compounds and various
reaction mechanisms can lead to a number of different products (adapted
from Wang et al. [33]).

2.4.6 ZSM-5

ZSM-5 is a zeolite type catalyst which has been recognised as a suitable
catalyst for both petroleum FCC as well as for biomass catalytic pyrolysis [59,
126, 127]. It is composed of a three-dimensional structure which contains two
different channel system. There are linear channels which are eliptical in shape
and there are zigzag channels which are circular with both channels
approximately 0.55 nm in diameter. Pattiya [59] compared a number of studies
analysisng pyrolysis of biomass using different catalaysts, this included a
section on ZSM-5. The findings indicate that ZSM-5 is an effective catalyst for
biomass catalytic pyrolysis. Liquid yields were reduced when the catalyst was
used and this was accompanied by increased in permanent gases and light
hydrocarbon gases inclucing carbon dioxide, carbon monoxide, methane and
hydrogen gas. Whilst this is not a beneficial effect, however, it was also
accompanied by deoxygenation of the liquid yield with water, carbon dioxide
and carbon monoxide the main routes of removal of oxygen. The oils which had
been catalytically upgraded had lower content of oxygenated compounds,
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higher content of hydrocarbon compounds and molecular weight range of
compounds reduced.

Research by Williams and Horne [128] compared Na-ZSM-5 with H-ZSM-5,
zeolite-Y and alumina during pyrolysis in a fluidsed bed reactor and found that
whilst the ZSM-5 catalysts gave similar results to each other they both gave
better results than the zeolite Y and alumina in terms of hydrocarbon yield,
oxygen content and coke deposition. Both ZSM-5 catalysts did contain
increased quantities of PAH compounds which are both damaging to health
and presursors to coke and tar formation. Both zeolite Y and alumina have
greater pore sizes than ZSM-5 and this is likely to be the reason for the higher
coking of the catalyst. Zhao et al. [129] found that Na-ZSM-5 was superior than
H-ZSM-5 for catalytic pyrolysis of lignin as it was less acidic and led to a lower
deposition of coke and a reduction in oxygenates. In ZSM-5 the pores are too
small for formation of PAHs within the pores, rather they are produced on the
external surfaces which may include entrances to pores [120]. French and
Czernik [106] found that ZSM-5 based catalysts were more effective for in-situ
deoxygenation of pyrolysis vapours, from model biomass compounds, than
other catalysts with larger pores, including zeolite Y.

Bridgwater et al. [27] listed research organisations which have been examining
catalytic upgrading of pyrolysis products using zeolite cracking since 2000.
Integrated catalytic pyrolysis was identified at 12 organisations for which 6 used
ZSM-5 catalysts, 3 used zeolite Y catalyts. 9 organisations used close coupled,
decoupled or other vapour upgrading processes, of these 8 used ZSM-5 type
catalysts and 1 utilised zeolite Y. This shows that ZSM-5 has become
established as the main catalyst for upgrading of biomass pyrolysis vapours in
research worldwide. ZSM-5 is stable, non-toxic, product selective and active
which accounts for many of the advantages of using it.

Liu et al. and Taarning et al. [30, 130] reviewed the use of ZSM-5 for upgrading
of biomass pyrolysis vapours. They noted that whilst a large number of
microporous materials had been examined for catalytic pyrolysis the most
effective for production of aromatic compounds was ZSM-5. This is due to the
catalyst being highly acidic, with the largest possible molecules which may fit
within pores equivalent to tri-methyl-benzene. There were numerous reactions
identified during biomass pyrolysis with ZSM-5 and these included:
fragmentation of compounds — Cracking and disproporitonation; buiding up fo
compounds — polymerisation, oligomerization, alkylation; removal of oxygen —
deoxygenation and decarboxylation; rearrangement — cyclisation,
isomerisation and addition of functionality such as aromatisation [125].
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Deoxygenation occurs through different processes during ZSM-5 catalysed
pyrolysis of biomass [30]. Diebold et al. [131] reported the water, carbon dioxide
and carbon dioxide which was released during deoxygenation using ZSM-5 with
the conclusion that both functional group and reaction conditions affected the
product. Simple hydroxy groups like methanol converted to water (100%)
whereas dimethylphenol converted to water (80%), carbon monoxide (17%)
and to a lesser extent carbon dioxide (3%). In contrast Furfural produced less
water (18%), with the main product carbon monoxide (80%). These results
indicate that whilst there is variation in mechanism for different oxygenated
compounds, leading to different deoxygenation products, generally ZSM-5
removes oxygen through dehydration. Carbonylation also occurs and this is
more significant than carboxylation [127]. This is problematic as it increases the
carbon/ hydrogen ratio of the remaining mixture leading to a shortage of
hydrogen. If the oxygen was expelled as carbon dioxide or carbon monoxide
this would improve the C/H ratio and lead to a greater viability for hydrocarbon
products. This may also reduce the deposition of carbon rich — coke on the
catalysts [130]. The major action of ZSM-5 is through acidic sites particularly
Bronsted acid sites and if these are removed or neutralised the reactivity and
selectivity is severely reduced [132].

2.4.7 Metal impregnated zeolites

Zeolites are porous materials which contain charged elements within their
structure which introduces the possibility of adapting the function of the catalyst
by exchanging the sodium ion within the zeolite for another metal [30]. In newly
synthesised ZSM-5 the pores are populated with bulky organic molecules [120].
The process of producing an acid zeolite involves removal of these bulky
organics to replace them with smaller cations such as sodium (Na*). These can
in turn be replaced through various techniques to produce proton or metal
cationised ZSM-5. This metal exchange can lead to interchange between
Bronsted and Lewis acid sites although this may also be accomplished through
hydration or dehydration. Bhatia [120] has produced an in depth publication
detailing synthesis, modification and functionality of zeolites such as ZSM-5
which contains methodologies which may be used for metal impregnation into
zeolites. There are seven basic methods which are suggested (as listed below).
Mullen et al. [133] use methods 1,2 and 5 for synthesis of gallium containing
ZSM-5 catalysts and these are often the most suitable and accessible for
transition metals.
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lon exchange involves mixing a metal in a cationic form such as in a salt with
the zeolite and allowing ion exchange to occur spontaneously either in solid
state or in an aqueous solution. This will often involve elevated temperatures
and is most suitable for larger pore sizes and where low metal concentrations
are required. This method is well suited to noble metal exchange [120].

Impregnation or incipient wetness involves producing a metal complex which is
water soluble such as Co(NO3)2.6H20. This is dissolved in a solvent and mixed
with the zeolite. Stirring and heating causes the complex to pass into the
catalyst as the solvent is slowly removed. Once dry, the zeolite is calcinated
which degrades the metal complex, driving off the organic portion and leaving
the metal deposited onto the zeolite. This is suitable for zeolites, such as ZSM-
5, where exchange capacity is low and where higher concentrations of metal
are needed. Wet impregnation and ion exchange are commonly used to
exchange metals onto zeolites, with Incipient wetness impregnation more often
used for ZSM-5 [114, 126, 134-136].

The effect of metal impregnation onto ZSM-5 for catalytic upgrading of pyrolysis
vapours is described by Liu et al. [30]. Different metals can cause variations in
the yields of catalytic pyrolysis and the composition of the products. In some
cases it was possible to identify a particular reaction pathway which was
responsible for the alteration but this was not always the case. Table 2.8 lists a
range of metal compounds, identified in literature, which have been
impregnated onto ZSM-5 and used as a catalyst for upgrading of pyrolysis
vapours or model compounds representative of this, such as furfural. The metal
compounds which were most regularly examined were those which consistently
appeared to introduce useful alterations to the oils collected. Those which are
highlighted in bold, copper, cobalt, iron, gallium, magnesium, and zinc were the
most prominent both in regularity of use and in terms of efficacy. These will be
examined further for their bio-oil upgrading potential.
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Table 2.8: Selected metals used for impregnation of ZSM-5 for upgrading of
pyrolysis vapours and petroleum derivatives.

Metal References

Ce |[126]

Co | [59, 106, 123, 135-141]

Cu | [126, 134, 135, 137, 142-144]

Fe |[126, 137, 138, 142, 145-147]

Ga | [59, 102, 106, 123, 133-135, 137, 139, 147-153]
Mg | [126, 134, 137, 143, 147]

Mo | [139, 140]

Ni [59, 106, 123, 126, 134-137, 139, 140, 142-144, 147, 154, 155]
Pd | [137, 139]

Pt | [59, 135]

Sn | [126, 134, 143]

Zn | [126, 137, 144, 148, 149, 156, 157]

2471 Cobalt

lliopoulou et al. [136, 141] studied the wet impregnation of cobalt metal onto
commercially available ZSM-5 at 1 wt.%, 5 wt.%, and 10 wt.%. Through
comparison to unmodified ZSM-5 to assess the effectiveness of the cobalt. The
effect of cobalt addition led to a reduction in the bio-oil yield but with a reduced
oxygen content in the liquids. The aromatic selectivity was also improved with
coke formation remaining relatively unchanged. Both carboxylation and
carbonylation reactions were increased which accounts for the oxygen content
reduction in the oils and the water content was only slightly increased. This was
accompanied by an apparent increase in hydrogen as well as volatile
hydrocarbons (Ci1-Ce). Zheng et al. [137] studied catalytic pyrolysis using a
number of transition metals (Co, Cu, Ga, Mg, Ni and Zn). and compared this
against unmodified H-ZSM-5 Elemental analysis of the upgraded bio-oils was
used to determine the oxygen content (by difference). Elemental analysis of
volatile mixtures such as bio-oils may be affected by evaporation of species so
care should be taken when considering these values. The metal impregnated
ZSM-5 catalysts used during this study by Zheng et al. [137] outperformed the
HZSM-5 catalyst by producing liquids with lower oxygen content by >2 wt.%.
These metal impregnated catalysts also produced lower oxygen content
(>16 wt.% lower) in liquids when compared to non-catalytic pyrolysis. Cobalt
was the 4" most effective metal catalyst from those examined however the best
four oxygen content values were within 0.8 wt.% so it is inconclusive which was



61

the most effective considering the methodology. Cobalt was determined to be
median amongst the metals for liquid yield and aromatic selectivity [137].
Vichaphund et al. [139] examined catalytic upgrading of pyrolysis vapours from
Jatropha to produce aromatic compounds and found that cobalt impregnated
ZSM-5 was not quite as effective as other metal impregnated ZSM-5 catalysts
(Ni, Mo, Ga and Pd) for aromatic selectivity. Pattiya et al. [59] identify cobalt as
an important metal for production of catalysts for steam reforming to produce
hydrogen gas. This may lead to enhanced H-transfer and hydrogenation
reactions which may account for the reduced aromatic selectivity.

24.7.2 Copper

Veses et al. [134, 143] investigated the upgrading of raw bio-oil using metal
impregnated ZSM-5 including copper. They found that whilst bio-oil yields were
not adversely affected there was a reduction in the oxygen content of the oils.
There was a reduction from 32 wt.% down to 21 wt.% with Cu-ZSM-5 with all
the ZSM-5 investigated ranging from 22-20 wt.% (H, Mg, Ni, Ga, Sn, Cu). This
was accompanied by a reduction in phenols, acids and furans and an increase
in aromatics and PAH compounds. The yield of carbon dioxide and carbon
monoxide shifted significantly compared to the non-catalytic experiment with
carbonylation increasing and carboxylation decreasing when using Cu-ZSM-5.
Zheng et al. [137] also observed an oxygen reduction during catalytic pyrolysis
using Cu-ZSM-5 and aromatic selectivity similar to that of H-ZSM-5. Both
Stanton et al. [135] and Miskolczi et al. [126] found that copper impregnation
led to a reduction in acidity of the catalyst, however, this did not appear to
adversely affect the catalyst function. As the activity in zeolites is usually related
to the acidity of the ZSM-5 this implies that the copper metal is acting as a
catalytic species relatively independently of the acid sites. Stanton et al. [135]
found that whilst copper did not lead to greater liquid yields or greater
deoxygenation than other metal-ZSM-5 catalysts, the addition of a hydrogen
atmosphere caused a significant reduction in the proportion of oxygenated
compounds. Whilst hydrogen increased deoxygenation with each of the metals
examined (Cu, Ga, Ni, Co and Pt) this was greater than gallium and cobalt
although surpassed by platinum and nickel. The deoxygenation in the presence
of hydrogen was greater for all the metal impregnated ZSM-5 than unmodified
ZSM-5.

2.4.7.3 Iron

Zhang et al. [147] and Zhang et al. [145] both examined catalytic pyrolysis of
biomass using iron modified ZSM-5. Both studies found that the use of Fe-ZSM-
5 led to a slight reduction in bio-oil yield which was accompanied by a consistent
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increase in gaseous yield. The increase in gas yield was due to an increase in
light alkenes, carbon monoxide and carbon dioxide. This produced an upgraded
bio-oil which had excellent aromatic selectivity with a reduction of oxygenated
compounds. Zhang et al. [146] also examined Fe-ZSM-5 catalysts researching
catalytic pyrolysis of rice husks with different iron loading on ZSM-5. The
chemical composition of bio-oils upgraded using Fe-ZSM-5 when compared to
ZSM-5, had a reduced proportion of oxygenates, including phenol, and an
increased proportion of hydrocarbons. As the loading was increased from
0.5 wt.% through to 8 wt% the proportion of hydrocarbons increased further as
phenol decreased. The increase in iron loading increased benzene and toluene
yield whilst reducing that of bi- and tri-substituted aromatics whilst also
increasing the yield of naphthalenes and naphthalene derivatives as well as
PAHS.

24.7.4 Gallium

Cheng et al. [102] examined a number of different gallium containing ZSM-5
and alumina silicate catalysts for furan conversion to aromatics. These
including ion exchange impregnation, incipient wetness impregnation,
synthesis of MFI with structural gallium and impregnation onto SiO2 also using
incipient wetness impregnation. The Zeolite formed with gallium within the
structure were less catalytically active than ZSM-5 with lower aromatic
selectivity and increase coke formation. The gallium impregnated silicon
dioxide catalyst had poor activity and also produced high coke yields and bi-
cyclic aromatic compounds such as indene and naphthalenes. Measurement
of the acidic nature of the materials revealed that both of these catalysts lacked
Bronsted acid sites which are necessary to convert allene produced during
decarbonylation of furan, into alkenes for subsequent conversion into
aromatics. Impregnation of ZSM-5 through ion exchange and wet impregnation
both yielded catalysts with similar activity with increased aromatic selectivity
compared to unmodified ZSM-5. The results show that addition of gallium to
ZSM-5 increased the rate of decarbonylation and the subsequent aromatisation
from alkenes. When the Bronsted acid sites in the gallium impregnated
catalysts were absent the conversion of furan to aromatics was reduced with
evidence that both decarbonylation of furan and aromatisation of alkenes are
promoted by gallium whilst the acid sites are involved with allene conversion to
alkenes even when gallium was not present.
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Figure 2.26: Selected reactions promoted through gallium impregnated
conversion of furan to aromatics, adapted from Cheng et al. [102].
Reactions contained within the dashed box are promoted by gallium.

As well as promoting formation of aromatics Zheng et al. [137] also recognise
the deoxygenation action of Ga-ZSM-5 during in-situ catalytic pyrolysis of
biomass. From six metals (Co, Cu, Ga, Mg, Ni and Zn) impregnated onto
ZSM-5, Ga-ZSM-5 produced the oil with the lowest oxygen content, although
there were three other metals with oxygen contents within 0.8 wt.% of the value
obtaine for Ga-ZSM-5. Veses et al. [134] found that the proportion of carbon
monoxide increased when gallium was deposited onto H-ZSM-5 with a 1 wt.%
decrease in oxygen content of the oils. In this case all the metals used to modify
ZSM-5 (Cu, Ga, Mg, Ni and Sn) gave oxygen contents within a 1 wt.% range.

Zheng et al. [137] found that gallium also produced the highest oil yield of the
metal impregnated catalysts with a higher liquid yield even than H-ZSM-5. Choi
et al. also [152] produced greater liquid yields for Ga-ZSM-5 over H-ZSM-5
using ex-situ upgrading of biomass upgrading. However, the reverse was found
when comparing ZSM-5 to Ga-ZSM-5 as with Zhang et al. [147] and Li et al.
[149]. Stanton et al. [135] found that Ga-ZSM-5 was the only metal impregnated
catalyst that produced more liquid yield that ZSM-5 in an inert atmosphere,
however, if hydrogen was introduced the liquid yield decreased for Ga-ZSM-5.
It appears that liquid yield is affected by complex interactions and is therefore,
dependent on the type of biomass utilised (furan / Hz availability), metal loading,
reactor design (ex-situ/ in-situ) and possibly other factors. Pattiya et al. [59] cite
several studies which have found gallium impregnation improved the aromatic
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selectivity of biomass pyrolysis. This was particularly evident for benzene,
toluene and xylene (BTX) yields which in some cases were twice that of H-
ZSM-5 [153].

24.7.5 Magnesium

Zheng et al. [137] examined aromatic production using catalytic pyrolysis of
biomass with transition metal impregnated ZSM-5. During impregnation
magnesium experienced a significant decrease in Bronsted acidity similar to
that experienced with copper. The effect of this was that during pyrolysis, there
was a lower aromatic yield and increased coke and PAH formation.

Zhang et al. [147] studied catalytic pyrolysis using ZSM-5 impregnated with
cheap transition metals (Fe, Ni, Ga and Mg). Magnesium had the lowest
selective with regards to BTX and the highest oxygen content remaining in the
bio-oil after upgrading. All the metal impregnated ZSM-5 catalysts performed
more effectively than ZSM-5 and the non-catalytic reference. The
deoxygenation using magnesium appeared to be predominately through
carboxylation, rather than carbonylation with higher output of CO2 than CO.
This effect was also found by Veses et al. [134] who examined different metal
impregnated ZSM-5 (Mg, Ni, Cu, Ga and Sn). They found that magnesium
produced the equally lowest oxygen content in a bio-oil with the result for all the
metal catalysts within a 1 wt.% range but that phenol and acid functional groups
were higher than those measured for the other metals. The magnesium in this
case gave amongst the highest aromatic selectivity and the lowest PAH
content. Both Veses et al. [134] and Zheng et al. [137] observed loss of strong
acid sites. Zheng et al. [137] inferred that this contributed to higher PAH and
coke through increase pore blockage whereas Veses et al. [134] record that
loss of acid sites reduced cracking and esterification reactions producing lower
coke yield.

The major difference between the two studies was the metal loading of the
catalyst. Veses et al. [134] used 1 wt.% magnesium loading, whilst Zheng et
al. [137] used 5 wt.%. The magnesium at a lower loading reduced the acidity
and so reduced coke and PAH formation whereas the higher metal loading also
reduced the acidity but potentially also caused substantially greater pore
blockage leading to an increase in coke and PAH formation.

24.7.6 Nickel

Nickel is a metal which is associated with steam reforming and when
impregnated into ZSM-5, high H2 yield confirms that these types of
dehydrogenation reactions are occurring [59, 134, 136, 137]. lliopoulou et al.
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[136] found that Ni-ZSM-5 caused deoxygenation with an almost linear
decrease in oxygen content as metal loading was increased from 1 wt.%
through 5wt.% to 10 wt.%. The increase in metal loading also caused an
increase in H2and CO2 gas production. Zheng et al. [137] found that Ni-ZSM-5
led to dehydrogenation, oligomerisation and cyclisation as well as
deoxygenation at a similar level to gallium, zinc and cobalt. Nickel metal
appeared to affect the size selectivity of the ZSM-5 by partially blocking
channels which combined with carbon deposition led to reduced access to pore
catalytic sites. This causes a reduction in mono-aromatic compounds
particularly p-xylene and an increase in naphthalenes. Both Stanton et al. [135]
and Zhang et al. [147] found that nickel gave lower liquid yields than unmodified
ZSM-5 and lower when compared to other metal catalysts (Mg, Ga, Cu, Co,
Fe) with only iron giving a lower liquid yield. Veses et al. [134] found that of the
metals compared (Mg, Ni, Cu, Ga, Sn), nickel gave the highest aromatic
selectivity but also the equal highest polyaromatic yield with gallium.
Vichaphund [139] found that nickel gave the second highest aromatic selectivity
after gallium and greater than that from cobalt, palladium and molybdenum.
This difference may be due to Veses et al. [134] upgrading bio-oils using these
catalysts post pyrolysis whereas Vichaphund [139] was examining their use
during pyrolysis. This is likely to have an effect on the types of compounds
passing across the catalysts with a greater coke deposition expected during
post-pyrolysis upgrading. Both studies also used different biomass feedstocks
to produce the bio-oil which may also account for variations.

2.4.7.7 Zinc

Zinc impregnation in ZSM-5 is complex with Niu et al. [157] indicating that at
least two different species are possible depending on crystal size. Zheng et al.
[137] examined zinc impregnated ZSM-5 for catalytic pyrolysis of ZSM-5
alongside other metals (Mg, Cu, Ga, Ni and Co). Zn-ZSM-5 produced the
second highest liquid yield from these metals behind gallium and was amongst
the four lowest oils in terms of oxygen content. The Zn-ZSM-5 catalyst were
found to be highly aromatic specific particularly with regards to mono-aromatics.
However, Fermoso et al. [158] found that impregnated zinc species often
present as ZnO and this can cause significant blocking of pores, leading to coke
and deactivation. The impregnation of zinc however was also associated with
deoxygenation and increased aromatic formation.
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2.5 Co-pyrolysis

Catalytic pyrolysis can be used to improve the quality of bio-oil, but, it has a
drawback. Due to the low H/C ratio of biomass, once oxygen has been removed
via hydrodeoxygenation, carbonylation and carboxylation, liquid yields are
significantly reduced and coke deposition is high [159]. The H/C ratio is useful
to determine if hydrocarbon mixtures can produce viable hydrocarbon
compounds however it does not account for the detrimental effect heteroatoms
such as oxygen and nitrogen might have on the formation of hydrocarbon
compounds by removal of necessary hydrogen atoms. For this the (H/Cet) ratio
can be used as it uses a calculation to make allowance for the number of
hydrogen atoms which are unavailable to the carbon due to removal of these
heteroatoms such as through hydrodeoxygenation [160]. For effective
formation of hydrocarbon compounds an (H/Cetf) ratio of between 1 and 2 is
suitable. Catalysts may promote carbonylation and carboxylation mechanisms
in such a way as to increase the removal of oxygen through the use of carbon
atoms and therefore increase the (H/Cef) ratio.

H/C =(H-20-3N-2S)/C

effective
One clear solution is to add more hydrogen to the pyrolysis mixture, as is the
case with commercial hydrodeoxygenation, however, hydrogen is expensive to
produce and energy intensive to manufacture. This reduces the economic and
ecologic feasibility of this approach, although it is effective. Hydrogen may also
be introduced through the co-pyrolysis of a material which is rich in hydrogen
(i.e. has a high (H/Cef) ratio) [160]. Waste plastic is a commonly cited material
to be used in co-pyrolysis with biomass [115, 161-165]. It has a higher (H/Cef)
ratio than biomass because it does not contain such a high proportion of
heteroatoms. Waste polymers are low cost materials and utilisation may bring
a value to this commodity where previously disposal was costly and ecologically
problematic [19]. Co-pyrolysis has the potential to convert this material into a
useful product which could be both economically and ecologically beneficial. If
this technology is simple, economical and effective then it would be suitable for
rapid uptake and utilisation [163]. It may also improve the operation and viability
of biomass pyrolysis, with co-pyrolysis of biomass alongside polymers leading
to increased oil stability through radical interactions, particularly those which
reduce the phenol content of oils [166]. The polymers most often researched
for this purpose were polyethylene, polypropylene, polyethylene terephthalate
and polystyrene [115].
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2.5.1 Biomass and polyethylene

Li et al. [104, 167] examined co-pyrolysis of LDPE and cellulose both with and
without a catalyst (ZSM-5). The non-catalytic experiments suggested that the
oils compounds produced from co-pyrolysis were similar to those present in
individual pyrolysis oils. This compares to research undertaken by
Bhattacharya et al. [168] who found that PS, PP and HDPE also interacted in a
similar way with pine in a screw auger pyrolysis experiment. Xue et al. [169]
examined tandem pyrolysis of PE alongside model biomass constituents,
cellulose, xylan and lignin. Whilst there was no major change in the types of
compounds, there were significant shifts in the proportions of compounds
produced. Co-pyrolysis of cellulose and PE increased the yield of furans and
anhydrosugars by 45%; xylan increased furans, anhydrosugars and acetic acid;
and lignin with PE created significantly higher proportions of phenolic
compounds. This increase in phenolic compounds indicates that the PE
radicals were promoting lignin depolymerisation. There was also a marked
decrease in char, carbon monoxide and carbon dioxide from these
experiments. An increase in short chain alkanes and alkenes from the
co-pyrolysis of the PE with biomass indicates that not only the compounds from
biomass but also those from the polyethylene were becoming altered during
co-pyrolysis. In this case the biomass was enhancing depolymerisation of the
polyethylene with longer chain hydrocarbons becoming cracked into shorter
chain molecules.

When H-ZSM-5 was utilised alongside the co-pyrolysis there was an increase
in aromatic hydrocarbons accompanied by a decrease in ethylene and
propylene selectivity. The removal of alkenes from the pyrolysis products
without a corresponding increase in alkanes indicates that aromatic formation
was most likely a product of the Diels-Alder reaction such as in Figure 2.27.
The Diels-Alder reaction involves the combining of two unsaturated bonds
(C=C) to produce a ring structure. This results in a reduction in the number of
unsaturated functional groups and an increase in the number of cyclic
compounds. This is also possible between unsaturated bonds within ring
structures and will result in polycyclic structure. As well as aromatic production,
the co-pyrolysis of biomass and PE together produced higher hydrocarbon
products with lower coke on the catalyst than during pyrolysis of the two
samples separately.
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Figure 2.27: Proposed process for catalytic co-pyrolysis between cellulose and
PE [115, 167, 169-171].

Li et al. [104, 167] found that ZSM-5 significantly affected the products of co-
pyrolysis also observing a reduction in coke and an increase in aliphatic and
aromatic products. This aromatic formation was attributed mainly to furan
formation from ZSM-5 interaction with cellulose, leading to Diels-Alder
reactions together with the alkene products from catalytic cracking of PE.

2.5.2 Biomass and polypropylene

Lietal. [167] compared LDPE and PP co-pyrolysis with cellulose. The aromatic
and olefin yield from individually pyrolysed PP was higher than that for LDPE.
During co-pyrolysis with cellulose, the aromatic yield is increased to a greater
extent for LDPE than for PP such that the aromatic yield is higher in LDPE and
cellulose co-pyrolysis. This was accompanied by a slight reduction in coke in
each case. Ohja et al. [172] examined co-pyrolysis of PP and cellulose at
different, mixing ratios using Py-GC/MS and Py-FTIR. The mixtures produced
a significantly higher proportion of alcohol compounds than was predicted from
experiments using the individually pyrolysed samples. This indicates that
vapour phase extraction of hydroxyl radicals is induced by the presence of PP
derivatives leading to alcohol products upon recombination with the PP
radicals. Sajdak and Muzyka [165] examined co-pyrolysis of PP with different
wood samples with synergy observed during analysis of the pyrolysis products.
A mixture of biomass and PP (30% PP), led to a reduction of liquid yield with a
comparable increase in solid and gas yield. The yield of CO and CO2 were
increased during co-pyrolysis with the overall effect that the oxygen content of
the liquid decreased whilst the oxygen content of the gases increased.
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2.5.3 Biomass and polystyrene

PS varies from the other polyolefin polymers (LDPE, HDPE, PP) in that it
contains an aromatic group within the structure of the polymer. Li et al. [167]
compared pyrolysis and co-pyrolysis of LDPE, PP and PS with cellulose. At
550°C PS produced the greatest aromatic yield at 80% of the carbon compared
to 28% for LDPE and 35% for PP. PS also produced a much lower yield of
alkanes and alkenes. Catalytic co-pyrolysis of the polyolefins produced
aromatic compounds mainly through Diels-Alder reactions between furan and
small alkene compounds, however this is limited in PS where there are fewer
alkene compounds available. Zhang et al. [115] propose a different mechanism
for PS which involves the PS polymer dissociating to produce the monomer
material styrene which is itself a mono-aromatic compound. This styrene may
then react with allene compounds, produced from the deoxygenation of furan
derivatives, to produce two-ringed indane, and subsequently naphthalene
compounds (Figure 2.28). This compares to reaction networks proposed by
Cheng et al. [170], for production of aromatic compounds, from furan
derivatives, over ZSM-5 catalyst. The formation of allene compounds is
increased at elevated temperatures so increased temperature will also increase
the proportion of bi-cyclic aromatics.
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Figure 2.28: Co-pyrolysis of cellulose with polystyrene with ZSM-5 catalyst
[167, 171].

Abnisa et al. [173] found that during co-pyrolysis of palm shells with PS the
maximum liquid yield was achieved at temperatures between 500° and 600°C
with liquid yield increasing at the proportion of PS in the mixture increases. This
compares with results from Rutkowski and Kubacki [174] which found that
cellulose produced 45.5 wt.% liquid yield compared to 94.8 wt.% for PS when
pyrolysed individually. The relatively higher liquid yield from PS is reflected in
the liquid yield from co-pyrolysis with different mixing ratios.
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2.5.4 Biomass and polyethylene terephthalate

Pyrolysis of biomass with PET is not as thoroughly researched as other
common waste polymers despite high usage and collection of the material.
There are three main reason for this which are: high recycling rates of PET;
high oxygen content of PET which may cause it to create poor liquid fuels; high
formation of benzoic acid and terephthalic acid which are acids and can also
cause deposition and clogging during pyrolysis processes. Dorado et al. [171]
examined the origin of compounds produced during co-pyrolysis of cellulose
and PET. The major product of pyrolysis was carbon oxides with about 75% of
the carbon oxides sourced from the cellulose. The carbon monoxide yield was
a slightly higher than that for carbon dioxide with cellulose providing 90% of the
carbon monoxide and around 50% of the carbon dioxide. The experiment
produced a greater alkene yield than aromatic yield with both cellulose and PET
involved in alkene and aromatic synthesis. Dorado et al. [175] in separate
research found that when PET was catalytically (H-ZSM-5) co-pyrolysed with
Lignin, xylan, cellulose and switchgrass the yield of carbon which made up
toluene, ethyl-benzene, xylene, naphthalene and methyl-naphthalene was
increased compared to individual pyrolysis. Chen et al. [176] found synergistic
effects during thermal co-pyrolysis studied through TGA of paulownia wood and
PET. Synergy between PET and the biomass led to an increased degradation
of PET at temperatures below 500°C whilst as the temperature increased
beyond this point char yield was increased. The synergy was also observed as
a change in weight loss during co-pyrolysis and temperatures at which
decomposition occurs shifted slightly in co-pyrolysis samples.

2.5.5 Interaction of biomass and plastics overview

Zhang et al. [115] produced a simplified reaction scheme for catalytic
co-pyrolysis of plastics with lignocellulosic biomass which is displayed in Figure
2.29. Both biomass and polymers crack to produce small compounds which
may then react together to produce non-oxygenated aromatic compounds. The
major interaction between polymers and lignocellulosic biomass appears to be
between short chain alkenes and furan derivatives from cellulose and hemi-
cellulose.
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Figure 2.29: Overview of reactions participating in catalytic pyrolysis of
biomass and polymers to produce aliphatic and aromatic hydrocarbons,
adapted from Zhang et al. [115].

Abnisa et al. [164] explain that synergy is observed between biomass and
polymers yet at this time knowledge of the mechanism is poorly understood this
is in agreement with Zhou et al. [177]. Johannes et al. [178] found that synergy
during co-pyrolysis can be both positive as well as negative and this may
change depending on the conditions. Heating rate, temperatures and mixing of
pyrolysis samples may all affect the synergy effect as well as solvents, catalysts
and hydrogen sources. Onal et al. [179] examined co-pyrolysis of HDPE and
almond with an emphasis on synergy. The properties of the oils produced
during co-pyrolysis improved with regards to use as a transport fuel. The
positive synergy in this case was mainly attributed to hydrogen transfer from
polymer decomposition, leading to a reduction in oxygenated compounds.
However, the exact mechanisms are challenging to elucidate though due the
wide array of chemical species involved during the process.

2.5.6 Metal impregnated ZSM-5 and co-pyrolysis

There is only very limited literature relating to catalytic co-pyrolysis of biomass
and polymers with much of the research focusing on H-ZSM-5 with a little on
H-Y (H-Y zeolite), FCC catalysts (fluidic catalytic catalysts (used)) and alumina
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silicates [115]. Unsurprisingly there is also very little focusing on modified
ZSM-5 catalytic co-pyrolysis.

Zhou et al. [180] examined the effect of boron impregnation (0.5-3 wt.%) on the
effectiveness of utilising ZSM-5 for catalytic co-pyrolysis of biomass and
cellulose for production of valuable monoaromatic hydrocarbons, particularly
focusing on p-xylene. As an important precursor in the production of
terephthalic acid and pharmaceutical products, p-xylene is more valuable than
the meta- or ortho- isomers of xylene. It has been clearly demonstrated by
Breen et al. [181] that simple impregnation of boron into ZSM-5 can be used to
control the shape selectivity of products through pore restriction with the
resulting product yield from alkylation of toluene achieving greater than 99% p-
xylene selectivity using boric acid impregnated into ZSM-5 (10 wt.% boron)
[182]. Zhou et al. [180] used TPD (Temperature programmed desorption) using
NHs to study the effect of boron impregnation on acid sites in the ZSM-5 and
identified that the addition of boron reduced the intensity of the strong, Bronsted
acid sites, leaving the weaker Lewis acid sites relatively unaffected. This
reduction in Bronsted acidity was considered to be due to the boron binding
preferentially at these sites in the ZSM-5. The reduction in strong acid sites was
suggested as the main reason for an increased monoaromatic yield and olefin
selectivity whilst minimising the formation of PAH (polyaromatic hydrocarbons)
compounds. Catalytic fast pyrolysis of cellulose was undertaken using a Curie-
point pyrolyzer (590°C, 60s) with helium used to carry the vapours to a GC for
guantification for hydrocarbon compounds and non-condensing gases by FID
and TCD. The impregnation of boron was found to be most effective at 1 wt.%
loading with an increase in the selective formation of p-xylene increasing from
48% to 75%. This increase in p-xylene selectivity indicates templating within
the ZSM-5 pore where the p-xylene is the least sterically hindered form.

Lin et al. [183] studied phosphorus impregnation into ZSM-5 for catalytic co-
pyrolysis of biomass and HDPE. The catalysts were prepared by wet
impregnation of HZSM-5 with Ammonium phosphate dibasic ((NH4)2HPOa4) with
different loading between 0 wt.% and 10 wt.% produced and these confirmed
using XRF (X-ray fluorescence) spectrometry. The addition of phosphorus
reduced both the strong acid and weak acid sites during NHs-TPD analysis with
this reduction attributed to phosphorus reacting with bridging hydroxyl groups
in the ZSM-5. The prepared P-ZSM-5 was used for catalytic pyrolysis of wood
plastic composites, formed from extrusion of finely milled poplar wood with
HDPE (1:1 wt.%), using pyroprobe equipment (550°C, 30s) combined with
online GC-MS for product analysis. The peaks in the MS chromatogram were
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identified using the NIST compound library and literature for H-ZSM-5 and
different loadings of P-ZSM-5. In the case of H-ZSM-5 69% of the peak area
was composed of aromatic compounds and 2% of light aliphatic compounds
(C4-C12). In contrast the P-ZSM-5 was composed of 57% aromatics and 4%
light aliphatics at 2 wt.% loading and 34% and 15% respectively at 5 wt.%
loading. The authors attribute this shift from aromatic compounds through to
light aliphatic compounds during phosphorus impregnation to the reduction in
acidity in the catalyst. As well as an increase in light aliphatics there was also
an increase in oxygenated compounds identified in the MS results with an
increase from 22% (peak area) in H-ZSM-5 to 32% and 42% at 2 wt.% and
5 wt.% phosphorus respectively.

Yao et al. [184] also utilised phosphorus for impregnation of ZSM-5 and
examined the combined effect of phosphorus with nickel on the co-pyrolysis of
biomass and LDPE. Their research aimed to use phosphorus to enhance the
conversion of alkanes to alkenes which may then be available for further
reactions such as aromatic formation such as through Diels-alder reactions.
Their research used pyroprobe equipment (550°C, 60s) combined with online
gas chromatography (TCD and FID) and in-situ ZSM-5 at a ratio of catalyst to
feedstock at 15:1 (by weight) to pyrolyse pine wood sawdust and LDPE powder.
The phosphorus catalyst was produced by wet impregnation of the zeolite with
Ammonium phosphate dibasic ((NH4)2HPO4) as with Lin et al. [183]. The
nickel/phosphorus catalysts were produced by further impregnation with nickel
nitrate solution (Ni(NOs)2). The impregnation of both nickel and phosphorus did
not affect the structure of the ZSM-5 (XRD) but reduced the Bronsted acidity of
the zeolite (NH3-TPD). This reduction in Bronsted acidity occurred in the
phosphorus impregnated catalyst and was further reduced in the
nickel/phosphorus zeolite. For ZSM-5 ~30% of the carbon yield was in aromatic
compounds which increased to ~33% for P-ZSM-5 (1.5 wt.%) and ~38% for
Ni/P-ZSM-5 (1.9/2.0 wt.%). This increase in aromatic yield was accompanied
by a similar reduction in char and coke yields. For both modified catalysts the
alkane yield was reduced by a similar proportion compared to ZSM-5 yet the
alkene yield was increased more in the P-ZSM-5. This indicates that some of
the extra alkene compounds produced during the Ni/P-ZSM-5 catalysis have
been converted to aromatic compounds. This is in part thought to be due to
reactions between LDPE derived alkenes and biomass derived furans through
Diels-alder reaction mechanisms to produce aromatics. The reduction in char
and coke formation was attributed to the reduction in strong Bronsted acid sites
which have been linked to coke formation through dehydration of oxygenated
compounds derived from biomass [106, 185].
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The impregnation of ZSM-5 with gallium was studied by Li et al. [186] for
catalytic co-pyrolysis as a pathway for production of petrochemical feedstocks.
Several gallium impregnated catalysts were produced using the wet
impregnation with gallium nitrate (Ga(NOs)3) or including the gallium within the
structure of alumina silicate and MFI zeolites synthesised with Ga20s included
in the synthesis gel mixture. Catalytic co-pyrolysis of pine sawdust and LDPE
powder was conducted in using a pyroprobe microreactor linked through helium
transfer line to GC using TCD and FID for quantitative analysis. The sample
was heated at 20°Cms* to 550°C with the temperature held for 60s. Analysis
of the catalysts found that the inclusion of gallium within the structure of the
catalysts led to significant reduction in Bronsted acidity as bridging silanol
groups with gallium (Si-O-Ga) rather aluminium (Si-O-Al) are more covalent
[187, 188]. The gallium impregnation of ZSM-5 is mostly expected to remain
external to pores and restrict the pore openings. Although some is gallium ions
are likely to inhabit the active acid sites, a large proportion of the gallium is likely
to be located on the external surfaces of the catalyst in the form of gallium oxide
(Ga203) particles [189, 190]. This acts to restrict catalytic reactions to the
internal surfaces which increases the effect of templating catalytic reactions. Li
et al. [186] found that gallium wet impregnation on ZSM-5 lead to improved
monoaromatic and p-xylene selectivity during biomass and LDPE co-pyrolysis.
Monoaromatic carbon yield (C%) increased from ~23% through to 27% on
addition of gallium at 5 wt.% loading and p-xylene selectivity increasing from
~2.5% through to ~4%. This is accompanied by a moderate reduction in
polyaromatic formation (~2%) and a slight reduction in coke and char (~1%).
This confirms the supposition that internal pore reactions are favoured over
reactions on external surfaces as PAH formation is hindered inside the pores
of ZSM-5 due to size restrictions.

Xiang et al. [191] studied cobalt impregnation for catalytic co-pyrolysis of
biomass (rice straw, cellulose and lignin) and LDPE through TGA. Cobalt
impregnation of ZSM-5 was completed using cobalt nitrate hexahydrate
(Co(NOs3)2:6H20). Powdered rice straw and LDPE (mixing ratio 4:1) were
heated in the TGA from room temperature to 600°C at 30°Cmin! under a
nitrogen atmosphere. The catalyst was used in-situ by mixing with the feedstock
at 25 wt.% prior to heating. The results of the kinetic analysis showed synergy
between the biomass and the polymer material with a reduction in activation
energy whilst using the catalyst. This compared to research by Zhang et al.
[192] who used unmodified ZSM-5 and concluded that co-pyrolysis of biomass
and PE showed synergy in the form of reduced activation energy and this was
increased through application of the catalyst. The interaction between cellulose



75

and LDPE appeared to be the strongest with that between lignin and LDPE
relatively unaffected by co-pyrolysis.

It is noteworthy that each of these studies examined catalytic co-pyrolysis of
PE with biomass with pyroprobe reactors combined with GC used for a majority
of the analysis of pyrolysis products. Catalysis is in-situ and ratios of catalyst to
feedstock of between 10 and 20 (by weight) are utilized to ensure adequate
conversion in the short time period prior to online analysis. There is much less
literature relating to co-pyrolysis of biomass and PS and an absence of
literature on metal-impregnated catalytic co-pyrolysis of biomass and PS. The
understanding of catalyst action is focused on surface area, pore volume and
acidity of active sites to a high degree, whereas the interaction of metal atoms
with reactive species during pyrolysis is much more challenging to measure and
is far less extensively understood.

2.6 Compounds suitable for chemical feedstocks

Zhang et al. [115] compare the compounds which are produced selectively
during catalytic co-pyrolysis and highlight that in many cases the compounds
produced are valuable both for fuel use as well as for chemical synthesis.
Petrochemicals are often sources from petroleum with some of the main target
compounds including, benzene, toluene and xylene (BTX) as well as light
olefins. These compounds are primary building blocks which may be used to
synthesise other useful compounds particularly for producing solvents, plastics
pharmaceutical and clothing (fibres). Zhou et al. [180] highlight the potential for
biomass and cellulose to be converted into these valuable compounds using
modified ZSM-5 to control co-pyrolysis and promote selectivity towards
valuable aromatic products. Talmadge et al. [41] highlight the importance of
removing oxygenated species in order to produce both fuels and valuable
chemicals. This is often accomplished through expensive hydroprocessing
however polymer donation of hydrogen may be a lower cost method to allow
for selective production of valuable and useful products. As well as BTX,
ethylbenzene and styrene are also compounds which are subject to high
demand. This means they are more valuable as chemical feedstocks than as
fuel components where separation is economically viable [193-196].

2.7 Summary of literature review

The literature available for this research field is extensive and useful, however,
there are a number of key limitations.
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)] Due to the complexity of pyrolysis for biomass and polymers a high
proportion of the research focuses on the results of pyrolysis rather
than the underlying mechanisms. Modelling has been utilised to
explore the interactions and mechanisms which drive pyrolysis with
general pathways proposed, accounting for the products of lignin,
cellulose and hemi-cellulose with reasonable accuracy. The sheer
scale of the challenge, however, leaves much remaining to be
elucidated.

i) The action of ZSM-5 catalysts has been understood in detail as these
materials have been utilised in FCC processes for many decades.
The utilisation of these catalysts for pyrolysis has benefited from
much of this research however, as with the study of pyrolysis itself,
the complexity has left much understood through general effects
rather than through detailed analysis of mechanisms. This is also the
case with metal loaded ZSM-5 catalyst with most studies showing the
effect of the catalyst on the products rather than studying the
underlying mechanisms involved. These studies into product yields
and compositions are valuable, however, a more in-depth
understanding would add greatly to this research field.

i) Catalytic co-pyrolysis often uses ZSM-5 with limited research into
metal-impregnated ZSM-5 catalysts. Those metal-impregnated
catalysts which have been utilised in literature were focused on
biomass and polyethylene with other plastics not closely examined.

iv) A particular problem across literature is the limited scale of research
and the variations between each methodology. Wide variations exist
in the literature with regards to polymer type, biomass type, sample
mixing ratio, reactor type, reactor conditions, catalyst type, catalyst
yield, analytical equipment and analytical output format to name a
few of the multitude of variations. This makes comparison between
research challenging and reduces the significance of any small
variations observed as these could simply be due to variations in
methodology.

The goal of this research was to provide a set of results which use consistent
methodology and samples for pyrolysis, co-pyrolysis and catalytic co-pyrolysis
such that variations between each may be clearly compared. This included
determination of pyrolysis product yields (char, gas, liquid, oil), with detailed
analysis of the oils and gases to observe the changes to the products caused
by changes to variables. This research also examined a wide range of metal
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impregnated catalysts, where in literature many projects are limited in scope.
Catalytic co-pyrolysis for a sample composed of biomass and PS with metal-
impregnated ZSM-5 is absent in literature so this was investigated. The
co-pyrolysis experiments examined a wider range of mixture ratios compared
to those examined in literature which are often limited to 1:1 mixture of biomass
and polymer.
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Chapter 3: Experimental

3.1 Introduction
There are four main sections which compose the experimental part of this
research:

e The first section, presented in chapter 4, involved the preparation of a
two-stage pyrolysis reactor. The reactor and methodology were initially
tested to ensure that results could be obtained with suitable repeatability
and all pyrolysis products were collected ensuring mass balances
approaching 100%. The test experiments also allowed for establishment
of analytical methodologies although these were further developed
throughout the research. Once the reactor was prepared fully, the initial
experimental section examined catalytic and non-catalytic pyrolysis of
biomass, using both unmodified and metal-impregnated ZSM-5.

e The second section used TGA-MS to study the devolatilisation process
for biomass and polymers. This was completed for both individual
samples, as well as mixed samples of biomass and polymers to model
devolatilisation during co-pyrolysis.

e The third section used the two-stage reactor to study the catalytic co-
pyrolysis of biomass with polymers using a range of mixing ratios using
unmodified ZSM-5.

e The fourth section studied the catalytic co-pyrolysis of biomass with PS,
with a particular focus on the combined effect of both metal impregnated
ZSM-5 and the mixing ratio of the pyrolysis sample.

3.2 Biomass and waste plastic samples

Six samples were used for all of the experiments. The six sample materials
were as follows, biomass (BMS), high-density polyethylene (HDPE), low-
density polyethylene (LDPE), polypropylene (PP), polyethylene terephthalate
(PET) and polystyrene (PS). The samples were selected with the aim of
elucidating real-world situations, so a mixture of recycled and virgin material
was used.

The biomass sample used was a mixed source wood pellet supplied by
Liverpool Wood Pellets [197], a company which manufactures wood pellets
from UK sourced virgin wood, these pellets are equivalent to those which would
be used in a domestic heating system.

The polymer materials were from two different sources. The virgin materials,
LDPE and PET were sourced from Sigma-Aldrich Limited [198, 199]. The LDPE
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was a pure pelletised material whereas the PET contained 30% glass
reinforcement material. Reinforcement is used with PET products particularly
with regards to improving electrical properties or for improving performance and
endurance of mechanical components. The reinforcement can increase
stiffness, toughness and chemical resistance. However, these improved
properties increase difficulty for recycling the polymer. Pyrolysis provides a
potential method for PET utilisation with the reinforcement material remaining
in the char formed during pyrolysis whilst the volatiles are collected separately.
The PP, HDPE and PS polymers were also in pellet form but were produced
from recycled polymers and were provided by Regain Polymers Limited,
Castleford, UK (now ImerPlast UK Ltd.) [200].

Figure 3.1 shows photographs of the materials as they were received, before
they were prepared for analysis or pyrolysis experiments. Each of the materials
is in a homogenous, pelletised form. It is possible to assume that the polymers
are similar to each other, particularly when considering the chemical
composition. However, there are both physical and chemical differences
between each polymer which can be observed in the pellet structure and the
response of each material to compression. There are also variations in
colouration which are likely to be partially due to dyes within the recycled
materials.

Biomass

Figure 3.1: Photographs of the samples used during pyrolysis.

3.3 Sample preparation
The biomass and plastics (HDPE, LDPE, PP, PET and PS) samples were
received in pellet form and were then prepared for pyrolysis or material
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analysis. The biomass pellets were approximately 10mm x 5mm x 5mm in a
densely packed cylindrical form and were prepared for the pyrolysis
experiments using a cutting mill to produce a homogenous woodchip which was
passed through a multiple sieve system to collect a sample between 2.8mm
and 1.0mm in size. The polymer materials were received as pellets and were
approximately 3 mm? and were used for fixed bed pyrolysis without further
reduction processing. Proximate and ultimate analysis requires a finely ground
homogenous sample to ensure measurements are precise and representative
of the entire sample so for these methods the samples were prepared by
grinding at low temperatures in a Freezer Mill 6770 using liquid nitrogen
(-196°C) to enable the reduction of the material to lower than 90 pm. TGA
analysis was initially undertaken at Leeds University to gain insight on the
thermal degradation of the samples prior to starting experiments using the
pyrolysis reactor. Further analysis was conducted at Tsinghua University,
Beijing, China as part of a researcher exchange scheme, using TGA in
conjunction with mass spectrometry equipment to examine in detail the thermal
degradation of biomass and polymer samples during pyrolysis and co-pyrolysis.
Samples which were used for TGA-MS studies at Tsinghua University were
prepared by grinding using a mechanical mill to lower than 250 puM.

3.4 Proximate and Ultimate Analysis

Proximate and ultimate analysis was used to determine the composition of the
pyrolysis samples. The proximate analysis uses a furnace to devolatilise and
combust samples according to set standards to determine the comparative
proportion of char, ash, volatile gases and moisture which are formed by
thermal decomposition of the samples under standard test conditions. The
procedure used followed standards which were developed for use with
biomass, but the same methodology was also used for the polymers to maintain
consistency between treatment of the samples. The procedure requires
samples to be milled to smaller than 1000 uM after which three methods were
used for the analysis.

Moisture content was determined according to standard BS EN 14774-3:2009
[201]. This involves heating the sample for 2 hours in a furnace at a fixed
temperature of 105°C. A pre-dried and pre-weighed glass vessel with a lid was
used for this method in accordance with the standard. The lid was heated in the
oven with the vessel throughout the procedure as was then placed onto the
vessel immediately on removal from the furnace to prevent moisture returning
to the sample during cooling. The weight of the vessel and remaining sample
was determined using a balance and the moisture content determined as the
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change in sample mass between the original sample and the sample after the
drying process.

Volatile content was determined using the standard BS EN 15148:2009 [202].
A pre-dried sample was heated in a furnace fixed at 900°C for 7 mins in a pre-
dried and pre-weighed silica crucible with lid which remained on the vessel
throughout the procedure. Once the sample was removed from the furnace it
was allowed to cool before being weighed on a balance. The mass change
between the initial sample and the sample post-heating is due to loss of
volatiles from the sample.

Ash content was measured in accordance with the standard BS EN 14775:2009
[203]. Each sample was heated in a furnace in an inert shallow flat-based silica
dish with the temperature of the furnace ramping from room temperature
through to 250°C at a heating rate of approximately 5°Cmin-t. After this
temperature was reached the furnace remained at 250°C for 60 mins before a
further heating stage from 250°C through to 550°C at a rate of 10°Cmin-L. This
temperature was held for 120 mins although if the material was not fully
decomposed to ash during this time period a longer time period the sample
should be held at this temperature for longer to ensure complete ash formation.
This was not needed for these samples. This was undertaken in a furnace with
adequate oxygen supply for all carbon material to be completely combusted.

Ultimate analysis was undertaken using carbon, hydrogen, nitrogen and
sulphur analysis (CHNS) according to the standard BS EN 15104:2011 [204]
using a Thermo EA-2000. This involves combusting a known quantity of
sample, in a tin capsule, in the presence of a predetermined quantity of an
oxidising agent, in this case vanadium pentoxide (V20s). The combustion at
1000°C causes oxidation of all present carbon, nitrogen and sulphur atoms into
COz2, NO2 and SO2. The NOz2 is reduced to Nz in a secondary reaction step and
the three gases are separated through a gas chromatograph (GC) column and
pass across a thermal conductivity detector (TCD) using an inert carrier gas
(Helium) at which point they are quantified. Standards are analysed alongside
the unknown samples to confirm that the analysis is providing accurate values.
In this case repeated measurement of oatmeal and BBOT (2,5-Bis(5-tert-butyl-
benzoxazol-2-yl)thiophene) were used as standards alongside an empty tin
capsule and blank samples with barley flour was analysed after every eighth
unknown sample to confirm that the values remained consistent.
Approximately 3 mg of sample was used in each capsule measured to 2
decimal places.
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The oxygen content may be calculated by difference however it is more
accurate to measure the oxygen separately using CHNS-O analysis which has
been calibrated to quantify the oxygen accurately. In this case silver foll
capsules are used and the combustion at 1000°C releases volatiles which react
with a nickel carbon catalyst to produce carbon monoxide from all present
oxygen. The CO and Nz are then carried by the inert carrier gas, helium,
separated by GC and quantified using a TCD. Standards of acetanilide, benzoic
acid and aspartic acid are used to calibrate the process to determine accurate
oxygen values. For both methods duplicate analysis of samples was used.

3.4.1 Biomass composition

For all of the experiments a single homogenised batch of biomass was used.
The biomass material was chosen to be a high quality, consistent and
homogeneous material such that variation between experiments would be
minimised whilst still representing a real-world biomass source as might be
available to a commercial pyrolysis operator. The material contains a relatively
low ash and moisture content which ensures that detrimental effects due to
these species are limited.

The ash content of a biomass source can contain a wide range of metals
including alkali metals, potassium and sodium; alkaline-earth metals, calcium
and magnesium; as well as heavy metals including the transition metals copper,
and nickel. These elements are accumulated by plants as they grow by bio-
accumulation with the soil being a primary source of nutrients and
contaminants. These species may be advantageous for plant growth for
example potassium which is a vital nutrient for plant development, but can also
have an influential catalytic effects during pyrolysis [10, 27, 58, 205]. The
composition of the biomass sample was ascertained by proximate and ultimate
analysis and the results of this are provided in Table 3.1, however
Thermogravimetric analysis (TGA) was also used to provide further elucidation
of the manner in which the material undergoes devolatilisation in an oxygen
free atmosphere comparable with pyrolysis.

The TGA was undertaken using a TA TGA Q5000 IR with the sample heated
from room temperature through to 1000°C at a ramping rate of 10°Cmin-tin a
nitrogen atmosphere flowing at a rate of 50mLmin. The prepared sample
(~25mg) was placed in a pre-weighed and tared platinum pan which remains
inert through to high temperatures. A data point was collected every 0.1s during
heating. The weight change and differential weight change give key information
about the devolatilisation process.
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Table 3.1: The composition of the biomass sample, as determined by
proximate and ultimate analysis.

Biomass As received Dry Dry ash-free
Proximate Analysis

Moisture (wt%) 7.77 - -
Volatile (wt%) 86.43 93.70 93.32
Fixed Carbon (wt%) 5.50 5.97 6.68
Ash (wt%) 0.30 0.33 -
Ultimate Analysis

C (wt%) 46.07 49.95 50.11
H (wt%) 4.97 5.39 5.40
N (wt%) 0.12 0.13 0.13
S (wt%) 0.00 0.00 0.00
02 (wt%) 44.67 48.43 48.59
GCV® (MJIKg™) 18.10 19.65 19.72

aDetermined by direct oxygen analysis
b Predicted from Fried! et al. 2005 [206]

The composition may be defined according to three basis. The first, ‘as
received’ (ar), determines to what extent a component (volatiles, moisture,
hydrogen etc.) of the sample contributes to the total weight of a sample which
is being examined. The second, ‘dry basis’ (d) determines to what extent a
component contributes to the proportion of the sample which is not composed
of moisture. This allows samples which contain varying levels of moisture to be
compared. The third, ‘dry ash-free’ (daf) shows the value for the portion of the
sample not composed of ash or moisture. This allows the composition of the
reactive hydrocarbon part of the sample to be examined, unaffected by the ash
and moisture in the sample.

The gross calorific value (GCV) is the total energy contained within a sample
without taking into account any energy which would be needed to remove
moisture through evaporation. This is often determined using a bomb
calorimeter however Friedl et al. [206] developed an empirical equation which
could be used to accurately predict the calorific values of biomass samples
using the carbon, hydrogen and nitrogen content of the samples. The standard
error between predicted values and measured values using this method is
approximately 2% of the GCV.

Table 3.1 shows that the sample contains approximately 8 wt.% moisture. This
moisture will pass out of the sample during devolatilisation and in doing so will
create fissures within the biomass particles. This moisture having passed out
of the sample will travel through the reactor and into the condenser, therefore,



84

any bio-oil collected will contain this moisture. Under the conditions used during
proximate analysis [201-203], 86 wt.% (ar) of the sample will become volatiles
and pass from the reactor into the condensers. The conditions are different in
the case of proximate analysis and the pyrolysis reactor [26, 27, 30, 40] which
will affect the volatiles yield. Both the heating rate and maximum temperature
are significantly lower in the two-stage pyrolysis reactor than in the proximate
furnace. Guedes et al. [40] compared a large number of bio-oil production
experiments and found that in general a higher heating rate and higher
maximum temperature will both lead to more volatiles and therefore less fixed
carbon. However, as temperatures rise above 500°C the increased formation
of coke and gas can reverse this trend. These volatiles will leave the pyrolysis
sample and pass over the catalyst in the second stage of the catalytic pyrolysis
experiments.

The ash content is low at just 0.3 wt.% (ar). Phyllis 2 [207] is a database which
contains composition values for a wide range of biomass samples which have
been accumulated from researchers investigating biomass. Comparison of the
ash content measured during this study with samples entered into the Phyllis 2
database showed strong correlation to untreated and oven-dried pine wood (46
samples (ar), range: 0.07-5.74 wt.%), median: 0.41 wt.%, and mean: 0.62 wt.%)
[9, 208]. The fixed carbon value 5.5 wt.% indicates that any char collected is
predominately composed of carbon and would therefore have a potential use
for combustion to produce process heat.

Elemental analysis of the biomass sample puts carbon at 46 wt.% (ar),
hydrogen at 5 wt.% (ar) and oxygen at 45 wt.% (ar) with a low proportion of
nitrogen (0.12 wt.%). This provides all the elements necessary for hydrocarbon
bio-oil production however if the high oxygen concentration present in the
sample is transferred to the bio-oil which would be expected this is likely to
produce oils with high proportions of oxygenated compounds.
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Figure 3.2: TGA and DTG showing devolatilisation of biomass sample heated
from room temperature to 1000°C at 10°C/ min in a nitrogen atmosphere.

As well as elemental composition the TGA and DTG graphs give further
information about the biomass sample by observing the devolatilisation of
different components of the biomass. In contrast to the proximate analysis, the
TGA method follows a much closer heating profile to that which was used
during the pyrolysis experiments. Initially (below 100°C) a weight loss is
observed which is associated with drying of the sample. At approximately
250°C the sample begins to reduce in weight and this continues until
approximately 400°C. After this point further weight loss is observed but this is
much more limited in scope. Most of the weight change is concluded by around
500°C although there is a slight continued weight loss as temperatures increase
through to 1000°C.

These are four main thermochemical processes which contribute to this weight
loss. Studies of lignocellulosic biomass decomposition have found that the
shape and position of the major peak during biomass devolatilisation is due to
thermal decomposition of cellulose. A shoulder feature is also observed on the
front face of the cellulose peak and this is due to thermal degradation of
hemi-cellulose which is similar in composition to cellulose, but which degrades
at a slightly lower temperature. At around 400°C the main peak has declined
but there is still a continued region of weight loss, this is due to lignin
decomposition which occurs over a broader temperature range than either
hemi-cellulose or cellulose. However, the lignin peak is mostly hidden by the
other two features [34, 35, 67, 69, 209].
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As temperatures increase above 500°C there is ongoing decomposition of fixed
carbon within the char, however, without the presence of oxygen to bring about
char combustion this is a much more limited weight loss than the with the other
materials. Once a temperature of 500°C is reached there remains
approximately 20 wt.% of the original material which indicates that pyrolysis
experiments using a similar heating profile are likely to also produce around 20
wt.% char yield.

3.4.2 Composition of plastics

The composition of the polymers also needs to be evaluated to ensure that any
difference between them are accounted for during the research. The proximate
and ultimate analysis for all the plastic samples is shown in Table 3.2 including
biomass for comparison.

Table 3.2: Proximate and ultimate analysis of biomass and plastic samples
used for pyrolysis experiments — oxygen values directly measured with
value by difference in brackets.

Basis Units | Biomass HDPE LDPE PET PP PS
Moisture ar. wt% 7.8 0.0 0.0 0.0 0.0 0.0
Ash dry wt% 0.3 4.1 0.3 42.7 0.8 1.6
Volatile daf wt% 93.3 98.1 100.0 946 100.0 100.0
Fixed Carbon @ | daf wit% 6.7 1.9 0.0 5.4 0.0 0.0
GCv b dry MJkg? 19.6 47.5 51.2 16.4 46.2 47.5
Elemental
C daf wt% 50.1 82.5 83.3 69.0 810 87.8
H daf wt% 5.4 13.1 12.6 5.0 11.4 9.5
@) daf wt% 48.6 1.8 0.7 32.7 0.6 0.0
N daf wt% 0.1 0.1 0.1 0.0 0.1 0.0
a - determined by difference b - predicted from Friedl et al. 2005

HDPE and LDPE have very similar chemical compositions with the difference
lying in branching of polymer chains leading to differing mechanical properties
[89]. However, in this case, the HDPE is a recycled material whereas the LDPE
is virgin, the comparison between them might elucidate whether using recycled
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materials for pyrolysis causes issues. When the elemental composition is
compared there is very little difference with the more branched LDPE containing
a marginally greater ratio of carbon to hydrogen as would be expected from the
chemical structure.

The recycled HDPE contains twice as much oxygen as the virgin LDPE which
might be a drawback for fuel production although this is far lower than in the
biomass sample. The LDPE contains only a small amount of ash and no
moisture was determined during proximate analysis. This is expected in a virgin
material and the volatiles analysis indicated 100% conversion to the volatile
phase which could potentially lead to high oil yields. The HDPE had a much
higher ash content than the LDPE (4.1 wt.%). This ash might be inert and
therefore the only detriment would be to conversion efficiencies alternatively it
may contain material which can act as a natural catalyst or contain toxic and
harmful substances in which case scale-up of pyrolysis would need to be
carefully considered. The composition of the ash will not be dealt with further
here as it is outside the envelope of this research.

The PET contains 30 wt.% ground glass reinforcement which is reflected in the
high ash content although the ash content is greater than 30 wt.% which
suggests a relatively high ash content even without the reinforcement material.
This is likely to lead to a large reduction in oil yields however, pyrolysis presents
an opportunity to isolate the glass material from the PET material which may
be utilised for other purposes. The oxygen content for PET is also at 32.7 wt.%
which matches with the chemical structure of PET (C10HsO4) containing four
oxygen atoms per monomer unit which would give 33 wt.% oxygen. This high
oxygen content in the sample is likely to be expressed in the oxygen content of
the pyrolysis oils.

The PP was very similar to the LDPE and had ash, fixed carbon and oxygen
content which were all low. The PS is the only sample for which no oxygen was
measured in the elemental analysis although the ash content was greater than
with the virgin polyolefins (LDPE & PP) which is unsurprising considering the
PS is a recycled material. Despite the PS being from a recycled source there
was still a considerably lower ash content than for either PET or biomass. As
with LDPE, the PS produced 100 wt.% volatiles if the ash and moisture is
overlooked. This gives the potential for high oil yields during pyrolysis.

3.5 Reactor experiments
The pyrolysis experiments used a two-stage fixed bed reactor with independent
temperature control for each reactor stage and controlled nitrogen gas flow
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through the reactor. The nitrogen gas flow entered the reactor at the top and
passed down through the first stage, which contained the pyrolysis material in
a steel container, and then through the second stage, which contained a
catalyst bed laid onto quartz wool which was supported by a steel grid, and out
through the lower part of the reactor, through a three stage condensing system,
and finally into a gas bag. The diameter of the reactor was 40 mm with a vertical
height of 470 mm giving a volume of approximately 0.59 L with a 200 mLmin!
flow of nitrogen used for the experiments. For each experiment 2.0g of pyrolysis
sample and 4.0 g of catalyst were placed into the reactor and the inert nitrogen
gas flow was initiated. The flow at the outlet of the condenser system was
measured to ascertain that the inlet flow matched the outlet flow, therefore
ensuring that there were no leaks.

The reactor was heated according to the following procedure. Firstly, the
second stage which contained the catalyst was heated at 50°Cmin-t up to the
operation temperature, usually 500°C. Once this temperature was reached, and
was stabilised, the first stage containing the pyrolysis sample was heated at
10°Cmint up to the operating temperature, usually 500°C. The heating time
was 50 minutes with the temperature held for 20 mins and then the heating was
switched off to allow the temperature to fall for 20 mins to ensure pyrolysis is
no longer progressing once the condensing and gas collection systems are
dismantled for analysis. The gas from pyrolysis was collected during this 90-
minute period.

During pyrolysis the gases passed through a three-stage condenser system
which was composed of three glass vessels cooled by dry ice. Any gases which
were non-condensing passed through the condensers and into the gas bag
where they were collected for analysis. At the end of the reactor operation the
gas bag was sealed followed by the condenser system using rubber bungs and
Parafiim™ to ensure a full seal. At this point the condensers were brought up
to room temperature to remove external condensation, which would hinder
accurate weighing of the liquid yield, using cold water and dried externally using
paper towel. The change in weight of the condenser system before and after
pyrolysis was used to determine the liquid yield from pyrolysis. The non-
condensing gas was collected in a 25L Tedlar™ bag which had both an inlet
valve and an injection port for later analysis.

Before each experiment, both the catalyst and pyrolysis sample were carefully
weighed as well as each of the parts of the reactor including the vessel
containing the pyrolysis sample and the grid and quartz wool holding the
catalyst. The condenser system was weighed independently before and after
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the experiment, liquid and solid yields could be determined from the change in
mass of the reactor and condensers with gas yield determined using gas
chromatography (GC).

Nitrogen
{

P Thermocouple

Furnace
Biomass/Plastic ——
\
\ Furnace
Catalyst —1{ §
\
Thermocouple 7
| | Gas Sample
Bag
Condenser
System

Figure 3.3: Diagram of the two-stage, fixed bed pyrolysis reactor.

Figure 3.3 is a diagram of the two-stage pyrolysis reactor with a photograph of
the equipment in Figure 3.4 with each of the main components labelled (a-g).
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Figure 3.4: Photograph of the 2-stage pyrolysis reactor used for the pyrolysis
experiments: (a) pyrolysis reactor, (b) catalysis reactor, (c) condensers,
(d) gas collection bag, (e) reactor temperature control equipment, (f) gas

flow meter and (g) thermocouple temperature displays.

3.6 Gas analysis

Gas was collected during the pyrolysis experiments during sample heating
using a 25 L Tedlar® gas bag. This gas was analysed offline using three GC
instruments which were configured and calibrated for quantitative analysis of
key compounds. The first instrument, a Varian CP-3380 analysed the
permanent gases (Hz2, O2, N2and CO) with using argon as the carrier gas and
a2 m x 2 mm column packed with a 60-80 mesh molecular sieve and a thermal
conductivity detector (TCD). The second instrument was also a Varian CP-3380
but with a HayeSep column and was configured to measure carbon dioxide also
using a TCD. The third instrument was used to determine hydrocarbon gases
(C1-Ca), used nitrogen as a carrier gas and a 2 m x 2 mm stainless steel column
packed with Hysesp, 80-100 mesh using a flame ionisation detector (FID).
Calibration was achieved using known standards these were used to calculate
response factors (RF) for each gas. The results indicate relative proportion of
each gas. From these values two assumptions can be used to calculate the
weight of each gas produced during the experiment. Firstly, that the nitrogen
flowrate in the reactor was constant and recorded accurately, secondly that 1
mole of gas at standard temperature and pressure has a volume of 22.4 L in
accordance with the ideal gas law. Each gas sample was injected three times
with the average used to calculate the gas yield.
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3.7 Liquid yield collection

From each experiment the pyrolysis oil was removed from the condenser
system using 10 ml of solvent, dichloromethane (DCM) or methanol depending
on the pyrolysis sample and therefore the proportion of moisture in the liquid
yield. The liquid was transferred to dark borosilicate glass vials to reduce the
possibility of light triggered side reactions occurring prior to offline analysis.
Pyrolysis oils from biomass samples contain a high proportion of water and
polar oxygenated compounds which have low solubility in dichloromethane,
methanol is more polar than DCM and is able to dissolve both the water and
these polar compounds. In the case of polymer pyrolysis products these
produce more non-polar compounds and much less water and are therefore
less soluble in methanol. When methanol was used to collect these samples
the non-polar compounds precipitate out of solution which presents challenges
for analysis. It was found through experimentation using mixed biomass and
polymer samples that where the sample contained 50 wt.% biomass or greater
the liquid product would dissolve fully in methanol without phase separation or
precipitation. In mixtures where biomass content was below 50 wt.%, complete
solubility was achieved in DCM but phase separation and precipitation was
often observed with methanol. Table 3.3 shows the solvent which was used for
experiments based on the mixing ratio of the pyrolysis sample. This ensures
that each set of experiments conducted with the same mixing ratio uses the
same solvent whilst there is variation at different mixing ratios to ensure that
liquid products are not being missed by offline analysis through phase
separation or precipitation of compounds.

Table 3.3: Solvent choice for extraction and analysis of pyrolysis liquid for
experiments. Dependent on the mixing ratio of the pyrolysis sample.

Plastic

100% 50% 20% 0%

100% Methanol

80% Methanol

50%

Biomass

0%

Prior to water or oil analysis the sample had to be divided into two homogenous
and even parts. The lining of the GC-MS column, which was used for oil
analysis, is susceptible to damage if excess water is passed through so it was
necessary to dry the liquid sample prior to injection. In contrast the Karl-Fischer
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water titration requires that water is not removed in order to ensure values are
accurate. This separation was accomplished through pipette transfer. The
sample was agitated before and during transfer to ensure a homogenous
sample with the pipette sample drawn from upper, middle and lower parts of
the vial to ensure that any separation based on density should not result in
differences in the separated samples.

3.7.1 Repeatability of experiments

Due to the scale of the research and the necessity to undertake a large number
of experiments to establish the products of pyrolysis for a range of factors prior
to examining the novel catalytic co-pyrolysis part of the research, it was not
possible to repeat all experiments. Repeats were undertaken when anomalies
were observed in the results or mass balance values. It is important for good
repeatability during experiments to ensure that values which are measured
during each experiment do not vary to a high degree and to understand the
degree of confidence which can be attributed to values which are similar. Before
the research was started the equipment was tested and methodologies
examined and improved to ensure that mass balance values close to 100 wt.%
could be achieved consistently and the mass of each contributing product was
determined such that a standard deviation between values could be calculated.
Table 3.4 shows the product yields which were determined using the
established equipment. The lowest deviation was observed in the weight of char
measured after pyrolysis with the largest deviation present in the mass balance
value. This is expected as the mass balance is calculated using the other
measured values, each of these values carry their own deviation.

Table 3.4: Values measured during repeated pyrolysis of 2g of the biomass
sample with 2g of ZSM-5 and sand at 500°C with mean and standard
deviation calculated to show the repeatability of experiments using the
reactor and condenser equipment.

Standard
Mean deviation

(s)

ZSM-5 ZSM-5 ZSM-5  ZSM-5
Exp 1 Exp 2 Exp 3 Exp 4

Mass balance (wt.%) 96.7 99.2 101.7 98.8 99.1 2.05
Char (wt.%) 25.0 25.5 25.5 25.0 25.3 0.29
Liquid (wt.%) 49.0 49.5 51.5 51.0 50.3 1.19
Gas (wt.%) 25.5 23.0 24.5 25.0 24.5 1.08

Sand Sand Sand
Exp1 Exp 2 Exp 3

Mass balance (wt.%) 99.0 96.6 100.1 } 98.6 1.79
Char (wt.%) 26.5 25.5 25.5 - 25.8 0.58
Liquid (wt.%) 53.0 50.0 52.6 - 51.9 1.63

Gas (Wt.%) 19.0 18.5 21.0 ; 19.5 1.32
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3.8 Oil analysis
3.8.1 GC-MS procedure

The sample which was prepared for GC-MS analysis required drying prior to
analysis to protect the GC-MS equipment. The sample was dried by using a
flash column prepared with 6g of anhydrous sodium sulphate. Sodium sulphate
has a high drying capacity and does not interact with functional groups such as
alcohols, phenols, ketones, aldehydes and esters. The sample was applied to
the flash column and allowed to pass through using gravity, once the sample
passed onto the column it was washed with 2 x 2.5mL of the solvent. The dried
sample was loaded into a sample vial and 2L injected into the GC-MS column
using an auto-sampler. Each sample was analysed in the GC-MS using two
methods which were optimized to maximize the separation of compounds whilst
ensuring elucidation of a wide a range of compounds. Both methodologies were
calibrated using known compounds with one optimized to elucidate aromatic
compounds and one to elucidate oxygenated compounds. The aromatic
methodology was used for all of the peak areas with the oxygenated
methodology used to elucidate compounds which were not clearly elucidated
using the aromatic methodology.

The GC-MS equipment was a Varian CP-3800 GC with Saturn 2200 MS
containing a 30m x 0.25mm VF-5 MS column which combines selective
separation of aromatic compounds with inert handling of polar and semi-polar
compounds such as phenol. The GC temperature was increased step-wise
during the procedure to increase the separation of the compounds whilst
ensuring all suitable compounds could be eluted during the procedure.

The resulting chromatogram was matched against the calibration to identify key
compounds with other compound peaks identified through matching against the
National Institute of Science and Technology (NIST) compound library. This
library contains mass spectrum data consisting of ionization peak position (m/z)
and relative peak heights for a large number of compounds. Separate
calibration was performed for both the DCM and methanol solvents with four-
point calibration performed for both aromatic and oxygenated compounds.
Calibration was performed with four increments, 100ppm, 80ppm, 40ppm and
20ppm.
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3.8.2 Calibration of GC-MS

The resulting chromatogram was matched against the calibration to identify key
compounds with other compound peaks identified through matching against the
NIST compound library. Separate calibration was performed for both the DCM
and methanol solvents with four-point calibration performed for both aromatic
and oxygenated compounds. Calibration was performed using four increments,
100ppm, 80ppm, 40ppm and 20ppm. Quantitative analysis was possible for the
calibrated compounds, however, any compounds identified only through library
matching may only be evaluated as semi-quantitative. Combining of calibrated
and non-calibrated results would result in distortion of the results, therefore
because a significant proportion of the pyrolysis oils could not reasonably be
analysed with full calibration, the oil analysis utilised only the non-calibrated
values which are labelled accordingly as relative abundance (area%).

The calibration of the equipment gives important information about the elution
of compounds through the GC column and the response of these compounds
as they pass through the detector. The calibration was used initially to establish
the retention times and ion pattern for known compounds such that it is possible
to identify these with confidence in the oils which were to be analysed. Figure
3.5 shows a chromatogram for oxygenated compounds (see Table 3.5) used to
calibrate the GC-MS equipment using DCM as the solvent. The temperature
profile of the procedure was adjusted to ensure that compounds could be
distinguished and so that a wide range of compounds present in oil samples
would elute during the analysis. The compounds with lower boiling points
generally elute before those with higher boiling points with polar compounds
also eluting faster generally due to the relatively non-polar nature of the
stationary phase. It can be observed that the response factors are different for
each compound which means that fully qualitative analysis is not possible
unless each compound in the oil sample has been calibrated. However, it is
possible to undertake semi-quantitative analysis where there is a linear
relationship between compound concentration and MS response. The values
obtained will not be absolute values but a difference between two samples
should be evident in the values in the resulting chromatogram. Known
standards were used to calibrate the GC-MS equipment with retention times
and response factors determined for each of the solvents used (methanol or
DCM) (see Table 3.7 and Table 3.8).
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Figure 3.5: Initial calibration run for oxygenated compounds in DCM labelled
against known standards in Table 3.5.

Table 3.5: Compounds which were used for initial calibration with the resulting
peaks shown in Figure 3.5 with boiling point of each compound listed.

RT/ : : °

mins Oxygenated Calibration b.p. (°C)
1 7.34 Furfural 162
2 10.38 Anisole 154
3 12.73 Phenol 182
4 15.25 o-cresol 202
5 15.98 p-cresol 202
6 17.02 2,6-dimethylphenol 203
7 17.45 3,5-dimethylanisole 193
8 17.82 2,3-dimethylanisole 195
9 18.25 3,4-dimethylanisole 201
10 18.27 2,4-dimethylphenol 212
11 18.84 4-ethylphenol 219
12 20.05 4-1sopropylphenol 213
13 20.64 2,4,6-trimethylphenol 220
14 24.49 2-methoxy-4-propylphenol 250
15 24.98 Biphenyl 255
16 27.61 Acenaphthene 278
17 32.90 4-phenylphenol 305
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The calibration is also important as it allows for the library matching of unknown
compounds to be evaluated. Library matching of known compounds was able
to correctly identify the correct compound in a clear majority of cases. Where
the library matching did not identify the correct compound, a similar compound
was instead identified i.e. p-cresol was sometimes identified as a different
isomer. There was one set of compounds which was particularly challenging
for matching against the library, identifying the molecular size of linear aliphatic
compounds. To identify the carbon number of these compounds known
standards were injected for Co-Ca4 linear aliphatic compounds with the resulting
retention times matching exactly with regular repeated peaks present in the
LDPE and HDPE pyrolysis oil chromatogram. This allowed the retention time
for the aliphatic compounds from Cis-Cs1 to be estimated using the regular
repeating peak pattern. When the compounds which were identified through
library matching were compared to those obtained through known sample
injection the molecular size in terms of carbon number gave high correlation
with increasing retention time, adding confidence to the results of library
matching.
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Figure 3.6: Calibration profile for o-cresol, phenol and p-cresol with linear fitting
for standards at 20, 40, 80 and 100ppm.
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Figure 3.6 gives three of the calibration profiles produced using four-point
calibration of known compounds. The response between 20ppm and 100ppm
is linear with excellent calibration fitting. This confirms that within these
concentrations the response factor is relatively linear ensuring that semi-
guantitive analysis may be used with confidence that an increased value is due
to an increased concentration of a species, though not an absolute value.
These are three examples but are representative of the other calibrated
compounds.

Table 3.6: The proportion of the GC-MS signal which was due to calibrated
compounds and the estimated proportion of oil yield the GC-MS signal
represents if mean or median response factors are applied to the whole

signal.
Estimated mass of oil
detected by GC-MS using mean or
median response factors for
calibrated compounds (wt.%)
Proportion of relative
abundance accounted .
Sample for by calibrated Mean (rf) Median (rf)
compounds (area%)
LDPE 17.8 72.8 65.8
Biomass (ZSM-5) 48.0 43.0 46.1
Biomass (Sand) 7.3 82.3 76.8
BMS: PS, 4:1 (ZSM-5) 10.8 78.3 82.5

Table 3.6 shows the proportion of the oil signal (area%) which was due to
compounds which had been calibrated. The mean and median response factors
for the calibrated compounds were then applied across the remainder of the
signal to estimate the proportion of the oil yield which was being analysed
during GC-MS. This estimate is very limited as there is a high likelihood that
response factors for the non-calibrated compounds will differ from the calibrated
compounds. However, it does give an indication that whilst the GC-MS is
unable to detect and measure all the compounds in the oil sample, a large
proportion of the compounds in the oil may be accounted for, possibly as much
as 82 wt.% in some cases. These values must be treated with caution however,
due to the uncertainty involved in the calculation. If the calibrated compounds
were the only compounds examined during the oil analysis is it probable that
these would not give a representative consideration of the oil samples as these
calibrated compounds together are only a limited proportion of the relative
abundance signal. An analysis which focused on these alone would ignore a
large part of the oil sample.
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Table 3.7: Known standards used for calibration of GC-MS (Methanol as

solvent).
RT / mins Aromatic compounds RT / mins Oxygenated Calibration
1 2.04 Benzene 1 3.84 Furfural
2 2.89 Toluene 2 6.16 Anisole
3/4 4.64 p/m-Xylene 3 6.68 3-Methylpyrazole
5 5.23 0-Xylene 4 7.19 Solketal
6 5.25 Styrene 5 8.86 Phenol
7 9.44 p-Methylstyrene 6 11.85 o0-Cresol
8 10.71 Limonene 718 12.86 p/m-Cresol
9 16.08 1,2-Dihydronaphthalene 9 13.09 Guiaicol
10 16.87 Naphthalene 10 14.02 2,6-Dimethylphenol
11 20.94 2-Methylnaphthalene 11 14.47 3,5-Dimethylanisole
12 24.26 2-Ethylnaphthalene 12 14.92 2,3-Dimethylanisole
13 25.67 2,6-Dimethylnaphthalene | 13 15.46 3,4-Dimethylanisole
14 25.67 1,4-Dimethylnaphthalene | 14 15.64 2,4-Dimethylphenol
15 27.03 Acenaphthene 15 16.36 4-Ethylphenol
16 35.36 Phenanthrene 16 17.39 Catechol
17 38.16 o-Terphenyl 17 17.79 2,4,6-Trimethylphenol
18 43.50 Pyrene 18 18.60 4-1sopropylphenol
19 44.42 m-Terphenyl 19 23.35 2-Methoxy-4-propylphenol
20 23.89 Biphenyl
21 29.81 Furoin
22 33.83 4-Phenylphenol

Table 3.8: Known standards used for calibration of GC-MS (DCM as solvent).

RT / mins Aromatic compounds RT / mins Oxygenated Calibration

1 4.55 Toluene 1 6.99 Furfural

2 6.91 1,2-Dimethylcyclohexane 2 10.00 Anisole

3 8.29 Ethyl-Benzene 3/4 10.96 Solketal/3-Methylpyrazole
4 8.76 p-Xylene 5 12.44 Phenol

5 8.84 0-Xylene 6 15.18 p-Cresol

6 9.93 m-Xylene 7 15.64 o-Cresol

7 9.94 Styrene 8 16.20 Guaiacol

8 16.85 p-Methylstyrene 9 16.48 m-Cresol

9 19.00 Limonene 10 17.48 2,6-Dimethylphenol
10 26.84 Naphthalene 11 17.99 3,5-Dimethylanisole

11 30.72 2-Methylnaphthalene 12 18.48 2,3-Dimethylanisole

12 33.61 2-Ethylnaphthalene 13 19.06 3,4-Dimethylanisole

13 33.93 2,6-Dimethylnaphthalene | 14 19.22 2,4-Dimethylphenol

14 34.82 1,4-DimethylNaphthalene | 15 10.02 4-Ethylphenol

15 35.96 Acenaphthene 16 21.68 2,4,6-Trimethylphenol

16 42 .86 Phenanthrene 17 22.64 4-Isopropylphenol

17 44.99 o-Terphenyl 18 28.51 2-Methoxy-4-propylphenol
18 49.39 Pyrene 19 29.14 Biphenyl

19 50.054 m-Terphenyl 20 33.26 Furoin
20 50.72 p-Terphenyl
21 62.08 1,3,5-Triphenylbenzene
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3.8.3 GC-MS data collection

The GC-MS data was collected and analysed using the following methodology.
From the chromatogram a peak list was created for every peak with a count
greater than 5% of the highest peak. For each recorded peak the retention time
and peak area were determined, and the peak was matched against the NIST
library to identify the most probable compound. The ionic fragmentation pattern
was examined at the front and rear edges as well as at the point of maximum
height to identify if a peak was due to one compound or whether the peak was
due to more than one compound which had eluted at the same retention time.
The calibration was used to confirm the presence and identity of calibrated
compounds and where more than one compound eluted at the same retention
time the secondary oxygenated method was examined as the variation in
methodology would usually lead to improved separation for certain compounds
not separated clearly using the aromatic methodology.

The identity and area of each peak was used to semi-quantitatively characterise
the types of compounds which were present in each pyrolysis oil sample such
that samples could be compared and variations which had developed between
the samples identified. The compounds were grouped into separate categories
which were non-exclusive, with each category accounting for 100% of the total
peak area. The categories were aromatic compounds, oxygenated compounds,
cyclic compounds and molecular size measured based on the number of
carbon atoms.

The aromatic compounds were determined as all compounds which contained
at least one aromatic ring. The aim of this category was to compare the
proportion of aromatic compounds and aliphatic compounds. This category was
further sub-divided into primary aromatics (mono-aromatic, no oxygen),
phenolics (mono-aromatic, oxygen), naphthalenes, indene derivatives,
aliphatics and polyaromatic hydrocarbons (PAHs). The oxygenated category
divided compounds between those which contained oxygen and those which
did not. The cyclic category divided compounds by the number of cyclic rings
which made up the compound i.e. unicyclic (1-ring), bicyclic (2-rings), tricyclic
(3-rings), quadcyclic (4-rings) and linear (0-rings). The molecular size was
determined by the number of carbon atoms which made up the compound with
Cs-C12 designated as gasoline range and =Ci3 treated as non-optimal for
gasoline. These categories overlap one another but by examining each of them
it is possible to observe the characteristics of the compounds in an oil and to
observe how these are varied through use of a catalyst of through co-pyrolysis.
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Table 3.9: Oil analysis was repeated for biomass pyrolysed with ZSM-5 (4Q)
including mean values and standard deviation (s) for four measured
criteria. The experiments span the period May 2016-March 2018.

Sample 1 Sample 2 Sample 3 Mean deS\};rt]i%ir?s)
Mass balance (wt.%) 101.4 105.2 101.2 102.6 2.3
Aromatic (Area %) 99.3 97.0 94.9 97.1 1.8
Oxygenated (Area %) 35.2 36.2 33.9 35.1 1.1
Cs-C12 (Area %) 96.9 98.6 95.4 97.0 1.6
Unicyclic (Area %) 82.8 78.4 78.4 79.9 2.6

Table 3.10: Oil analysis was also repeated for biomass pyrolysed without a
catalyst (sand - 4g) four measured criteria. The experiments span the
period May 2016-March 2018.

Sample 1 Sample2 Sample 3 Mean des\};r;i((j)?]r((js)
Mass balance (wt.%) 99.6 105.2 95.5 100.1 4.9
Aromatic (Area %) 64.0 62.9 61.4 62.8 1.3
Oxygenated (Area %) 99.8 96.7 99.6 98.7 1.7
Cs-Ci2 (Area %) 98.2 98.4 99.9 98.8 0.9
Unicyclic (Area %) 88.7 84.4 85.8 86.3 2.2

Table 3.10Table 3.9 and Table 3.10 show the values obtained from repeated
GC-MS analysis of oils from pyrolysis of biomass with and without a catalyst.
These experiments were repeated during the duration of the project to ensure
that experimental results were not varying due to changes in equipment as the
project was undertaken across a long-time span (3 years). The deviation is
around ~1.5% for aromatic, oxygenated and gasoline range compounds and is
slightly higher for the unicyclic values ~2.5% for both data sets. Because these
were measured across the duration of the project these standard deviations are
likely to be larger than for the datasets collected across a few weeks or months.

3.9 Water content in liquid analysis
The water content from each pyrolysis oil collected was analysed by Karl-
Fischer volumetric titration. Due to differences in solubility between pyrolysis
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liquids from biomass and polymers the solvent used for liquid analysis
(methanol and dichloromethane) was varied to ensure that all of the compounds
were dissolved homogenously solution. For each solvent a methodology was
developed to ensure accurate results. Karl-Fischer titration uses two
components which are each composed from a number of chemicals. The
solution which is to be titrated contains the sample and Hydranal — ketosolver
(1-methoxy-2-propanol and ethanol) to which Hydranal — Composite 5K (2-(2-
Ethoxyethoxy)ethanol, lodine, sulphur dioxide, Imidazole, 2-methylimidazole
and 1H-imidazole monohydriodide) is added during titration. In the reaction cell
the ethanol reacts with the sulphurous acid to form an ester which is neutralised
by the imidazole base. Water will then react with the alkyl sulphurous ester,
base and iodine to produce alkyl sulphate. The end point is determined through
a potentiometric method with each mole of water removing a mole of iodine
which is regenerated continuously at the anode, consuming electrons. Once
the water is consumed there is an excess of lodine which provides a drop in
voltage which marks the end point [210].

3.9.1 Water content analysis with methanol as the solvent

For water analysis with methanol as the solvent produce a calibration graph
using known concentrations of methanol and water between 5% and 30%
(wt.%) plotted against the values obtained by the instrument for each
concentration (see Figure 3.7). The resulting fit is linear and can be used to
determine the water content of the oil sample in the solvent. Karl-Fischer
titration uses chemicals which react with water, so it is important to be able to
confirm that these reactants have not become diluted through interaction with
environmental moisture during storage of the equipment. Known standards of
water and methanol were produced and these were injected into the KFT before
each analysis to confirm that the calibrated results were still valid.

The oil sample in solvent was injected into the KFT and the mass of the injected
sample recorded, the water concentration was measured by the equipment.
Each sample was analysed in duplicate. The water concentration which was
measured was as a proportion of a diluted sample. This was then converted to
a water concentration (wt.%) as a proportion of the liquid pyrolysis sample to
give the water and oil content of the liquid.
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Figure 3.7: Calibration for water content in methanol solvent using known
standards.

3.9.2 Water content analysis with DCM as the solvent

For the samples where DCM was the solvent a 1:1 (vol%) mixture of methanol
and DCM was used as the solvent. Water does not readily dissolve into the
pure DCM and as such water may phase separate which would give incorrect
readings. A 1:1 mixture of methanol and DCM will dissolve water providing the
moisture content is 10% or lower. As with the methanol a calibration graph was
produced (see Figure 3.8), and standards were used before each analysis cycle
to ensure the values determined for known standards matched the calibration
trend line. As with the methanol the sample and solvent mass was used to
calculate the mass of water in the liquid produced during pyrolysis.

10

y = 1.0059x - 0.0457
2 R*=1.000

Water content, wt.%

0 2 4 6 8 10
Measured water content, %

Figure 3.8: Calibration for water content in methanol and DCM (1:1) using
known standards.
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3.9.3 Effect of solvent on oil analysis

The difference in polarity of methanol and DCM introduces the possibility that
some compounds will preferentially dissolve in water rather than in the solvent
and this could in turn cause variation between characteristic results obtained
through GC-MS analysis. In order to account for variation caused by using
different solvents some samples were analysed by both methanol and DCM
where full solubility could be achieved for both solvents. This was possible in
the case of the 4:1 mixture (by weight) of biomass and PS and the 1:1 mixing
of biomass and PET.

Table 3.11: Mass and oil results for co-pyrolysis of biomass and PS (4:1) with
both methanol and DCM as the solvent.

DCM Methanol Mean des\}izrt]i%anﬁ(js)
Mass balance 100.7 100.3 100.5 0.31
Char (wt.%) 21.4 21.9 21.6 0.36
Liquid (wt.%) 59.2 59.3 59.3 0.07
Gas (wt.%) 21.9 22.2 22.0 0.22
Water (wt.%) 26.0 25.3 25.7 0.47
Oil (wt.%) 33.2 34.0 33.6 0.54
Aromatic (Area %) 100.0 100.0 100.0 0.00
Oxygenated (Area %) 12.5 12.6 12.5 0.11
Cs-Ci12 (Area %) 83.3 82.9 83.1 0.31

Table 3.12: Mass and oil results for co-pyrolysis of biomass and PET (1:1) with

both methanol and DCM as the solvent.

DCM Methanol Mean deS\/t;Ti?)erl}r((js)
Mass balance 93.0 100.9 97.0 5.61
Char (wt.%) 375 345 36.0 2.12
Liquid (wt.%) 33.0 355 34.3 1.77
Gas (wt.%) 225 25.0 23.8 1.77
Water (wt.%) 23.3 24.9 241 1.13
Oil (wt.%) 9.7 10.6 10.2 0.64
Aromatic (Area %) 100.0 100.0 100.0 0.00
Oxygenated (Area %) 19.7 20.6 20.2 0.65
Cs-Ci12 (Area %) 89.2 88.6 88.9 0.44
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Table 3.11 shows the results for two experiments using biomass and PS which
were undertaken within 3 days of each other. The deviations between each
experiment is very small for each criterion analysed. The deviation for biomass
and PET (Table 3.12) was much larger which in part was due to deposition of
terephthalic acid derivatives onto the thermocouples of the reactor but also due
to the experiments being undertaken with a year between. The deviations
measured across the three year of experiments undertaken for the project were
slightly larger, so it appears that the deviation is related in some part to the time
period between experiments. The experiments were undertaken in sets and it
is likely that the deviation in each set is smaller than the deviation across the
whole dataset. When considering the significance of variation between GC-MS
data the values from Table 3.11 and Table 3.12 will be used as this gives the
broadest deviation and covers the whole period over which experiments were
undertaken.

3.10 Thermogravimetric analysis- mass spectrometry
(TGA-MS)

TGA-MS of biomass and polymers was undertaken at Tsinghua University to
examine the thermal devolatilisation process which is occurring during pyrolysis
and co-pyrolysis. This involved heating samples individually and then repeating
the same heating process using a mixture composed from the biomass and
polymer. A Q600 thermograviametric analyzer produced by TA instruments
was used for this analysis with an online Hiden HPR20 Mass spectrometry
module connected via a heated capillary transfer line. The instrument and
alumina pans were tared before the MS was calibrated to ensure that the signal
from both the Faraday and Secondary electron multiplier detectors (MSE) was
equivalent. This was accomplished using the isotope signal detected from the
argon carrier gas at 20 m/z. The signal multiplier was adjusted to ensure both
detectors gave equal signal output. The Faraday detector is most effectively
used to detect high concentration products during devolatilisation this was used
to measure the flow of the argon carrier gas during the experiment to allow for
the concentration of the other compounds to be calculated. The MSE detector
was used to measure the low concentration compounds carbon monoxide,
carbon dioxide, water and hydrogen.

During each experiment the prepared samples were loaded into a pre-tared pan
which was placed into the heating cell. Argon gas was passed through the
heating cell at 500 mLmint. The balance was allowed thirty minutes to stabilize
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before heating was initiated with the temperature increased from room
temperature through to 800°C at a heating rate of 10 °Cmin. For each
experiment a sample of approximately 3mg was used. The MS unit was
programmed to scan for five pre-determined species (see Table 3.13).

Table 3.13: The species which were detected using online MS during
devolatilisation of biomass and polymer samples during TGA-MS analysis.

Detector Compound m/z
MSE Hydrogen 2
MSE Water 18
MSE Carbon monoxide 28
MSE Carbon dioxide 44

Faraday Argon 40

3.11 ZSM-5 catalyst
3.11.1 Unmodified ZSM-5

A single batch of ZSM-5 catalyst was used throughout the pyrolysis
experiments both as the unmodified and for synthesis of the metal impregnated
catalysts. This ZSM-5 had a silica/alumina molar ratio of 38 which determines
the acidity, activity and stability of the catalyst. These properties as may also
be affected by changes to the structure through modification, damage,
poisoning or coke deposition. This may occur during experiments using the
catalyst but may also be accomplished through application of heat and active
species such as steam or sodium hydroxide to modify the functionality of the
catalyst. The counter-ion which is present in ZSM-5 is sodium which remains
from the synthesis procedure however this can be exchanged for hydrogen or
other metals to alter the function of the material [59, 136, 211].

3.11.2 Metal impregnated ZSM-5

Metal impregnated ZSM-5 catalysts were produced using a wet impregnation
methodology to produce cobalt, copper, gallium, iron, magnesium, nickel and
zinc — ZSM-5. Metal nitrate hydrates containing each metal were used as they
allow for the metal to be dissolved into deionized water and then to diffuse into
the porous ZSM-5 material. The mass of metal was calculated from the metal
nitrate such that 5 wt.% of metal was added to each batch of ZSM-5. The metal
salts used for each metal were cobalt (II) nitrate hexahydrate (Co(NO3)226H20),
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copper (Il) nitrate trihydrate (Cu(NOs3)223H20), gallium (IIl) nitrate nonahydrate
(Ga(NO3)3*9H20), iron (lll) nitrate nonahydrate (Fe(NO3)3*9H20), magnesium
(1) nitrate hexahydrate (Mg(NOs3)2¢6H20), nickel (Il) nitrate hexahydrate
(Ni(NO3)2¢6H20) and zinc (Il) nitrate hexahydrate (Zn(NO3)2:6H20)
respectively. Each metal salt was added into deionized water and heated to
30°C to aid dissolution. The ZSM-5 was added to the solution the mixture
heated gradually from room temperature through to 80°C. The increase in
temperature increases the rate of diffusion of the metal complexes into the
pores of the zeolite as well as gradually reducing the water content thereby
concentrating the solution which also aids further diffusion. Once sufficient
water was evaporated from the zeolite, the mixture was placed in a drying oven
at 110°C for 10 hours. At this point the metal is still present as a nitrate complex
which was removed through calcination at 500°C for 5 hours. The nitrate
complex is removed by calcination as ammonia and nitrogen gas leaving the
metal on the internal and external surfaces of the zeolite [212]. The catalyst
was then reduced at 800°C for 1 hour in a 5% hydrogen (95% nitrogen) gas to
reduce any oxides formed during the calcination process.

3.12 X-Ray powder diffraction (XRD)

The unmodified ZSM-5 and the metal impregnated ZSM-5 catalysts were
analysed using X-ray powder diffraction to study any structural changes caused
by metal impregnation. The samples were initially dried at 100°C for one hour
after which they were ground to a fine powder. Each sample was individually
prepared for analysis by packing into a sample holder with excess material
removed using a glass slide producing a firmly packed, smooth surface for
diffraction. The XRD instrument was a Bruker D8 which utilised a
monochromatic CuKa radiation source with a wavelength of 1.54056 A.
Diffraction of the x-ray beam was measured for 20 values between 10° and 80°
with the change in angle at 2°min-t.

The resulting signal corrected to remove background effects with peaks
identified and compared against a reference library to determine the closest
match from known powder diffraction patterns.

3.13 Temperature programmed oxidation

Temperature programmed oxidation (TPO) was used to analyse the carbon
deposition on the catalyst during pyrolysis. Samples of approximately 15 mg
were collected from the catalysts used for pyrolysis experiments. Care was
taken to ensure that the sample was representative of the entire catalyst sample
with the colouration and size at approximately the mid-point of the sample
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where variation in size and colour existed. The sample was placed in a pre-
tared alumina pan and heated at a steady rate of 15°Cmin! from room
temperature through to 800 °C. The instrument used was a Shimadzu — TGA
50 with an airflow through the heating cell of 50 mLmin-t, providing oxygen for
oxidation of the carbon deposits on the catalyst. The weight of the vessel was
recorded throughout the heating cycle. The change in mass of the sample was
determined as a weight percentage with the temperature range of the weight
change also determined through plotting of derivative weight change. A clear
change in colour was observed for all used samples during the analysis with
grey/black colouration returning to a bright white after TPO.

The powder X-ray diffraction (XRD) of ZSM-5 and metal-impregnated ZSM-5
(5 wt.%) are plotted together in Figure 3.9. Comparison of these XRD patterns
against databases found that the strongest match was with ZSM-5
(Orthorhombic, Al20111Sis4). The XRD pattern for ZSM-5 is shown in Figure
3.10 and this compares very closely with the patterns for both the modified and
unmodified ZSM-5 samples (Figure 3.9) used in these experiments [213].
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Comparison of these figures confirms that the initial material is ZSM-5 as
expected and that the addition of metal to the zeolite material by the wet
impregnation method does not change this basic structure of this material.
Despite the structure remaining close to ZSM-5 there are also clear changes
observed in the impregnated samples, particularly in the region 28> 40°. This
is especially evident in the region around 45° where peaks present in the
unmodified ZSM-5 become altered both in shape and position and this is
particularly clear with copper, nickel, cobalt and iron (see Figure 3.11). For Mg
and Zn there is no clear change in the 45° region but there is a peak at 67° with
a shift both in shape and position. Due to these alterations occurring at
approximately the same points it is possible that this is due to metal interaction
with a similar part of the ZSM-5 structure in each case. The metal which had
the smallest impact on the ZSM-5 pattern was gallium which produced a minor
change in the peaks at 45° and 67° but these are only changes in shape rather
than peak position. This is in keeping with other research which suggests that
gallium can become uniformly distributed within a ZSM-5 material without clear
alteration of the original structure [134, 214-216]. Vichaphund et al. [139]
observed subtle changes to the structure caused by impregnation of metal to
ZSM-5 by wet impregnation. These changes were thought to be caused by
partial loss of crystallinity rather than major structural alteration. Another
observation from their research was that impregnation of palladium metal could
give strong peaks such as those seen with the case of copper impregnated
ZSM-5. Copper nanoparticles have been studied using XRD and produced a
strong peak at 43°, and two weaker peaks at approximately 51° and 74° [217].
These fit very closely with the non-ZSM-5 peaks in the copper XRD pattern so
it is likely that copper nanoparticles have formed on the surfaces of the ZSM-5
catalyst. It is possible that these copper nanoparticles were produced during
the reduction process applied to the metal impregnated catalysts.
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Several studies have examined the application of variations of wet impregnation
for the loading of metals onto ZSM-5 materials with different loading ratios and
for different catalytic purposes [126, 134, 149, 215, 216]. In nearly every case
the loading of metals led to a reduced surface area compared to the original
catalyst material and the greater the metal loading wt.% the higher the reduction
in surface area that was observed. The size of the effect was different between
loadings of different metals, however there was no consistent pattern as to
which metal caused the greater reduction in surface area. Other factors such
as initial catalyst surface area, Si/Al ratio, catalyst structure and metal loading
proportion had a bigger impact on the surface are than the type of metal used
[126, 134, 139, 158, 215, 216].

Table 3.14: BET Surface area and pore volume of non-modified ZSM-5 and
metal impregnated ZSM-5.

Sample Specific surface area Pore Volume
(m?/g) (cm?/g)
ZSM-5 282 0.26
5% - Cu — ZSM-5 268 0.25
5% - Co — ZSM-5 264 0.23
5% - Fe — ZSM-5 278 0.25
5% - Ga — ZSM-5 269 0.23
5% - Ni — ZSM-5 275 0.25
5% - Mg — ZSM-5 224 0.21
5% - Zn — ZSM-5 241 0.22

The surface area measurements (see Table 3.14) showed similar results to
other studies using metal impregnated ZSM-5. The loading of metal onto the
catalyst lead to reduced surface area, both regarding specific surface area and
pore volume. The metals with the biggest reduction in surface area were
magnesium and zinc and this might be due to effects observed by Fermoso et
al. [158] who found that zinc oxide (ZnO) and magnesium oxide (MgO) led to
partial blockage of pores in ZSM-5. The research by Fermoso et al. used a
higher metal loading (10 wt.%) but the same partial blockage may still be
possible. Although specific surface area is an important factor for catalyst
activity it is important to note that the addition of metal atoms to a catalyst can
also improve selectivity by restricting the interactions of compounds with the
active surfaces of the catalyst. Al-khattaf et al. [218] highlight in their research
that metal and metal oxide depositions on the external surface of H-ZSM-5
could improve selectivity by ensuring that more of the catalytic activity was
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undertaken within the internal pores thereby increasing selectivity towards the
sterically less hindered p-xylene.

3.14 Scanning electron microscopy

Scanning electron microscopy (SEM) was also used to provide image of the
carbon deposition onto the external surface of the catalysts. Conductive carbon
tape was applied to the aluminium pin stub and this was used to remove the
carbon deposit off the surface of ZSM-5 catalyst which has been used for
pyrolysis. The pins were then sputter coated in 10nm of iridium [219] to reduce
charging caused by the electron beam and therefore to increase the resolution
and clarity of the image. The samples were loaded into the equipment which
was used for imaging was a Hitachi SU8230 [220], a high performance cold
field emission (CFE) SEM with an Oxford Instruments Aztec Energy EDX
system and X-Max SDD detector. This instrument is capable of ultra-high
resolution images at low kV. The sample cell was evacuated to give a vacuum
and imaging of the samples was conducted at several points in the sample
which were representative of the whole sample and at a range of magnifications
(x20K-50K). The electron energy used was 2.0kV and secondary electron (SE)
scanning was used to produce the image.
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Chapter 4: Pyrolysis of biomass with metal impregnated
ZSM-5 catalysts

4.1 Introduction

Chapter 4 examines the effect of using a commercial ZSM-5 catalyst on the
yield and composition of pyrolysis products from the pyrolysis-catalysis of
biomass (objectives 1 and 2). This work then examined the influence of ZSM-5
impregnated with 5 wt.% of different metals on the yield and composition of the
product oils and gases during pyrolysis in the two-stage, fixed-bed reactor
(objective 3 and 4). The metals examined were, copper, cobalt, gallium, iron,
magnesium, nickel and zinc. Initially, the effect of the ZSM-5, which had not
been modified, was compared to a catalyst free pyrolysis process. In this case
an equal mass of sand was used to the catalyst in the catalytic experiments to
ensure the flow through the reactor was similarly congested to the catalytic
experiments. Temperature programmed oxidation was used to analyse the
coke deposition on the unmodified and metal impregnated ZSM-5 catalysts
used during pyrolysis experiments (objective 11).

4.2 Pyrolysis of biomass with and without ZSM-5 Catalyst

The first experiments examine the effect that ZSM-5 catalyst has on the
pyrolysis yields when compared to pyrolysis without a catalyst bed. This was
undertaken by comparison with sand which is mostly composed of silica dioxide
and as such is not widely different in elemental composition to the alumina
silicate, ZSM-5 catalyst. This ensures that pyrolysis vapours pass through the
reactor in a similar time period for both cases with surface interactions also
occurring, ensuring that any differences in yield and oil composition are due to
active catalyst effects rather than differences in other variables such as reactor
residence time.

4.2.1 Pyrolysis yields with ZSM-5 and sand

Table 4.1 shows the product yields from pyrolysis of biomass at 500°C with and
without the unmodified ZSM-5 catalyst. The mass balance is the total yield of
char, liquid, gas collected including the mass of any residue, which is deposited
on the reactor during the pyrolysis experiment. The liquid yield is made up of a
combination of oil (hydrocarbon) and water, with the water fraction measured
using Karl-Fischer titration to determine the mass fraction of the total liquid
which was due to water.
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Table 4.1: Pyrolysis yields (char, oil, gas and mass balance) for biomass
pyrolysed at 500°C with and without ZSM-5.

Char Liquid Gas Water o]] bg/llgﬁie
0 0, 0, 0, 0,
(Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (WE.%)
ZSM-5 25.1 48.3 26.6 34.4 13.9 101.4
Sand 25.1 56.3 15.6 23.7 32.6 99.6

Thermal decomposition of the biomass in the case where a catalyst was not
present in the second stage of the reactor produced approximately 25 wt.%
char 56 wt.% liquid and 16 wt.% gas with a small residue deposited on the
surface of the reactor and sand (catalyst substitute) . Variations to heating rate
and maximum temperature can produce measurable changes to the liquid yield
proportion from pyrolysis yield so for all further experiments these were kept
constant [40]. This ensures that any changes in yield can be directly attributed
to variation of sample and catalyst rather than other factors.

Research by Olazar et al. [221] examining pyrolysis of wood sawdust with
catalytic upgrading by H-ZSM-5, over a range of temperatures, found that at
500°C the addition of the catalyst reduced the liquid yield by approximately
5 wt.% whilst at the same time increasing the gaseous yield by approximately
8 wt.% with a slight decrease in the proportion of char also observed when the
catalyst was used. A similar trend is observed in this experimental data which
used Na-ZSM-5 rather than H-ZSM-5, although research suggests the variation
between these two catalysts has limited effect on pyrolysis results [128, 129].
In this case, the liquid yield decreasing by 8 wt.% and the gas increasing by
11 wt.% when a catalyst was used during pyrolysis.

In this process the intention was to produce liquid hydrocarbons or valuable
chemical feedstock compounds as a priority, but it is important that both the
char and gaseous products may be utilised, to increase process efficiency.
These products may be combusted to produce process heat to drive the
pyrolysis process or they may be used for other purposes for example bio-char
which is becoming increasingly important as an agricultural soil amendment
[222]. Whilst these products have use and value it is the bio-oil which is the
primary product and increasing the vyield of oil from the process is most
advantageous.
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The effect of adding an ex-situ catalyst has little or no effect on the char yield
from pyrolysis which is as would be expected considering that no interaction is
possible between the sample and the catalyst. Deposition of coke on catalysts
is likely to increase the yield of solid products during pyrolysis, although this
mass change would be measured in the residue mass rather than the char
mass. The main change observed was in the proportions of liquid and gas yield
with interactions over or through the porous catalyst leading to increased gas
yield and a reduced liquid yield. In this case, the gas yield in the catalytic
example reached almost twice the proportion compared to the non-catalytic
system.

Yildiz et al. [223], established a bubbling fluidised bed reactor which was used
to produce bio-oil with the aim of the experiments to study the regeneration of
an in-situ ZSM-5 catalyst. The liquid was collected using an ESP (Electrostatic
precipitator) followed by a glass condenser with a cotton fibre also used to filter
any other liquid prior to gas analysis. The biomass material was a pine material
of particle size between 1-2mm and with moisture and ash of 7.52 wt.% and
0.33 wt.% on and as received basis. The Ultimate analysis was, C: 47.1, H: 5.9,
O: 46.4 and N: 0.04 (wt.%) on a dry basis which is very similar to the material
size and composition used in this experiment [223]. The analysis included water
analysis by Karl-Fischer titration and it was found that at 500°C the water yield
was 18.7 wt.% (MB - 94.6%) for the non-catalytic reactions and 23.4 wt.% (MB
— 96.3%) for the reactions using ZSM-5 catalyst.

The sample used by Yildiz et al. [223] was equivalent to that which was used in
this research and very similar analytical methods were used which allows for
comparison between the results. There were differences in the type of reactor
used and the way in which the catalyst interacted with the sample which has
the potential to introduce differences between results. Despite the differences
in equipment, however, very similar trends were observed for both experiments
with an increased yield of water when ZSM-5 was introduced.

Yildiz et al. found that the organic fraction (oil) was larger for the non-catalytic
pyrolysis with the addition of the catalyst leading to a reduction in organic yield
from 33 wt.% down to 22 wt.%. In comparison, this research found that the
organic fraction reduced from 35 wt.% to 14 wt.% which is a greater change.
This difference in scale is likely due to the difference in catalyst loading with this
research using a catalyst to sample ratio which was double that of Yildiz et al.
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Figure 4.1: The liquid yield for pyrolysis experiments for biomass and ZSM-5
at 500°C with oil and water composition of the liquid determined by Karl-
Fischer titration. Experimental data compared to results from literature
[223].

As was observed from Yildiz et al. [223] and other literature sources [33]
pyrolysis oil from biomass will usually contain a proportion of water and there
are two major sources of this water. Primarily, biomass material naturally
contains water and this can be removed by drying the sample prior to pyrolysis
which can take considerable energy [10, 224, 225]. As well as this water which
is already present in the material, deoxygenation reactions which occur on solid
acid catalysts, produce CO2, CO and H20 as oxygen is removed from the
compounds which make up the volatiles [33, 40, 41, 106]. Porous zeolites may
absorb some moisture from the atmosphere which may pass from the catalyst
into the condensers during heating of the catalyst. Due to the relatively high
catalyst loadings used for these experiments this may contribute to the moisture
content of oils, although this was minimised by drying the ZSM-5 prior to use.

Guedes et al. [40] examined correlation coefficients for a number of
non-catalytic biomass pyrolysis studies and observed that moisture content of
the bio-oil was closely related to the moisture content of the biomass resource
although dehydration reactions also contributed to the water content of oils. In
contrast to this, Figure 2.22 several reactions which are observed during
catalytic pyrolysis of biomass alongside a solid acid catalyst such as ZSM-5.
Oxygenated compounds, derived from the biomass volatiles [105] may react to
produce non-oxygenated hydrocarbons with the removal of oxygen in the
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gaseous phase as CO2, CO and H20. The selectivity of each reaction pathway
is dependent on the composition of the biomass, the catalyst as well as the
conditions in the reactor [40].

The water (H20) will be produced in the gaseous phase as temperatures in the
reactor are greater than 100°C and will then condense along with the bio-oils
as they pass through the condenser system. The carbon dioxide and carbon
monoxide are non-condensing gases, so are straightforward to remove from
the liquid products, passing through the condensers and into the gas collection
bag. Figure 4.1 shows the amount of liquid produced by pyrolysis of material
either with sand or with ZSM-5 in a two stage fixed bed reactor at 500°C
compared to results collected using a sample with a similar composition in a
continuous feed, bubbling fluidised bed reactor with in-situ catalysis from
literature also at 500°C [223]. The water content from both sets of research is
a high proportion of the total liquid sample, although greater in the catalytic
experiments.

As well as liquid yield it is important to examine the gaseous yield to gain an
insight into what reactions are occurring to produce the changes observed in
the liquid yield. Figure 4.2 examines the yield of all the gas components
measured, whereas Figure 4.3 focusses on the gas components which do not
contain oxygen. The gases measured using GC were CO, CO2, CH4, Hzas well
as hydrocarbon gases (ethane, ethene, propane, propene, butane, butene and
butadiene). For both figures the nitrogen content has not been plotted although
this is the major constituent of the gas yield. This is because it was used as the
inert carrier gas as was not produced during pyrolysis.

EH2 mCH4 mCnHm = CO mCO2

4.0
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Figure 4.2: The composition of the gas collected during pyrolysis at 500°C
(without nitrogen) with and without ZSM-5 catalyst.
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Table 4.1 shows that using the catalyst increased the gas yield whilst
decreasing the liquid yield. This also decreased the olil yield both in mass as
well as in proportion, as water content increased in the catalytic pyrolysis liquid.
The addition of ZSM-5 increased each of the measured gas compounds other
than hydrogen which decreased by 7%. The methane increased by 29% and
the hydrocarbon gases by 463% whilst of the two oxygen containing
compounds carbon monoxide increased by 90% and the carbon dioxide by
44%. The large increase in small hydrocarbon molecules is due to the catalytic
cracking reactions which are strongly promoted by ZSM-5. These produce
hydrocarbons to a much greater extent than through thermal (non-catalytic)
cracking. The carbon atom is the major energy carrier in a fuel so an increase
in hydrocarbon gases leads to a smaller proportion of carbon atoms in the oll,
this is detrimental to the total energy contained in the oil. However, these
hydrocarbon gases are energy rich and do have the potential to be used as a
fuel or to provide process heat via combustion. The increase in oxygen
containing gases also reduces the oil yield but it achieves one of the key aims,
producing oil with a lower oxygen content. In an ideal situation carbon dioxide
is preferable to carbon monoxide as for each carbon atom removed from the
oil, two oxygen atoms can be removed from the oil.

Figure 4.3 examines the hydrocarbon compounds in greater detail and it can
be seen that each of the hydrocarbon gases increases, with ethane/ethene
increasing by 327%, propane/propene by 852% and butane/butene/butadiene
by 448%. This change in hydrocarbon gas yield clearly indicates that there are
reactions occurring to produce these short chain hydrocarbons with an
apparent selectivity towards Cs yield. The most likely cause of these results are
increased cracking reactions over the ZSM-5 catalyst (Figure 2.23). The ratio
of unsaturated to saturated hydrocarbons in the non-catalytic experiment was
~2:1 whereas in the catalytic experiment this increased to ~7:1. Cracking
reactions produce short chain unsaturated hydrocarbons from saturated
hydrocarbons, so this would suggest that cracking reactions are involved in this
increase in unsaturated hydrocarbons.
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Figure 4.3: The composition of the non-oxygen containing fraction of the
gases collected during pyrolysis with and without ZSM-5 catalyst.

4.2.2 Pyrolysis oil compositions with and without ZSM-5 catalyst

The yields of the products produced by the various samples during pyrolysis
are important, however, it is also important to consider the composition of the
liquid that is produced. These pyrolysis liquids contain water as well as a wide
range of hydrocarbon compounds which together comprise the oil and are
crucial to understanding the properties of the liquid. Figure 4.4 and Figure 4.5
show the GC-MS chromatogram recorded for biomass pyrolysed without
catalyst and with catalyst respectively. Detailed analysis of the chromatograph
data can be used to determine the types of compounds which comprise the oils
from each sample and each catalyst. However, it is immediately clear from the
chromatogram that there is a difference between these oils. The oil samples
collected during both catalytic and non-catalytic pyrolysis of biomass are very
complex with many peaks which denote different compounds. However, there
are fewer large peaks in the catalytic pyrolysis oils which is due to the catalyst
acting to control the products which are being formed.
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Figure 4.4: GC-MS chromatogram for bio-oil without catalyst (Sand).
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Figure 4.5: GC-MS chromatogram for bio-oil with ZSM-5 catalyst.
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The chromatogram for the oil which was produced with a catalyst (Figure 4.5)
appears to contain fewer peaks and a lower peak area which indicates that the
catalyst introduced greater selectivity to the compounds in the oil whilst
reducing the oil yield. The decrease oil yield has already been determined using
measurement of liquid yield and Karl-Fischer titration in Table 4.1. Further detail
will be obtained through semi-quantitative analysis of the pyrolysis oil using
library matching of compounds detected by GC-MS.

The pyrolysis oils are composed from a complex mixture of compounds with
each compound peak given a relative proportion (%) determined as the peak
area for each compound divided by the total area for all the compounds
identified. This can be used to characterise the types of compounds which
together compose the oil. The results are semi-quantitative but allow for the
composition of pyrolysis oils obtained from different sample sand catalysts to
be compared. Differences in the types of compounds which compose a sample
should be observed as a change in relative signal. However, these values are
not absolute values and should not be treated as such. Table 4.2 shows the
proportion of the compounds (area %) from the oil which can be categorised
according to four different criteria. Each criterion is non-exclusive, such that a
compound will be defined according to each criteria with each accounting for
100% of peak area. For example: a single compound may be aromatic (contain
an aromatic ring), oxygenated (contain an oxygen atom), uni-cyclic (contain one
cyclic ring feature) and defined by a molecular size between Cs-Ci2.

Table 4.2: Proportion of compounds identified in bio-oil which contained an
aromatic feature, oxygen, cyclic features or are within the gasoline fuel
range Cs-Ci2, with and without ZSM-5 catalyst.

Sand ZSM-5
Aromatic (%) 64.4 99.4
Aliphatic (%) 35.6 0.6
Oxygenated (%) 99.8 37.3
Non-oxygenated (%) 0.2 62.7
Cs-C12 (%) 98.2 97.2
2C13 (%) 1.8 2.8
Uni-cyclic (%) 88.9 83.6
Bi-cyclic (%) 0.7 13.6
Tri-cyclic (%) 0.0 2.7
Quad-cyclic (%) 0.0 0.1
Linear (%) 10.4 0.0
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4221 Aromatic compounds

One of the key functional features in hydrocarbon compounds is the presence
of highly stable aromatic rings [104, 157, 218, 226-229]. Aromatic compounds
are desirable both for chemical and fuel production and are an important part
of most fuel blends due to some of its useful properties such as increasing
octane number in a fuel which can have implications on the ignition
characteristics. Aromatic compounds are produced in oil refineries through
catalytic reactions both to produce valuable materials but also to provide
hydrogen which is important for other upgrading reactions (see Figure 4.6).
Each fuel is a complex mixture of compounds and the addition of aromatic
compounds may be used to improve ignition and combustion behaviour with
the blend profile adjusted to provide a fuel which best meets the required
purpose [41, 230-233].

Cracking

Paraffins » Paraffins + Olefins
. [~ Cracking .
Olefins » Low-MW (LPG) Olefins
Cyclisation Naphthenes
Isomerisation ) H-transfer .
» Branched Olefins » Branched Paraffins
H-transfer .
» Paraffins
Cyclisation
Dehydration
Condensation Coke
B Cracking
Naphthenes > Olefins
Dehydrogenation Dehydrogenation i
*  Cyclic-Olefins > Aromatics
Isomerisation
_ * Naphthenes (ring and alkyl rearrangement)
) - Side-chain Cracking A . .
Aromatics » Unsubstituted Aromatics + Olefins
Translkylation )
» Aromatics (alkyl rearrangement)
Alkylation
Dehydration Dehydration
Condensation . Polya romatics Condensation N

Figure 4.6: Summary of Fluid catalytic cracking reactions from Talmadge et al.
[41].

Figure 4.6 is a summary of reactions which are commonly observed during the
fluid catalytic cracking of the 4 main hydrocarbon constituents which make up
a crude feedstock, paraffins (alkanes), olefins (alkenes), naphthenes
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(cyclo-alkanes) and Aromatics. These reaction pathways can also interconvert
between these compound types [41].

The removal of linear hydrocarbons (linear aliphatics) during pyrolysis is most
often due to three effects. Cracking of both paraffins and olefins to produce
greater quantities of low molecular weight hydrocarbons as was observed in
the gas analysis. Coke deposition may also remove linear aliphatic
hydrocarbons through cyclisation, dehydration and condensation. Aliphatics
may also be involved in reaction pathways which produce naphthenes and
aromatics through cyclisation and dehydrogenation reactions. Liu et al. [58]
propose that non-cyclic products derived from cellulose and hemi-cellulose are
likely to form aromatic and poly-aromatic compounds through Diels-Alder
reaction pathways with lignin derived aromatics more likely to follow the
hydrogen abstraction acetylene addition (HACA) mechanism which was
studied by Shukla et al. [234] (see Figure 4.7). There are other mechanisms
which are not listen here but which can also produce aromatic and polyaromatic
compounds.

HC/ Hc/

Figure 4.7: HACA mechanism proposed by Li et al. [58].

The process of producing aromatics releases hydrogen so are referred to as
dehydrogenation reactions and this hydrogen becomes available for reactions
such as those in Figure 2.22. which remove oxygen in the form of water. The
hydrogen yield decreased when the ZSM-5 catalyst was used which is counter-
intuitive considering the aromatic compound proportion increased which should
have led to greater hydrogen yield. The hydrogen must therefore have been
utilised, which may account for part of the increase of water in the pyrolysis
products, which was large. In this way increasing aromatic yield may be
beneficial in its own right but might also provide a pathway towards oxygen
removal [39, 41, 235].

Figure 4.8 shows the types of compounds which were measured using GC-MS
analysis of the oils from pyrolysis of biomass with and without the ZSM-5
catalyst. The proportion of compounds which contained aromatic rings
increased from 64% to 99% through addition of the ZSM-5 catalyst. This is a
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substantial change although at the same time the oil yield has also decreased
from ~35 wt.% to ~14 wt.% such that the overall mass of aromatic containing
compounds would be reduced if the semi-quantitive value for aromatics is
applied to the oil yield.

Beyond determining whether a compound contains an aromatic ring it is also of
value to evaluate the type of aromatic containing compounds which is in the oil.
Figure 4.8 shows the relative proportions of different aromatic compounds
which were identified in the pyrolysis oil. Primary aromatics, those with a single
aromatic ring and which do not contain oxygen, are the most valuable of the
aromatic species for fuel use. Phenolic compounds are similar to primary
aromatics, although they contain oxygen which causes these compounds to be
more reactive and acidic. These phenolic compounds may be converted into
primary aromatic compounds through dehydration reactions [33]. Indene and
naphthalene derivatives are aromatic compounds with two-ring features and
are suitable for fuel use at a limited scale. PAH compounds contain two or more
aromatic rings which in many cases would include naphthalene and indene
compounds, however, it is useful to separate them in this case as Naphthalene
and indene compounds, whilst not ideal compounds, are more suitable for fuel
use than larger poly-aromatic compounds.

70
60

50 Aromatic (Primary)

40 Phenolics

Naphthalenes
30

PAH
20

Relative contnent (area %)

B Aliphatic
10 Naphthalene derivatives
0 _ . | M Indene derivatives

Sand ZSM-5

Catalyst type

Figure 4.8: Oil composition categorised by compound type for raw and
ZSM-5 upgraded biomass.

When no catalyst was used in biomass pyrolysis the majority of compounds
were of the phenolic (64%) and aliphatic (36%) types. The aliphatic compounds
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included acids, esters, ketones, furans and sugars. These results are similar to
those obtained by Zhang et al. [146] during pyrolysis of rice husks although they
observed a lower phenolic proportion (40%). When Zhang et al. introduced
ZSM-5 catalyst to the process they observed a reduction of phenolic
compounds to around 30% and a small reduction in the other aliphatic
compounds. Sugar compounds which were present in the non-catalytic
pyrolysis oil were completely removed in the catalytic pyrolysis oil and this too
was observed during these experiments.

The broad feature in Figure 4.4 between 28-30 minutes is caused by sugar
compounds and in Figure 4.5 which is the chromatogram from the ZSM-5
catalysed pyrolysis oll, this feature is no longer present. Zhang et al. [146] also
observed an increase in hydrocarbon compounds (without oxygen) from 0% in
the non-catalytic process through to around 40% when ZSM-5 was introduced
with both primary (uni-cyclic) and secondary (bi-cyclic) aromatics identified.
This increase is also observed in this research with a shift from 0% primary
aromatics in the non-catalytic process to over 60% in the catalytic process and
a shift from 0% naphthalenes to over 10%.

4222 Compound molecular size

Another key feature particularly for produce fuel is the effect of compound
molecular size which can have a strong effect on the way in which fuels perform
as itis one of the main factors in fuel vaporisation temperatures and behaviours
[41]. In a petroleum refinery compounds are separated by distillation which
utilises phase change temperatures such as boiling range. Boiling point of a
compound correlates closely with molecular carbon number so it is possible to
differentiate compounds according to the number of carbon atoms which make
up the compound. The range of compounds which are used for fuel can vary
depending on the required use with light compounds (C3-Ca4) often utilised for
LPG (Liquefied petroleum gas); Naphthas (Cs-Ci0), predominately going to
gasoline purposes; middle distillates span a larger range (C10-C20). This range
can be subdivided into two sub categories with C10-C14 useful for kerosene or
gasoline production and the upper range Ci4-C20 being more suitable for use
as diesel fuel or as a heating oil [41]. There are increased difficulties with
utilising biomass derived oils for aviation fuels due to increased rigour towards
standards and testing to ensure safety [236]. This research is using the range
between Cs and Ci2 to encapsulate the compounds most suitable for gasoline
utilisation, although this is a compromise with a proportion of compounds
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between the ranges or Cs-Ci2 used for this value across literature (see Table
4.3).

Table 4.3: Compound molecular size ranges assigned to different fuel usages
across literature.

LPG Gasoline Kerosene Diesel Reference

3-4 5-10 10-14 14-20 [41]

5-12 - - [237]

8-12 - - [238]
8-10 - - [94]

5-12 13-22 [148]

- 8-16 - [115]

4-10 - - [239]

4-10 - - [232]

- - - 10-24 [240]
3-4 4-12 8-18 [11]

Examination of the compounds recorded in the pyrolysis oil produced from
biomass with and without ZSM-5 catalyst (Table 4.2) shows that there is only a
small difference between the proportion of compounds identified in the gasoline
fuel range (Cs-Ci0) with compounds identified in the fuel range at near to 100%
of the total relative abundance. This shows that pyrolysis oils from biomass are
likely to be suitable for production of hydrocarbon fuels with use as a gasoline
fuel more preferable than for diesel fuel if the molecular size is the major
consideration. The addition of the catalyst leads to a small decrease in fuel
range compounds although this effect is within the standard deviation
determined from repeated experiments.

ZSM-5 catalysts can cause compound size to increase as well as decrease.
The primary reactions with relation to size selectivity are olefin cracking, to
produce smaller MW olefins (C3-C4), and dehydrogenation to produce aromatic
compounds, which can lead to larger molecular weight compounds. The
change in fuel range compounds is likely to depend on a combination of these
two reactions. Talmadge et al. suggest that ZSM-5 leads towards Cs-Cio
selectivity within a crude oil refinery process, however in this case where the oil
yield was already matching the fuel range to a high degree, the ratio of catalyst
to feedstock may need to be optimised to increase this further. Optimisation of
is particularly important in this regard as to produce a 1-unit increase in octane
number through the use of upgrading catalysts in the refining process produces
a 2% decrease in gasoline yield [41].
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42.2.3 Cyclic and linear compounds

Hydrocarbon fuels are composed of a number of types of compounds including
paraffins and naphthenes which are naturally occurring and olefins and primary
aromatics (uni-cyclic) which are often produced through catalytic reactions. In
general, catalytic reforming seeks to upgrade paraffins by converting them to
primary aromatics and naphthenes and then to take these naphthenes which
can be further processed to produce primary aromatics. The primary aromatic
is the preferred product because it has a high octane number and produces
hydrogen for use in further reactions as well. There are also issues with
combustion of polycyclic aromatic hydrocarbons (PAH) which are hydrocarbons
that consist of 2 or more fused aromatic ring features and are problematic
compounds for soot, coke and tar formation as well as being toxic in their own
right [39, 41, 59, 230, 241].

Analysis from the non-catalytic pyrolysis experiment identified the majority of
pyrolysis products as uni-cyclic in nature (89%) with some linear compounds
(10%) and a very small proportion of bi-cyclic naphthalene compounds (<1% of
identified compounds). In this regard the non-catalytic pyrolysis oils appear
suitable for fuel use with a minimal formation of PAH compounds. The addition
of the ZSM-5 catalyst to pyrolysis of biomass, alters this by removing the linear
compounds and increasing the proportion of PAH formed. This includes an
increased formation of compounds containing one, two and three membered
rings. The uni-cyclic compounds are still the major product identified however
the proportion of bi-cyclic compounds has increased significantly. Catalytic
reforming would be a potential method for improving this oil by converting some
of these PAH compounds into primary aromatic compounds but this would
require further energy input and increase the cost of processing these oils [41].

4224 Oxygen containing compounds

The oxygen containing compounds within fuels can lead to properties which are
poor for fuel use including low pH values, low boiling points, high viscosity and
low oil stability [27, 123]. It is therefore, important for a successful upgrading
system to remove oxygen from the olil. It has been observed that both the water
yields as well as the carbon dioxide and carbon monoxide yields increased
significantly when the ZSM-5 catalyst was used, and this suggests that, during
pyrolysis, oxygen was removed from the compounds which comprise the oil.
Analysis of the oil by GC-MS indicates that this is indeed the case. In the non-
catalytic pyrolysis process 100% of compounds which were identified contained
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oxygen, in contrast to this when the ZSM-5 catalyst was used only 37% of the
compounds identified contained oxygen. This is a large reduction however if
these oils are to be successfully integrated into current refinery infrastructures
the oxygenated compounds should reasonably be below 10% and hydro
processing to reduce oxygen content to this level can add significant cost to the
process. Therefore, a reduction in the proportion of oxygenates can lead to
large cost savings for upgrading as well as improving fuel mixing and handling
properties [41]. Oxygen content is not directly measured in during many testing
procedures however indirect effects of oxygen content such as energy density
and pH are measured, for which a high oxygen content will cause non-
compliance [38]. Testing regimes such as that implemented in the EU set a
maximum oxygen content for gasoline at 3.7 wt.% [107] although most bio-oils
are above this value blending of biomass derived fuels with petroleum derived
fuels may be possible to reduce the oxygen content however this would be
dependent on miscibility of the two fuels.

In an ideal situation pyrolysis oil derived from biomass for use as a gasoline
fuel would contain aromatic compounds in the range of Cs-Ciz2, with low or no
oxygen containing compounds. Fuel standards such as the EU standard will
often have maximum aromatic content which is lower than that for biomass,
however blending of biomass can ensure than the maximum aromatic content
is not exceeded. In this way the biomass derived oils may be used to increase
the octane number of petroleum derived fuels. Figure 4.9 and Figure 4.10 show
the molecular size distribution defined according to carbon atoms of the bio-oll
compounds determined by GC-MS. The compounds which are both
non-oxygenated and aromatic are the most suited to fuel use and are
highlighted in orange.

The effect of utilising a catalyst is an increase in compounds which meet the
desired properties. However, there is also a shift of the distribution with a tighter
size distribution to the C7-Cs region. This highlights the templating effect ZSM-5
can have on molecule sizes through restriction of reactions which may occur
within the regularly sized pores [39, 59]. Whilst many of the changes observed
in the bio-oils through use of the ZSM-5 catalyst may be desirable, there are
also drawbacks including an increased number of compounds which are
beyond than the Cs-Ci2 fuel range, and these include PAH compounds. It is
important to consider all aspects of a particular compound rather than focussing
too closely on one aspect or another. The PAH compounds may appear as an
improvement due to their low oxygen content but are detrimental to the fuel and
are undesirable due to coke formation and toxicity.
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Figure 4.9: The size distribution of compounds in biomass non-catalytic
pyrolysis oil (defined by number of carbon atoms), with compounds
which are both aromatic and non-oxygenated highlighted (orange).
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Figure 4.10: The size distribution of compounds in biomass catalytic pyrolysis
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aromatic and non-oxygenated highlighted (orange).
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4.3 Pyrolysis of biomass with metal impregnated ZSM-5
Catalyst

Introducing a catalyst to the pyrolysis process had a significant impact on the
yields and the composition of the products. There are a multitude of catalysts
which could be explored for improvement of bio-oil properties. One relatively
simple method for modifying ZSM-5 is by addition of metal atoms to the porous
catalyst which can act as a co-agent in catalytic processes. In this research
seven metals which showed promising results in literature were examined (Cu,
Co, Ni, Ga, Fe, Mg and Zn) each at 5 wt.% loading [30, 58, 59, 134, 135, 137,
242]. The results from these experiments will be compared against those from
the unmodified ZSM-5

4.3.1 Product yields of biomass with metal impregnated ZSM-5
Catalyst

Table 4.4 shows the product yields during pyrolysis of biomass with the metal
impregnated catalysts. The yields of char were relatively unaffected by pyrolysis
with the different metal catalysts whereas the liquid and gas yields showed
significant variation. The highest liquid yield was produced using the copper
impregnated ZSM-5 at ~51 wt.% with the lowest liquid yield from the nickel
catalyst at ~35 wt.%. In comparison the unmodified ZSM-5 catalyst produced a
liquid yield of ~48 wt.% and the sand at ~56 wt.%. Therefore, if the target is to
maximise liquid yield then all of the metal catalyst are inferior to pyrolysis
without catalyst and only three of the seven metal-impregnated catalysts had a
greater liquid yield than the unmodified ZSM-5. This result compares to
research by Zheng et al. [137] which found that metal modification of ZSM-5
increased gaseous Yyields at the expense of liquid yields. The gas yield for
ZSM-5 was 27 wt.% which was exceeded by the cobalt, nickel, iron and zinc
impregnated ZSM-5 which all had lower liquid yields than unmodified ZSM-5.
The three metal catalysts which produced greater liquid yield than ZSM-5,
copper, gallium and magnesium, had lower gas yields.

The olil yield for biomass without a catalyst was ~33 wt.% and the use of a
catalyst reduced this to ~14wt.%. The oil yield as with the liquid yield is different
for each metal zeolite catalyst and a high liquid yield does not always produce
a high oil yield. The highest oil yield was obtained for copper (25 wt.%) and the
lowest for magnesium whereas cobalt had the second lowest liquid yield and
magnesium (~14 wt.%) which produced the second highest liquid yield. The
addition of the metals to ZSM-5 improves the oil yield for all of the metals except
magnesium, with copper and zinc providing the largest increases. Magnesium,
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nickel and gallium are all within the standard deviation value for liquid yield
(1.2 wt.%) determined in the experimental methodology chapter so these
should be considered as equivalent to ZSM-5 rather than increased values.

Table 4.4: Yields from pyrolysis of biomass at 500°C with metal impregnated
ZSM-5 catalysts.

Char Liquid Gas Water oil Bmgiie

(wt.%) (wt.%) (wt.%) (Wt.%)  (wt.%) | (wt.%)
ZSM-5 (Cu-5%) 25.1 51.3 24.1 26.6 24.7 97.4
ZSM-5 (Co-5%) 27.0 39.7 29.6 194 20.3 94.7
ZSM-5 (Ni-5%) 26.6 34.9 41.7 20.5 14.4 95.9
ZSM-5 (Ga-5%) 25.3 49.0 25.8 34.9 14.0 99.5
ZSM-5 (Fe-5%) 24.5 43.6 27.9 27.6 16.1 102.0
ZSM-5 (Mg-5%) 24.5 51.0 26.5 37.1 13.8 102.2
ZSM-5 (Zn-5%) 24.9 48.3 29.3 25.0 23.3 102.5
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Figure 4.11: The liquid yield for metal impregnated ZSM-5 catalysts at 500°C

compared against the oil yield for unmodified ZSM-5 (orange line) and
total liquid yield for ZSM-5 (black line).
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Figure 4.11 shows the liquid yield of each metal/ZSM-5 catalyst with the liquid
yield plotted as a combination of the oil yield and the water yield. This shows
clearly that a higher liquid yield does not always imply a higher oil yield. This is
because of deoxygenation and coke formation. Deoxygenation using
dehydration reduces the oil yield but produces water which remains a liquid
product, whereas deoxygenation through carbon oxides formation reduces both
the oil and liquid yield as it produces a gaseous product. Coke formation also
reduces both the oil yield and the liquid yield as it produces a solid product.
Cobalt and nickel show a particular reduction in liquid yield which appears to
indicate a lower water content than for many of the other metal catalysts. This
may indicate that water not being produced or is being used to produce
hydrogen gas (see Table 4.13). In this way the nickel impregnated ZSM-5
catalyst may be more suitable for promotion of gasification rather than pyrolysis.

An increase in water yield reduces the quantity of oil produced but also acts to
upgrade the oils. Water is a product of dehydration reactions which remove
oxygen from bio-oil compounds and condensation reactions which may
produce aromatic compounds. However, it may also act as reactant in the
formation of carbon dioxide from carbon monoxide or steam reforming reactions
which produce carbon monoxide both yielding hydrogen gas as a product.
Figure 4.12 outlines a number of key reactions for which hydrogen and water
are important reactants and products. Many of the key reactions which remove
oxygen from the oil compounds utilise water at some point [39, 242].
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Figure 4.12: Key reaction pathways involving hydrogen and water during
catalytic upgrading of oxygenated biomass derived feedstock proposed by
Huber et al. [39].
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Figure 4.13 shows the composition of the gases which were collected during
the pyrolysis experiments. It is immediately clear that the reductions in liquid
yield for nickel and cobalt which resulted in reduced water yield were likely to
be due to formation of hydrogen gas. The yield of hydrogen gas for both these
catalysts is significantly higher than for the other catalysts with nickel producing
~10 mmolg? and cobalt ~ 5mmolg. For the other catalysts the hydrogen gas
yield is below 2mmolg™. In contrast to this the unmodified ZSM-5 produced 0.36
mmolg™. lliopoulou et al. [136] examined flash pyrolysis of biomass with metal
impregnated catalysts and observed large increases in hydrogen yield for
cobalt and nickel with the nickel hydrogen yield more than twice that of the
cobalt as in this case.

As well as these extremely large increases for nickel and cobalt, the other metal
catalysts also increased hydrogen yield in the order magnesium (0.4 mmolg)
<< gallium (1.2 mmolg?) < copper (1.3 mmolg?) <iron (1.3 mmolg?) < zinc (1.4
mmolgt). Nickel also had an increased output for both carbon monoxide (5.7
mmolg1) and carbon dioxide (4.3 mmolg?') compared to unmodified ZSM-5
(CO-3.4 mmolg?, CO2-2.9 mmolg?). The other metals had carbon monoxide
and carbon dioxide values which were marginally higher or lower than those for
ZSM-5. In terms of hydrocarbon gases (CnCm) output decreased for all the
metal impregnated catalysts compared to ZSM-5 but copper, cobalt and nickel
decreased by a greater amount.

EH2 mCH4 mCnHm CO mCO02
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Figure 4.13: The composition of the gas collected during pyrolysis (without
nitrogen) using metal impregnated ZSM-5.
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Figure 4.14 gives a more detailed view of the non-oxygen containing gases.
The yield of methane increased from 0.8 mmolg? in unmodified ZSM-5 to
1.4 mmolg* in nickel, 1.1 mmolg? in zinc and 1.0 mmolg™ in iron with a small
reduction for copper and cobalt. The hydrocarbon gases other than methane
reduce slightly on addition of a catalyst however the selectivity remained the
same for each with CH4> C2>C3>C4 as was the case with ZSM-5.
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Figure 4.14: The composition of the non-oxygen containing gases collected
during pyrolysis with metal impregnated ZSM-5 catalyst.

4.3.2 Pyrolysis oil composition with metal impregnated ZSM-5
catalysts

The use of a catalyst may change both the composition of the oil as well as the
yield and this, therefore, needs to be considered to understand if the use of a
catalyst is beneficial for production of gasoline range fuels. Table 4.5 reports
the types of compounds present in the bio-oil produced from catalytic pyrolysis
using the metal impregnated catalysts. When unmodified ZSM-5 was used as
the catalyst 99.4% of the compounds determined by GC-MS contained at least
one aromatic ring, 62.7% of compounds were non-oxygenated, 97.2% of
compounds were within the gasoline fuel range and in terms of cyclic nature
83.6% unicyclic, 13.6 bi-cyclic, 2.7% tri-cyclic, 0.1% quad-cyclic and 0% linear.
The pyrolysis yield data suggested that oil yields remained equivalent to ZSM-
5 or were improved so any improvement in the composition of the oil would
yield an overall advantageous effect as a combination of both yield and
composition.
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Table 4.5: Proportion of compounds in bio-o0il which were aromatic,
oxygenated, cyclic or in the gasoline fuel range (Cs-Ci2), for catalytic
pyrolysis using metal impregnated ZSM-5.

ZSM5  ZSM5  ZSM-5  ZSM5  ZSM5 ZSM5  ZSM5 | o o
(Cu-5%) (Co-5%) (Ni-5%) (Ga-5%) (Fe-5%) (Mg-5%) (Zn-5%)

Aromatic (%) | 100.0 96.3 91.6 100.0 100.0 97.3 95.0 99.4

Aliphatic (%) 0.0 3.7 8.4 0.0 0.0 2.7 5.0 0.6

OXV%?/Or;ated 345 340 673 260 471 504 418 | 373

Non-
oxygenated 65.5 66.0 32.7 74.0 52.9 49.6 58.2 62.7
(%)

Cs-C12 (%) 100.0 99.1 99.3 99.4 99.5 100.0 98.6 97.2

2C13 (%) 0.0 0.9 0.7 0.6 0.5 0.0 14 2.8

Uni-cyclic (%) 83.4 87.0 79.7 79.3 80.7 81.9 76.7 83.6

Bi-cyclic (%) 16.6 12.3 11.8 20.6 19.3 18.1 23.3 13.6

Tri-cyclic (%) 0.0 0.3 0.0 0.0 0.0 0.0 0.0 2.7
Quadcyclic | g9 93 01 00 00 00 00 | 01
(%)
Linear%) | 00 00 84 00 00 00 00 0
4321 Aromatic compounds

The increased production of aromatic compounds is beneficial for a number of
reasons. These compounds can be valuable as they may be used as building
blocks in the production of chemicals [149, 243]. The formation of aromatic
compounds from aliphatics may lead to the release of hydrogen gas during
aromatization / dehydrogenation reactions which is can for further catalytic
upgrading reactions such as dehydration. Aromatic compounds also have
higher octane numbers than non-aromatic equivalents, this may enable
pyrolysis oils from biomass to be blended into petroleum oils to increase octane
numbers important for high performance fuels [41].

The introduction of the unmodified ZSM-5 catalyst to pyrolysis of biomass
increased the aromatic compounds which were identified form 65% of the total
compounds to over 99%. The metal modified catalyst also produced similar
proportions of aromatic compounds ranging between 92-100%.

Veses et al. [134] studied the upgrading of bio-oil using 1 wt.% metal
impregnated ZSM-5 catalysts (Ga, Cu, Ni, Mg and Sn) and found that the
aromatic fraction (phenols, primary aromatics and PAHs) determined by semi-
guantitative GC-MS analysis increased from ~59% in the raw bio-oil to between
74% and 79% in the metal impregnated catalysts. Stanton et al. [135] used Py-
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GC-MS to analyse the effect of ~3 wt.% metal impregnated ZSM-5 catalysts
(Cu, Ga, Ni, Co) on for the upgrading of pine pyrolysis vapours in an inert
atmosphere and found that aromatic (primary aromatics + phenols) ranged
between 74% (cobalt) and 84% (gallium) although each was lower than the
92% recorded for un-modified ZSM-5.

These studies suggest that whilst there are variations observed between the
metal modified catalysts these are smaller than those observed between a non-
catalytic system and a catalytic system. In each case the use of a ZSM-5
catalyst increased the aromatics content compared to a non-catalytic system.
Veses et al. [134] examined upgrading of bio-oils which had been obtained
using non-catalytic pyrolysis as a second stage (offline). This produced lower
aromatics content than in the case of Stanton et al. [135] and this research
where upgrading was combined as part of the pyrolysis process (online). It must
be noted that Veses et al. [134] used a lower metal loading on the ZSM-5
catalyst (1 wt.%) than either Stanton et al. (3 wt.%) or this research (5 wt.%).

The catalysts which gave the highest aromatic content in this research was iron,
gallium and copper which all recorded 100% aromatic compounds (which was
an increase compared to unmodified ZSM-5). Nickel, magnesium, zinc and
cobalt all decreased compared to ZSM-5, with the biggest decrease observed
for nickel. In contrast to this the nickel catalyst used by Stanton et al. [135]
performed more effectively with regards to 82% aromatic content than cobalt
(74%) and copper (81%) and in the results from Veses et al. [134] nickel and
magnesium produced a slightly higher aromatic yield than gallium and copper
[134]. This variation between experiments highlights that the reaction pathways
for formation of aromatic compounds is complex. Figure 2.24 highlights some
of the key pathways proposed by Adjaye et al. [124, 125]. The pathway which
leads to the formation of aromatic compounds involves a number of catalytic
reactions including deoxygenation (decarbonylation, decarboxylation and
dehydration), cracking (breaking of larger hydrocarbon compounds into smaller
units) and oligomerisation (combining of small hydrocarbon units into a larger
molecule). The resulting aliphatic compounds may then undergo aromatisation,
alkylation and isomerisation to produce aromatic compounds. The resulting
aromatic compounds may then be converted into coke and tar through
polymerisation reactions [123]. Surface effects will also be crucial in the
formation of aromatics with internal surfaces templating primary aromatic
compounds whilst external surfaces may produce PAH compounds. The ratio
of internal to external surfaces will depend on catalyst loading amongst other
factor [120].
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Research by Cheng et al. [102] examining gallium impregnated ZSM-5
catalysts suggested that whilst the metal atoms could replace protons within
the material and encouraged decarbonylation of furan molecules leading to
aromatisation of alkenes (olefins) this was hindered if Brgnsted acid sites were
unavailable. The temperature at which the reactions operated most effectively
was also relatively unchanged in the presence or absence of the gallium atoms
which suggests that the mechanism is not altered by the addition of the metal
atom. It was proposed that the metal works in conjunction with the acid sites to
promote aromatic formation. In addition to this, research by Zheng et al. [137]
indicated that the relationship between acid sites and transition metal atoms
was complex with the possibility of co-operation between Lewis acid sites,
Brgnsted acid sites and metal atoms as well as competition between them. This
is further complicated by the introduction of the metal atoms leading to both
increases and decreases in the strength of these acid sites within a material.
Steric effects may also be introduced during metal impregnation with a potential
reduction in internal surface, external surfaces or pore blocking. They also
found that metals including nickel and copper could promote the formation of
coke with the further effect of changing or reducing surface areas and pore
volumes leading to deactivation of the catalyst and this was particularly
prevalent where the metal loading was greater.

Therefore, the function of a catalyst is dependent both on the conditions of
pyrolysis as well as the particular condition of the catalyst used [16, 134, 244].
In general, the metal impregnated catalysts encouraged formation of aromatic
compounds although it must be noted that metal impregnation may lead to
increased or reduced efficacy compared to an unmodified ZSM-5.
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Figure 4.15: Oil composition categorised by compound type for different metal
impregnated ZSM-5 catalysts.

Figure 4.15 compares the types of compounds within the bio-oil derived using
metal impregnated ZSM-5 and this can be compared to that for unmodified
ZSM-5 for which primary aromatics accounted 49%, phenolics 33% and
naphthalenes 12%. When we compare the aromatic these values to the metal
impregnated catalysts there are three which increase primary aromatic
compounds and these are gallium (53%), cobalt (51%) and copper (49%). From
these three catalysts, gallium also reduces the proportion of phenolics (26%)
and produces an increased yield of non-oxygenated naphthalene compounds
(15%). Cobalt increases the phenolic and decreases the naphthalene
compounds and copper conversely, decreases the phenolic and increases the
naphthalene compounds. Iron, magnesium and zinc all reduced the primary
aromatic yield with an increased phenolic yield compared to unmodified ZSM-5,
whilst nickel was the least effective catalyst according to these criteria with a
large increase in phenolic compounds and a large decrease in the proportion
of primary aromatic compounds.

This large decrease in nickel primary aromatics was not suggested by literature
although Zheng et al. [137] showed that nickel-ZSM-5 was slightly less effective
for 1-ring aromatic production than the other metal-ZSM-5 catalysts examined.
They also highlighted that nickel impregnated on ZSM-5 is particularly selective
for benzene production whilst less selective for toluene. This may account for
the increased hydrogen production which is could be due to aromatisation
reactions although it is also possible that steam reforming reactions are the
cause of this high hydrogen yield. Benzene is more volatile (b.p. 80°C) than the
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other compounds measured such as toluene (b.p. 110°C) and is more readily
lost as a vapour prior to offline GC-MS analysis. It is possible therefore that the
primary aromatic yield for nickel ZSM-5 should be higher than that measured.

The increase in aromatic compounds observed for gallium has been observed
in literature [135, 137] as with Stanton et al. [135] identifying higher hydrocarbon
oil yield as well as increased 1-ring aromatic selectivity compared to ZSM-5 and
this was elevated beyond values for copper, nickel and cobalt. The high
aromatic yields for gallium are not new observations with several studies
utilising gallium to increase aromatic formation as part of a bifunctional catalyst
involving a solid acid catalyst and gallium metal [59, 102, 153]. Cheng et al.
[102] studied a number of different methods for inclusion of gallium into ZSM-5
framework and several methods were suitable for increasing aromatic
production. It was found that if gallium was incorporated into the ZSM-5
structure through displacement of silicon or aluminium atoms this did not lead
to improved aromatic yield, however, where the gallium metal atoms displaced
protons within the catalyst pores the interaction between strong acid sites and
a metal led to increased aromatic yield. The exact catalytic mechanism is not
yet known but it is believed to function through promotion of decarbonylation of
furan and aromatization of alkenes (olefins) which are also key steps in the
deoxygenation of bio-oil compounds.

4.3.2.2 Compound molecular size (Cs-Ci2)

The compounds identified in pyrolysis oils with unmodified ZSM-5 catalyst
which were in the gasoline fuel range (Cs-Ci2) comprised 97.2% of the identified
compounds and the metal impregnated catalysts increased this further with a
range from 98.5% with zinc and increasing to nearly 100% with magnesium and
copper. This is an improvement for fuel use, however, the unmodified ZSM-5
was already effective in regards to gasoline range hydrocarbon selectivity [41].
Rezaei et al. [123] examined the effect of pore size on the formation of coke
within solid acid catalysts and concluded that for some model compounds a
smaller pore size allowed small species to pass through the catalyst and
undergo selective catalysis whilst inhibiting formation of large PAHs. They also
discovered that for other compounds a small pore aperture hindered large
species entering the catalyst pores which led to an increase in thermal coke
formation rather than templated catalytic reactions. With bio-oils being
composed of such complex combinations of compounds it is likely that both of
these effects are occurring, although, in this case it appears as though the
addition of metal to the ZSM-5 catalyst, which is understood to cause restriction
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of pore apertures, may be favouring the formation of smaller liquid
hydrocarbons through selective templating. The addition of metal to ZSM-5
catalysts to produce bifunctional catalysts has been shown to assist aromatic
formation via favouring of dehydrogenation reactions as well as by reducing the
number of Brgnsted acid sites and at the same time causing more Lewis acid
sites to form [123, 155].

43.2.3 Cyclic and linear compounds

The ZSM-5 which had not been modified led to 83.6% unicyclic, 13.6% bi-cyclic,
2.8% PAHSs (tri-/quad-cyclic) and 0% linear compounds. Zheng et al. [137]
researched the effect of 1% loading of Zn, Mg, Ga, Ni, Co, and Cu on ZSM-5,
for catalytic pyrolysis of pine to produce bio-oil and these results can be
compared to those from Zhang et al. [146] for various loadings (0-8%) of Fe-
modified ZSM-5 during pyrolysis of risk husks.

Zheng et al. [137] found that the impregnation of 1 wt.% zinc to ZSM-5
increased the uni-cyclic aromatic yield whilst reducing the yield of bi-cyclic
compounds and PAHs. When magnesium was impregnated onto ZSM-5 a
minor decrease in unicyclic compounds was observed which was offset by an
increase in bi-cyclic compounds. In this research, at 5 wt.% loading, the same
result was also observed that the uni-cyclic compounds decreased slightly, and
the bicyclic compounds also slightly increased with PAH compounds
decreasing in each case.

When using gallium, Zheng et al. [137] found an increase for both uni-cyclic
and bi-cyclic aromatics which is different to this research which found an
increase in bi-cyclic compounds but not a decrease in the uni-cyclic compounds
as with Zheng et al.

For both nickel and cobalt, results matched for both sets of research, with
increases in the uni-cyclic proportion, however, in this research nickel produced
a moderate amount of linear hydrocarbon compounds which were not included
in the dataset used by Zheng et al. which focused on aromatic hydrocarbons.
Copper impregnated ZSM-5 made little change for either research when
compared to ZSM-5.

Iron with ZSM-5 was researched by Zhang et al. [146] and they found an
increased bi-cyclic yield and a decreased uni-cyclic yield. This included an
increase in benzene and toluene which was offset by a decrease in xylenes,
ethylbenzenes and 1,2,4-trimethylbenzene and also a decrease in PAH as was
observed for each of the other metal impregnated ZSM-5 catalysts.
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The differences between the results from this research and literature values
were small and may equally be due to differences in equipment and catalyst
loadings rather than variations caused by the individual metal used. This is
particularly likely considering the complex connection between pore size and
compound size selectivity and the surface altering effect of introducing metal
atoms into porous materials [137, 143, 146].

4324 Oxygen containing compounds

The proportion of compounds in the oil produced from the unmodified ZSM-5
which contained oxygen was 37.3% and by comparison with Table 4.5 there
are three catalysts which contain lower proportions of oxygenated compounds.
These were copper (34.5%), cobalt (34.0%) and gallium (25.8%) of which
gallium had the lowest value by a significant margin. The other catalysts all led
to increased oxygenated content with nickel having the highest proportion of
oxygenated compounds at 67%. Deoxygenation has three main routes for
oxygen removal which are decarbonylation, decarboxylation and dehydration.
Reactions involving Gallium impregnated ZSM-5 have been found to promote
decarbonylation reactions [102], thereby leading to reduced oxygen content in
bio-oils and this can be seen in Table 4.5 where the carbon monoxide gas
emissions are elevated compared to many of the other metal based catalysts
where carbon dioxide is higher [41, 134, 143]. The exception to this trend is for
cobalt and nickel which produced higher carbon monoxide, carbon dioxide and
hydrogen yields and decreased water yield compared to gallium, although
these are probably due to steam reforming and water gas shift reactions rather
than decarbonylation.

C,Hpy +nH,0 = (n+m/2) H, + nCO — Steam reforming
CO + H,0 = H, + CO, — Water-gas shift

As well as observing the reactions which are promoted by a certain catalyst it
is also important to understand the availability of compounds which will readily
undergo a particular reaction [58]. The nickel catalyst produced the highest
proportion of hydrogen gas of the metal catalysts by a significant margin. This
hydrogen in turn may be used through a hydrodeoxygenation reaction to
remove oxygen from the oil. However, this does not appear to have occurred
with the water measured in the oil from the nickel loaded catalyst particularly
low and the hydrogen remaining in the gas phase. In contrast to this the carbon
monoxide and carbon dioxide content were increased, suggesting that more
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oxygen was removed through decarbonylation and decarboxylation rather than
hydrodeoxygenation. This is in contrast to experiments by Zheng et al. [137]
and where nickel based ZSM-5 has led to oxygenated compounds reducing.
Stanton et al. [135] found that metal (Co, Ga, Cu, Ni, Pt) impregnated ZSM-5,
in an inert atmosphere, did not lead to reduced oxygenated compounds
compared to unmodified ZSM-5 whereas Veses et al. [143] observed that metal
(Sn, Cu, Ni, Mg) impregnated ZSM-5 did increase deoxygenation and found
that this effect was greatest with magnesium, in this research magnesium
produced one of the highest proportion of oxygenated compounds (50%). Due
to the variation between studies it is likely that the deoxygenation potential of
metal relies on several factors. One factor of particular importance may involve
catalyst loading. Veses et al. used a 1 wt.% loading for which magnesium was
an effective catalyst for oxygen removal however in this study 5 wt.% loading
was used and it is possible that blockage of pores at the higher metal loading
may be responsible for this reduced deoxygenation [158]. This effect was
observed by Zheng et al. who also found high proportions of oxygenated
compounds in magnesium impregnated ZSM-5 at 5 wt.% loading [137].

Figure 4.16 shows the molecular size distribution profiles for the compounds
identified in oils produced during catalytic pyrolysis using the metal impregnated
ZSM-5. As with the unmodified ZSM-5, C7-Cs was the mode molecular
compound size. Copper, cobalt and gallium appear to be the most suitable for
gasoline fuel use with the highest proportion of oxygen free aromatic
compounds in the range Cs-Ci2. The nickel catalyst is clearly the least effective
of the catalysts measured here for fuel purposes.
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Figure 4.16: The compounds identified during metal impregnated catalytic
pyrolysis of biomass were plotted according to molecular size with
compounds which were both oxygenate and aromatic (1 or 2 rings)
highlighted in orange.
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4.4 Coke deposition on metal impregnated catalysts

Bayraktar and Kugler [245] examined coke deposition on FCC catalysts using
TPD techniques and used the results to analyse the type of coke which was
deposited over a range of temperatures. Habib et al. [246] identified four types
of coke deposition on catalysts and these were used to classify the coke
deposits identified by Bayraktar and Kugler.

The four coke types identified were:

e Catalytic coke formed during acid catalysed cracking reactions.

e Metal-contaminated coke formed through interactions with metal species
present in the catalyst.

e Conradson coke or graphitic coke.

e Cat-to-oil coke which is due to hydrocarbon compounds which have
become absorbed or adsorbed onto the catalyst surfaces.

Bayraktar and Kugler observed that cat-to-oil coke was removed from the
catalyst during heating in an oxidising atmosphere in the lower temperature
ranges between approximately 200-400°C. The metal contaminated coke was
desorbed between 300-600°C. Catalytic coke was desorbed between 400-
700°C and graphitic coke which represented a much smaller peak between
500-700°C. This was achieved through deconvolution of a poorly resolved
broad peak fitted against Gaussian profiles. In this case the first derivative of
the TPO plot against temperature gave two clear regions of weight change.

Gayubo et al. [247] identified two regions of coke deposition as ‘thermal coke’
at lower temperatures and ‘catalytic coke’. The lower temperature thermal coke
was related as that which deposits on the surface of the catalyst matrix whereas
the catalytic coke was formed and deposited on the internal surfaces of the
catalyst.



Table 4.6: TPO results showing coke deposition on metal impregnated
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catalysts used for pyrolysis of biomass at 500°C.

e 15 A TP 2dA | Total A

Q) (Wt.%) 0 W) | (wt.o%)
Sand - - - - -0.2
ZSM-5 100-400 0.8 | 400-700 2.3 3.1
ZSM-5 (Cu-5%) | 100-400 0.9 | 400-700 13 2.2
ZSM-5 (Co-5%) | 100-400 0.7 | 400-700 1.0 1.7
ZSM-5 (Ni-5%) | 100-400 12 | 400-700 2.6 3.8
ZSM-5 (Ga-5%) | 100-400 0.9 | 400-700 1.0 2.0
ZSM-5 (Fe-5%) | 100-400 18 | 400-700 2.8 4.7
ZSM-5 (Mg-5%) | 100-400 36 | 400-700 1.1 4.7
ZSM-5 (Zn-5%) | 100-400 0.8 | 400-700 2.6 3.4

Table 4.6 identifies the weight loss which was associated with each metal
impregnated catalyst during temperature programmed oxidation experiments
with the weight change categorised by region, where separate regions of weight
loss was observed. The catalysts which experienced the highest coke
deposition were nickel, magnesium and iron which were the three poorest
catalysts in terms of deoxygenation. The three catalysts with the lowest coke
deposition was on the copper, cobalt and gallium catalysts which were also the
most effective catalysts for deoxygenation. Zinc which was the catalyst which
was in the middle for deoxygenation was also in the middle for coke deposition.
This establishes a strong correlation between coke deposition and ability for a
catalyst to remove oxygen from pyrolysis vapours. If this correlation is to be
tested using the unmodified ZSM-5 we may compare it to the zinc impregnated
ZSM-5 with the oxygenated compounds in the zinc catalyst at 41.8% and the
oxygenated compounds in the ZSM-5 at 37.3%. This would suggest that the
coke deposition for ZSM-5 should be slightly lower than that of zinc. This is
indeed correct. The sand which was used to take the place of the catalyst in a
non-catalytic system had negligible coke deposition although it darkened in
colour during pyrolysis. This is not surprising as the zeolites have far greater
surface area, on which coke may deposit, due to their porous nature. In terms
of the temperature at which the coke was oxidised, one catalyst was
significantly different from the others and this was the magnesium impregnated
ZSM-5 which had a far greater extent of low temperature coke. The magnesium
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catalyst also had the lowest surface area, and this may indicates that reduction
in pore volume or blockage of pores caused thermal coke deposition on
external surfaces and reduction in deoxygenation reactions. For the other
catalysts the coke oxidation was greater in the high temperature region which
would be expected if this represents internal coke deposition as the internal
surface of ZSM-5 is greater than the external surface [120]. The low
temperature oxidation could be due to compound adsorption referred to as cat-
to-oil coke. This might indicate that this is not coke formation through the action
of catalytic activity, producing coke, but is rather due to trapping of volatile
compounds within the porous material. This may indicate that loading metal into
the catalyst has obstructed the pores of the ZSM-5.

It is unclear whether it is increased coke deposition which reduced the
deoxygenation potential of the catalysts or whether the changes in the reactions
such as polymerisation are favoured by a particular catalyst lead to coke
deposition instead of deoxygenation. It is also possible that increased coke
deposition is caused by blockages in the ZSM-5 pores which then undermines
the ability of the catalyst to undertake deoxygenation reactions. However, this
fails to explain why the three most effective catalysts improved as it would only
account for deterioration. Potentially interactions between gallium, copper and
cobalt and acid sites lead to a reduction in acidity and therefore a reduction in
coke deposition. Both Stanton et al. [135] and Miskolczi et al. [126] observed a
reduction in acidity of zeolites impregnated with copper whilst deoxygenation
was not hindered. In this case the copper atoms appear to act independently
from the acid sites whereas with gallium the interaction between acid sites and
metal atoms would appear to be crucial to the effectiveness of the catalyst
[102].

4.5 Metal impregnated catalysts — summary

4.5.1 Cobalt-5% (ZSM-5)

The cobalt catalyst caused a reduction in liquid yield compared to unmodified
ZSM-5, however, this liquid had a much lower water content, resulting in an
increase in oil yield from 13.9wt% to 20.3wt.%. There were also
improvements in the measurable criteria of the oil with proportion of identified
oxygenated compounds reducing slightly (3.3%), the Cs-Ci2 proportion
increasing slightly (1.9%) and unicyclic proportion increasing (3.4%). The
proportions of primary aromatics increased very slightly whilst phenolic content
remained unchanged. There was a large increase in hydrogen gas yield and a
smaller increase in both carbon monoxide and carbon dioxide yield.
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4.5.2 Copper-5% (ZSM-5)

The addition of copper increased the liquid yield of the catalyst and the oil yield
with an increase from 13.9 wt.% to 24.7 wt.% compared to the unmodified ZSM-
5. This increase in oil yield was accompanied by an improvement in oil
characteristic with oxygenated compounds reducing (2.8%) and the Cs-Ci2
proportion increasing (2.8%). The unicyclic proportion remained relatively
unchanged but bi-cyclic selectivity increased by 3%. The aromatic compounds
remained relatively unchanged other than an increase in naphthalene
compounds.

4.5.3 Iron-5% (ZSM-5)

Iron had reduced liquid yield but an improved oil yield from 13.9 wt.% (ZSM-5)
up to 16.1 wt.%. There was an improvement in the proportion of compounds in
the range Cs-Ci2 however the other characteristics deteriorated with
oxygenated compounds increasing from 37.1% (ZSM-5) to 47.1% which
includes an increase in phenolic compounds from 33.5% to 48.8%. There was
also an increase in bicyclic compounds, mainly naphthalenes increasing from
13.6% (ZSM-5) to 19.3%. These effects together reduce the primary aromatic
compounds from 48.7% (ZSM-5) to 33.8%

45.4 Gallium-5% (ZSM-5)

Gallium impregnation had very little effect on the yield of liquid or oil compared
to ZSM-5, however, there was a substantive change to the amount of oxygen
containing compounds identified. The compounds containing oxygen
accounted for 37.1% of those identified in the ZSM-5 and this reduced to 26.0%
in the gallium impregnated catalyst. This included an increase in primary
aromatic compounds from 48.7% to 53.5% and a reduction in phenolic
compounds from 33.5% to 25.8%. There was also an increase in bi-cyclic
compounds from 13.6% to 20.6% of which naphthalene comprised the majority.

4.5.5 Magnesium-5% (ZSM-5)

Magnesium increased the liquid yield slightly however this was accompanied
by a very small reduction in oil yield, although within standard deviation. The
proportion of compounds, Cs-Ci2 increased to 100% whilst the proportion which
contained oxygen also increased from 37.1% to 50.4%. The yield of water
suggests a relatively high removal of oxygen in the form of water however the
high proportion of oxygenated compounds in the oil may suggest that these
oxygen free compounds are those which are contributing to the high coke



149

deposition on the catalyst. The addition of magnesium reduced the unicyclic
proportion of the oil only a small amount, however, this reduction caused
primary aromatics to reduce from 48.7% to 31.8% and phenolics to increase
from 33.5% to 46.6%. There was also an increase in naphthalene compounds
from 13.6% to 17.8%.

4.5.6 Nickel-5% (ZSM-5)

Nickel had a reduced liquid yield, but the oil yield was equivalent to that of the
unmodified ZSM-5. It produced the greatest increase in in gas yield of the metal
impregnated catalysts increasing from 26.6 wt.% to 41.7 wt.%. The proportion
of aromatic compounds identified decreased from 99.4% (ZSM-5) to 91.6% and
of the compounds phenolics accounted for 54.9% and primary aromatics only
28.4%. This is the main reason for the oxygenated compounds increasing to
67.3% from 37.3% in the unmodified ZSM-5. This was the highest oxygenated
content of the metal impregnated catalysts. The Cs-Ci2 proportion increased
2% to 99.3% and there was a 4% reduction in unicyclic compounds with 8.4%
linear compounds identified. The PAH compounds including naphthalene were
reduced to 11.9%.

4.5.7 Zinc-5% (ZSM-5)

The zinc impregnated catalyst produced a high oil yield of 23.3 wt.% which is
significantly higher than that for the unmodified ZSM-5 at 13.9 wt.%.
Unfortunately, this was accompanied by an increase in oxygenated compounds
from 37.3% to 41.8%. Zinc produced the highest selectivity towards bi-cyclic
compounds including naphthalene at 23.3% which reduced the proportion of
unicyclic aromatics with primary aromatics at 34.8% and phenolics at 41.0%.

4.6 Metal impregnated catalysts - overview

There were three metal catalysts which saw large increases in oil yield. These
were cobalt, copper and zinc, of these cobalt (34%) had the lowest proportion
of oxygenated compounds identified followed by copper (35%) and with zinc
(42%) which increased the amount of oxygen containing compounds above that
of the unmodified ZSM-5. Gallium, whilst producing similar oil yields to the
unmodified ZSM-5 catalyst, reduced the oxygenated compounds proportion
identified to the lowest of the catalysts examined (26%) and produced the
highest proportion of primary aromatic compounds (54%). Cobalt and copper
also produced high proportions of primary aromatic compounds at 51% and
49% respectively. All of the catalysts produced oil yields which were equivalent
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to that of the unmodified ZSM-5 or greater although some of the catalysts also
increased the proportion of oxygenated compounds. The catalysts for which the
highest proportion of oxygenated compounds was identified also had the
greatest coke deposition on the catalysts post pyrolysis. The catalysts with the
lowest coke deposition were also those which produced the lowest proportions
of oxygenated compounds.

4.7 Conclusion

The experiments using the two-stage fixed-bed reactor for pyrolysis of biomass
shows clearly that introduction of a ZSM-5 catalyst has a large impact on both
yields and composition of the bio-oil (objectives 1 and 2). The introduction of a
catalyst reduced the liquid yield however, there was a significant increase in
formation of deoxygenated compounds, carbon monoxide, carbon dioxide and
water. This increase in deoxygenated products is observed in the semi-
guantitive GC-MS analysis with a reduction in the proportion of compounds
identified which contain oxygen reducing from 100% of peak area in the non-
catalytic oils, to 37% in the catalytic experiment. This produces a large loss in
oil yield due to the efficiency inherent in removing oxygen from the oil through
the formation of carbon oxides and water although the oils produced would be
greatly improved such that it might be possible to consider further upgrading of
the liquid. Water would need to be removed from the sample as it contributes a
higher proportion of the yield than would be suitable for fuel production. The
ZSM-5 catalyst also produced an increase in light hydrocarbon gas formation
through catalytic cracking. This was evidenced by the predominance of alkene
hydrocarbons over alkane products which is a key indicator of catalytic
cracking. These cracking reactions further reduces the oil yield, but it may be
possible to valorise the gaseous products as they contain energy carrying
molecules. The design of the two-stage fixed-bed reactor would make it
challenging to valorise the gas products because the gases are diluted by
nitrogen carrier gases. This reactor is designed for research whereas in a
commercial reactor care would be needed to design a process which provided
products in a form by which they could be readily utilised. ZSM-5 use also
increased the proportion of compounds identified which were PAHs which
would reduce the suitability of the products for fuel use however this was also
accompanied by an increase in primary aromatic compounds which are suitable
for fuel use and potentially could be valuable for formation of chemicals. These
primary aromatic compounds (toluene, xylene, ethylbenzene) are part of a
varied and complex mixture which increases the complexity of separating
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compounds required for production of valuable building block compounds and
may make this uneconomical in practice.

Use of the metal impregnated ZSM-5 catalysts brought about limited
improvement beyond that of the unmodified ZSM-5 catalyst (objectives 3 and
4). For some of the metal impregnated catalysts there was a slight increase in
oil yield but in most cases this increased oil yield corresponded to reduced
production of deoxygenating products. In these cases, GC-MS analysis
identified greater proportions of oxygenated compounds in the oils. Although
none of the metal-impregnated catalysts excelled both for increased oil yield
and increased deoxygenation there was observable variation in the function of
the catalysts. Gallium impregnated ZSM-5 reduced oxygen content through
hydrodeoxygenation to a higher degree than the unmodified ZSM-5. In contrast
nickel impregnated ZSM-5 produced higher yields of carbon oxides compared
to unmodified ZSM-5 but had a highly reduced water yield comparatively. The
net effect of these differences was a much higher proportion of oxygenated
compounds identified in the oils from nickel impregnated ZSM-5 than in the
unmodified ZSM-5. It must also be observed that a high liquid yield did not
equate to a high oil yield in every case. The formation of water may give a high
liquid yield which may mask a reduction in oil yield. The converse effect is also
possible as with nickel impregnated ZSM-5 which had a lower liquid yield than
the unmodified ZSM-5 but still had a similar oil yield once the water content was
considered.

Coke deposition was analysed for the modified and unmodified ZSM-5 catalyst
as well as the non-catalytic system (objective 11). Coke deposition was much
higher for the ZSM-5 catalysts than the non-catalytic system which is both due
to the difference in surface area as well as reactions on the ZSM-5 which
produce coke directly. The coke deposition varied between the catalysts which
with though those which produced more coke than the unmodified ZSM-5
generally also less effective at reducing oxygen content in the oils. It is not clear
whether the formation of coke causes a reduction in deoxygenation in a catalyst
or whether this is due to competing reactions promoted by the catalysts which
do not produce deoxygenation products and instead enhance coke formation.
It is possible that both effects could be contributing to this coke formation.
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Chapter 5: Devolatilisation of biomass with plastics

5.1 Introduction

Chapter 5 examines the non-catalytic thermal degradation of the biomass and
plastic samples using TGA-MS analysis for both individual samples and for 1:1
mixtures (by weight) of the biomass with the plastics. This chapter examined
both the weight change observed during thermal degradation as well as
measuring the output of products (Carbon monoxide, carbon dioxide, water and
hydrogen) during this degradation process. The differences between the
profiles observed during thermal decomposition individually and in conjunction
may be used to identify changes to the decomposition and devolatilisation of
the samples caused by interactions between the samples as they are
decomposed (objective 8).

5.2 Devolatilisation of biomass and plastics

The decomposition of biomass and plastics during pyrolysis can be studied by
examining the devolatilisation process [69, 248, 249]. Thermogravimetric
analysis (TGA) can be used to study the devolatilisation process, determining
the effect of temperature on the change in mass of a sample. The TGA profile
which is obtained may give valuable information about the temperatures at
which the devolatilisation occurs and the proportion of the sample which is
converted from a solid to a gaseous state. Comparison between single samples
and those which are combined together may show how the samples are
interacting together during devolatilisation. The interactions or synergy between
the two substances may lead to changes in rates of decomposition or change
the amount and type of products obtained. These effects may result in positive
or detrimental changes to a pyrolysis process which is conditional on a number
of factors. For pyrolysis a beneficial effect might include, increased yield of a
desired product or improvement in volatile composition for a specific purpose,
such as for use as a fuel. TGA does not provide direct information about product
composition so it is often linked with a second analytical process to elucidate
the product composition. Gas chromatography (GC), mass spectrometry (MS)
and Fourier-transform infrared spectroscopy (FTIR) are routinely used to
provide online analysis about species or functional groups present in a gas
sample. For this research online MS was used as it allowed for quantitative
monitoring of five key devolatilisation compounds at 12 second intervals. This
research was undertaken at Tsinghua University as part of a research
secondment. This provided the opportunity to utilise the high-performance GC-
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MS equipment which Tsinghua made available. It also provided the occasion
to work alongside researchers with an expertise in this field with support given
for analysis of the data collected.

5.3 TG and DTG for single samples

TGA involves heating a sample at a steady heating rate whilst measuring and
recording the weight of the sample which is being heated. An argon atmosphere
was used to provide the conditions for pyrolysis to occur. Differential
thermogravimetric analysis (DTG) utilises the differential of the TGA weight
change profile against temperature to determine the rate of change in weight at
each temperature. This gives vital information about the temperature at which
devolatilisation is most rapid.

TG and DTG can be used to determine the temperature at which devolatilisation
is occurring. Devolatilisation occurs over a temperature range, and whilst it may
be possible to simply measure the temperature range over which weight
change occurs, it is also possible to identify characteristic temperatures which
may be used to compare between different samples. Two commonly used
characteristic temperatures are Tip and TmwL.

Temperature of initial decomposition (Tip) can be obtained from the TGA graph
and relates to the point at which the first major weight loss is observed (post
drying). The gradient of the TG weight change profile before and after
devolatilisation can be used to characterise the temperature of initial
decomposition. The temperature at the intersect of the two gradients gives the
characteristic temperature, Tip.

Another characteristic temperature is obtained from the DTG graph and is the
temperature at the point of maximum weight loss (Tmw). In biomass or single
plastic devolatilisation there is often one peak only, although for biomass this
peak may be broadened because it is composed of 3 main constituents,
cellulose, hemicellulose and lignin. In biomass, cellulose decomposition is often
the cause of the peak of maximum weight loss. Characteristic temperatures are
useful to compare between samples, however, devolatilisation is a complex
mixture of chemical and physical processes which may not be summarised by
a single temperature. The profile of the DTG curve can also give key information
about the structure of the material being heated such as the number of different
components which make up the material, this is particularly key for biomass.
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5311 TG and DTG for biomass

Figure 5.1 shows the TG and DTG profiles of biomass heated in an inert
atmosphere. The TG profile for biomass is relatively broad because it is
composed of three major components. The first component which is clearly
observed during biomass decomposition is hemicellulose, which starts to break
down between 200°C and 260°C causing a ‘shoulder’ feature on the DTG plot
[67, 70, 71]. Cellulose is semi-crystalline and decomposes across a relatively
narrow temperature range, between approximately 300°C and 430°C,
producing the sharpest peak in the devolatilisation profile [62, 69]. Lignin is a
diverse and structurally unsystematic material which breaks down over a wider
temperature range (140-500°C) than either hemicellulose or cellulose [67, 78].
Due to the broad temperature range during devolatilisation of lignin the peak
profile is shallow which means it is often masked behind cellulose and
hemicellulose in TGA and DTG graphs. The lignin is observed in Figure 5.1 as
the tailing part of the DTG peak once cellulose has completed decomposition.
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Figure 5.1: TG (blue) and DTG (orange) profile during devolatilisation of
biomass sample in an argon atmosphere.

The biomass sample used in Figure 5.1 devolatilises between approximately
200-400°C, with peak weight loss at 360°C. The moisture content which is
measured as the weight change below 100°C is around 1.1% wt. The material
remaining after devolatilisation has occurred gives the weight of char which is
15%. The char is composed of a combination of ash and fixed carbon and is
dependent on the final temperature of devolatilisation as well as heating rate.
The char content observed from the same biomass sample used during
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pyrolysis reactions in a fixed bed reactor was 25 wt.% of the sample. The TGA
experiment reached a maximum temperature of 800°C which is 300°C above
that of the fixed bed reactor experiment which explains why the char content
was lower. The volatiles yield was increased from 75 wt.% to 85 wt.% as
temperature was increased from 500°C in fixed bed experiments to 800°C in
the TGA experiments. This TGA data suggests that a pyrolysis temperature
greater than 400°C would be necessary to ensure devolatilisation is maximised.
Any further increase in temperature would increase the volatiles content slightly
but significantly more energy would be required to accomplish this marginal
gain in volatile yield.

5.3.1.2 TGA and DTG for HDPE

The biomass sample started devolatilising at around 200°C and this continued
until over 400°C. In comparison the HDPE sample decomposed over a much
narrower temperature range between 400°C and 510°C (see Figure 5.2). This
tight symmetrical profile indicates that there is only one major component to the
material despite the HDPE being of recycled origin. There is a small feature at
the start of devolatilisation peak around 410°C but this could be due to chemical
additives such as dyes or even another plastic material which was not
separated fully pre-recycling. Interestingly, this peak matches the temperature
profile of the PS sample, but this might equally belong to another material.
Temperatures above 500°C continue to increase the volatile yield but much of
the possible weight loss has been completed by this temperature. The char
remaining after decomposition was ~3 wt.% which is above that of the LDPE
although the HDPE was a recycled material and the LDPE virgin material.
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Figure 5.2: TGA and DTG during devolatilisation of HDPE sample.
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5.3.1.3 TGA and DTG for LDPE

Unsurprisingly, LDPE also exhibited a similar profile to that for HDPE (see
Figure 5.3) with devolatilisation commencing at a slightly lower temperature and
finishing at a slightly lower temperature also. The char remaining after
devolatilisation in the TGA was marginally lower than that for HDPE for which
a greater proportion of ash was measured during proximate analysis. The char
remaining after TGA of LDPE was 2.8 wt.% which is greater than would be
expected from proximate analysis which determined ash to be 0.3 wt.% and
fixed carbon at 0 wt.%. The main variable which is changed between proximate
analysis and the TGA experiment is heating rate and the gaseous atmosphere
in the reaction chamber. The proximate analysis uses a high heating rate and
an oxidising atmosphere whereas the TGA was undertaken at a steady low
heating rate and an inert atmosphere. This has the effect of increasing the
proportion of char present after devolatilisation. Whilst both HDPE and LDPE
produced similar proportions of char during the TGA experiment the ratio of
fixed carbon to ash was greater for LDPE meaning that this char material would
have a higher calorific value. The variation in ash content is most likely due to
HDPE being a recycled material which has increased the inorganic content.
The DTG maximum weight loss peak is at an almost identical temperature and
magnitude for both LDPE and HDPE which indicated that both materials
devolatilise in a very similar manner.
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Figure 5.3: TGA and DTG during devolatilisation of LDPE sample.
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5.3.14 TGA and DTG for PP

For each of the polyolefins, LDPE, HDPE and PP (see Figure 5.4) the same
shape of TGA profile is observed which is consistent with the fact that each
decomposes through the same radical chain scission mechanisms [94]. The
initial curve at the start to devolatilisation is exponential in profile and the
contrasts with the end of devolatilisation where there is an abrupt almost right-
angle shape where it must be concluded that all carbon chains available for
scission have been broken. The DTG profile of the polyolefin samples match
that for HDPE recorded by Oyedun et al. [249]. The profiles observed in
biomass, PS and PET are distinctly different from those of the polyolefin
samples. At 457°C, the temperature of maximum weight loss is slightly lower
for PP than for HDPE and LDPE for which this temperature is 478°C and 476°C.
However, despite the difference in peak temperature for PP it appears to
decompose in a very similar manner to both HDPE and LDPE with a close
correlation in the rate of devolatilisation at the temperature of peak weight loss.
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Figure 5.4: TGA and DTG during devolatilisation of PP sample.

The physical characteristics of the plastic pellets was quite varied. The LDPE
pellet were clear and pliable and could be readily milled to produce a fine
powder. The HDPE pellets were more dense and tougher and milling was more
challenging to produce a powder. The PP pellets were resistant to impact and
therefore the most challenging to mill. The pellets required a much longer time
to grind into a fine powder for analysis than either the HDPE or LDPE which
were comparatively more brittle. The difference in the material properties,
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however, was not reflected in the TGA studies where the DTG profiles are very
similar.

5.3.15 TGA and DTG for PS
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Figure 5.5: TGA and DTG during devolatilisation of PS sample.

The polystyrene used was a recycled material and as with the HDPE a small
peak is observed at 300°C, which does not appear to be from the PS material
(see Figure 5.5). Again, this could be a dye or other additive used with the
polystyrene for its original purpose or potentially product contamination during
recycling. The profile of main peak of the polystyrene however is the sharpest
of those examined but with broadening at the base of the peak. This is
particularly clear at the end of devolatilisation where an abrupt end to
decomposition which was observed with the polyolefins is replaced with a much
gentler decline in the PS. The major point of comparison however, is the
temperature of devolatilisation which is lower than that for the polyolefins by
around 30-40°C. This brings it closer to that for biomass which is between 250-
400°C. The maximum weight loss was greater than that for the polyolefin
samples.

5.3.1.6 TGA and DTG for PET

The profile for PET (see Figure 5.6) is far broader than the other plastics with a
nearly symmetrical shape which matches with research by Al-Salem et al. [250].
It also starts to decompose at a lower temperature of around 323°C and
finishing before 500°C. This overlaps with the devolatilisation profile for
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biomass. The reinforcement material means that the final char material makes
up greater than 40 wt.% of the original sample mass but even taking this into
account the peak mass change is lower than for the other plastics. This is likely
due to the broad devolatilisation peak meaning that the weight change occurs
over a larger temperature range than for the other polymers. Although the
sample contains inert reinforcement material, the devolatilisation profile is very
similar to non-reinforced PET in literature [250-252].
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Figure 5.6: TGA and DTG during devolatilisation of PET sample.
5.3.1.7 Peak temperatures during single sample devolatilisation

Table 5.1 lists the temperatures over which devolatilisation occurs for each of
the samples and compares them to temperatures recorded in literature. In
general, there was agreement between the results from the TGA and literature
however the TGA devolatilisation was lower than the literature for the recycled
polymers HDPE and PS. The temperature range over which biomass was
devolatilised was the lowest of the samples with the weight loss starting around
200°C and concluded by 400°C. The plastics devolatilised at higher
temperatures with PET the lowest, PS the next lowest and the polyolefins at the
highest temperatures. PP weight loss began at a higher temperature than either
LDPE or HDPE but the peak weight loss temperature for PP was lower than
either HDPE or LDPE.
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Table 5.1: Temperatures of devolatilisation for individual pyrolysis samples
during TG and DTG, compared against literature values.

Measured (°C) Literature (°C)
Tonset Tpeak Tend Tonset Tpeak Tend ref

Biomass | 201 360 394 | 250/200 350/360  380/400 [215?5’]'
HDPE 404 478 507 | 451/400 505/483 528/510 [215727]
LDPE 382 476 503 | 383/398 492/478 515/505 [11;5%'
PP 392 457 491 | 375/317 486/452 512/487 [11;5%'
PS 360 416 478 | 3721360 437/425 506475 [§§§]
PET 323 402 480 | 320/350  400/400 490/480 [22521'

Table 5.2 lists some of the key parameters of the devolatilisation of the samples
including char, moisture and volatiles yield as well as the temperature and the
rate at peak weigh loss. The rate at peak weight loss (DTGwmax) can be used to
compare the rate of devolatilisation with a low temperature range of
devolatilisation giving a sharp DTG peak with a high rate.

Table 5.2: Key properties measured during TG and DTG analysis of individual
pyrolysis samples.

Tpeak g?thitx Moisture Volatiles Char

Unit °C Awt.%/°C wt.% wt.% wt.%
Biomass 360 1.1 1.1 83.9 15.0
HDPE 478 3.2 0.1 97.1 2.8
LDPE 476 3.0 0.1 97.5 25
PP 457 3.0 0.1 99.2 0.7
PS 416 3.5 0.3 97.2 25
PET 402 1.1 0.2 56.0 43.8

Biomass had the lowest rate of devolatilisation with weight loss spread over a
160°C temperature range with cellulose the main contributor to the peak weight
loss peak. PET was the second lowest rate even if the reinforcement material
is accounted for. After this the polyolefin samples were relatively close together
with PS having the highest peak weigh loss rate.



161

As well as the broadness of the peak another factor on the rate of weight
change is the proportion of the sample which is converted from a solid sample
into the volatiles. In this case PET had the lowest volatiles yield with a 44 wt.%
char yield which is a combination of ash (including reinforcement), fixed carbon
and potentially desublimation of benzoic acid and terephthalic acid derivatives
[99]. The biomass sample had a relatively low moisture content here which may
be due to drying during the milling process where friction generated heat in the
mill would be able to dry the fine powder sample produced for the TGA analysis.
There is still a char content of 15 wt.% however if devolatilisation were
concluded at 500°C this would be higher at around 20 wt.%. All of the plastics
had low char and high volatiles content between 97-99 wt.%. This would allow
for efficient production of pyrolysis oils and gases however the weight loss does
not distinguish between gas or liquid product yield.

5.3.2 MS profiles during devolatilisation of single samples

Mass spectrometry combined with TGA may be able to give further insight into
the processes which are happening during devolatilisation by measuring the
guantity of four compounds produced as the TGA experiment progresses using
the argon carrier gas as an internal standard. The compounds measured were
hydrogen, water, carbon dioxide and carbon dioxide. These are often produced
during devolatilisation and therefore the rate of their production may give insight
into the devolatilisation process.

53.2.1 MS profile during devolatilisation of biomass

Figure 5.7 shows the MS signal measured during devolatilisation of biomass
for each of the five compounds. At temperatures below 100°C the major product
is water which is due to drying of the sample. At around 250°C, the sample
begins to decompose which is indicated by an increase in water, carbon dioxide
and carbon monoxide. This signal peaks around 350°C before returning
towards the baseline at around 400°C. There is a small residual signal slightly
above 400°C which matches the tailing end of lignin decomposition observed
on the DTG profile. During decomposition of cellulose and hemicellulose the
major product is water with carbon dioxide and carbon monoxide approximately
equal in yield at a lower level. During lignin decomposition water is still the
highest yield product but it is a similar level to that of the carbon oxides. These
three compounds are all acting to remove oxygen from the biomass sample
thereby potentially reducing the oxygen content of the bio-oil. The signal from
methane is quite unclear but there is a slight increase around the temperature
of peak compound measurement for the three main gases. The hydrogen signal
shows a small peak at this maximum yield temperature and then reduces before
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increasing steadily once the temperature exceeds 500°C and is the main
compound measured after 600°C. This profile of the three main compounds
matches that from the DTG plot with the shoulder feature due to hemicellulose
visible. This confirms that with biomass these gases are released over a similar
temperature profile to devolatilisation and are therefore likely to be involved in
this process.
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Figure 5.7 : MS profile during devolatilisation of biomass.

5.3.2.2 MS profile during devolatilisation of HDPE

In contrast to biomass the plastics (excluding PET) contain a much lower
oxygen content and this is likely to be reflected in the quantity of oxygen
containing compounds in the MS plot. As with biomass there is an initial period
of water production at around 100°C after which point there is very little activity
until after 400°C where there is an increase in each of the compounds being
measured. Once again, the water is the strongest signal which matches
pyrolysis experiments where water makes up a bigger contribution to the yield
than carbon monoxide or carbon dioxide which were not measured during
pyrolysis experiments. The output of most compounds decreased by 500°C
although water takes longer to return back to base levels. Hydrogen increases
as temperatures increases towards 800°C.

Gas analysis during pyrolysis experiments was not able to measure either
carbon monoxide or carbon dioxide for HDPE or LDPE as these were below
detection limits but did measure a small quantity of hydrogen. The yield of these
compounds is lower than values measured in biomass and this can be
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observed in the lower peak size and greater noise to signal ratio in the MS
measurements. At 600°C there is a slight rise in carbon monoxide which is
accompanied by a minor weight loss on the DTG curve. This may be due to a
char decomposition event or due to foreign matter within the recycled HDPE
sample.
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Figure 5.8: MS profile during devolatilisation of HDPE.

5.3.2.3 MS profile during devolatilisation of LDPE
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Figure 5.9: MS profile during devolatilisation of LDPE.
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The LDPE MS plot is very similar to that for HDPE with the only major difference
being a reduction in hydrogen gas below that of carbon dioxide where it was
above in the HDPE sample. The carbon monoxide peak measured in HDPE at
600°C was not present in virgin LDPE which adds to the conclusion that it might
be due to foreign material present in the HDPE rather than due to
devolatilisation of the polyolefin hydrocarbons.

5.3.24 MS profile during devolatilisation of PP

0.03 1

0.02

0.01 1

Signal intensity

0.00

-0.01

a T . T E T . 1
0 200 400 600 800

Temperature (°C)

Figure 5.10: MS profile during devolatilisation of PP.

The MS profile for PP is similar to that of HDPE and LDPE although the water
peak remains elevated at higher temperatures. This may be due to moisture
becoming trapped in the capillary transfer line and therefore passing through to
the detector over a wider temperature range. The devolatilisation of PP begins
at a lower temperature than the other polyolefin samples and produced more
hydrogen than carbon dioxide and more hydrogen than the HDPE and LDPE
which agrees with findings from Alvarez et al. [255]. For each of the polyolefin
samples the carbon monoxide yield is greater than that of carbon dioxide which
is understandable in samples which have low oxygen content. As temperatures
rise beyond 600°C the hydrogen yield continues to increase.
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5.3.25 MS profile during devolatilisation of PS

The peak which is due to moisture evaporation from the sample below 100°C
is absent for PS although water was produced during the devolatilisation
process. The carbon monoxide peak is relatively large for PS compared to
water for PS devolatilisation which may be signify that the decomposition
pathway is different for PS from the polyolefin samples. Alvarez et al. [255]
found that PS produced a greater proportion of hydrogen and carbon monoxide,
compared to polyolefin samples, during pyrolysis at 600°C. PS does not show
the same increase in hydrogen yield as temperatures are elevated beyond
devolatilisation temperatures.
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Figure 5.11: MS profile during devolatilisation of PS.

5.3.2.6 MS profile during devolatilisation of PET

The DTG data for PET showed a single devolatilisation event. The TGA-MS
data include two regions of emission. The first region coincides with the
temperature range of the DTG peak and the profile is similar to that of the other
polymers. The main emission is water as well as carbon monoxide and carbon
dioxide. There is almost no hydrogen release during this devolatilisation event.
The second peak on the MS is composed of both hydrogen gas and carbon
dioxide although there is little mass change on the DTG plot although a small
weight loss is observed over the same temperature range. This second region
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may be due to the reinforcement material within the sample as it was not
observed in the other plastics.
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Figure 5.12: MS profile during devolatilisation of PET.

5.3.2.7 Characteristic devolatilisation temperatures for single
samples

The temperature of devolatilisation can be defined using a range over which
weight loss is observed however it is more useful for comparison to measure
characteristic temperatures from the TG, DTG and TG-MS studies. Tic is
obtained from the TG plot, Tmwe from the DTG plot and the TG-MS may be used
to determine the temperature at which peak emission of key compounds (H20,
CO and COy) is observed. Table 5.3 lists the values determined for each of
these characteristic temperatures for the individual biomass and plastic
samples. Comparison against characteristic temperatures from co-devolatilised
samples may be used to observe changes caused by devolatilisation of
samples together.
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Table 5.3: Characteristic temperatures (°C) during devolatilisation of single

samples.
TGA TGA-MS
Tip Tmwe TpeakH20 Tpeakcoz Tpeakco

BMS 290 360 360 360 360
HDPE 464 478 482 474 474
LDPE 454 476 476 472 468
PP 442 457 468 476 473
PS 400 416 442 424 435
PET 384 402 418 417 407

Biomass has the greatest temperature difference between the Tip and TmwL
which highlights the broad temperature range for biomass for which
hemicellulose devolatilisation starts at a lower temperature than cellulose which
contributes most significantly to the peak weight loss peak. With biomass the
temperature of peak emission of the key compounds is the same as that for the
Tmwi, however, this is not the case for all the polymers where these compounds
exhibit different peak temperatures. This effect is largest with PS where there
is almost 20°C between the temperatures that CO2 reaches peak emission and
when H20 reaches peak emission.

5.4 Devolatilisation of mixed samples

Devolatilisation of 1:1 mixed samples (by weight) of biomass alongside the
plastics using TGA-MS was used to discover the changes to the process which
are caused by mixing the samples together.

5.4.1 TG and DTG for mixed samples

The TG and DTG data for the mixed samples can give valuable information
about the devolatilisation process including shifts in devolatilisation
temperatures; changes in rate of devolatilisation; overlap between the samples
being devolatilised; changes in the resulting proportions of char and volatiles
from the process.
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5411 TGA and DTG for biomass and HDPE combined
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Figure 5.13: TGA and DTG during devolatilisation of biomass with HDPE.

The temperature difference between the devolatilisation of biomass and HDPE
is relatively large which might lead to lower interaction between the samples
during co-pyrolysis. The DTG plot (see Figure 5.13) does not appear to show a
significant interaction but analysis of the temperatures, rates and yields of
devolatilisation indicates that there is some interaction occurring. The onset of
biomass devolatilisation as a single sample is ~200°C whereas in the sample
which has been combined with HDPE the onset is delayed until ~225°C.
However, there does not appear to be a significant shift to the temperature of
maximum weight loss or the temperature at which devolatilisation of biomass is
completed. The onset of HDPE devolatilisation appears to shift to a slightly
lower temperature, however, it is challenging to estimate onset as the HDPE
peak merges with the tailing end of the biomass peak. The yield of volatiles
reduced for both the biomass and HDPE samples which led to a char yield of
13.9 wt.% compared to a char yield of 8.9 wt.% which was expected using
calculations from single samples. This contrasts with literature where
Chattopadhyay et al. [256] found synergy between biomass and HDPE led to a
slight reduction in char formation. The rate of weight change at its highest point
on the DTG increased slightly for the biomass sample, which may be due to
several factors, with a delayed onset leading to a less broad, more rapid
devolatilisation, but with a reduced volatiles yield reducing the total weigh
change measured. In contrast the rate for HDPE reduced from 3.2 Awt.%/°C to
2.8 Awt.%/°C in the combined samples which might be due to interaction with
the biomass pushing HDPE onset to a lower temperature leading to a broader
HDPE peak and therefore a reduced rate at the peak temperature.
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541.2 TGA and DTG for biomass and LDPE combined

The LDPE sample is very similar to the HDPE (see Figure 5.14) and the effects
observed during co-devolatilisation are very similar. Addition of LDPE to the
biomass causes the onset temperature of hemicellulose to increase to ~230°C
where in the individual samples this was ~200°C. The effect on the peak
temperature and the point at which biomass devolatilisation finishes is not alter
significantly. The onset temperature for LDPE is challenging to determine as it
overlaps with the biomass, but this appears to remain relatively unchanged as
are the other temperatures. The volatiles released by the biomass are
decreased from ~84 wt.% in the individual sample down to ~69 wt.% in the
mixed sample whereas the LDPE continues to produce the same proportion of
volatiles. This causes the char proportion to increase from a calculated 8.8 wt.%
to 15.0 wt.% which is the same as that observed for biomass when devolatilised
individually.
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Figure 5.14: TGA and DTG during devolatilisation of biomass with LDPE.

Despite the reduced volatiles yield from biomass the rate at peak weight change
does not alter significantly remaining at 1.1 Awt.%/°C. It may be that the
reduced vyield is counterbalanced by the higher temperature onset of
devolatilisation, such that the peak rate remains as it was. However, the LDPE
reduces from 3.0 Awt.%/°C to 2.7 Awt.%/°C. a reduction in rate of 10% which
may be caused by LDPE devolatilisation starting at a lower temperature thereby
spreading the temperature range of the weight change and lowering the peak
rate. Xiang et al. [191] used TGA to study the co-pyrolysis of rice straw with
LLDPE and found that synergistic effects led to a lower char yield compared to
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rice straw alone with the temperature at which the two samples reached peak
weight loss shifting slightly to lower temperatures.

541.3 TGA and DTG for biomass and PP combined

The mixed biomass and PP sample was comparable to that of the other
polyolefins except that the overlap between the two peaks was larger (see
Figure 5.15). Although the onset temperature for LDPE was 10°C lower than
for PP it appears that the PP has been affected by the biomass devolatilisation
in a way that caused the PP to begin devolatilisation at a lower temperature.
This can be observed as a ‘shoulder’ like feature on the DTG profile which was
not present in the individual PP sample. The PP onset was at a slightly lower
temperature than during than individual TGA experiment, although, the rate of
devolatilisation increases faster for PP than with the other polyolefins for which
a more exponential shape is observed.
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Figure 5.15: TGA and DTG during devolatilisation of biomass with PP.

The peak and final temperatures for PP remain relatively unchanged. The
biomass peak onset increases in temperature to 227°C during the mixed
experiments but the peak and final temperatures remain almost unchanged as
with the other polyolefin samples. As with the other polyolefins combining
biomass with the polymer reduces the biomass volatiles yield, in this case from
84 wt.% to 72 wt.% whilst the PP reduces only slightly. This is accompanied by
an increased char yield of 15.2 wt.% greater than the calculated value of
8 wt.%. The rate at peak weight loss is slightly reduced for the biomass whilst



171

the PP reduced from 3.0 wt.% down to 2.6 wt.%. which is nearly a 15%
reduction in rate at the point of peak weight loss. This highlights the broadening
effect of mixing the biomass with the PP.

5414 TGA and DTG for biomass and PS combined

The temperature of peak weight loss also increases slightly. As with the
polyolefins, addition of the polymer led to reduced volatiles yields from the
biomass sample down from 83.9 wt.% to 72.4 wt.% although the PS volatiles
yield increased from 97.2 wt.% to 99.2 wt.%. Again, the char yield increased in
the co-devolatilisation experiment with a yield of 13.7 wt.% compared to a value
of 8.8 wt.%, calculated from the individual samples. The rate of the biomass at
the point of peak weight loss reduced from 1.1 to 1.0 Awt.%/°C with PS also
decreasing slightly from 3.5 to 3.1 Awt.%/°C.
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Figure 5.16: TGA and DTG during devolatilisation of biomass with PS.

Ephraim et al. [257] studied co-pyrolysis of biomass with PS and found that a
limited synergy was observed, in this case leading to an increase in char yield
accompanied by a decrease in oil yield. Their research suggested that
secondary reactions were responsible for an increase in light hydrocarbon
gases and a decrease in oil, however, these secondary reactions could not be
directly observed. The synergy effects also led to an increase in hydrogen, and
carbon oxides particularly in mixtures with less than 50% plastic content. As the
PS content of the co-pyrolysis mixture increased carbon monoxide became
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increasingly produced rather than carbon dioxide which may reflect the
reduction in oxygen availability from the feedstock.

5415 TGA and DTG for biomass and PET combined

The devolatilisation of biomass with PET was very different for the other
polymers. This was mainly due to the increased overlap between the PET and
the biomass devolatilisation events. This resulted in two peaks, of which the
first was the most significant, containing weight loss associated with both
biomass and PET. The temperature at which the secondary peak is observed
indicates that this is due to PET devolatilisation alone. This is most clearly
indicated by the increase of the yield from the biomass volatiles peak from
83.9wt.% to 98.4wt.% and a decrease in the yield from the PET peak
56.0 wt.% to 39.4 wt.%. There is only a 1% decrease in the total volatiles yield
however a greater proportion of volatiles emission during the first
devolatilisation peak.
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Figure 5.17: TGA and DTG during devolatilisation of biomass with PET.

This is also accompanied by an increase in the rate at peak weight loss for the
first peak from 1.1 to 1.9 Awt.%/°C and a decrease in the second peak to 0.8
from 1.1 Awt.%/°C. Overall the rate of the two peaks is 2.7 Awt.%/°C which is
greater than the combined rate for the two individual peaks. This shows that
both samples are contributing to the peak rate, thereby, causing this to
increase. The char measured for the combined samples was greater than that
for the individual samples increasing from 29.4 wt.% to 31.1 wt.%. As with the
other polymer and biomass mixtures the onset temperature for biomass
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devolatilisation increased, in this case from 201°C to 223°C although the
temperature of peak weight loss for biomass did not change. The temperature
at which the PET peak reached peak weight loss reduced by 10°C.

5.4.1.6 Characteristic temperatures for mixed biomass and
polymer devolatilisation

Table 5.4 lists the temperatures at which devolatilisation begins, peaks and
ends for each of the biomass and polymer samples during the mixed sample
TGA studies. Navarro et al. [252] found that during co-devolatilisation of pine
with different polymers the temperature of peak mass loss remained relatively
unchanged and this was also observed in this case. Chattopadhyay et al. [256]
observed a delayed onset of biomass decomposition during co-pyrolysis of
plastics with biomass which was also observed during these TGA studies. They
also determined that char content reduced during co-pyrolysis experiments
compared to individual sample pyrolysis. However, if the low char content of
the plastic samples is accounted for the char content of the combined samples
is, in reality, larger than that which would be calculated from the mean value of
the two samples which were combined.

Table 5.4: Temperatures (°C) at which peaks start to form, reach peak height
and are finished during co-devolatilisation of mixed samples of biomass
and polymers.

Biomass peak Polymer peak
Tonset Tpeak Tfinal Tonset Tpeak Tfinal
BMS:HDPE 224 362 391 391 475 504
BMS:LDPE 231 362 386 386 473 502
BMS:PP 227 361 386 386 458 489
BMS:PS 224 363 384 384 423 478
BMS:PET 223 360 378 378 392 489

Table 5.5 lists the rate at the temperature of maximum weight loss as well as
the char, volatiles and moisture content as determined from the TG analysis.
The char yield and moisture yield are from both the biomass and the polymer
sample used in each experiment and can be compared to the values
determined from the individual samples. The rate at maximum weight loss and
the volatiles yield are from either the biomass or the polymer where the samples
devolatilise at different temperatures. If these values are compared to the
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individual samples the values must be doubled to account for the 1:1 mixing
ratio with each material contributing half of the original sample mass.

Table 5.5: The rate of weight loss determined for the biomass and polymer
peaks and the distribution of weight loss between moisture, volatiles and
char during co-devolatilisation.

Rate at Rate at Moisture Volatiles  Volatiles Char

DTGwmax 1 DTGwmax 2 peak 1 peak 2
Unit AWt.%/°C  Awt.%/°C wt.% wt.% wt.% wt.%
BMS:HDPE 0.57 1.40 0.8 37.6 47.7 13.9
BMS:LDPE 0.53 1.36 0.6 34.5 49.8 15.0
BMS:PP 0.52 1.31 0.6 35.9 48.2 15.2
BMS:PS 0.52 1.57 0.5 36.2 49.6 13.7
BMS:PET 0.94 0.41 0.1 49.2 19.7 31.1

As with Chattopadhyay et al. [256], Zhou et al. [177] also claimed to observe a
reduction in char yield during co-pyrolysis of biomass with PP, LDPE and
HDPE. However, as with Chattopadhyay this decrease is only in relation to the
char from the biomass sample. Whilst in this case, combined samples of
biomass and HDPE produced reduced char yield compared to the mean value
from the individually pyrolysed biomass and HDPE, the char yield for biomass
and PP with LDPE increased. Battacharya et al. [168] studied copyrolysis of PP
and wood in an auger reactor and observed an increase in char from the mixture
compared to individual samples. Sajdak and Muzyka [165] also studied the
effect of co-pyrolysis of biomass and PP. In their research pine and alder wood
were compared as the biomass source and in both cases an increase in char
yield was observed.

5.4.2 MS profiles during devolatilisation of mixed samples

As with the individual samples the MS profile may also be used to compare the
interactions between the biomass and the plastic being examined.

54.2.1 MS profiles during devolatilisation of Biomass with HDPE

The DTG plots show that in the case of the polyolefins and PS the weight
change is greater than for the biomass samples, however, this is not reflected
in the MS plot where the compounds yields are related to the amount of oxygen
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content in the samples. This is much higher in the biomass sample than the
polymers, with the exception of PET. The biomass related emissions are
reasonably unchanged from the individual sample with a slight increase in the
proportion of carbon dioxide compared to carbon monoxide. This increase is
also observed with the HDPE emissions where carbon monoxide has reduced
to the same level as carbon dioxide having been greater in the individual
sample. The most significant change is the increase in hydrogen emissions
which are greater in the mixed sample than in the individual samples particularly
as higher temperatures (600-800°C) are reached.
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Figure 5.18: MS profile during devolatilisation of biomass with HDPE.

5422 MS profiles during devolatilisation of Biomass with LDPE

For biomass and LDPE, the peaks are similar to those in the individual samples
both in both the carbon oxides and the hydrogen yields. This may indicate that
the differences observed in the mixing of biomass and HDPE could be due to
impurities introduced by using a recycled material. There appears to be a
greater overlap between biomass and LDPE than in the case of biomass and
HDPE.
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Figure 5.19: MS profile during devolatilisation of biomass with LDPE.

5.4.2.3 MS profiles during devolatilisation of Biomass with PP

With the biomass and PP mixture the biomass profile during thermal
degradation is unchanged, however, in the PP emissions the yield of hydrogen
has reduced with the proportion of carbon dioxide increasing to similar levels to
that of the carbon monoxide where in the individual samples the carbon
monoxide yield was larger. It may be that the elevated oxygen content of the
biomass compared to the PP allows for more complete oxygenation of the
carbon oxide which was limited in the oxygen poor PP sample. This would
mean that the PP was removing oxygen from the biomass sample through
interactions, as it devolatilised which would be potentially beneficial for reducing
the oxygen content of bio-oils. The overlap between biomass and PP is much
greater than with the other polyolefin samples. Sajdak and Muzyka [165]
examined the gaseous products during co-pyrolysis of pine and PP and found
that whilst H2 remained at a similar level to the individual samples both carbon
dioxide and carbon monoxide were increased in the co-pyrolysis sample.
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Figure 5.20: MS profile during devolatilisation of biomass with PP.

5424 MS profiles during devolatilisation of Biomass with PS

There is a significant overlap in the emission peaks for biomass and PS and
differences are observed in both the biomass and the plastic MS profiles. The
most obvious change in the biomass profile is in the carbon monoxide
emissions which follows a different temperature profile to the carbon dioxide.
The carbon oxides previously matched closely to cellulose decomposition
however in this case the carbon monoxide exhibits similarities to both the
hemicellulose and cellulose decomposition with a clear ‘shoulder’ feature. The
PS emissions are also changed from the individual sample devolatilisation with
a large increase in the carbon dioxide yield. The low oxygen content of the PS
may indicate that the oxygen necessary for carbon dioxide formation is from the
biomass sample. Ephraim et al. [257] studied the co-pyrolysis of biomass and
PS and measured the gas emissions. Their study found that the proportions of
carbon dioxide was higher than carbon dioxide in the biomass sample and the
inverse was true in the PS sample. The carbon oxide emissions observed by
Ephraim et al. were very low compared to biomass. This contrasts to the results
obtained during this study. The PS sample used by Ephraim et al. was a virgin
plastic whereas the PS used in this study was a recycled material. This may
account for the big difference in carbon oxides emissions with oxygen content
in pure plastics at a lower level than in a sample which has been processed
and may have been adulterated with oxygen containing additives. Ephraim et
al. found that as the PS content increased the proportion of carbon oxides
shifted towards carbon monoxide.
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Figure 5.21: MS profile during devolatilisation of biomass with PS.

5.4.25 MS profiles during devolatilisation of Biomass with PET

The sample containing biomass and PET had the greatest overlap in the DTG
plots and this is also observed in the MS plot. The DTG plot showed two peaks
which is observed in the water emissions, however, this is not observed as a
peak in the carbon oxides rather as a lengthened tail on the biomass peak. The
emissions of carbon dioxide were increased in the mixed sample with the
carbon monoxide remaining consistent with that expected from the individual
samples.
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Figure 5.22: MS profile during devolatilisation of biomass with PET.
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5.4.2.6 Characteristic temperatures for mixtures of biomass with
plastics both from TGA/ DTG and MS data

The synergy between the biomass and the plastic samples may be observed in
three ways, a change in the product yields, a change in the rates of
devolatilisation and a change in the temperature at which devolatilisation
occurs. Characteristic temperatures may be used to compare the temperature
at which devolatilisation occurs between different samples, this allows for
comparison also between individual samples and those which have been
combined. Table 5.6 lists the characteristic temperatures for the peaks relating
to biomass and plastic devolatilisation for the combined samples using data
both from the TG/DTG and MS results.

Table 5.6: Characteristic temperatures (°C) for co-devolatilisation of biomass
with plastics from both TG/DTG and MS results.

Biomass peak Plastic peak

TID TMWL THZO TCOZ TCO TID TMWL TH20 TCOZ TCO

BMS:HDPE | 304 362 373 368 358 | 454 475 482 476 472

BMS:LDPE | 304 362 363 366 366|449 473 479 476 465

BMS:PP 301 361 369 364 362|433 458 450 447 451

BMS:PS 300 363 388 386 380|409 423 446 438 445

BMS:PET | 296 360 351 354 355|369 392 400 387 389

5.4.3 The effect of co-devolatilisation on biomass and plastic
characteristic temperature.

Figure 5.23 shows the effect of combining biomass with PS on the characteristic
temperature, TmwL. For PS the temperature at which maximum weight loss is
observed in the sample shifts to a higher temperature in the combined sample
than in the individual sample. For biomass the temperature at which maximum
weight loss is observed also increases in the combined sample but to a lower
degree than for the PS. This indicates that when the biomass and PS are
devolatilised together there are interactions between the samples which alter
the devolatilisation process. It is not clear why the degradation of polystyrene
is delayed by the presence of biomass. It may be that the free radical species
which are important in this degradation process are being utilised in interactions
with the biomass which delays degradation onset until elevated temperatures
where more free radical species are generated.



180

BMS - TGA and DTG

100
0
80
- -0.02
S
£ 40 -0.04
k=
L 20 -0.06
2 |
0 | -0.08
0 100 200 300 {400 500 600 700 800
—t%  em—m/dt
PS - TGA and DTG
100 i 0.04
80 . -
- 0
80
2 -0.04
£ 40
o 0.08
o 20 0.
= :
0 o 0.12
0 200 | 400 600 800
—— 1% i———dmldt
PS:BMS + TGA and DTG
100 -
0.01
80
X -0.01
= 60
D 40 -0.03
=
20 -0.05
0 -0.07
0 200 400 600 800

wt% dm/dt

Figure 5.23: The shift observed for TmwL when biomass is combined with PS.
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5431 The effect of combining biomass with HDPE on the
temperature of devolatilisation

Due to limited space in the figures used for section 5.3.3 the characteristic
temperatures will be labelled T1-T5 (see Table 5.7).

Table 5.7: Labels used for characteristic temperatures in section 5.3.3.

222:222;5':5 Definition Label
Tio Temperature of initial decomposition T1
Trvwe Temperature at maximum weight loss T2
Thao Temperature at maximum H,0 emission T3
Tcoz Temperature at maximum CO; emission T4
Teo Temperature at maximum CO emission T5

During devolatilisation of biomass with HDPE the most significant shift is
observed to the temperature of initial decomposition (T1) which denotes the
onset of devolatilisation. For biomass this temperature increases whilst for the
polymer it moves to a lower temperature. The other characteristic temperatures
(T2-T5) relate to the point at which maximum weight loss or maximum emission
of a species is observed rather than the onset. These also shift although to a
lesser extent than for T1. In the individual biomass sample T2-T5 occur at the
same temperature, however, in the combined sample these have diverged. This
may indicate that in the individual sample all these species were produced by
a single thermal decomposition mechanism or a number of mechanisms which
occurred simultaneously. Whereas, in the combined sample, these
mechanisms may be altered by interactions with free radical species obtained
from the plastic or replaced by new mechanisms which occur through free
radical based reactions.

BMS and HDPE - Single
®BMST1 @BMST2

o BMST3 ®BMS T4

- r ! ! : BMST5 @HDPET1

250 300 350 400 450 500 550 HDPET2 @HDPET3
BMS and HDPE - Combined

®BMS T1 BMS T2

°® T BMS T3 BMS T4

- . ; . , BMST5 @HDPET1

250 300 350 400 450 500 550 HDPET2 @HDPET3

Figure 5.24: The effect of co-devolatilisation on characteristic temperatures for
biomass and HDPE.
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5.4.3.2 The effect of combining biomass with LDPE on the
temperature of devolatilisation

As with HDPE, the LDPE sample displays a similar trend with regards to T1
(onset) and the other characteristic temperatures, T2-T5 (peak/maximum)
although the change observed in the biomass sample is not as large as that for
HDPE. The temperature T1 in LDPE is not altered as much as for HDPE
although there is a shift in the temperature at which CO reached peak emission
(T5) to a lower temperature. This was also observed in the HDPE sample but
to a lesser extent.

BMS and LDPE - Single
@BMST1L @BMST2

L~ BMS T3 BMS T4
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250 300 350 400 450 500 550 ®LDPET4 @LDPETS

Figure 5.25: The effect of co-devolatilisation on characteristic temperatures for
biomass and LDPE.

5.4.3.3 The effect of combining biomass with PP on the
temperature of devolatilisation

For PP the shift which is observed for the biomass characteristic temperatures
is equivalent that observed in LDPE however the change to the plastic
characteristic temperatures is much larger. The PP temperature T1 moves to a
lower temperature in the combined sample and the emission characteristic
temperatures T3-T5 also reduce significantly indicating that the reactions which
are occurring and producing these species are occurring much nearer to onset
of devolatilisation than with the individual sample. This is not reflected in the
value of T2 with the temperature at which weight change is at a peak is
unaffected by combining the two samples during devolatilisation. This indicates
that the species which are being measured (T3-T5) are not responsible for the
peak weight loss or these characteristic temperatures should be the same.
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Figure 5.26: The effect of co-devolatilisation on characteristic temperatures for
biomass and PP.

5434 The effect of combining biomass with PS on the
temperature of devolatilisation

In contrast to the PP sample, with PS the biomass characteristic temperatures
particularly T1 and T3-T5 moved to higher temperatures by a large amount
whereas the characteristic temperatures for the PS sample were relatively
unaffected by combining the samples during devolatilisation. The temperatures
of peak emission for PS increased marginally.
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Figure 5.27: The effect of co-devolatilisation on characteristic temperatures for
biomass and PS.

5.4.3.5 The effect of combining biomass with PET on the
temperature of devolatilisation

In the case of biomass and PET, the onset of biomass devolatilisation was
delayed to an increased temperature but the point of maximum emission of the
measured species was reached at a lower temperature. This is in contrast to
the other plastics. The characteristic temperatures for PET were all shifted to
lower temperatures.
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Figure 5.28: The effect of co-devolatilisation on characteristic temperatures for
biomass and PET.

Table 5.8 lists the mean shift in the characteristic temperature for biomass and
plastic caused by co-devolatilisation of the samples. For the polyolefin samples,
the devolatilisation of biomass moved to a slightly higher temperature and the
plastic to a lower temperature, this was limited for LDPE and HDPE but much
larger for PP. The overall effect of both changes was that the characteristic
temperatures of the two samples moved closer together in the combined
sample. With PS, the characteristic temperatures of biomass moved
significantly to higher temperatures whilst the plastic also moved to higher
temperatures albeit by a smaller amount. The effect of this was that the
character temperatures again moved closer together. In the case of PET both
biomass and PET moved to lower temperatures of devolatilisation with the
plastic shifting by a much larger amount than the biomass leading as with the
other plastics to devolatilisation of the two samples occurring over a smaller
temperature range. This indicates that there is synergy between biomass and
plastics during devolatilisation although this appears to vary for each of the
samples both in size of shift as well as the effect of the synergy on the
temperature of devolatilisation.

Table 5.8: The mean shifts in characteristic temperatures during
co-devolatilisation of biomass with polymers.

Biomass Polymer Total A

HDPE +7 °C -3°C -10°C
LDPE +6 °C -1°C -7°C
PP +5°C -15 °C -21°C
PS +17 °C +9 °C -9°C
PET -3°C -18 °C -15 °C
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Figure 5.29: The temperature of ignition decomposition for different mixtures

of biomass and plastics (1:0 — pure biomass, 0:1- pure plastic).
Figure 5.29 displays the change in temperature of initial decomposition as the
mixture is changes from individual biomass (1:0) to an equal mixture (by weight)
of biomass and plastic (1:1) and then as individual plastics. It can be observed
that in most of the mixtures the temperatures of initial decomposition converge
in the mixed samples however with polystyrene both temperatures of initial
decomposition increase. This would suggest that any interactions between
biomass and Polystyrene are different from those operating for the other
plastics.

Jakab et al. [258] used TGA with GC/MS analysis of products to compare the
devolatilisation of PP individually and in the presence of lignin, cellulose, wood
and a commercial charcoal. The influence of the lignin, cellulose and wood
caused the polymer to begin decomposition at a slightly lower temperature
whilst the presence of the charcoal had a markedly stronger effect with the
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onset temperature of decomposition for the polymer reducing substantially.
Together with the analysis of the pyrolysis products, Jakab et al. concluded that
charcoal formed during decomposition of biomass during co-pyrolysis is likely
to act catalytically altering both the temperature and product distribution from
polymer decomposition. However, the char yield from the biomass-derived
samples was lower than that use in the charcoal TGA experiment and this led
to a proportionately lower impact on the polymer thermal degradation. The
effect of charcoal on the product distribution particularly affected the H-transfer
reactions due to suggested enhancement of homolytic bond scission in the
plastic. The temperature at which polystyrene decomposed in the presence of
biomass increased having lowered for the other plastics. Thermal stability of
plastics may be improved by intermolecular bonding which can act to shield
weak points in the chemical structure [259]. It is possible that stabilising -1
stacking interactions due to electron density around aromatic rings could
provide this stability increase as both biomass and polystyrene produce
aromatic compounds.

Plastic melt may be the main cause for the increase in biomass decomposition
onset temperature for the polyolefin and polystyrene samples with the biomass
sample protected from thermal decomposition by a layer of softened plastic
[260]. The divergence of the peak emission/ peak weight loss temperatures for
biomass, from a single temperature in the individual sample to a range of
temperatures in the combined samples, indicates that there may also be
changes to the thermal decomposition mechanism during co-devolatilisation.

5.5 Conclusion

Thermal degradation begins at a lower temperature for the biomass sample
examined compared to the plastic samples examined. This difference between
the temperature at which biomass and the plastic degraded was higher for
some of plastics than others. The difference between biomass and
HDPE/LDPE was the largest observed and at a temperature increase of
10°Cmin-! the thermal degradation of biomass was near completion prior to that
of the HDPE and LDPE initiating. This means that using the same heating
profile, in the two-stage fixed-bed reactor, for co-pyrolysis there is likely to be
limited interactions between the vapours for the biomass and the polyolefin
plastics. This might mean that for biomass and the polyolefin compounds there
is limited interaction due to the vapours from the biomass passing from the
reactor prior to the devolatilisation of the plastic starting. The interactions
between biomass with polystyrene and biomass with PET are likely to be more
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abundant due to the separation in degradation temperatures being smaller.
During thermal degradation of biomass with the plastics it was possible to
observe a shift in the temperature of initial decomposition and maximum weight
loss compared to experiments using the individual samples. It is possible that
the reduction in degradation temperature observed in the polyolefins and PET
is due to the biomass char acting as an in-situ catalyst. This might have an
effect on the formation of products as well as the temperatures of degradation
due to possible reactions of the volatiles on the surface of the biomass char.
This may be possible even though the vapours may be evolved over a different
temperature range to the biomass sample. The biomass degradation in most
cases began at a higher temperature during thermal degradation of biomass
with the plastics. This may be due to encapsulation of the biomass patrticles by
melted plastic. It is possible that this might increase the effect of heterogeneous
reactions with the volatiles from the biomass sample potentially reacting with
the surface of the plastic more readily if encapsulated. These results identify a
limitation with the heating rate used during the two-stage fixed-bed reactor
which is likely to be insufficient for complete mixing between the volatiles from
the plastics with those form the biomass. It is likely that a higher heating rate
would result in greater mixing of vapours which might therefore produce more
interactions during co-pyrolysis.
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Chapter 6: Co-pyrolysis of biomass with plastics

6.1 Introduction

The purpose of chapter 6 is to examine the effect of co-pyrolysis in the
two-stage, fixed-bed reactor on the yield and composition of pyrolysis products.
This chapter will begin by examining the pyrolysis products including the oil
produced during pyrolysis of the individual plastic samples (HDPE, LDPE, PP,
PET and PS) (objective 5). These results will then be used to identify whether
catalytic co-pyrolysis of biomass and plastics at a 1:1 mixing ratios (by weight)
may lead to variation in the pyrolysis products as compared to individually
pyrolysed biomass and plastic samples (objective 6). Chapter 6 will also
examine whether changes to the mixing ratio (1:1, 4:1 & 9:1) of biomass and
three of the plastics (HDPE, PET and PS) may lead to variations in the pyrolysis
products identified (objective 7). Temperature programmed oxidation will also
be used to examine coke deposition during co-pyrolysis of biomass with the
plastics to identify if certain co-pyrolysis mixtures might enhance or reduce coke
formation (objective 13).

6.2 Pyrolysis of plastics

The oils produced during co-pyrolysis may exhibit improved or degraded
characteristics compared to the same quantities of samples individually
pyrolysed and then combined post pyrolysis. However, miscibility issues are
possible when combining pyrolysis oils. Martinez et al. [166] observed that oils
produced from co-pyrolysis of biomass with waste tyres and plastics can utilise
radical interactions to stabilise the resulting liquid and therefore make it more
suitable for use as a fuel or for mixing with current petroleum derived
feedstocks. Stabilisation is also possible through the use of polar solvents such
as methanol [261] however this will further increase the oxygen content of the
oil and add to miscibility issues with petroleum feedstocks [27]. As well as
improvements to oil stability or miscibility through interaction between the
samples, it may be possible to produce an oil with lower oxygen content thereby
reducing inherent miscibility challenges between bio-oil and petroleum derived
oils.

6.2.1 Product yields from pyrolysis of plastics with ZSM-5

Pyrolysis of the biomass with ZSM-5 at 500°C gave a liquid yield of ~48 wt.%
and an oil yield of ~14 wt.%. In contrast to this the yields from the plastics were
much greater with liquid yields in the range 38 wt.% to 86 wt.% and oil yields in
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the range 20 wt.% to 81 wt.% (see Table 6.1). The plastics (excluding PET)
contained very little oxygen or moisture and this means that much less water is
evaporated from the sample or produced during dehydrogenation reactions.
This in turn meant that the liquid yield was mainly composed of compounds
which may be considered oil. The plastic which produced the greatest oil yield
was polystyrene (PS), followed by the polyolefins (high-density polyethylene
(HDPE), low-density polyethylene (LDPE) and polypropylene (PP)) and then
Polyethylene terephthalate (PET) which produced the lowest oil yield even if
the reinforcement material (30 wt.%) is discounted. Reinforcement is common
for PET materials which require high mechanical strength, however this
presents problems with regards to recycling of PET and other glass reinforced
plastics (GRP). Glass reinforced plastics are composite materials which contain
glass fibres embedded within plastics to produce a material with improved
properties compared to the unmodified plastic. This may alter many aspects of
the material such as durability, mechanical strength, conductivity, impact
resistance and weight but also provides greater challenges for recycling or
disposal. One solution which has been identified as an economical and
sustainable process for recycling of GRPs is pyrolysis [262-264]. This study
aims to address whether glass reinforced PET may also be suitable for use
during co-pyrolysis with biomass, thereby presenting a cost-effective recycling
pathway with valuable by-products.

Sharuddin et al. [265] studied pyrolysis of polystyrene, polyethylene,
polyethylene terephthalate and polypropylene which were also used in this
research and found that of the plastic samples PS produced the highest liquid
yield. This was also confirmed by Onwudili et al. [92] who found that heating of
polyethylene and polystyrene individually in an autoclave for one hour led to a
higher liquid yield for PS than LDPE. At 425°C, the liquid yield of PS was 97.4
wt.% compared to 89.5 wt.% for LDPE although increasing temperature
towards 425°C increased the liquid yield. Any further temperature increases
above 425°C reduced the liquid yield due to a significant increase in char
formation. This increase in char formation during temperature increases was
due to secondary and tertiary reactions of pyrolysis vapours constrained inside
the autoclave. In experimental methods which do not constrain the pyrolysis
vapours, increasing temperatures and heating rates of plastic pyrolysis caused
a reduction of liquid and char yield through thermal decomposition. This caused
an increased gas yield equivalent to the loss in char and liquid yield [94, 265-
267].
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Sharuddin et al. [265] found that for LDPE the best liquid yield was recorded
below 550°C and comparison between plastics (LDPE, PET, and PP) by
Fakhrhoseini et al. [266] at 500°C determined the PP (80.65 wt.%) liquid yield
to be the highest followed by LDPE (76.5 wt.%) and with PET (32.13 wt.%)
much lower still. These values compare closely with those found in this
research. PP had a higher liquid yield than either LDPE or HDPE, however, it
was determined that the water content was also higher for PP the other
polyolefins leading to an oil yield between that of LDPE and HDPE.

The char yield found by Fakhrhoseini et al. [266] for PET was at 7.6% which is
relatively large considering that this was a virgin material. This may be due to
formation of benzoic acid during PET thermal decomposition, a compound
which can plasticise and lead to solid deposition. This is an issue as the
deposits can cause clogging of equipment as well as being acidic [265, 268] .
Char yields of 13.7 wt.% were determined for pyrolysis of PET at 500°C even
after discounting the reinforcement material which is a much larger than with
the other plastics.

Table 6.1: Yields of pyrolysis products for plastics with ZSM-5 at 500°C. The
value in brackets for PET is a calculated pyrolysis yield if the reinforcement
material was not present.

Char Liquid Gas Water Qil bZZﬁie

(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (WE.9%)

LDPE 0.0 72.5 30.9 6.1 66.4 103.7
HDPE 6.6 64.3 37.2 104 53.9 98.0
PP 0.5 75.1 31.6 12.5 62.6 104.6
PET 39.6 38.1 24.4 18.6 19.5 98.3
PS 1.4 86.4 8.2 6.4 88.5 97.5
Biomass 25.1 48.3 25.6 34.4 13.9 101.4

The plastics used in this experiment were pyrolysed in the presence of a
catalyst, ZSM-5. Sharuddin et al. [265] observe that a solid acid catalyst such
as ZSM-5 will generally increase the light hydrocarbon gas fraction (Cs3-C11) at
the expense of the heavier hydrocarbon fraction (C12-C20) with the effect more
pronounced as the acidity increases. This can be achieved by decreasing the
Si/Al ratio in a ZSM-5 catalyst which increases the number of acid sites in the
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material. This has the effect of potentially increasing the gasoline fuel range
products by cracking larger hydrocarbon compounds although it will also
increase the proportion of short chain hydrocarbons (C1-Ca4) which are gaseous
at room temperature and pressure. The acid strength of the catalyst can be
optimised to maximise the gasoline fuel range products from pyrolysis.

The char content remaining after pyrolysis of the plastic samples followed the
same order as the ash content determined by proximate analysis with char and
ash relatively similar in magnitude. The plastic with the lowest char yield was
LDPE which allows for a larger liquid yield compared to another sample such
as biomass with a much larger char yield (25.6 wt.%). At pyrolysis temperatures
the char from biomass could not be entirely volatilised as would be the case in
a combustion process, with an oxidising atmosphere [10, 38]. Whereas, in the
case of the plastics the amount of remaining char was much lower, this
compares to results obtained by Peng et al. [103]. As well as lower char content
the plastics also contained less water [10, 58] which also increases the oil yield
as a proportion of sample compared to biomass. Water is also formed during
removal of oxygen during upgrading reactions which will be increased due to
the presence of available oxygen in biomass samples compared to the
polyolefins and PS. PET al.so contains much oxygen, but it is in a form which
makes it more available for decarbonylation and decarboxylation rather than
hydrodeoxygenation reactions. Honus et al. [269] compared the gaseous
products from pyrolysis of PS, PE and PET and these plastics produced similar
gas yields to one another but varied from the results for biomass [270]. Figure
6.1 shows the liquid yield for biomass and the plastics subdivided according to
oil yield and water yield. It is clear that whilst the liquid yield from biomass is
smaller than for the plastics, there is a large component of water in the biomass
liquid yield. This means that the oil yield is considerably smaller for biomass
compared to the plastics.
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Figure 6.1: Liquid yield from catalytic pyrolysis of plastics and biomass at
500°C, with the water and oil portions of the liquid shown separately. The
PET yield is corrected to discount the reinforcement material.

The gas yield for catalytic pyrolysis of each of the plastics is shown in Figure
6.2 and there are distinct differences between the polyolefin, PET and PS
samples. The polyolefin sample produced the highest gas yield of which short
chain hydrocarbon gases (C2-Ca) were the major product with only a small
proportion of hydrogen and methane. Pyrolysis of the biomass sample
produced ~1 mmol/g hydrocarbon gases in contrast to the polyolefin samples
which produced between 7-9 mmol/g, with HDPE contributing the highest value
and LDPE the lowest. The oil yield shown in Figure 6.1 shows the converse
effect with a range between 53 — 66 wt.%. In regard to the oil yield, LDPE
produced the highest value and HDPE the lowest. HDPE as well as producing
the highest hydrocarbon gases vyield, also produced the highest hydrogen gas
and methane vyields of all the plastic samples. Non-catalytic pyrolysis of
recycled HDPE and LDPE (500°C) by Sogancioglu et al. [89] produced
~88 wt.% and ~69 wt.% liquid from HDPE and LDPE respectively with
~10 wt.% and ~21 wt.% gases. This is the reverse from the results undertaken
in this study although their work undertaken without a catalyst. The higher gas
yield for LDPE was attributed by Sogancioglu et al., to LDPE being more readily
cracked due to branching of the plastic. It is clear that the introduction of a
catalyst has increased the gaseous yield with a reduction in liquid yield. This
reduction in liquid yield is greater for the HDPE sample than the LDPE sample
however this may be due to variations in char yield with the Sogancioglu
samples producing ~5 wt.% lower char and ~9 wt.% higher char for HDPE and
LDPE respectively. Whilst the results from this research and the results from
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Sogancioglu for HDPE and LDPE are reversed there is a possible cause for
this variation which could be due to the char. Bridgwater et al. [27] observe that
with biomass the char is able to act as a catalyst leading to vapour cracking.
Whilst the char present from these recycled plastics may be substantially varied
from that of biomass it is evident that for both sets of results the highest gas
yield/ lowest liquid yield is achieved in the sample which contains a
considerably higher char yield. It may be that an active species or a number of
species are enhancing the cracking of the polyolefins.

H2ECH4BCnHMECOmBCO2

0
LDPE HDPE PP PET PS Biomass
Sample

Figure 6.2: The composition of the gas collected during catalytic pyrolysis of
plastics at 500°C with ZSM-5 as catalyst.

Carbon dioxide or carbon monoxide were not detected for the polyolefin

samples which may indicate that they were absent or below detection limits.

The absence of these gases is partially due to low oxygen content in the

samples with any oxygen which was present having been retained in the oil,

the char or may have become water through dehydrogenation reactions.

The PET sample produced a higher yield of hydrocarbon gases than the
biomass sample and also a higher carbon dioxide content despite the sample
being diluted through reinforcement. Whilst the hydrocarbon gases are lower
than with the polyolefin samples the oxygenated gases are much higher and
unsurprisingly carbon dioxide is the main gas product as it is already present
within the PET ester functional group. Carbon dioxide and carbon monoxide
have both been shown to be produced during PET decomposition [96, 99, 100].

The PS sample also produced a greater hydrocarbon gas yield than biomass
although much less than the polyolefins samples. The PS sample contained
very little oxygen such that it was not detected by oxygen analysis and there
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was no carbon dioxide or carbon monoxide measured during analysis. This may
account for the high liquid yield in PS.

The high hydrocarbon yields for the polyolefins mean that these gases might
be particularly useful for combustion to provide process heat. Onwudili et al.
[92] used a batch autoclave process to pyrolysis LDPE and found that the gases
obtained to be between 50.8 and 52.7MJ/kg which is a little lower than that of
methane gas at 55 MJ/kg [271] and comparative to natural gas 42-55 MJ/kg.
However, in this research nitrogen was used as a carrier gas and continually
passed through the reactor such that the collected gas would be far more dilute.
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Figure 6.3: The composition of the non-oxygen containing fraction of the gases
collected during pyrolysis of plastics with ZSM-5 catalyst.

Figure 6.3 details the hydrocarbon gas yields from the oil derived from the
catalytic pyrolysis of the plastics in greater detail. The yield of hydrogen and
methane from the polyolefins was comparable to the levels observed with
biomass. The profile of light hydrocarbon gases produced during catalytic
pyrolysis with ZSM-5 was distinctive for the plastic samples with C3 favoured
in the polyolefins, C4 with PET and C2 with PS. This also implies that the
method of product formation is different for each. This is further supported if the
molar ratio of saturated/unsaturated hydrocarbon gases is considered. The
polyolefin samples gave a ratio of between 4.0-4.4, PET gave 1.3 and PS gave
a ratio of 12.7. This variation in values shows that a different pathway may be
responsible for product formation leading to selectivity differences for saturated
and unsaturated products.
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The polyolefin samples are understood to break down via random chain
scission leading to unsaturated hydrocarbons selectively whereas the PS is
understood to undergo both random chain scission as well as end-chain
scission [94]. PET decomposes via different pathways thereby not producing
such high selectivity towards unsaturated products which are favoured during
free radical reaction mechanisms instead producing linear alkanes and carbon
oxides [96, 97, 272].

The addition of ZSM-5 catalysts to a pyrolysis reactor increases gas yields to a
large degree. Rezaei et al. [123] compared the product yields for catalytic and
non-catalytic pyrolysis of different biomass feedstocks. ZSM-5 increased the
gas output from pyrolysis of corncob from 14 wt.% to 26 wt.%, wood waste
shavings from 25 wt.% to 37 wt.% and beech wood from 18 wt.% to 26 wt.%.
These increases in gas yield were accompanied by reductions in oil yield with
reductions in oil yield of approximately 50% in each case.

6.2.2 Pyrolysis oil composition of plastics (ZSM-5)

As well as the vyield of the products it is also important to examine the
composition of the oils to discover if these are suitable for fuel use. The same
properties are examined as were used for chapter 4 to allow for comparison
between biomass and the plastics.

Table 6.2: Proportion of compounds in plastic derived pyrolysis oil which were
aromatic, oxygenated or in the fuel range Cs-Ci2.

LDPE HDPE PP PET PS
Aromatic (%) 28.7 37.0 33.0 100.0 100.0
Aliphatic (%) 71.3 63.0 67.0 0.0 0.0
Oxyg(’ar;ated 0.0 0.6 0.6 11.0 0.0

NO”'C’%’/E’)enated 100.0 99.4 99.4 89.0 100.0

Cs-C12 (%) 49.1 55.4 67.2 96.5 76.3
>C13 (%) 50.9 44.6 32.8 3.5 23.7
Uni-cyclic (%) 34.4 41.2 42.7 61.9 57.0
Bi-cyclic (%) 0.4 0.3 0.3 34.6 32.1
Tri-cyclic (%) 0.0 0.0 0.1 3.4 5.5
Quad-cyclic (%) 0.0 0.0 0.1 0.1 55
Linear (%) 65.1 58.5 56.8 0.0 0.0
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6.2.2.1 Aromatic Compounds

Lopez et al. [273] examined catalytic pyrolysis of waste plastics in a semi batch
process (40% PE, 35% PP, 18% PS, 4% PET and 3% PVC) with ZSM-5
catalyst and operating temperature at 500°C and determined that 98.6% of the
oil compounds were aromatic even though a majority of the sample was derived
from polyolefin samples. Li et al. [167] pyrolysed LDPE, PP and PS at 550°C
using a pyroprobe combined with GC for quantitive analysis and ZSM-5 as the
catalyst. The aromatic compounds made up 28.3 C% of the compounds
produced during catalytic fast pyrolysis of LDPE, 35.4 C% for PP and 80.2 C%
of the products from PS.
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Figure 6.4: Oil composition categorised by compound type for different plastics.

Figure 6.4 shows the types of compounds identified from the pyrolysis oils. The
polyolefin oils are composed of aliphatic compounds with a moderate proportion
of primary aromatic compounds. In contrast the oils derived from PS and PET
contain a large proportion of primary aromatics and a small proportion of other
compound types such as phenolics, naphthalenes and indene derivatives and
PAH compounds. This PAH group is largest for PS where is makes up ~20%
of the compounds identified by GC-MS.

6.2.2.2 Compound molecular size

Table 6.2 shows the proportion of the compounds identified in the oils collected
from pyrolysis of plastics at 500°C which are within the molecular size range for
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gasoline (Cs-C12). In the biomass sample 97.2% of the compounds were within
this fuel range whereas with the plastics the best performing is PET at 96.5%.
This is within the standard deviation for Cs-C12, whilst the other plastics are far
lower with PS at 76%, PP at 67%, HDPE at 55% and LDPE at 49%. The
compounds which lie outside the fuel range may still be utilised through further
cracking however this is likely to add further cost and energy input. Compounds
which contain more than 12 carbon atoms and also contain aromatic rings are
often polyaromatic. Polyaromatic compounds are often toxic and are precursors
for tar and coke formation. In oils derived from pyrolysis of polyolefin samples
which contain significant proportion of non-fuel range compounds there are no
PAH compounds identified. The sample which contains the highest proportion
of PAH compounds is PS.

6.2.2.3 Oxygen containing compounds

Whilst the pyrolysis oils from plastics contain much higher proportions of
compounds which do not comply with the molecular fuel range for gasoline they
are much more suitable for fuel use than biomass oils in terms of oxygen
containing compounds. For biomass it was determined that of the compounds
identified in the pyrolysis oils ~37% contained oxygen whilst in the plastic with
the highest proportion of oxygenated compounds identified, PET this value is
only 11% with lower values for the other plastics. The plastics with the lowest
proportion of oxygenated compounds identified were PS and LDPE, for which
no compounds were identified which contained oxygen. The main cause of the
low oxygen values is that the samples which were plasticised contained very
little oxygen which, present as impurities rather than as part of the chemical
structure which for all but PET contain no oxygen. As oxygen was not
introduced at any other point other than potentially as moisture there would be
little source for oxygen in the oils.

The only plastic which contains higher oxygen content was PET for which
33 wt.% of the chemical structure is oxygen and further oxygen is present as
glass reinforcement. However, although it contains similar levels of oxygen to
biomass the proportion of oxygen containing compounds was much lower. This
indicates that oxygen was being removed from the liquid fraction. Some of the
oxygen was removed as carbon dioxide and some carbon monoxide as these
were present in the gas phase and a large amount was removed as water as
this was measured in the liquid sample however it is also likely that an amount
was deposited in the solid state also as PET decomposed to form terephthalic
acid and these tend to plasticise and deposit on available surfaces. It is difficult
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to assess how much of this type of deposition was present although a white
deposit was observed on some of the surfaces after pyrolysis.

The other plastics produced very few oxygenated compounds in the pyrolysis
oils which is expected considering the low oxygen content of the samples. This
low oxygen content may be useful during co-pyrolysis to produce oils which are
both miscible and also have low oxygen content.

6.2.2.4 Cyclic and linear compounds

Figure 6.5 shows the cyclic and linear compounds identified in the pyrolysis oils
from the plastics. As with previous criteria, the three polyolefin compounds are
very similar with a mixture of unicyclic and linear compounds and are different
to the PS and PET. PET contained the highest yield of primary aromatic
compounds so it is not unexpected to find that it also has the highest yield of
unicyclic compounds which includes both primary aromatic and phenolic
compounds. PS contains both naphthalene compounds and other bi-cyclic
compounds which might be considered PAH whereas PET contains a greater
number of naphthalene compounds. For both PS and PET only around 60% of
compounds identified belonged to the primary aromatic category with the
majority of other compounds being PAH. The main type of PAH compound
identified in the oils derived from PS and PET was naphthalene. The polyolefin
by contrast had lower unicyclic content but the remainder was linear
compounds which are not as high risk for coke and tar formation.
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HDPE |
LDPE |
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Figure 6.5: The proportion of cyclic and linear compounds found in the
pyrolysis oil from plastics, with ZSM-5 catalyst.
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6.2.2.5 Overview of plastics pyrolysed with ZSM-5

The results from the pyrolysis of the polyolefin plastic samples were very similar
to each other, they devolatilise to produce a high yield of oil and a smaller yield
of gas which is mostly hydrocarbon (Cs) with very little char material. The oil
produced is a mixture of linear and unicyclic compounds with some aromatic
compounds but mostly aliphatic and around half the oil yield was within the fuel
range (Cs-Ci2). The proportion of oxygenated compounds was very low.

The PET contained a large proportion of reinforcement material which reduced
the oil yield from pyrolysis as a proportion of the original material, but this was
still higher than for biomass if the reinforcement is accounted for. The gas yield
was larger than for the other plastic samples except LDPE and the oil yield was
lower than for the other plastics used (reinforcement accounted). The oil
composition however was reasonable with most of the compounds in the fuel
range and aromatic with lower oxygenated content than with biomass even
though higher than the other plastics. The only drawback was a relatively high
bicyclic yield which is not as favourable for fuel use as unicyclic and linear
compounds. These bicyclic compounds are more suited to diesel fuel
production or as chemical feedstocks.

The pyrolysis of PS gave the greatest oil yield with only a small percentage of
gas and very little char. As well as this the oil was aromatic and had no
oxygenated compounds determined from GC-MS analysis. The only downsides
being the reduced fuel range proportion compared to PET, although this is
offset by the increased olil yield, and the slightly higher bi-cyclic, tri-cyclic and
guad-cyclic yields which are potential causes of tar and coke formation.

6.3 Co-pyrolysis of biomass and plastics (1:1 ratio)

The pyrolysis oils from biomass alone had some serious failings for potential
fuel use, particularly the low oil yield and high proportion of oxygenated
compounds in the oil. The use of an ex-situ ZSM-5 catalyst was able to reduce
this, however, 37% of the compounds identified in the pyrolysis oil still
contained oxygen. On the positive side, the molecular size of compounds was
suitable for the fuel range for the biomass sample with catalytic upgrading to a
high degree. In comparison the pyrolysis of plastics was able to produce a much
higher oil yield with very low oxygen content, but in this case the proportion of
PAH compounds was high for PET and PS and the yield of high molecular
weight compounds was high for the polyolefins. Both sets of materials have
significant problems were they to be used for production of fuels, however, both
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sets of samples also have characteristics which make them suitable for oil use
and crucially these are different for both sets. This introduces the possibility of
co-pyrolysis with the aim of producing an oil for which the poor properties are
minimised whilst adding stability and miscibility which are understood to
improve through co-pyrolysis with certain plastics [164, 166].

There is also another advantage of co-pyrolysis, which is the introduction of
hydrogen in as part of the plastic chemical structure causing an increase of the
(H/Ceff) ratio. This allows for removal of oxygen whilst still providing enough
hydrogen for viable formation of suitable pyrolysis oils. If this (H/Cet) ratio is low
as is the case with biomass, there is a dual effect that reduces oxygen removal
in the form of water and increases the coke formation as hydrogen is
unavailable for oil compound formation [159, 160]. In this was co-pyrolysis with
plastics may have the potential to reduce oxygen content and coke deposition
in biomass derived oils. There is also the advantage that waste plastics such
as PS may be recycled and provide a high oil yield.

6.3.1 Co-pyrolysis yield of biomass and plastics (1:1) with ZSM-5

Table 6.3 shows the yields of pyrolysis products obtained from catalytic
pyrolysis of biomass and plastics at a ratio of 1:1 and ZSM-5 as the catalyst.
The values which would be achieved by direct mixing of pyrolysis oils from
plastics and biomass pyrolysed as individual samples is was calculated from
individual experiments and is shown in brackets alongside the measured value.
This is a theoretical mixture assuming no reaction between the combined oils
and assuming miscibility which may not be valid in a real mixing process.
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Table 6.3: Yields from catalytic co-pyrolysis of plastics and biomass (1:1) with
ZSM-5. Calculated values for mixtures of individual samples in brackets
for comparison with measured results.

Char Liquid Gas Water o]] bg/llgﬁie
(Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (WL.%)
12.5 53.5 35.0 315 22.0
BMS:LDPE 95.4
(12.8) (60.9) (29.0) (20.2) (40.1)
15.5 55.0 325 30.3 24.7
BMS:HDPE 103.3
(16.1) (56.8) (32.2) (22.4) (33.9)
BMS:PP 14.5 49.5 34.5 14.1 35.4 96.0
' (13.0) (62.2) (29.3) (23.5) (38.2) '
37.5 33.0 22.5 23.3 9.7
BMS:PET 93.2
(32.6) (43.7) (25.7) (26.5) (16.7)
16.0 65.0 18.5 17.4 47.6
BMS:PS 98.2
(13.6) (72.1) (17.6) (20.1) (47.3)
BMS 25.1 48.3 25.6 34.4 13.9 101.4
LDPE 0 72,5 30.9 6.1 66.4 103.7
HPDE 6.6 64.3 37.2 104 53.9 98
PP 0.5 75.1 31.6 12.5 62.6 104.6
PET 39.6 38.1 24.4 18.6 19.5 98.3
PS 14 86.4 8.2 6.4 88.5 97.5

Co-pyrolysis on liquid yields of biomass with plastics led to a reduction in liquid
yields for each of the plastics examined. The smallest reduction in liquid yield
was measured for biomass with HDPE (1.8 wt.%) and PS (7.1 wt.%) with the
greatest reduction for biomass and PET (10.7 wt.%) and PP (12.7 wt.%). As
well as changes to liquid yields there were also reduction in oil yields from the
pyrolysis of all the plastics other than PS which remained relatively unchanged.
The highest reduction in pyrolysis oil yield was LDPE with a reduction of
18 wt.%. The result for PP is particularly noteworthy with liquid yield reducing
by a comparatively high amount whilst oil yield only reduced marginally. If these
results are correct this would suggest that the water yield for PP is significantly
less than for that of the other polyolefin samples (LDPE and HDPE). One
reason for this is that less oxygen has been removed from the mixed sample
through hydrodeoxygenation. This may result in an increased oxygen content
of the oils. In regard to char content, the polyolefin samples were relatively
unchanged whereas the char produced by biomass and PS increased by
2.5 wt.% and that for biomass and PET by 5 wt.%.
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Figure 6.6: The liquid products from co-pyrolysis of plastics and biomass (1:1)
with ZSM-5 catalyst alongside calculated values.

Figure 6.6 compares the calculated values to those that were measured for
biomass and plastics at a 1:1 mixing ratio. The orange line has been placed on
the graph to show the oil yield from biomass pyrolysis with ZSM-5. The samples
which brought about the largest increase in oil yield were PP and PS. PET led
to a reduced oil yield although this was without accounting for the reinforcement
material which at this point is 13 wt.% of the sample. If the reinforcement is
accounted for the oil yield increases to ~11 wt.% which is still lower than for that
of biomass alone. It is likely that some of this reduction is due to increased char
yield. The result for PS matched very closely with the calculated values
whereas the other samples varied significantly.

During pyrolysis of the polyolefin samples the gas yields were higher than
expected, this contrasts with yields from pyrolysis of PS where the decrease in
liquid yield was counteracted by an increased char and gas yield. For pyrolysis
of PET the increased char yield is balanced by a decrease in gas yield. The gas
yields decreased by 4.3 wt.% for PS and 3.2 wt.% for PET respectively in the
co-pyrolysis samples compared to values calculated from the individual
biomass and plastic samples. The increase in gases during pyrolysis of the
polyolefin samples was mostly due to an increase in the hydrocarbon gases
and methane although there was a reduction in both carbon dioxide and carbon
monoxide. This is likely to cause an increase in oxygenated compounds in the
co-pyrolysis oils when compared to the oils from pyrolysis of individual samples.
For pyrolysis of PET there was a reduction in hydrocarbon gases and a slight
reduction in carbon dioxide, carbon monoxide and methane. The hydrogen gas
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yield was fractionally increased. For co-pyrolysis of biomass with PS the carbon
dioxide and carbon monoxide yields were approximately 8 wt.% and 10 wt.%
higher than values calculated from individual pyrolysis of biomass and
polystyrene. This included small increases in hydrocarbon gases, and
hydrogen and a small decrease in methane formation.
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Figure 6.7: The composition of the gas collected during co-pyrolysis of
biomass and plastic (1:1) (without nitrogen) with ZSM-5 catalyst.

The increase in hydrocarbon gas vyield involved a relatively large increase in
both C2 and Cs hydrocarbons. Table 6.4 gives the ratio of unsaturated to
saturated hydrocarbon gases produced during individual and co-pyrolysis.
There is little change in the polyolefin samples where the hydrocarbon yield is
dominated by cracked products from the polyolefin rather than the biomass
whereas there is a significant change in the case of PET. The low ratio for PET
was particularly due to butane as a gaseous product however this is no longer
present in co-pyrolysis with biomass and the resulting gases are strongly
unsaturated.

Table 6.4: The ratio of unsaturated to saturated hydrocarbon gases, C2-Cs, in

the gas yield.
LDPE HDPE PP PET PS Biomass
Individual 4.0 4.3 4.4 1.3 12.7 7.6

Co-pyrolysis 4.2 41 4.5 11.7 104
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6.3.2 Co-pyrolysis oil composition of biomass and plastics (1:1)
with ZSM-5 catalyst

In order to assess whether co-pyrolysis is beneficial for fuel production it is
necessary to consider both the pyrolysis oil yield as well as the composition of
that oil. Table 6.5 shows the types of compounds which were identified during
co-pyrolysis of biomass and plastics with calculate values derived from
individual samples in brackets.

Table 6.5: Proportion of compounds in biomass and plastic derived co-pyrolysis
oil which were aromatic, oxygenated, cyclic/linear or in the fuel range (Cs-
Ci2). Calculated values for mixtures of individual samples in brackets.

BMS:LDPE BMS:HDPE BMS:PP  BMS:PET  BMS:PS

Aromatic (%) 52.5 42.1 43.1 100.0 95.6
(41.0) (50.4) (45.0) (99.7) (99.9)

Aliphatic (%) 475 57.9 56.9 0.0 4.4
(59.0) (50.0) (55.0) (0.3) (0.2)

Oxygenated 12.3 11.7 10.2 19.7 2.1
(%) (6.1) (8.0) (6.9) (21.4) (5.0
Non-oxygenated 87.7 88.3 89.8 80.3 97.9
(%) (93.9) (92.0) (93.0) (78.6) (95.0)
Co-Caz (%) 66.2 51.8 72.1 89.1 75.7
(57.4) (64.4) (72.6) (96.8) (79.3)

>Cis (%) 33.8 48.2 27.9 10.8 24.3
(42.6) (35.6) (27.4) (3.2) (20.7)

Uni-cyclic (%) 49.4 40.4 49.3 65.7 62.2
(42.8) (50.1) (49.9) (70.8) (61.0)

Bi-cyclic (%) 3.1 1.7 0.8 27.1 24.6
(2.8) (3.3) (2.8) (26.0) (29.5)

Tri-cyclic (%) 0.0 0.0 0.0 7.1 6.1
(0.5) (0.6) (0.6) (3.2) (5.1)

Quad-cyclic (%) 0.0 0.0 0.0 0.1 2.8
(0.0) (0.0) (0.1) (0.1) (4.7)

Linear (%) 47.5 57.9 49.9 0.0 4.4
(53.8) (46.0) (46.6) (0.0) (0.0)

6.3.2.1

Aromatic compounds

The overall trend observed for the aromatic compounds in the pyrolysis oils
from co-pyrolysis of polyolefins is an increase compared to the oils from
individual plastics. However, if this is compared to predicted values for mixtures
of biomass and polyolefins there is only an increase for LDPE when compared
to calculated values. If compared to results from biomass pyrolysis there is a
decrease in aromatic compounds. For PET the aromatic content remains high
during co-pyrolysis which is not surprising considering that for pyrolysis of both
biomass and PET high aromatic yields were produced for both. For PS the



205

decrease in aromatic compounds identified in the co-pyrolysis sample is only
small.

When the specific types of aromatic compounds are considered there are
further changes observed. In the case of the polyolefins the proportion of
primary aromatic compounds identified in the co-pyrolysis oils is not changed
much compared to the individual plastic samples but there is an approximately
10% reduction in the proportion of aliphatic compounds and this is
counterbalanced by around 10% increase in phenolic compounds compared to
values estimated for co-pyrolysis of biomass and polyolefins based on
individual pyrolysis results.
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Figure 6.8: Oil composition categorised by compound type for co-pyrolysis of
biomass with plastics (1:1) with ZSM-5.

For PET the primary aromatic content increases from ~50% in the biomass and
~60% in the plastic to ~60% in the mixture. This is accompanied by a reduction
in phenolic compounds with ~33% in biomass and ~11% in the plastic
becoming ~15% in the mixture when we would expect closer to 22%. There is
also a reduction in the proportion of naphthalene compounds below that of the
individual plastic or the biomass and an increase in PAH to a level greater than
either sample individually.

With PS the primary aromatic compounds identified increases above the level
of either individual sample with a reduction in naphthalene compounds below
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the level seen for either sample. However, there is also an increase in PAH
compounds with the proportion staying similar to that for PS although this
contributes the dominant proportion of the oil. There is also a small proportion
of linear compounds not identified in either biomass or PS.

6.3.2.2 Compound molecular size

The Cs-Ci2 proportion for biomass was much higher than for the plastics at
97.2% of all identified compounds and this higher than for the plastics, although
PET was not far below (96.5%). It would therefore be expected that a mixture
of the two pyrolysis oils would lead to an increase in the fuel range proportion
compared to the plastics. This was the case for LDPE and PP and in the case
of LDPE this increased even above the calculated value for the mixture.
However, for HDPE, PET and PS there was a decrease in fuel range
compounds below even that for the individual plastics. This may indicate that
there are reactions occurring between the compounds produced by biomass
and those from the plastics which are producing larger compounds and
therefore the proportion of fuel range compounds is reduced. Alternatively, it
may be that coke deposition on the catalysts is causing a reduced effectiveness
of the catalyst and therefore the templating properties of the catalyst is being
degraded.

6.3.2.3 Oxygen containing compounds

The proportion of oxygenated compounds is important for a number of
properties of the oil including pH, stability and miscibility and it is therefore one
of the most important criteria to consider. Talmadge et al. [41] suggested that
a beneficial strategy might be to reduce the oxygen content of bio-oils to around
7 wt.% through hydroprocessing. This would ensure the bio-oils can be
incorporated into existing petroleum upgrading infrastructure. Further reduction
in oxygen content below this level would be beneficial, however it would require
costly and energy intensive hydroprocessing. This research has examined
deoxygenation achieved through metal-zeolitic cracking and co-pyrolysis rather
than hydroprocessing but the same deoxygenation strategy would still be valid
in this case. This research used semi-quantitive analysis to determine the
deoxygenation capability of different catalysts and plastic co-feeds and the
oxygenated compounds values could be cautiously applied to estimate oxygen
content. The oxygen content of three compounds which were identified in
pyrolysis oils, phenol, cresol and guaiacol contain 17 wt.%, 15 wt.% and
26 wt.% oxygen respectively. It is therefore likely that the semi-quantitive values
determined for proportions of oxygenated compounds in the oil samples are
larger than the elemental oxygen content (wt.%) of those oils. Therefore, an oil
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which contains 7% oxygenated compounds is likely to contain less than 7 wt.%
oxygen.

The oils derived from the pyrolysis of polyolefin and biomass mixtures
contained a greater proportion of oxygenated compounds than the individual
plastics and also higher levels than might be expected from calculations of
mixed pyrolysis oils however at ~10-12% they were much lower than the 37.3%
oxygenated compounds identified in the individual biomass sample.

The oxygenated content for biomass and PET derived oils was lower than that
of biomass and was lower even compared to the calculated value for the
mixture (predicted from pyrolysis of individual biomass and PET samples),
however the measured value, 19.7% of identified compounds is above the oils
derived from the other biomass and polymer mixtures. It is relatively low
considering the high oxygen content in the initial samples of both biomass and
PET.

The oil derived from pyrolysis of biomass and PS produced the lowest
oxygenated compound proportion with 2.1% of identified compounds
containing oxygen. This is below the calculated value which was 5.0% and is
considerably below the 7% level proposed by Talmadge et al. [41].

6.3.2.4 Cyclic and linear compounds

The proportion of unicyclic compounds in the product oils increased for each of
the plastics during co-pyrolysis compared to individual samples apart from
HDPE for which a small reduction was observed caused by an increase in bi-
cyclic compounds. The two samples with the greatest increase in unicyclic
compounds was LDPE and PS which increased by 15% and 5% respectively
and produced values higher than those calculated from the individual samples.
Whilst this represents a small improvement for fuel use these cyclic compound
proportions are far more similar to the oils derived from the individual plastic
samples rather than the biomass samples which is unsurprising considering the
greater oil yield per gram of sample for the plastics than for the biomass. This
effect is particularly large in the case of PS where almost 90 wt.% of the original
sample becomes oil compared to approximately 14 wt.% for the biomass.

6.3.3 Temperature programmed oxidation for analysis of coke
deposition of ZSM-5 used during individual and co-pyrolysis

Table 6.6 gives the TPO results for the catalyst used during pyrolysis and
co-pyrolysis of biomass and plastics. Pyrolysis of PET produced the greatest
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coke deposition at 5.5 wt.% which is higher than any of the values determined
during the TPO of catalysts used with biomass. The highest value obtained
during metal impregnated catalysis was 4.7 wt.%, determined for 5%-Fe and
5%-Mg impregnated ZSM-5. The lowest was obtained for cobalt at 1.7 wt.%
which was slightly over half that obtained for biomass with unmodified ZSM-5.
In this case the PS and HDPE both produced lower coke deposition than
biomass with HDPE deposition at only 1.1 wt.%. When co-pyrolysis was used
the coke deposition was slightly above the mean result from the individual
biomass and plastic samples for HDPE and PS. For PET which had the largest
coke deposition the coke deposition was lower than the mean value of
individually pyrolysed biomass and PET. The results for the catalysts used
during co-pyrolysis are between 2.5 wt.% and 2.8 wt.% which is around what
might be expected from the pyrolysis of individual samples.

Table 6.6: TPO results for the catalysts which were used during pyrolysis and
co-pyrolysis of biomass and plastics.

Temp st Temp nd
Sample Catalyst %:tc? (\i/t‘ﬁ ) 2(:dC ? (svto/Ao ) -I(-v(\)/ﬁI/o?
BMS Sand -0.2
BMS ZSM-5 20-300 0.8 400-800 2.3 3.1
PS ZSM-5 400-800 1.9 1.9
HDPE ZSM-5 20-300 1.0 400-800 0.2 11
PET ZSM-5 20-300 2.0 400-800 35 55
BMS / PS (1:1) ZSM-5 20-300 11 400-800 1.7 2.8
BMS / HDPE (1:1) ZSM-5 20-300 1.3 400-800 1.2 25
BMS / PET (1:1) ZSM-5 20-300 1.0 | 400-800 | 1.6 2.7
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Figure 6.9: SEM imaging of char on surface of ZSM-5 after pyrolysis of
individual samples at 20,000 (x20K) and 50,000 (x50K) magnification.
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Figure 6.10: SEM imaging of char on surface of ZSM-5 after co-pyrolysis of
samples at 20,000 (x20K) and 50,000 (x50K) magnification.

Figure 6.9 shows the coke deposition on the surface of ZSM-5 catalyst using
SEM imaging. The hexagonal / angular material with a porous surface is the
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ZSM-5 catalyst onto the surface of which is significant coke deposition. For all
the samples there is inconsistent coke deposition with regions which are
relatively free of coke and other regions which are heavily deposited. The SEM
imaging only allows for the external coke deposition, so this technique can not
give a clear understanding of internal coke deposition. The coke deposition is
relatively consistent in appearance across the samples although the deposition
is slightly different on the biomass sample. On the catalyst from the biomass
sample the coke appears to be amorphous and composed of fine particles
which have merged and clumped together into layers. Whereas, in the plastic
samples the coke has formed into great numbers of small nodules. In
comparison to the TPO results, there does appear to be a significant decrease
in coke coverage for the co-pyrolysis catalyst in the case of PET, however this
is not easily quantified using this technique. The coke deposition for co-
pyrolysis of biomass and PS appears to be flakier in appearance than for the
individual samples. This may be due to flattening of the nodules or just a coating
of these nodules with the fine coke particles observed with the biomass sample.

6.4 Co-pyrolysis of biomass and HDPE with different mixing
ratios

The mixing ratio for biomass and plastic may contribute to differences in the
yields and composition of co-pyrolysis products. It is valuable to be able to
understand whether effects from co-pyrolysis are due to bulk mixing of plastic
pyrolysis oil with bio-oil, or whether the plastic is able to react with the bio-oils
in a way that increases the yield and quality of the oil. The results may also be
important for designing co-pyrolysis reactors and being able to control or
optimise certain products. The polyolefin samples have given relatively
consistent results so for these experiments HDPE was used to represent the
polyolefin samples [91]. HDPE was chosen, rather than PP or LDPE, because
it is a large constituent of municipal solid waste which is routinely collected and
separated for recycling (unlike PP) [274]; and in this case is a recycled material
(unlike LDPE).
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6.4.1 Pyrolysis yields for Co-pyrolysis of biomass and HDPE with
different mixing ratios

Table 6.7 gives the pyrolysis product yields which were determined from
catalytic co-pyrolysis of biomass and HDPE at 500°C with ZSM-5 catalyst at
different mixing ratios (1:1,4:1 and 9:1).

Table 6.7: Pyrolysis yields for catalytic co-pyrolysis of biomass and HDPE at
different mixing ratios. Calculated mixing values in brackets.

Char Liquid Gas Water Qil bg/llgﬁtsze
(Wt.%)  (Wt%)  (wt.%) (Wt.%)  (Wt.%) (WE.%)
BMS:HDPE 23.0 51.5 29.0 31.9 19.6 100.1
(9:1) (23.7) (50.8) (28.1) (32.0) (17.9)
BMS:HDPE 21.1 48.7 33.7 25.2 23.6 99.6
(4:1) (21.8) (52.3) (29.1) (29.6) (21.9) '
BMS:HDPE 155 55.0 325 30.3 24.7
(1:1) (16.1) (56.8) (32.2) (22.4) (33.9) 1033
BMS 25.1 48.3 25.6 34.4 13.9 101.4
HDPE 6.6 64.3 37.2 10.4 53.9 98

The predicted yields which were calculated from pyrolysis of individual samples
show that the char content should decrease as the proportion of plastic
increases. The results from the experiments show that this does happen with
predicted results and measured results within 1 wt.% although char content was
marginally lower than predicted for each result.

The gas yield was predicted to increase as the proportion of HDPE in the
sample increased which is unsurprising considering the high hydrocarbon gas
yield during HDPE pyrolysis. This trend is observed for the mixing ratio 9:1 and
1:1, however, the result for 4:1 is higher than predicted by ~5 wt.%.

The liquid yield is predicted to increase as the proportion of plastic in the mixture
increases as with the gas yield and this is observed when changing between
the mixing ratio from 9:1 to 1:1, but there is a complication in that the liquid yield
reduced in the 4:1 mixing ratio. Table 6.7 shows the proportions of oil and liquid
for the three mixtures and it is clear that the oil yield increases as the proportion
of plastic increases yet the effect is not the same for the water yield. The water
yield for the mixing ratio 4:1 is reduced compared to the other two
measurements which might mean that the oil would contain a greater proportion
of oxygen since less oxygen was removed through hydrodeoxygenation.
However, the gas yields also need to be considered.
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Figure 6.11: Liquid yield from catalytic co-pyrolysis of biomass with HDPE at
various mixing ratios.

Figure 6.12 shows the composition of the gases which were produced during
co-pyrolysis of the biomass and HDPE at different mixing ratios. As the
proportion of plastic increases (from 9:1-1:1), the proportion of hydrocarbon
gases increases, and the proportion of carbon oxides decreases. If the specific
values of the gas composition is examined in detail a more complex picture
emerges. At a mixing ratio of 1:1, the amount of hydrocarbon gases is ~6%
higher than would be expected from calculations. The carbon monoxide peak
is ~12% lower and carbon dioxide is ~10% lower. So, although the gas yield as
amass is as expected there has been a shift in the composition with an increase
in hydrocarbon gases and a significant decrease in carbon oxides. This is likely
to result in an oil which has more oxygen present than predicted from individual
samples as less oxygen is removed through carbonylation or carboxylation.

At 4:1, the hydrocarbon gases are reduced ~16%, carbon monoxide reduced
~5% and carbon dioxide increased ~11%. At this mixing ratio the hydrocarbon
gases have increased further, however, unlike at 1:1, the component of oxygen
removing gases has increased. Although, carbon monoxide decreased, carbon
dioxide increased a greater amount and removes two oxygen atoms for each
removed by carbon monoxide.

At 9:1, the hydrocarbon gases increase ~16%, carbon monoxide decreased by
~7% and carbon dioxide increased by ~6%. This constitutes an increase in
oxygen removing gases although not as large as for the 4:1 mixture ratio
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although as was observed previously less water was produced during pyrolysis
of the 4:1 mixture so the deoxygenation potential of the two mixtures, 4:1 and
9:1, are potentially similar. This indicates that the pyrolysis oil which is produced
should contain more oxygen than predicted from individual samples, for the 1:1
mixture but less for both the 4:1 and 9:1 mixtures.

EH2 ECH4 sCnHm mCO mCO2

mmol/g
o = N w EaN (&) (o))

[ [ || I
BMS:HDPE (9:1) BMS:HDPE (4:1) BMS:HDPE (1:1)

Sample mixture

Figure 6.12: The composition of the gas collected during catalytic co-
pyrolysis of biomass with HDPE at different mixing ratios.

6.4.2 Oil composition for co-pyrolysis of biomass with HDPE at
various mixing ratios

Both the composition of the oils and the yield are important considerations for
optimising the process towards gasoline range fuels or chemical feedstock and
these two criteria are linked. Changing the composition of the oil will often
results in measurable changes to the yields of pyrolysis products. Although this
may not be the case where changes are confined to a particular product type,
i.e. conversion of primary aromatic compounds into PAH compounds. This
would leave the oil yield unaffected, but additional hydrogen gas might be
detected.
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Table 6.8: Proportion of compounds in catalytic (ZSM-5) co-pyrolysis oil which
were aromatic, oxygenated, cyclic or in the gasoline fuel range (Cs-C12),
with different mixtures of biomass and HDPE. Calculated values for
mixtures in brackets.

BMS:HDPE BMS:HDPE BMS:HDPE
(9:1) (4:1) (1:2)
i 88.5 77.6 42.1
Aromatic (%)
(81.4) (69.6) (50.4)
i i 11.5 22.4 57.9
Aliphatic (%)
(18.6) (30.4) (49.6)
Oxygenated 15.2 11.6 11.7
(%) (26.7) (19.8) (8.5)
Non-oxygenated 84.8 88.4 88.3
(%) (73.3) (80.2) (91.5)
88.7 85.8 51.8
Cs-C12 (%)
(85.1) (77.2) (64.4)
11.3 14.2 48.2
2Ca3 (%)
(14.9) (22.8) (35.6)
. : 72.0 66.8 40.4
Uni-cyclic (%)
(68.4) (62.9) (51.1)
) . 15.8 10.7 1.7
Bi-cyclic (%)
(9.5) (7.6) (3.3)
_ _ 0.7 0.0 0.0
Tri-cyclic (%)
(1.8) (1.4) (0.6)
Quad-cyclic (%) 0.0 0.0 0.0
- 0
y (0.1) 0.1) (0.0)
Linear (%) 11.5 224 57.9
(20.2) (28.0) (45.9)

Table 6.8 shows the proportions of compounds which were identified using
GC-MS and the compound type to which these belong. The proportion of
compounds, belonging to each category has been predicted, through
calculations from product yield and composition of individual samples, and is
included in brackets.

The proportion of aromatic compounds in the oil decreases as the proportion of
HDPE increases which is understandable considering that biomass contains
aromatic rings in the lignin component and HDPE contains no aromatic rings
naturally. However, this reduction in aromatic rings is greater than was
predicted through calculations, with more (~7%) aromatic than expected at a
mixing ratio of 9:1 and less (~13%) at a mixing ratio of 1:1. If we examine the
cause of this reduction by interpreting the data for molecular size in Table 6.8,
we discover that the proportion of long chain hydrocarbons (=Ci3) has
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increased and with aromatics reduced (primary aromatics ~4%, phenolics
~10%). There was an increase of hydrocarbon gases of ~12% which indicates
that cracking reactions have increased, however, this cracking appears to have
mainly affected the biomass sample and its aromatic compounds rather than
the LDPE linear hydrocarbons where cracking has been reduced. Potentially,
the radicals from the HDPE sample are assisting with the cracking of the
biomass, lignin aromatics, whilst coke deposition on the catalyst is then
hindering catalytic cracking of the HDPE compounds which are volatilised at a
higher temperature.

This effect is not observed in the mixtures where biomass is a higher proportion
of the sample. Where biomass is the dominant fraction of the sample the linear
proportion is largely diminished and the unicyclic proportion is increased. There
is again a more complex situation here than mere bulk mixing. The proportion
of linear compounds for 9:1 and 4:1 is lower than that predicted and the
unicyclic and bicyclic are larger than expected. The reduction in linear aliphatics
may be attributed to an increase in thermal or catalytic cracking, producing an
increase in short chain hydrocarbon gases (C2-Ca), however, this would not
account for the increase in unicyclic compounds which was also observed in
the pyrolysis oils.

The increase in unicyclic compounds is mainly observed as an increase in
primary aromatic compounds which in the 9:1 and 4:1 mixtures are ~14% higher
than expected. Phenolics compounds in contrast reduce by ~9% and ~5%
respectively. Therefore, at these mixing ratios, where biomass is the dominant
proportion of the sample, reactions are taking place which convert linear
hydrocarbons into primary aromatic compounds. Linear hydrocarbons are also
being increasingly removed through cracking.

There is a third effect, which is regarding to oxygenated compounds. It can be
observed that phenolic compounds are lower than expected for the biomass
dominant mixing ratios (9:1 and 4:1) and higher than expected for the 1:1 mixing
ratio. The overall effect is that the proportion of oxygenated compounds
reduces significantly in the biomass dominant mixtures which is exactly the
same trend that was expected from the gas and water analysis which showed
an increased oxygen removal for 9:1 and 4:1 and a reduced oxygen removal in
1:1. The overall effect of this is that whilst oxygen content reduces from 9:1 to
4:1, it remains unchanged as the mixture progresses to a 1:1 ratio. Figure 6.13
shows that over this same change in sample composition, the composition of
the oils are significantly altered with a reduction in primary aromatics from 9:1
to 1:1 and the reverse effect observed in aliphatic compound yields. The fuel
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range proportion is much improved for the 9:1 and 4:1 mixtures than the 1:1
mixture.
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Figure 6.13: Oil composition categorised by compound type for catalytic
co-pyrolysis of biomass with biomass and HDPE at different mixing ratios.

These trends taken collectively would suggest that 4:1 is the optimal mixture
ratio for biomass and HDPE from the three mixtures analysed as it produces
the joint lowest oxygen content whilst maintaining high primary aromatic and
gasoline fuel range compounds. 4:1 was also only slightly lower than 1:1 in
terms of oil yield.

6.5 Co-pyrolysis of biomass and PET with different mixing
ratios

6.5.1 Pyrolysis yields for co-pyrolysis of biomass and PET with
different mixing ratios

Table 6.9 gives the yields of products from catalytic co-pyrolysis of biomass and
PET at 500°C with ZSM-5 catalyst. The three mixing ratios were the same used
for HDPE at 9:1, 4:1 and 1:1 with biomass the larger proportion in the case of
9:1 and 4:1.

As the plastic content of the mixture increases the amount of char increased
which was expected as the PET contained a reinforcement material. However,
the increase is above the predicted values suggesting that the combination of
the biomass and PET leads to an increased char deposition.
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The gas yield decreased as the plastic increases which also follows the
expected values from the individual biomass and PET samples although again
at 1:1 there is a deviation from the predicted values with the gas yield below
that expected.

Table 6.9: Pyrolysis yields for catalytic co-pyrolysis of biomass and PET at
different mixing ratios. Calculated mixing values in brackets.

Char Liquid Gas Water oil bglllgﬁcsze
(Wt%)  (Wt%)  (Wt%) | (Wt%)  (Wt.%) (WL9%)

BMS:PET 28.8 48.0 26.3 33.7 14.3 08.8
(9:1) (27.0) (48.1) (26.8) (32.8) (14.5) '

BMS:PET 29.4 49.5 24.0 33.0 16.5 102.0
(4:1) (28.4) (47.0) (26.5) (31.2) (15.0)

BMS:PET 375 33.0 22.5 23.3 9.7 93.2
(1:1) (32.6) (43.7) (25.7) (26.5) (16.7) '
BMS 25.1 48.3 25.6 34.4 13.9 101.4
PET 39.6 38.1 24.4 18.6 19.5 98.3

The results for the liquid yield are complicated with a decrease between mixture
ratios of 9:1 and 1:1 which is as predicted but the scale of the change is greater.
The value for 4:1 is higher than was expected and is above even the value for
9:1. The water content decreases as the plastic proportion increases whereas
the oil content is predicted to increase which explains the liquid yield variation.
The liquid yield is composed of two fractions, one which increases and one
which decreases as the mixture of plastic changes. The difference in scale of
these changes accounts for the lack of clear trend in the liquid yield. Another
remarkable result is the particularly low oil yield and mass balance for PET and
BMS as 1:1 mixing ratio. This is partially due to deposition of terephthalic acid
derivatives onto the top-plate of the reactor and thermocouples during the
pyrolysis experiment, this presented as a white waxy deposit. In a repeated
experiment using DCM as a solvent this part of the reactor was weighed pre
and post pyrolysis and a larger oil yield (10.6 wt.%) and mass balance
(100.3 wt.%) were determined. The increase in char yield may also be due to
deposition of terephthalic acid directly onto the biomass char material and
sample basket. It is clear from Figure 6.14 that there is no obvious trend across
the mixtures.
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Figure 6.14: Percentage of liquid yield which is composed of water for
co-pyrolysis of biomass with PET at various mixing ratios.
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Figure 6.15: The composition of the gas collected during catalytic co-pyrolysis
of biomass with PET at different mixing ratios.

Figure 6.15 gives the gas yields during pyrolysis and there is a clear shift from
a gas mixture which appears similar to that for biomass towards one that is
more similar to PET. The main feature of this is an increase in proportion of
carbon dioxide to carbon monoxide. The hydrocarbon gases were expected to
increase as the plastic fraction increased however this was not observed. The
hydrocarbon gas content in the 1:1 mixture is ~20% lower than expected to be.
There is no clear increase in carbon oxide gases for any of the mixtures.
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6.5.2 Oil composition for co-pyrolysis of biomass with PET at
various mixing ratios

Table 6.10: Proportion of compounds in catalytic (ZSM-5) co-pyrolysis oil which
were aromatic, oxygenated, cyclic or in the gasoline fuel range (Cs-Ci2),
with different mixtures of biomass and PET. Calculated values for mixtures

in brackets.
BMS:PET BMS:PET BMS:PET
(9:1) (4:1) (1:1)
) 98.2 98.4 100.0
Aromatic (%)
(99.5) (99.5) (99.7)
o 1.8 1.6 0.0
Aliphatic (%)
(0.5) (0.5) (0.3)
Oxygenated 18.0 24.6 19.7
(%) (34.0) (30.9) (22.5)
Non-oxygenated 82.0 75.4 80.3
(%) (66.0) (69.1) (77.5)
97.5 95.3 89.2
Cs-C12 (%)
(97.1) (97.0) (96.8)
25 4.7 10.8
2Ci3 (%)
(2.9) (3.0) (3.2)
. . 70.8 67.5 65.7
Uni-cyclic (%)
(80.1) (77.6) (70.8)
. . 27.7 30.1 27.1
Bi-cyclic (%)
(16.9) (19.4) (25.9)
. . 1.5 2.4 7.1
Tri-cyclic (%)
(2.8) (2.9) (3.1)
Quad-cyclic (%) 0.0 0.0 0.1
- 0
y 0.1) ©0.1) 0.1)
Linear (%) 0.0 0.0 0.0
(0.0) (0.0) (0.0)

Table 6.10 shows the types of compounds which were identified in the oils from
co-pyrolysis of biomass and PET. The oil which was produced for each of the
mixtures was almost entirely composed of aromatic compounds with a large
proportion of the compounds belonging to the gasoline fuel range in terms of
compound size. The aromatic proportion increased marginally as the proportion
of PET increased and the fuel range proportion decreased a small amount
although this was slightly below expectation for the 1:1 mixture where a larger
than expected yield of tri-cyclic PAH compounds was produced. Figure 6.16
shows the types of aromatic compound which were found in the oil and whilst
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each of the oils is relatively similar the proportion of primary aromatic
compounds is largest for the 1:1 mixture. However, the oil yield was smallest
for the 1:1 mixture. All three of the mixtures contain a reduced unicyclic content
compared to calculations with increased bicyclic compounds, mainly
naphthalenes. This effect is largest for the samples with lower PET content.
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Figure 6.16: Oil composition categorised by compound type for catalytic
co-pyrolysis of biomass with biomass and PET at different mixing ratios.

The proportion of oxygen containing compounds in the three oil samples whilst
relatively large, appears to be far lower than the predicted values, particularly
with the 4:1 and 9:1 mixing ratios. However, these values mask an important
consideration. In the 1:1 mixture, 0.5% of the identified compounds was
terephthalic acid; in the 4:1 mixture, 1.1% was terephthalic acid and 1.6%
levoglucosan; in the 9:1 mixture 1.5% was terephthalic acid and 1.8%
levoglucosan. Terephthalic acid contains atoms of oxygen for each molecule
and levoglucosan contains 5 oxygen atoms for each molecule. Therefore, whilst
it might appear as though the oxygen content is decreasing as the plastic
content decreases, there is a large increase in two compounds which contain
a very large amount of oxygen. Whereas a molecule of phenol contains 17 wt.%
oxygen, a molecule of terephthalic acid and levoglucosan contain 33 wt.% and
49 wt.% oxygen respectively.
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6.6 Co-pyrolysis of biomass and PS with different mixing
ratios

6.6.1 Pyrolysis yields for Co-pyrolysis of biomass and PS with
different mixing ratios

The yields resulting from catalytic pyrolysis of biomass and PS at 500°C is
contained in Table 6.11. In contrast to PET and HDPE, there appear to be clear
trends in the yields of char, liquid and gas. Figure 6.17 shows clearly that as
the proportion of PS in the sample increases from 10 wt% through to 50 wt.%,
the char decreases, the gas decreases and the liquid yield increases. The yield
of char is greater than what was predicted in each mixture and particularly in
the 1:1 mixture. The gas yield is greater than predicted for both the extreme
mixtures (1:1 and 9:1) but at 4:1 is below the expected value. The converse
effectis observed in the liquid yield with lower liquid yields at the extreme values
and an increased liquid value at 4:1 where gas yield was reduced. This
indicates that to some extent that in the 4:1 mixture, volatile compounds are
being converted to molecules which are gaseous at ambient temperatures and
pressures, thus resulting in a lower liquid yield.

Table 6.11: Pyrolysis yields for catalytic co-pyrolysis of biomass and PS at
different mixing ratios. Calculated mixing values in brackets.

Char Liquid Gas Water oil bg/llgzze
(Wt.%) (wt.%) (Wt.%) (Wt.%) (wt.%) (WE.%)
BMS:PS 24.5 52.6 28.6 38.5 14.0 98.2
(9:1) (23.2) (53.8) (25.2) (31.6) (21.4) '
BMS:PS 21.9 59.3 22.2 34.0 25.3 100.7
(4:1) (20.8) (58.4) (23.3) (28.8) (28.8) '
BMS:PS 16.0 65.0 18.5 17.4 47.6 98.2
(1:1) (13.6) (72.1) (17.6) (20.1) (47.3) '
BMS 25.1 48.3 25.6 34.4 13.9 101.4
PS 14 86.4 8.2 6.4 88.5 97.5

Figure 6.18 shows the proportion of this liquid yield, which is composed of water
and oil. As the plastic content increases there is a clear decrease water content
and a clear increase in oil content. This is not unexpected as the biomass
sample produced a low yield of oil and high yield of water and the PS sample
had the opposite characteristics.
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Figure 6.17: Pyrolysis yields and mass balance for biomass and PS at various
mixing ratios.
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Figure 6.18: Percentage of liquid yield which is composed of water for
co-pyrolysis of biomass with PS at various mixing ratios.
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Figure 6.19: The composition of the gas collected during co-pyrolysis of
biomass with PS (without nitrogen) at different mixing ratios.

The hydrogen yield increases as the proportion of biomass increases. At the
1:1 mixing ratio it is below the predicted value by ~12%, at 4:1 it is above the
predicted value by ~19% and at 9:1 it is above by ~27%. This is interesting as
it will be seen in the composition that the aromatic yield is expected to decrease
as the biomass proportion increases, yet instead it increases. Talmadge et al.
[41] explain that formation of aromatic compounds releases hydrogen and as
the aromatic content increases above expectation, so the hydrogen gas content
also increases above expectation. There are also significant increases in
hydrocarbon gas yields (C2-Ca4) above those predicted for each of the mixtures
by an increasing amount as the biomass proportion increases with increases of
~17%, ~18% and ~28% for 1:1. 4:1 and 9:1 respectively. The yield of
hydrocarbon gases increases in the reverse manner with the mixture with
greatest plastic content giving the highest yield. The oxygen containing gases
are key to the removal of oxygen and it is observed that they increase as the
biomass proportion of the mixture increases.

In the gases there is a small increase in deoxygenation for the 1:1 mixture with
carbon monoxide decreasing by 9% and carbon dioxide, with twice the oxygen
content, increasing by 9%. For this sample the water content decreased slightly
such that deoxygenation was reduced through hydrodeoxygenation and
carbonylation but increased through carboxylation.

In the 4:1 mixture there was a decrease in deoxygenation gases with carbon
monoxide and carbon dioxide decreasing by 4% and 16% respectively,
however in this case the water yield increased. In the 9:1 mixture both carbon
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oxides increased, and water content also increased. This indicates that this
sample is likely to have the largest reduction in oxygen content with
hydrodeoxygenation, carbonylation and carboxylation all contributing to
removal of oxygen from the oil.

6.6.2 Oil composition for co-pyrolysis of biomass with PS at
various mixing ratios

The oil yield in the 1:1 mixture was equivalent to predicted values, however gas
and water analysis suggests only limited deoxygenation. The oil yield at 4:1
was lower than predicted but although deoxygenation gases decreased the
water yield increased by ~18% such that a small decrease or increase in
deoxygenation could be possible. The oil yield at 9:1 was severely diminished
from predicted values however the gas and water analysis indicate significant
deoxygenation.

Table 6.12: Proportion of compounds in catalytic (ZSM-5) co-pyrolysis oil which
were aromatic, oxygenated, cyclic or in the gasoline fuel range (Cs-Ci2),
with different mixtures of biomass and PS. Calculated values for mixtures

in brackets.
BMS:PS BMS:PS BMS:PS
(9:1) (4:1) (1:1)
, 100.0 100.0 95.6
Aromatic (%)
(99.6) (99.8) (99.9)
. . 0.0 0.0 4.4
Aliphatic (%)
(0.4) 0.2) 0.2)
Oxygenated 16.9 12.6 2.1
(%) (22.4) (14.9) (5.3)
Non-oxygenated 83.1 87.4 97.9
(%) (77.5 (85.1) (94.7)
Cs-Caz (%) 91.2 82.9 75.7
Tz (88.8) (84.6) (79.3)
8.8 171 24.3
2Ca3 (%)
(11.2) (15.4) (20.7)
. . 78.5 64.6 62.2
Uni-cyclic (%)
(72.5) (67.3) (60.7)
Bi-cyclic (%) 19.7 27.2 24.6
i-cyclic
yele to (21.4) (25.0) (29.5)
. . 1.4 6.5 6.1
Tri-cyclic (%)
(3.8) (4.4) (5.1)
Quad-cyclic (%) 0-5 L7 2.8
yele o 2.2) (3.3) @4.7)
Linear (%) 0.0 0.0 4.4
(0.0) (0.0) (0.0)




225

The oil yield increased as the proportion of plastic in the mixture also increased
and there are clear patterns which are evident in the oil composition. The
aromatic ring containing compounds, oxygen containing compounds, gasoline
fuel range compounds and unicyclic compounds which were identified all
decreased as the plastic content increased.

In terms of the aromatic compounds there is a small reduction which was not
predicted through calculations with a small quality of aliphatic compounds
present in the pyrolysis oil in the 1:1 mixture. The major issue with the 1:1
mixture is the increased PAH content at almost 22% of compounds identified
however, although unicyclic compounds decreased the proportion of primary
aromatics remains high with very few phenolics identified. As the proportion of
biomass in the mixture increases there are fewer PAH compounds but
increased proportions of phenolic compounds.
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Figure 6.20: Oil composition categorised by compound type for catalytic
co-pyrolysis of biomass with biomass and PS at different mixing ratios.

The oxygenated compounds in Table 6.12 show similar results to those
predicted from the deoxygenation products. There is a reduction in oxygen
content for all three mixtures and this is particularly high for the 9:1 mixture
which had both the largest decrease in oil yield and increase in deoxygenated
products. However, although there is a larger reduction compared to predicted
values for the 9:1 mixture, there is still a relatively high proportion of oxygenated
compounds at 16.9%. The 1:1 mixture is less effective at removing oxygen but
there is also a much higher oil yield due to the increased PS content of the
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blend and it might be more effective to process this oil and remove the PAH
compounds if possible rather than reducing the 9:1 oil by deoxygenating and
also reducing the PAH.

6.7 Chapter summary

Catalytic co-pyrolysis of biomass and plastics has been proposed as a
methodology for producing upgraded pyrolysis oils [115, 161-165, 275]. The
main pathways by which this upgrading is achieved is through deoxygenation
and through formation of monoaromatic compounds. These products are
valuable for their utilisation as a chemical feedstock with high quantities of these
compounds produced and consumed each year and they are also important for
the production of fuels. One of the major reaction pathways proposed for
deoxygenation and aromatic formation involves reaction of furan compounds
derived from cellulose with alkenes derived from plastics to produce
monoaromatic compounds such as xylene with the oxygen removed as water
via a Diels-Alder mechanism (see figure 2.29) [276]. Other pathways involving
reactions of styrene with allene to produce indenes which can then be
converted into naphthalene compounds through alkylation are possible when
polystyrene is used as the co-feed plastic [115, 170].

The co-pyrolysis of biomass with the polyolefins (1:1) produced a small
increase in the proportion of oxygenated compounds compared to calculations
for individual biomass and plastic although this produced a reduction in the
oxygen content compared to the pyrolysis oils from biomass alone. However,
experiments using different mixing ratios of HDPE found that by reducing the
mixing ratio of the polymer from 1:1 through to 9:1 the deoxygenation observed
increased. The drawback to this approach was that the increased proportion of
oxygen-rich biomass sample used increased the overall proportion of oxygen
compounds slightly despite the increased oxygen removal. Using a low mixing
ratio of HDPE also increased the proportion of aromatic and unicyclic
compounds compared to the higher mixing ratio and optimised the oil yield as
a proportion of the calculated yield. The gross oil yield was greater for the 1:1
mixing ratio though as HDPE produces more oil than the biomass per unit of
mass so although the 1:1 mixture produced a lower oil yield than calculated this
still resulted in a higher yield than in the low HDPE mixtures. The results at a
9:1 mixing ratio exhibit the same oil enhancement observed by Li et al. [167]
with increased unicyclic aromatic formation and decreased oxygenated
content.
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Co-pyrolysis of biomass and PET produced poor oil yields at a 1:1 mixing ratio
compared to individual pyrolysis of biomass and PET. By altering the mixing
ratio to 9:1 the oil yield was improved both as a gross value and also in
comparison the predicted yield. The lower mixing ratio also gave improved
deoxygenation and the highest proportions of fuel range Cs-Ci2 and unicyclic
compounds. The highest aromatic content was achieved in the 1:1 mixture but
the reduction caused through reducing the mixing ratio was small.

Co-pyrolysis of biomass with polystyrene produce the most notable results of
the plastics which were studied. The oil yield at a 1:1 mixing ratio was higher
than the predicted value with the composition properties of the oils remaining
largely unaltered. There was a small reduction in aromatic and fuel range
compounds but there was also a reduction in the proportion of oxygenated
compounds. This reduction in oxygenated compounds was relatively small at
~3% but amounted to a greater than 50% reduction in the proportion of
identified oxygenated compounds. Changing the mixing ratio led to a significant
reduction in oil yield as PS produces a much higher yield of oil compared to
biomass for each gram of sample used but there reduction in oil yield at the 4:1
and 9:1 mixtures was greater than predicted. The proportion of oxygenated
compounds increased as the proportion of polystyrene was reduced with an
increase in deoxygenation. The increase in deoxygenation was not great
enough, however, to remove the extra oxygen introduced by increasing the
biomass in the pyrolysis sample. A benefit of reducing the proportion of
polystyrene in the sample was an increase in both unicyclic and gasoline fuel
range compounds although this is not large enough to compensate for the
reduction in oil yield. There was also a small increase in aromatic compounds
as the mixture ratio was changed from 1:1 to 9:1 and the proportion of PAH
compounds was reduced in the 9:1 mixture.

6.8 Conclusion

Catalytic pyrolysis of the plastic samples (objective 5) gave very different
products to those collected during pyrolysis of biomass. The liquid yields were
significantly higher than those for the biomass samples and this was mainly due
to the comparative low char formation during pyrolysis of the plastic samples.
The liquid products from the plastics also contained a low proportion of water
which is due to low moisture in the initial samples and low oxygen content in
the samples allowing for limited formation of water through
hydrodeoxygenation. Polystyrene gave a particularly high oil yield as a
proportion of the initial sample with low char and gas yields whereas the
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polyolefin samples contributed relatively high yields of gas which contained a
high proportion of short chain aliphatic compounds from catalytic cracking of
the longer straight chain hydrocarbons which compose the polyolefin plastics.
The compounds identified in the oils from the polyolefin samples contained a
high proportion of aliphatic and primary aromatic compounds which are suitable
for fuel use although many of the aliphatic chain lengths are larger than the
Cs-Ci2 range which is best suited for fuels. The polystyrene oils contained
suitable primary aromatics as well as a high proportion of polyaromatic
compounds which are unsuitable. The oil from the PET pyrolysis contained a
high proportion of fuel range compounds however this was offset by a relatively
low liquid/ oll yield. It is likely that deposition of terephthalic acid and benzoic
acid onto the reactor contributed to this lower oil yield although formation of
char and coke also appears high. Although only a limited proportion of the
oxygen from the PET is apparent in the pyrolysis oils this may be partially due
to the oxygen containing oil compounds derived from PET degradation being
prone to polymerisation and deposition onto the reactor and catalyst. There are
deoxygenation reactions occurring during catalytic pyrolysis of PET, particularly
through carbon dioxide formation, however, this is not large enough to account
for all of the reduction in oxygen in the oils compared to the original sample.
Each of the plastics samples produces less than ideal products for oil
production.

Co-pyrolysis of the biomass with the plastics has the potential to allow for
reactions which might improve the characteristics of the oils from biomass
whilst at the same time improving the oils from the plastic samples.
Improvements to the oils were achieved merely due to mixing of the biomass
and plastic oils together during co-pyrolysis. The temperature of degradation of
the polyolefin samples is above that of the biomass and this is likely to explain
the limited interactions observed between the two constituents during pyrolysis.
This may be the reason that during co-pyrolysis of these samples there was
very limited effect on the pyrolysis products which could not be explained by
additive effects from mixing. This suitability of the biomass oils was improved
through dilution of the oxygenated compounds using the non-oxygen containing
compounds from the polyolefin samples, but this could potentially be completed
through post-pyrolysis mixing as well as through co-pyrolysis. When the
proportion of biomass was increased compared to that of the polyolefin a
greater degree of deoxygenation was observed than calculated for additive
mixing. This might indicate that interactions are taking place, potentially within
the pores of the catalyst, which are not observed during bulk co-pyrolysis. In
the 1:1 mixture a high proportion of the biomass volatiles are expected to have
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passed through to the condensers prior to the degradation of biomass.
However, during co-pyrolysis with a higher proportion of biomass than plastic,
the yield of deoxygenation compounds increases as the proportion of biomass
in the pyrolysis sample increased although this was not a big enough effect to
counteract the increase in oxygen caused by biomass being a greater
proportion of the mixture. It would be useful to examine co-pyrolysis of biomass
and polyolefin samples at a higher heating rate to examine if simultaneous
thermal degradation could allow for further interactions between the volatiles
leading to improved deoxygenation.

Co-pyrolysis of biomass with polyethylene terephthalate gave lower oil yields
than during individual pyrolysis which appears to have been caused by an
increase in char and coke formation during co-pyrolysis. It is possible that the
char from the biomass sample is either acting as a natural catalyst or just as an
additional surface onto which the PET volatiles may become deposited.
Reducing the proportion of PET to biomass gave improved oil yields and
deoxygenation however any improvements were very limited and potentially
just due to a lower deposition of coke onto the catalyst leading to deoxygenation
reactions on the catalyst remaining more active during catalytic pyrolysis. The
results for co-pyrolysis of biomass and PET do not support the suitability of
producing fuel from this feedstock.

Co-pyrolysis of biomass with polystyrene gave improved deoxygenation
compared to the individual samples. The high oil yield from the polystyrene
compared to biomass ensured that at a 1:1 (by weight) mixing ratio the oil
contained more compounds from the individually pyrolysed polystyrene than
the individually pyrolysed biomass. However, there was a small increase in
deoxygenation via formation of carbon oxides and a lower proportion of
oxygenated compounds identified in the oil than expected in an additive
mixture. As the proportion of biomass was increased this deoxygenation also
increased leading to a lower content of oxygenated compounds identified
compared to calculated values as the proportion of biomass in the mixture
increased. Whilst the deoxygenation reactions were most effective at a higher
biomass proportion this potential improvement in oil suitability is counteracted
by an increased oxygen content due to a higher proportion of biomass in the
sample. Therefore, the greatest improvement in oxygen content is achieved in
a mixture with more biomass but the lowest proportion of oxygenated
compounds identified is achieved in a mixture with more polystyrene.

These results show that by changing the mixing ratio of the co-pyrolysis feed
the pyrolysis products can also be changed using additive effects with the
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resulting yields reflecting the properties of the individual components of the
mixture (objectives 6 & 7). However, there are also co-pyrolysis interactions
(synergistic effects) which lead to deoxygenation or formation of aromatic
compounds and these reactions appears to be most active at mixing ratios
which contain more biomass. The resulting product yields and compositions are
influenced by both factors so these need to be considered if co-pyrolysis is
utilised for fuel production.

Coke deposition (objective 13) onto the ZSM-5 catalyst was particularly high in
the case of PET and low for HDPE however during co-pyrolysis the coke
deposition for each of the biomass and plastic mixtures appears to be
approximately the same value. This coke deposition represents a slight
improvement in the mixture of biomass with PET but is around midway for the
mixtures of biomass with the other plastics. This indicates that co-pyrolysis of
biomass with these plastics is unlikely to lead to severe enhancement or
reduction of coke deposition onto the catalyst during ex-situ pyrolysis although
this has not been confirmed for the metal-impregnated ZSM-5 catalysts.
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Chapter 7: Catalytic co-pyrolysis of biomass and
polystyrene with metal impregnated ZSM-5

7.1 Introduction

Chapter 6 examined the co-pyrolysis of biomass and PS in the two-stage,
fixed-bed reactor, with the resulting oils showing potential as a pathway towards
fuel production through analysis of the composition and yields of the oils. At a
mixing ratio of 1:1 the major issue with the oil was a PAH content which
exceeded 20% of the compounds identified in the oil. This PAH content could
be reduced by using a mixture with lower plastic content, however, this resulted
in a lower oil yield and increased oxygenated content. Chapter 7 examines the
possibility of using metal impregnated ZSM-5 catalysts which were previously
used in chapter 4 to improve the co-pyrolysis oils by reducing the content of
oxygenated and PAH compounds in the oil, whilst retaining oil yields. The
chapter will initially examine the effect of the metal impregnated ZSM-5
catalysts at a 1:1 mixing ratio and will compare this against the results obtained
at a 4:1 mixing ratio. This is to identify which catalysts are most effective for a
particular mixture with variations in the efficacy of an individual catalyst
potentially identifying variations in how the catalyst function (objective 9).
Further analysis was conducted using the gallium impregnated ZSM-5 catalyst
to identify the effect of wider changes in mixing ratio (1:1, 4:1, 19:1, 99:1 and
1:0) and varying temperature of the catalyst bed (450°C, 500°C, 550°C, 600°C)
on the products of pyrolysis. This focuses both on the types of compounds
identified in the oil as well as the yields of the various pyrolysis products
(objective 10). Simulated distillation was used to compare the effect of the
various changes in co-pyrolysis mixing ratio and catalyst to identify the extent
of upgrading of the pyrolysis oils through the various pathways. This was
compared against the profile for a standard fuel (objective 13).

7.2 Catalytic co-pyrolysis at 1:1 mixing ratio

The metal-impregnated catalyst used in chapter were used as ex-situ catalysts
for the upgrading of the volatiles produced during co-pyrolysis of biomass and
polystyrene at a 1:1 mixing ratio (by weight). Table 7.1 gives the product yields
for catalytic pyrolysis of biomass and PS with each of the metal catalysts as
well as unmodified ZSM-5 and sand which represents a non-catalytic pyrolysis.
Sand was used, as its elemental composition (SiO2) is similar to zeolites whilst
not catalytically active. The sand ensures that pyrolysis vapours are exposed
to similar conditions in both the catalytic experiments and blank.
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Table 7.1: Product yields during catalytic co-pyrolysis of biomass with PS at
500°C at a mixing ratio of 1:1, with metal impregnated catalysts.

Char Liquid Gas Water 0]] bg/llzﬁtsze

(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (Wt.9%)

ZSM-5 (Ga-5%) 14.5 67.0 14.0 16.7 50.3 100.4
ZSM-5 (Co-5%) 13.5 68.0 225 15.3 52.7 102.1
ZSM-5 (Cu-5%) 14.5 64.5 16.0 16.6 47.9 102.7
ZSM-5 (Fe-5%) 13.5 64.5 17.0 17.5 47.0 97.8
ZSM-5 (Ni-5%) 14.0 51.0 25.0 13.4 37.6 99.0
ZSM-5 16.0 65.0 18.5 17.4 47.6 98.2
Sand 13.0 71.5 10.0 18.6 52.9 97.5

There is little variation expected in the char yield as each sample is exposed to
the same conditions of pyrolysis and the char remains separate from the
catalyst throughout. The calculated char yield from the individual samples was
13.6 wt.% and most of the samples are within 1 wt% of this value.

The liquid yield is greatest for the non-catalytic experiment which is consistent
with other non-catalytic experiments where liquid yields are high and gaseous
yields are low as is this case here. The surprising result is the water content
which is greater with sand than that for ZSM-5 where in pyrolysis of biomass as
an individual sample the water content was higher in the catalytic experiment
due to increased hydrodeoxygenation reactions. The oil yield with sand is also
above that of the ZSM-5 catalyst.

In terms of the different catalysts the liquid yield was highest for gallium and
cobalt. These were a little above the value for ZSM-5 (2-3 wt.%) which had an
equivalent liquid yield to copper and iron and the lowest value was obtained for
nickel which was significantly reduced (see Figure 7.1). Generally a larger liquid
yield resulted in a smaller gas yield with the converse effect also observed. This
gas yield was highest for nickel and lowest for gallium (excluding sand) which
represented the upper and lower range of liquid yield. However, there were
some results which do not fit this pattern such as cobalt which both a high liquid
yield and high gas yield and copper which has a low gas yield and yet does not
have a high gas yield. The high gas yield for nickel is also not large enough to
account for the even larger loss in liquid yield. This is because with co-pyrolysis
of biomass and PS alongside these catalysts the residue has increased higher
than previously seen. Residue is measured as the change in weight of the
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reactor and catalyst during pyrolysis. There are factors which reduce this weight
such as drying of the reactor (1.2kg) and the catalyst (4g) during pyrolysis and
factors which increase this value such as coke deposition on the reactor and
catalyst. In most of the experiments this value has remained below 0.1g. From
the experiments here, three of the catalysts exceeded this value with residue
for gallium, copper and nickel producing residue of 5 wt.%, 7.5 wt.% and 9 wt.%
respectively. This residue which is mostly due to coke deposition is the reason
for the lower than suggested liquid yield for nickel and copper and the reason
that cobalt produces a higher liquid yield than gallium whilst still producing a
high gas yield.

The olil yield follows a similar trend to the liquid yield with cobalt and gallium
providing the highest oil yield, copper, iron and unmodified ZSM-5
approximately the same and with nickel producing the lowest oil yield by a
margin of 9.4 wt.% and this despite the low water yield for nickel. Cobalt
produced a relatively low water yield although not as low as for nickel with ZSM-
5 and iron responsible for the highest water yields.
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Figure 7.1: Liquid yield from catalytic co-pyrolysis of biomass with PS (1:1) with
different ZSM-5 catalysts and sand.



234

mEH2 mCH4 mCnHm =CO mCO2

8
| ‘
2
- 4
£
E |
Ll Ll o el |.I-|

ZSM-5 ZSM-5 ZSM-5 ZSM-5 ZSM-5 ZSM-5  Sand
(Ga-5%) (Co-5%) (Cu-5%) (Fe-5%) (Ni-5%)

Catalyst

Figure 7.2: The composition of the gas collected during catalytic co-pyrolysis
of biomass and PS (1:1) at 500°C with various catalysts.

From the gas analysis it is observed that the non-catalytic experiment produced
the lowest gas yield (Figure 7.2) which included the lowest yield of carbon
dioxide, carbon monoxide, hydrogen and hydrocarbon gases. By contrast the
ZSM-5 catalyst increases the yield of each of these gases with the largest
increase in the hydrocarbon gases which increased from 0.24 to 1.8 mmolg™.
This follows the accepted understanding that ZSM-5 catalyst are able to
promote cracking, decarbonylation, decarboxylation and dehydrogenation
reactions although the elevated water yield suggests that hydrodeoxygenation
is promoted in the non-catalytic result contrary to expectation [41, 105]. It may
be possible that the reduction of carbon based deoxygenation reactions allows
greater availability of oxygen atoms which may react with readily available
hydrogen due to polystyrene cracking.

The hydrogen yield is much greater for each of the metal impregnated ZSM-5
catalysts than for the unmodified ZSM-5 with that of cobalt and nickel
particularly large. Literature results such as those from Veses et al. [134] which
studied offline upgraded of bio-oils collected from woody biomass pyrolysed at
450°C in an auger reactor, found that nickel impregnated catalysts produced
high hydrogen gas vyields. The research compared H-ZSM-5 with metal
impregnated ZSM-5 (Mg, Ni, Cu, Ga and Sn) with the findings that for nickel
loaded ZSM-5, 5.7% (v/v) of the gas composition was hydrogen whilst for the
other metal catalysts and unmodified ZSM-5 the values ranged between 0.9%
and 2.5%. lliopoulou et al. [136] compared pyrolysis of beech wood in a three
zone fixed bed tubular reactor at 500°C with upgrading achieved through nickel
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and cobalt impregnated (wet impregnation) ZSM-5 catalyst. The hydrogen yield
measured by online GC for the ZSM-5 (pure) catalyst was 0.04 wt.%. Loading
of nickel and cobalt on the ZSM-5 increased this value to 0.25 wt.% and
0.12 wt.% respectively at 5 wt.% metal loading. This value was increased to
0.45 wt.% for nickel loaded ZSM-5 at 10 wt.% of metal but did not increase with
increased cobalt loading.

This formation of hydrogen gas is potentially advantageous as it is then
available for deoxygenation reactions, however, the detection of the hydrogen
in the gas bag suggests much of this gas has not been utilised for
deoxygenation. The low water content of nickel and cobalt also suggest that
rather than promotion of deoxygenation, there might have been some removal
of water to produce hydrogen gas. This loss of hydrogen also has a potential
disadvantage in that it is likely to lead to a reduction in (H/Ce) ratio which is
associated with an increased coke formation. Kim et al. [160] explain that to
produce high yields of aromatic and olefin (alkene) through pyrolysis a sample
with a high (H/Ce) ratio is required as these compounds require both hydrogen
and carbon to be produced. Biomass is not suitable for this because the high
oxygen content consumes hydrogen such that a carbon rich and hydrogen
deficient material remains. This remaining material does not contain enough
hydrogen to produce the types of compound desired. Co-feeding biomass with
alcohols or plastics is one possible route to alleviating this hydrogen deficiency
and allow for increased production of olefins and aromatics [41, 160, 277]. It is
not possible to know if the high residue deposition in the case of nickel was due
to a reduced (H/Cer) ratio but this might be the case. If this is occurring in the
case of nickel then it is unexplained why the residue weight for cobalt which
also produced high hydrogen gas yield was negligible. It might be that the
availability of gaseous hydrogen in the case of cobalt was being utilised for
increasing the (H/Cetf) of the vapours whereas in nickel this was not occurring
and the hydrogen gas only acted to deplete the abundance of hydrogen.
Interestingly there were also increased hydrogen gas yields for the other metal
impregnated catalysts although significantly lower than either cobalt or nickel.
It is not possible through these results to determine whether these produced
higher hydrogen yields which were then utilised for hydrodeoxygenation or
whether this hydrogen gas was produced and passed unaffected from the
reactor. It was observed by Yung et al. [155] that nickel oxide impregnated
ZSM-5 catalysts underwent in-situ reduction during catalytic pyrolysis of
biomass so itis also likely that the formation of hydrogen from these other metal
impregnated catalysts might also lead to in-situ reduction.
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Hydrocarbon yields were higher for the metal impregnated catalysts than for
sand but were lower than those measured for the unmodified ZSM-5. This might
indicate a reduction in cracking reactions in these catalysts. This may simply
be due to reduction in surface area which occurred during the impregnation
process although reduction in acidity could also be involved.

The deoxygenation gases carbon monoxide and carbon dioxide were highest
in nickel, cobalt and gallium which were above the value for the unmodified
ZSM-5 catalyst. The values for copper and iron were slightly below that of ZSM-
5. The result for cobalt is notable as carbon monoxide formation as a molar
yield is greater than carbon dioxide formation (see Figure 7.2). The proportion
of carbon monoxide compared to carbon dioxide when using cobalt
impregnated ZSM-5 (5 wt.%) is higher than that observed by Iliopoulou et al.
[136] although they did measurer a lower molar proportion of carbon dioxide
than carbon monoxide in the gas yield. Results by Veses et al. [134] indicating
that gallium and nickel can also lead to elevated carbon monoxide yield
compared to carbon dioxide which is also observed in Figure 7.2 although
Veses et al. [134] did not include a cobalt impregnated ZSM-5 catalyst for
comparison. These elevated carbon monoxide vyields might imply that
decarbonylation is promoted rather than decarboxylation however it may also
indicate that there is not enough oxygen present thereby carbon monoxide is
produced preferentially to carbon dioxide. Deoxygenation involves reactions
with both carbon and hydrogen so it is important to consider both the removal
of water as well as the removal of carbon oxides.

The oxygen content of the oils produced in this set of experiments are very low
which presents issues with comparing values which are close to the standard
deviation of the analysis methodology. One way to improve the confidence is
to compare against a second analytical methodology. For each of the
experiments the main deoxygenation products (CO, CO2 and H20) have been
measured and it is possible to use knowledge of the original sample to calculate
the amount of oxygen which has been removed and therefore how much
remains in the sample oil and char.
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Figure 7.3: The proportion of oxygenated and non-oxygenated compounds
identified in the oil from catalytic pyrolysis of biomass and PS (1:1) with
various catalysts.
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Figure 7.4: The fate of oxygen which was present in the initial sample which
has been removed through deoxygenation reactions in the form of carbon
monoxide, carbon dioxide and water.

Figure 7.3 plots the proportion of compounds within the oil from catalytic
pyrolysis of biomass and PS at a mixing ratio of 1:1 which was identified using
GC-MS as containing oxygen. This can be compared to Figure 7.4 which shows
the fate of oxygen which was present in the original samples and lost to the
sample in the form of carbon monoxide, carbon dioxide and water. Whilst these
do not match up exactly there are several notable points which may be
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compared. The two samples which had the lowest oxygenated compounds,
used gallium and cobalt impregnated ZSM-5 catalyst and also had the largest
proportion of deoxygenation products measured by GC and Karl-Fischer
titration. The two samples which had the highest proportion of oxygenated
compounds as measured by GC-MS, used sand and copper impregnated ZSM-
5 as the catalyst and also had the lowest proportion of deoxygenation products.
Although in this case the copper and sand were not as clearly distinguished as
through the GC-MS where sand had significantly more (>3%) oxygenated
compounds than the copper sample. The third point of comparison is between
sand and unmodified ZSM-5 which shows the same trend in both data sets
although again the distinction is not as clear with unmodified ZSM 5 producing
similar deoxygenation products as iron and nickel which in the GC-MS data
ranged over a 1% difference.

Table 7.2: Oil composition during catalytic co-pyrolysis of biomass with PS at
a mixing ratio 1:1, with different catalysts.

ZSM-5 ZSM-5 ZSM-5 ZSM-5 ZSM-S 7SM-5  Sand
(Ga-5%) (Co0-5%) (Cu-5%) (Fe-5%) (Ni-5%)
Aromatic (%) 100.0 100.0 100.0 100.0 100.0 95.6 97.7
Aliphatic (%) 0.0 0.0 0.0 0.0 0.0 4.4 2.3
Oxygenated 0.2 0.3 2.3 0.9 1.3 21 55
(%)
NO”'O’EE’/g)e”ated 99.8 99.7 977 991 987 | 979 945
Cs-C12 (%) 71.2 78.5 76.9 80.0 82.0 75.7 76.2
2Ci3 (%) 28.8 215 231 20.0 18.0 24.3 23.8
Uni-cyclic (%) 57.9 69.9 69.0 75.0 74.4 62.2 76.7
Bi-cyclic (%) 27.9 20.2 22.3 15.9 18.5 246 186
Tri-cyclic (%) 10.7 6.9 7.7 7.0 4.9 6.1 2.3
Quad-cyclic (%) 35 3.0 1.0 2.1 2.1 2.8 0.6
Linear (%) 0.0 0.0 0.0 0.0 0.0 4.4 1.9
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With these limitations in the analysis it is not possible to definitively confirm
which metal impregnated catalysts are superior to each other in terms of
deoxygenation but general trends can be observed. Copper appears to be the
least effective as this was found in both datasets with gallium and cobalt almost
certainly the most effective as this was also found in both datasets. Sand
appears to be less effective at deoxygenation than the ZSM-5 based catalysts
based entirely upon the big variation in the GC-MS data. ZSM-5, nickel and iron
are approximately equivalent as though there are differences in the GC-MS
results they are close enough together that they may not be definitively
distinguished from each other.

Comparison of sand with unmodified ZSM-5 in the gas products indicated an
increase in cracking reactions and this is also observed in the oil analysis.
There is a reduction in unicyclic compounds as well as aromatic compounds
when the catalyst was introduced and this was accompanied by an increase in
the proportion of linear compounds. There was also an increase in PAH
compounds with two/three/four aromatic rings which caused a slight decrease
in the proportion of compounds between Cs-Ci2.

Gallium and cobalt impregnation of ZSM-5 were both effective for reducing the
oxygen content, however, varied in terms of some of the other criteria. Although
every metal impregnated catalyst produced aromatic compounds, gallium
produced the lowest proportion of unicyclic compounds with the main cause of
this a large increase in the proportion of bi-cyclic compounds as well as an
increase in larger PAHs. This gave gallium the lowest proportion of compounds
in the Cs-Ci2 range. In contrast to this cobalt increased the proportion of uni-
cyclic and Cs-Ci12 compounds compared to unmodified ZSM-5 mainly through
a reduction in PAHs. Copper had a high oxygenated compound proportion
similar to ZSM-5 and in terms of its other characteristics was somewhere
between cobalt and unmodified ZSM-5. Iron and nickel had the middle range of
oxygenated compounds but in terms of the other categories were the top metal
impregnated catalysts. Nickel had the highest proportion of Cs-C12 compounds
and the highest proportion of unicyclic compounds led by a reduction in PAHs
compared to ZSM-5. Iron was just slightly lower in both criteria.
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Figure 7.5: Types of compounds which comprise the aromatic component of
the oil from catalytic co-pyrolysis (1:1).

Primary aromatics are those which contain a single aromatic ring and do not
contain oxygen which means they are valuable for use both as fuel compounds
and as chemical feedstocks. In terms of the primary aromatic yield (see Figure
7.5) iron and nickel performed the best and exceeded ZSM-5 by over 10%.
Cobalt was slightly lower than iron and nickel from the aspect of primary
aromatic yield however it had a lower proportion of oxygenated compounds.
Gallium reduced the proportion of oxygenated compound but there was an
increase in PAH compounds which significantly reduced the yield of primary
aromatic compounds. In terms of oi yield, cobalt was the highest followed by
gallium with nickel the lowest and iron the second lowest.
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Figure 7.6: The main constituents of the primary aromatic fraction from catalytic
co-pyrolysis of biomass and PS at a mixing ratio 1:1.
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The primary aromatic fraction is composed of styrene to a high degree with a
limited proportion of toluene, xylene and ethylbenzene. The introduction of a
catalyst in each case reduced the yield of styrene with an increased toluene
yield in each case. With nickel impregnated ZSM-5 resulted in the largest
increase in ethylbenzene formation with gallium, the next highest. Cobalt
produced little xylene or ethylbenzene.

The International Energy Agency considers ethylene, propylene, benzene
toluene and xylene (BTX) to be high value chemicals and, as part of
understanding the impact of chemical production on the environment, has
modelled the increase in these chemicals from 2012 to 2050 using both a high-
demand and low-demand scenario [196]. The 2012 figures place this
production for OECD nations at ~175Mt and for non-OECD nations ~150Mt. By
2050 the demand for OECD nations is expected to increase to between ~190-
210Mt and for the non-OECD to between 450-475Mt. BTEX is a significant
requirement currently obtained from catalytic cracking and steam reforming of
naphtha [195] Figures from the US department of energy [194] placed US
production of benzene, toluene, xylene, ethylbenzene and styrene in 1998 at
6.8Mt, 3.8Mt, 4.1Mt, 6.3Mt and 5.2Mt respectively. Ethylbenzene was used to
produce styrene which in turn was used to produce polystyrene. Although it is
possible to recover styrene from petrochemical feedstocks and pyrolysis
products. This is beneficial as styrene has a higher value as a chemical than as
a motor fuel constituent [193, 278].

7.3 Catalytic co-pyrolysis at 4:1 mixing ratio

Catalytic co-pyrolysis of biomass and polystyrene a mixing ratio of 1:1, with
metal impregnated catalysts has some advantageous features and some
disadvantageous features. The oxygenated content of the oils has been
reduced in many cases through the catalytic co-pyrolysis however it was initially
relatively low. The proportion of PAH including PS dimers, however, remains
relatively unchanged although this increased for gallium impregnated ZSM-5, a
catalyst which produced particularly low oxygenated content. The high content
of styrene may also make these oils more suited for chemical production rather
than fuel production. Co-pyrolysis of biomass with PS in chapter 6 found that a
higher biomass proportion produced an oil with increased oxygenated content
and reduced PAH content compared to the 1:1 mixture. If the same effects
observed utilising metal impregnated catalysts at a 1:1 mixture are observed in
a 4:1 mixture this may be more suitable for fuel use with lower PAH content and
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decreased oxygenated content although this is unlikely to reduce as much as
with the 1:1 mixture.

Table 7.3: Product yields during catalytic co-pyrolysis of biomass with PS at a
mixing ratio 4:1, with various metal impregnated catalysts.

Char Liquid Gas Water o]] bg/llgﬁie

(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (WE.9%)

(ZSM-Cu-5%) 22.5 48.5 27.5 27.9 20.6 102.0
(ZSM-Ga-5%) 21.5 51.0 28.5 29.7 21.3 102.7
(ZSM-Co-5%) 22.0 41.5 34.0 27.3 14.2 98.8
(ZSM-Fe-5%) 21.0 44.0 27.5 26.3 17.7 97.0
ZSM-5 22.0 59.5 22.3 34.1 254 100.0
Sand 21.0 65.0 134 24.6 404 98.4

Table 7.3 gives the product yields measured during catalytic co-pyrolysis of
biomass and polystyrene with metal-impregnated ZSM-5 catalysts at a 4:1
mixing ratio. The gas yield is lowest for the non-catalytic pyrolysis experiment
with only that of ZSM-5 increased by ~9wt.% and those of the metal
impregnated ZSM-5 catalysts increased even further. The highest gas yield was
determined for cobalt and gallium with greater than twice the gas output for the
non-catalytic experiment. The liquid and oil yields followed the same order with
sand producing the highest liquid/oil yield followed by unmodified ZSM-5 and
then the metal-based catalysts with the highest liquid and oil yield of the metal
impregnated ZSM-5 for gallium and iron and the lowest for cobalt which had the
highest gas yield. The unmodified ZSM-5 produced the greatest proportion of
water followed by the gallium with sand producing the lowest water. Gallium
produced a high gas yield and high water yield therefore it might be expected
to contain a low proportion of oxygenated compounds whereas sand produced
the opposite effect so it may be expected to produce a higher proportion of
oxygenated compounds. In contrast to the 1:1 mixing ratio where oil yields were
similar for the metal impregnated catalysts to the unmodified ZSM-5, with the
4:1 mixing ratio, the oil yield is reduced for each of the metal impregnated
catalysts to some extent with iron and cobalt reduced by ~8 wt.% and ~13 wt.%
respectively.

In the 1:1 mixture, the cobalt based catalyst produced high oil yield and low
oxygen content whilst retaining primary aromatic compounds. In contrast, the
gallium-based catalyst produced lower oil yields and whilst it produced low
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oxygenated content, caused loss of primary aromatic compounds through
formation of PAHs. The copper-based catalyst produced slightly lower oil yields
than cobalt and retained primary aromatic content but had elevated oxygenated
content compared to the cobalt catalyst. The oil yield for cobalt impregnated
catalyst this 4:1 mixture for the cobalt catalyst is particularly low which is
surprising considering the high oil yield during the experiments with catalytic
co-pyrolysis of biomass and polystyrene at a 1:1 mixing ratio (see Figure 7.6).
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Figure 7.6: Liquid yield from catalytic co-pyrolysis of biomass with PS (4:1) with
different ZSM-5 catalysts and sand.
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Figure 7.7: The composition of the gas collected during catalytic co-pyrolysis
of biomass and PS (4:1) at 500°C with various catalysts.
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There are two factors which explain this reduction in oil yield and both relate to
the gas produced. Deoxygenation is able to reduce the oil yield through two
main pathways. Firstly, producing water reduces the oil yield by removing
oxygen and hydrogen with 89% of the compound mass due to oxygen.
Secondly, production of carbon oxides also reduces the oil yield by removing
carbon and oxygen with 57% of carbon monoxide mass due to oxygen and 73%
of carbon dioxide due to oxygen. During deoxygenation of biomass it is
important to remove oxygen through carbon dioxide to minimise mass loss and
limit reductions to the (H/Ceff) ratio which is important for formation of oil
compounds rather than coke. However, when polymers are present (H/Ce) is
increased significantly thereby hydrodeoxygenation is more attractive as there
is hydrogen available and this reduces the mass of oil, to a smaller degree, per
oxygen atom removed.

Using the gallium impregnated ZSM-5 as an example, it can be observed that
with catalytic pyrolysis of biomass as an individual sample the deoxygenation
to produce water and carbon oxides reduces the oil yield below that of non-
catalytic pyrolysis and to similar levels to ZSM-5 despite lower coke deposition
on the catalyst. This oil yield increases on addition of PS in the 4:1 mixture
despite oxygenated content decreasing significantly. For the cobalt catalyst the
oil yield decreased on addition of the PS at a mixing ratio of 4:1. Part of this
decrease was due to greater deoxygenation compared to gallium both through
increased water as well as carbon oxides production. The gallium catalyst
achieved the deoxygenation through hydrodeoxygenation more than did the
cobalt catalyst and cobalt also utilised greater carbonylation than did gallium,
both effects would decrease the oil mass for cobalt for each oxygen atom
removed than for gallium. The secondary effect is that whilst gas and water
products for the gallium catalyst were mainly due to deoxygenation cobalt
produced both deoxygenation products and also produced high hydrogen gas
yields (see Figure 7.7) although these were less critical for mass loss due to
the low molecular mass of hydrogen gas. This was also the case at a 1:1 mixing
ratio but the gallium catalyst oil yield was reduced through high residue
deposition (5 wt.%) most likely in the form of coke whereas cobalt did not.

The copper and iron catalysts were not as deoxygenating as the gallium and
cobalt (see Figure 7.8) which was mostly through lower water yield. Copper
produced slightly lower gas yield than gallium but produced 2 wt.% more
residue leading to a similar oil yield whereas iron produced 3 wt.% more residue
than gallium which again led to slightly lower oil yields.
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Figure 7.8: Oxygen removal during catalytic co-pyrolysis of biomass and PS at
a mixing ratio of 4:1 with various catalysts.

Table 7.4: Oil composition during catalytic co-pyrolysis of biomass with PS at
a mixing ratio 4:1, with different catalysts.

(éﬁ-'\g;}?,) (czsi-'\g;i,) (éigaj’,) (lzr?gfyso) ZSM-5 Sand
Aromatic (%) 100.0 1000 1000  100.0 100 98.3
Aliphatic (%) 0.0 0.0 0.0 0.0 0 1.7
Oxygenated 37 1.2 2.0 35 12.6 124
(%)
NO”-OX(g/g)e”ated 96.3 98.8 98.0 96.5 87.4 87.6
Cs-C12 (%) 77.1 84.4 70.8 82.4 82.9 71.6
>Cis (%) 22.9 15.6 29.2 17.6 17.1 28.4
Uni-cyclic (%) 61.9 75.3 65.5 71.2 64.6 72.7
Bi-cyclic (%) 27.6 19.0 21.4 21.7 27.2 20.0
Tri-cyclic (%) 9.0 4.4 114 6.0 6.5 6.1
Quad-cyclic (%) 15 1.3 1.8 1.1 1.7 0.0
Linear (%) 0.0 0.0 0.0 0.0 0.0 12
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Table 7.4 shows the types of compounds which were identified in the oils for
each of the catalysts with co-pyrolysis of biomass and PS at a 4:1 mixing ratio.
The oxygenated compound values compared reasonably closely to the removal
of oxygen calculated through deoxygenation reactions. The gallium and cobalt
catalysts were the least oxygen containing in both cases but the deoxygenation
products suggest that cobalt might be slightly more deoxygenating than gallium
although the variation between values is below standard deviation. Figure 7.8
places iron and copper next in order in terms of deoxygenating products and
this compares to the GC-MS results in the table. Unmodified ZSM-5 produced
lower deoxygenation products than the metal catalysts and sand produced few
still so it would be expected that that sand would contain a greater proportion
of oxygen containing compounds than ZSM-5 and this would be expected to be
higher than for the metal-impregnated catalysts. Table 7.4 shows that the oil
from ZSM-5 contained more oxygenated compounds than the metal catalysts
however this is not increased for sand. If the oxygenated compounds are
examined more closely it is found that for ZSM-5 11.2% of the compounds
contained one oxygen atom and 1.4% contained two oxygen atoms, whereas
in contrast, for sand only 3.0% of compounds contained one oxygen atom and
9.5% contained two or more oxygen atoms. This shows that although both
samples contain a similar proportion of oxygen containing compounds, there is
more oxygen contained in the oxygenated compounds when using sand instead
of a ZSM-5. This then matches with the oxygen contain as predicted from the
deoxygenation products.

In the 4:1 Mixture the gallium loaded catalyst produced the highest proportion
of gasoline fuel sized molecules which was slightly above that of the iron loaded
and unmodified ZSM-5. The lowest was for cobalt which was lower even than
that of sand. This same trend was not observed in the unicyclic compounds
with copper and unmodified ZSM-5 containing a particularly large proportion of
bi-cyclic compounds (PS dimers) which were marginally outside the fuel range.
Once again gallium had the most optimal value in regards to unicyclic
compounds with 75.3% of compounds containing a single cyclic ring compared
to 57.9% in the 1:1 biomass/ and polystyrene mixture with a significant
reduction in bi-cyclic, tri-cyclic and quad-cyclic compounds. The lowest result
for uni-cyclic compounds was for copper loaded ZSM-5 at 61.9% down from
69.0% with an increase in PAHs. Gallium loaded zeolites including wet
impregnation of ZSM-5 have been examined by Li et al. [186] in literature for
catalytic co-pyrolysis of biomass and LDPE using a pyroprobe microreactor.
Impregnation of ZSM-5 with 5 wt.% gallium increased the yield of desirable oil
compounds (monoaromatic and alkenes) from 37.6C% to 38.8C% and
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monoaromatic from ~23 C% to ~27 C%. This was accompanied by a reduction
in polyaromatic carbon from ~5 C% to ~3 C% and char/coke also reduced
marginally. The research attributed this increase in monoaromatic compounds
to a conversion of light alkanes derived from the polyolefin into monoaromatic
compounds. Often the conversion of saturated alkanes to unsubstituted
alkenes is the limiting step in production of aromatics from polymers, however,
the gallium and Bronsted acid sites appears to catalyse dehydrogenation
reactions for conversion of alkanes to alkenes [279, 280]. This subsequently
allows for increased aromatic production due to aromatization of alkenes. There
is very limited literature regarding co-pyrolysis yields for other metal-zeolite
catalysts. Stanton et al. [135] compared pyrolysis of biomass with metal-
impregnated ZSM-5 in an inert atmosphere and in the presence of hydrogen
gas. The use of hydrogen led to an increased proportion of two and three ring
aromatic compounds when using the metal loaded catalysts whereas hydrogen
donation through the addition of PS does not appear to increase PAH
compounds to any significant degree.
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Figure 7.9: Types of compounds which comprise the aromatic component of
the oil from catalytic co-pyrolysis (4:1).

Figure 7.9 shows the types of aromatic compounds which are present in the oll
samples from the various catalysts. The highest proportion of primary aromatics
is observed for gallium and iron although if the size of the oil yield is accounted
the yield of primary aromatics is large in the non-catalytic samples. The
proportion of PAH is largest for cobalt and sand although in general these
values are lower than in the 1:1 mixture but then so too is the primary aromatic
content.
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Figure 7.10: The main primary aromatic constituents of the oil from catalytic
co-pyrolysis of biomass and PS at a mixing ratio 4:1 with various catalysts.

In comparison to the 1:1 mixture, in the 4:1 there is a large reduction is styrene
content although it is still a major component. This is reduced to varying extents
depending on the catalyst used with gallium retaining the highest styrene
proportion and ZSM-5 the lowest proportion. However, the main change in
composition is an increase in toluene yield when using the metal impregnated
catalysts.

7.4 Effect of temperature on products from Catalytic co-
pyrolysis of biomass with PS (4:1)

Co-pyrolysis and catalytic pyrolysis together have allowed for a variety of
product distributions to be reached. There are other factors which may also
potential to provide further variation including catalytic effects. The temperature
at which the catalyst is held during pyrolysis is one such factor which can alter
the effectiveness of the catalyst for various reactions. This section (section 7.4)
examines the effect of varying the temperature of gallium impregnated ZSM-5
(5%) between 450°C and 600°C.

Table 7.5: Product yields during catalytic co-pyrolysis of biomass with PS at a
mixing ratio 4:1, using gallium impregnated ZSM-5 (5%), at various

temperatures.
Char Liquid Gas Water o]] bZZﬁie
(Wt.%) (wt.%) (Wt.%) (Wt.%) (Wt.%) (WE.%)
450°C 21.5 53.5 21.0 33.6 20.9 98.4
500°C 21.5 51.0 28.5 29.7 21.3 102.7
550°C 235 515 27.0 27.7 23.8 103.0
600°C 19.0 50.0 27.0 25.6 24.4 96.4
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As the catalyst temperature is increased, there was a decrease in the liquid
yield. This was due to the combination of two contrasting effects. The olil yield
increased as the catalyst temperature increased, however, the water yield
decreased and to a higher degree than the oil yield increased. It is likely that
some of this oil increase was due to a reduced loss of oil yield in the formation
of water although it is also probable that the reduction in gas yield from 500°C
to 600°C also allowed for a greater oil yield across this same temperature
range. The gas yield increases by 7.5 wt.% from 450C to 500°C and then
reduces slightly through to 550°C where it remains stable through to 600°C.
This suggests that at higher temperatures there is likely to be a greater oxygen
content in the oils because of reduced hydrodeoxygenation.

The gas composition gives insight into the activity of the catalyst. From 450°C
to 500°C there is an increase in each of the gas products (see Figure 7.11)
suggesting that the catalyst is becoming more active as temperatures increase.
After 500°C the products of most products stabilise. C2-Ca reduces slightly from
500-600°C over which range the methane yield increases slightly and carbon
oxides are at their peak at 500°C before reducing as the temperature increases
further. The only gas product which continues to increase with catalyst
temperature is hydrogen gas which increases as water yield is decreases. For
deoxygenation through carbon oxides this is at its peak around 500°C. At lower
temperatures hydrodeoxygenation is higher but carbon oxide deoxygenation
lower and at temperatures above 500°C all types of deoxygenation decrease.

mH2 mCH4 CnHm CO mCO2

450°C 500°C 550°C 600°C
Catalyst temperature

4.0

3.0

2.

mmol/g
o

1.

o

0.

o

Figure 7.11: The composition of the gas collected during catalytic co-pyrolysis
of biomass and PS (4:1) with Ga-ZSM-5 (5%) across a range of catalyst
temperatures.
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From analysis of the oil it is observed that both the oil at 450C and 500C had
equivalent proportions of oxygenated compounds with an increase at 550°C
and 600°C which follows the correlation from the deoxygenation products.

The oil yield was slightly higher at 500°C compared to 450°C with Cs-Ci2
proportion higher at 450°C. Whilst 500°C produced the highest proportion of
deoxygenation gases, it also produced the highest proportion of PAH
compounds larger than Cais.

Table 7.6: Oil composition during catalytic co-pyrolysis of biomass with PS at
a mixing ratio 4:1, with Ga-ZSM-5 (5%) across a range of temperatures.

450°C 500°C 550°C 600°C
Aromatic (%) 100 100 100 100
Aliphatic (%) 0 0 0 0
Oxyg(loe/or;ated 1.1 1.2 4.8 5.3
Non-oxygenated 98.9 98.8 95.2 94.7
(%)
Cs-Ci2 (%) 89.1 84.4 88.6 91.1
>C13 (%) 10.9 15.6 11.4 8.9
Uni-cyclic (%) 76.7 75.3 74.3 75.2
Bi-cyclic (%) 19.0 19.0 23.7 20.8
Tri-cyclic (%) 3.8 4.4 1.8 3.1
Quad-cyclic (%) 0.5 1.3 0.2 0.9
Linear (%) 0.0 0.0 0.0 0.0

Table 7.6 shows the proportions of aromatic, oxygenated, cyclic and fuel range
compounds identified in the oils produced during catalytic co-pyrolysis of
biomass with polystyrene at a 4:1 mixing ratio at varying temperatures. The
proportion of primary aromatic compounds was largest at 450°C and this
decreased by a small amount as the temperature increased to 550 and 600°C
with an increase in phenolics and naphthalene compounds (see Figure 7.12).
However, generally there was little variation compared to the results from
different catalysts. The primary aromatics were mainly composed of styrene
with toluene and xylene present in each case with a general decline in the
proportion of primary aromatic compounds as temperatures were increased
(see Figure 7.13).
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Figure 7.12: Types of compounds which comprise the aromatic component of
the oil from catalytic co-pyrolysis (4:1) with Ga-ZSM-5 (5%) over a range
of temperatures.
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Figure 7.13: The main primary aromatic constituents of the oil from catalytic
co-pyrolysis of biomass and PS at a mixing ratio 4:1 with Ga-ZSM-5 (5%)
over a range of temperatures.

7.5 The effect of mixing ratio on the products of catalytic co-
pyrolysis

The mixing ratio has a large impact on the types of compounds which are
present in the oil from catalytic co-pyrolysis of biomass and PS. There are
variations introduced simply through mixing of compounds derived from the two
different samples as well as catalytic upgrading effects.
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Table 7.7: Product yields during catalytic co-pyrolysis of biomass with PS using
gallium impregnated ZSM-5 (5 wt.%), at various mixing ratios.

Char Liquid Gas Water o]] bg/llgﬁie

(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (WL.%)
11 14.5 67.0 14.0 16.7 67.4 100.4
4:1 215 51.0 28.5 29.7 21.7 102.5
19:1 24.0 45.5 30.5 26.2 17.6 101.5
99:1 25.0 44.0 32.0 35.0 8.0 97.8
1.0 25.3 49.0 25.8 34.9 13.3 99.5

Biomass produced more char than PS so it is unsurprising that as the biomass
content increases from 50 wt.% of the sample through to 100 wt.% of the
sample that the char content also increases. There is also an increase in gas
yield as the biomass content increases, however, the gas yield for 100 wt.%
biomass is lower than nearly all of the co-pyrolysis mixtures. This indicates that
reactions are occurring in the co-pyrolysis mixtures which are producing gas.
The liquid yield decreases as the proportion of biomass increases which is as
expected due to the high liquid yield of PS, however, as with the gas yield, the
value for the pure biomass sample is not in keeping with this trend due to the
reduced gas production. As with the liquid yield the oil yield also decreases with
increased biomass with the pure biomass again producing a higher oil yield
than the trend would suggest. The correlation between water yield and mixing
ratio is not as clear. There is a general increase as the biomass yield increases
which is expected both due to the high moisture content in the biomass sample
and the high oxygen content for water production, however the values for the
4:1 and 19:1 mixtures do not hold to this pattern. It appears as though
hydrodeoxygenation is reduced for this mixture although the cause of this is
unclear.
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Figure 7.14: Liquid yield from catalytic co-pyrolysis of biomass with PS with
different with Ga-ZSM-5 (5%) at different mixing ratios.

Figure 7.15 gives the gas composition determined for each pyrolysis
experiment. The deoxygenation gases are lowest for the 1:1 mixture which
contained the lowest amount of oxygen and were much larger for the other
mixture ratios. The sample with the highest deoxygenation through carbon
oxides was the 19:1 mixture which may explain why the deoxygenation through
water was lower for this mixture. 99:1 and 1:0 contained more oxygen in the
sample with carbon oxides reduced compared to 19:1 so it is probable that the
oils from these experiments contain elevated proportions of oxygenated
compounds compared to the 19:1 mixture. The products of cracking (C2-Ca) are
highest in the 99:1 sample which clearly breaks the correlation in this value
reducing from the 1:1 mixture to the 1:0 mixture for each of the other samples
and may account for the particularly low oil yield in this case.
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Figure 7.15: The composition of the gas collected during catalytic co-pyrolysis

of biomass and PS with Ga-ZSM-5 (5 wt.%) at different mixing ratios.

Table 7.8: Oil composition during catalytic co-pyrolysis of biomass and PS with
Ga-ZSM-5 (5 wt.%) at different mixing ratios.

1:1 4:1 19:1 99:1 1:0
Aromatic (%) 100 100 100 100 100
Aliphatic (%) 0 0 0 0 0
Oxy%;gated 0.2 1.2 9.4 12.9 25.8
Non-oxygenated 99.8 98.8 90.6 87.1 74.2
(%)
Cs-C12 (%) 71.2 84.4 95.6 99.6 99.4
>Cus (%) 28.8 15.6 4.4 0.4 0.6
Uni-cyclic (%) 57.7 75.3 82.6 84.0 79.3
Bi-cyclic (%) 27.8 19.0 16.5 15.9 20.6
Tri-cyclic (%) 11.0 4.4 0.6 0.1 0
Quad-cyclic (%) 3.5 1.3 0.3 0.0 0
Linear (%) 0.0 0.0 0.0 0.0 0

There is substantial variation in the oxygenated, cyclic and Cs-C12 compounds
due to varying the mixture ratio of the samples. The aromatic compounds were
unaffected with all identified compounds containing aromatic rings for all the
mixtures. As the proportion of biomass increases in the mixture this led in each
case to an increase in oxygenated compounds although there was also an
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increase in the proportion of Cs-C12 compounds. The variation in oxygenated
compounds between 99% biomass and 100% biomass was very large with the
addition of 1 wt.% PS reducing the oxygenated compounds by almost 50%. In
contrast the variation in C5-C12 between 99% and 100% biomass was only
0.2% which is below standard deviation and should be considered equivalent.
The cyclic compounds are also affected by the mixing ratio with increasing
biomass proportion increasing the unicyclic compounds and reducing the PAH
proportion this is beneficial, however, in the case of 100% biomass the PAH
increases with naphthalenes the main PAH product.
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Figure 7.16: Types of compounds which comprise the aromatic component of
the oil from catalytic co-pyrolysis of biomass and PS with Ga-ZSM-5
(5 wt.%) at different mixing ratios.

Peak area %
o o o o o

The proportion of primary aromatic compounds is highest for the mixtures with
an increase in PAH (excluding naphthalenes) as the PS share increases and
an increase in naphthalenes and phenolics as the biomass proportion increases
(see Figure 7.16). As the proportion of biomass increases there is an
observable increase in toluene with other primary aromatics also observed with
increased PS leading to greater styrene product yield and loss of xylene in
favour of ethylbenzene (see Figure 7.17).
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Figure 7.17: The main primary aromatic constituents of the oil from catalytic
co-pyrolysis of biomass and PS 1 with Ga-ZSM-5 (5 wt.%) at different
mixing ratios.

7.6 Simulated distillation of catalytic co-pyrolysis oils

Simulated distillation shows the range of temperatures over which an oil sample
will distil which may then be compared against the range which would be
expected for a petroleum fuel. This range which is due to different compounds
in the oil becoming volatile once they reach their boiling point. A major factor
effecting boiling temperature is the molecular carbon number with a greater
number of carbon atoms leading to elevated boiling points. However, the
presence of oxygen can substantially increase boiling points with oxygenated
compounds having boiling points far in excess of those for a similar sized no-
oxygenated hydrocarbon [41].

The simulated distillation results from this research are shown in Figure 7.18
and are similar to results obtained by Muhammad et al. [281] examining oils
produced through catalytic and non-catalytic pyrolysis of polymers. The
introduction of a catalyst improved the proportion of oil which is volatile at
temperatures below 150°C to a high degree, with an increase from 0% through
to between 30-70% for various combinations of catalytic co-pyrolysis. This is
still lower than values expected for a gasoline [282, 283] for which greater than
80% of the sample is volatilised by this temperature. The results for biomass
which was individually pyrolysed show that the addition of the unmodified
ZSM-5 catalyst significantly improves the low temperature volatility
considerably and this is then improved further by the use of gallium
impregnated ZSM-5. The major reason for this improvement is a reduction in
oxygenated compounds. The 1:1 mixture ratio had a very similar result to
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gallium impregnated ZSM-5 at 150°C for both the modified and unmodified
catalyst however the substantial increased PAH compounds caused lower
proportions of volatilised compounds between 200°C and 500°C. The mixtures
which contained greater proportions of biomass were more similar to gasoline
than those with greater PS (see Figure 7.18) although all of the oils examined

would need processing to produce a fuel with the same properties as those of
gasoline.
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Figure 7.18: Simulated distillation profiles for various catalytic co-pyrolysis oils
compared against petroleum (EO).

Whilst there is observable improvement through catalytic co-pyrolysis of
biomass and PS, these oils have not been improved enough through this
methodology to render them suitable for an automotive application. The low
volatility of the oils would reduce the combustion rate of the fuel within the
cylinder of an engine which can impact on the cycle timings of an engine with
the potential to reduce the cycle efficiency and lead to incomplete combustion
of the fuel. This is particularly problematic in engines with rapid cycle rates such
as those used for road transportation although this is less problematic in lower
rate engines such as generators or for maritime applications which run using
fuel oil. However, it is important to restrict the amount of phenolics and styrene
as these may contribute to failure of fuel pumps and filters if present in high
concentrations. Phenolic compounds such as 4-cumyl-phenol (4-(1-methyl-1-
phenylethyl)-phenol) have been linked to thickening of oils leading to damage
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of equipment through increased load and seizing of mobile components with
styrene linked to formation of polystyrene which has been identified in blocked
fuel filters. Failure of engines, leading to loss of power is a particular danger in
maritime applications [284, 285].

The co-pyrolysis with PS brings about beneficial changes in the oil produced
during pyrolysis of biomass, particularly with regards to oxygen content.
However, there are also drawbacks to this approach with the styrene presenting
a particular possibility for valorisation but also a concern if high concentrations
remain in the oil. It is clear that further offline upgrading would be required
beyond that presented by online ex-situ catalysis. Hydroprocessing would be
suitable for this and the improvement in oil properties, particularly the reduction
in oxygen content would reduce the quantity of hydrogen needed to provide
further upgrading.

7.7 Conclusion

Catalytic co-pyrolysis using metal-impregnated ZSM-5 catalysts was able to
facilitate deoxygenation of the pyrolysis oils from biomass and polystyrene,
particularly in the case of gallium and cobalt impregnated ZSM-5. This
deoxygenation follows the three main pathways with deoxygenation through
decarbonylation, decarboxylation and hydrodeoxygenation.  Gallium
impregnated ZSM-5 and cobalt impregnated ZSM-5 both utilise a mixture of
these three reaction pathways. At a 1:1 mixing ratio of biomass and polystyrene
the deoxygenation reactions for the metal-impregnated ZSM-5 catalysts were
generally close in scale to those for the unmodified ZSM-5. Gallium and cobalt
impregnated ZSM-5 showed greater deoxygenation than unmodified ZSM-5
from measuring deoxygenation products (Karl-Fischer titration and GC) and
this was consistent with the proportions of oxygenated products identified using
GC-MS. When the mixing ratio of biomass to polystyrene was 4:1 the proportion
of oxygenated compounds in the oils increased for ZSM-5 (unmodified). As the
oxygen content of the feedstock has increased considerably, due to the
increase in proportion of biomass with a high oxygen content and the reduction
in polystyrene which has a low oxygen content and produces a high oil yield,
this follows expectation. However, at the 4:1 mixing ratio the deoxygenation of
the metal-modified catalysts was more effective compared to the ZSM-5
(unmodified) particularly for gallium and cobalt.

The oil yield was also affected by the change in feedstock mixture ratio. It was
observed that with gallium and cobalt impregnated ZSM-5 the method of
deoxygenation (decarbonylation, decarboxylation or hydrodeoxygenation) was
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a strong factor in determining the size of the oil yield. For a feedstock with more
polystyrene (1:1 mixture), deoxygenation using gallium modified ZSM-5 which
uses hydrodeoxygenation predominantly led to coke formation and therefore
reduced oil yields. In a feedstock which contained a lower proportion of
polystyrene (4:1) deoxygenation using cobalt modified ZSM-5 which
deoxygenates predominately through carbon oxides led to an observable loss
in oil yield compared to gallium though in both cases similar levels of
deoxygenation were observed for the two catalysts. These findings show that
although different metal-impregnated catalysts may promote deoxygenation to
a similar degree a particular catalyst may be more suited to a specific feedstock.
This is especially clear in the case of oil yield and this might require than
feedstock processing for catalytic-pyrolysis needs to be carefully controlled in
order to maximise oil yields.

The temperature of the catalyst bed in the reactor was examined using gallium
impregnated ZSM-5 (objective 10). Changing the temperature of the catalyst
bed from 450°C to 500°C decreased deoxygenation via water formation whilst
at the same time increasing the formation of carbon oxides. This produced only
a small effect on the overall deoxygenation during this temperature increase
from 450-500°C, however, further temperature increases reduce the water
formation further whilst leaving the carbon oxide formation relatively stable. The
overall effect of this was that an increase in temperature above 500°C reduces
deoxygenation reactions using the gallium modified ZSM-5 catalyst but the
reduction was not considerable.

Thermal degradation of biomass and the plastic samples was practically
complete by 500°C (see chapter 5) which makes this an efficient temperature
for the devolatilisation region in the two-stage fixed-bed reactor. Temperatures
of between 450-500°C are suitable for the catalyst bed in the two-stage reactor
as this maximises oil yield whilst also maximising deoxygenation reactions
which are useful for producing oils suitable for fuel use. Increasing the
temperature further would reduce the energy efficiency of the reactor with little
additional gain other than a slight increase in oil yield although this gain in oil
yield is mainly due to an increase in oxygen content, which is undesirable.

The mixing ratio was also examined using gallium modified ZSM-5 catalyst to
upgrade the volatiles from co-pyrolysis of biomass and polystyrene (objective
10). It was clear that as the biomass proportion of the mixture increased the oll
yield decreased and the oxygen content of the oils increased, however, it is
probable that the optimal mixture ratio for fuel use would be somewhere
between a 4:1 and 19:1 mixture of biomass and polystyrene. In the 1:1 and 1:0
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mixtures there is significant formation of polyaromatic hydrocarbon compounds
compared to the intermediate mixtures. During individual pyrolysis of biomass,
the PAHs formed were mainly naphthalene and indene compounds whereas as
the polystyrene content of the mixture was increased, the polyaromatic
hydrocarbons are mostly due to dimers and trimers of styrene. The 4:1 mixture
ratio gives a good compromise of results with high primary aromatic yield whilst
retaining high oil yields, low phenolic content and low PAH content. It is possible
that a slightly different mixture could give an improved yield and composition
however only a limited range of mixtures were examined. The results obtained
at each mixture ratio might vary if a different catalyst was used besides gallium
impregnated ZSM-5 and that might be a suitable target for further research.

Simulated distillation was used to compare the different combinations of
catalysts and mixtures against a standard gasoline fuel to identify the extent of
any improvement in the upgrading process (objective 13). It was clear that both
co-pyrolysis using polystyrene as well as catalytic pyrolysis were able to affect
the distillation profile of the pyrolysis oils produced and that this improved the
profile of the oil compared to non-catalytic pyrolysis of biomass. However, the
oils which were produced, whilst becoming closer in profile towards a standard
petroleum fuel, were not improved enough to stand as a replacement for a
petroleum fuel. Further upgrading would be required to produce fuels using
these pyrolysis oils for any of the combinations of catalyst and co-pyrolysis
used. It is worth noting that the improvements which have been possible
through these processes might be used to upgrade pyrolysis oils to a level
where they could be readily upgraded using standardised petrochemical
approaches. This might even include co-processed alongside crude oils using
current petroleum refining equipment and processes. However, before
co-processing could be considered or undertaken, further analysis would be
required to assess the suitability of the oils to ensure that this would not
introduce problems to the process through issues such as miscibility problems
or potential corrosion of the refinery infrastructure.

Primary aromatics including styrene, benzene, toluene, xylene and
ethylbenzene were produced during catalytic pyrolysis of both polystyrene and
biomass and the mixture of these products could be modified to some extent
through alteration of the mixing ratio. If it is economically feasible to extract
styrene from the pyrolysis oil mixtures it may be possible to utilise co-pyrolysis
to upgrade the oils from biomass through deoxygenation before extracting the
styrene to increase the economic return possible for the overall process.
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Chapter 8: Conclusions and further work

8.1 Catalytic pyrolysis of biomass

A biomass sample was pyrolyzed using a two-stage fixed-bed reactor
with the gaseous, liquid and solid products collected, yields measured,
and the composition of the solid and gaseous fractions analysed. The
liquid yield was mainly composed of aromatic hydrocarbon compounds,
aliphatic hydrocarbons and water. Analysis of the oil using GC-MS
identified 100% of the compounds as containing oxygen. This liquid
would not be suitable for use as a fuel or for fuel production due to its
corrosive nature. It would also be unstable and have a low energy
density due to the high oxygen content. The gaseous pyrolysis products
contained carbon dioxide, carbon monoxide, methane, short-chain
hydrocarbons and hydrogen.

When ZSM-5 was used as an ex-situ catalyst for upgrading of the
vapours which are produced during pyrolysis of biomass some of the
products of pyrolysis were changed in composition as well as yield. The
char yield was not affected by the use of an ex-situ catalyst as the
sample and the catalyst were not brought into contact. The gaseous
products were altered in two major ways. There was an increase in
methane and short-chain hydrocarbons, particularly alkenes which are
formed during zeolitic cracking of alkane compounds. There was also an
increase in carbon monoxide and carbon dioxide which are produced
during decarbonylation and decarboxylation of biomass respectively.
The liquid yield collected from pyrolysis using ZSM-5 as an ex-situ
catalyst was also substantially altered in comparison to non-catalytic
pyrolysis with a large increase in water formation through
hydrodeoxygenation of biomass. This removal of oxygen as water along
with those deoxygenation products in the gas phase (carbon dioxide and
carbon monoxide) corresponded with a large decrease in oxygenated
compounds identified in the pyrolysis oils. The removal of oxygen from
the compounds identified in the pyrolysis oils would produce an oil which
is more suitable for fuel use than that produced without the benefit of the
catalyst. The drawback of this catalytic upgrading is a reduction in the
yield of oil compounds which was reduced by the removal of oxygen as
well as the carbon and hydrogen atoms necessary to facilitate the
oxygen removal. There was also a reduction in oil yield due to the
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catalytic cracking with an equivalent increase in gaseous yield. There
was also an increase in PAH compounds during pyrolysis with the
ZSM-5 catalyst. The presence of these compounds in fuels should be
kept to a minimum due to their role in coke formation and their toxicity
and although some limited amount may be present in fuel they are
preferably avoided.

Metal impregnated (Cu, Co, Ni, Ga, Fe, Mg and Zn) ZSM-5 catalysts
were produced using wet impregnation with a 5 wt.% loading of metal.
These were used for ex-situ catalytic pyrolysis of the biomass sample.
The metal impregnated catalysts had a limited effect on the pyrolysis
products. For most of the metal modified catalysts there was little effect
on the liquid yield, or a limited reduction compared to unmodified ZSM-5.
However, for cobalt, copper and zinc impregnated ZSM-5 there was a
small increase in oil yield with the other catalysts remaining at
approximately the same oil yield as for the unmodified ZSM-5. Care must
be exercised when considering the liquid yield during pyrolysis as this
includes water which may be derived directly from the feedstock or may
be formed during deoxygenation reactions. Both nickel and cobalt
produced high yields of hydrogen gas as well as increased carbon oxide
yields during catalytic pyrolysis of biomass compared to unmodified
ZSM-5. This might make these catalysts more suitable for gasification
processes rather than for pyrolysis. The high hydrogen yields were also
accompanied by a reduction in formation of water compared to the
unmodified catalyst. This meant that the liquid yields for both cobalt and
nickel were lower than expected however, despite the lower liquid yield,
the oil yield for both was not reduced.

Cobalt, copper and gallium impregnated ZSM-5 produced oils in which
the proportion of oxygenated compounds reduced compared to the
unmodified ZSM-5 whilst nickel, magnesium and iron impregnated
catalysts had increased oxygenated compounds. The reduction and
increase in identified oxygenated products in the oils were consistent
with the increase or decrease of deoxygenation products during
pyrolysis. The improvement in the oil yields and composition, using these
metal-impregnated catalysts in comparison to the unmodified ZSM-5
was relatively limited. In many of the catalysts any improvements in
oxygen content of the oils was counteracted by an increase in
undesirable PAH compounds. It is also possible that some of these
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catalysts may be more effective with a different loading of metal on the
ZSM-5. Zinc and magnesium have been examined in literature with
different findings observed at different metal loadings. The ZSM-5
material appears to become susceptible to pore blockage by magnesium
and zinc at higher metal loadings it is possible a 1 wt.% metal content
would have been more suitable for catalytic pyrolysis using these metals
[137,156, 158].

8.2 Thermal decomposition of biomass and plastics

Thermal decomposition of the plastic (HDPE, LDPE, PP, PET, PS) and
biomass samples using TGA-MS analysis was used to study the
temperatures over which these materials decomposed and the
temperature range over which key pyrolysis products were formed. The
analysis was conducted using the same heating profile as that used
during the experiments using the two-stage fixed-bed reactor. It was
observed that the biomass decomposed at a lower temperature than the
plastic samples.

Thermal degradation of the polyethylene terephthalate and polystyrene
samples started during the same temperature range as the degradation
of the biomass sample although at a higher temperature whereas the
degradation of the polyolefin plastics initiated at near to the temperature
at which the biomass had completed thermal degradation. Due to this
variation in degradation temperatures it is likely that the interactions
between volatile species from the PS and PET samples and biomass will
be considerably greater than those with the polyolefin samples. During
co-pyrolysis of biomass with the polyolefin samples the volatiles from
biomass are likely to have been produced and passed through the
reactor prior to formation of volatiles from the polyolefin. In this case any
interactions are likely to be limited to solid(liquid)-gaseous interactions
between the hot plastic sample and the volatiles from the biomass
sample and solid-gaseous interactions between the char from the
biomass and the volatiles from the plastic. It is possible there are
gaseous-gaseous interactions between biomass volatiles remaining in
the porous catalyst and the volatiles from the plastic, but the scale of
these interactions will be limited by the pore volume of the catalyst.
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During TGA-MS experiments using (1:1) mixtures of the biomass and
plastics it was observed that in most cases the initial temperature of the
biomass decomposition changed towards a higher temperature with the
initial decomposition of the plastic sample shifting to a lower
temperature. It is possible that the increase in onset for the biomass is
due to encapsulation of the biomass sample by melting plastic material
and the decrease in onset for the plastics is due to in-situ catalysis of the
thermal degradation of the plastics due to the presence of catalytically
active biomass char. The biggest convergence of degradation
temperatures for biomass and the plastics was observed with biomass
and PP with the onset of thermal degradation for the samples shifting
21°C closer together than during individual experiments. Changes
detected in the devolatilisation products were limited in scope, although
some changes in hydrogen production and formation of deoxygenation
products was detected. The degradation of polystyrene was different to
the other plastic samples with the temperature of thermal degradation
moving to a higher temperature when combined with biomass. It is
possible that this might be due to interactions between the PS and the
biomass which lead to biomass degradation whilst reducing the
availability of radical species required to initiate polystyrene
decomposition. At the least it indicates that polystyrene interacts with
biomass in a different manner to the other plastics examined.

8.3 Catalytic pyrolysis of plastics

Catalytic pyrolysis of plastics (HDPE, LDPE, PP, PET and PS) in the
two-stage fixed-bed reactor gave high liquid yields compared to those
observed for pyrolysis of biomass which is mainly due to a low formation
of char (excluding PET) during decomposition of these plastics. The
liquid yields produced from the plastic samples contained a lower
proportion of water compared to those collected during catalytic
pyrolysis of biomass. This is due to a smaller water content of the initial
feedstock and a lower formation of water through hydrodeoxygenation
as the low oxygen contents of the plastics do not provide the available
oxygen for hydrodeoxygenation to occur. This gives an oil yield for the
plastic samples which is much larger than that for biomass.

The compounds identified in the oils from catalytic pyrolysis of the
plastics (excluding PET) contained a low proportion of oxygenated
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compounds which is as would be expected considering the low oxygen
content of the initial samples however there are drawbacks to direct
pyrolysis of the plastics. The catalytic pyrolysis of polystyrene produced
a high proportion of PAH compounds and high molecular weight
aromatic compounds (>Cis) whereas the pyrolysis of the polyolefin
compounds produced high proportions of high molecular weight (>C13)
aliphatic compounds. The PET produced a relatively high proportion of
PAH compounds as well as a considerable yield of char most likely due
to deposition of terephthalic acid and benzoic acid species. Whilst these
oils do not contain the same undesirable oxygenated compounds as
those present in the biomass pyrolysis oils, they would be problematic
for fuel use due to their high molecular weight and PAH compounds.
Further upgrading would be required before they were suitable to be
used for fuels.

8.4 Catalytic co-pyrolysis of biomass and plastics

Catalytic co-pyrolysis of biomass and plastics was undertaken using the
two-stage fixed-bed reactor at different mixture ratios with the pyrolysis
product yields and compositions examined to identify if it would be
possible to produce oils which are more suitable for fuel use than the oils
from individual pyrolysis of biomass or plastics.

Co-pyrolysis of biomass with polyolefins at a 1:1 mixing ratio gave oils
which were similar to predicted values calculated from the two
individually pyrolysed samples. These oils had lower oxygenated
content than the oils from biomass alone and lower proportions of high
molecular weight compounds than those from the polyolefins alone.
However, this variation appears to be due to additive effects rather than
due to any interactions between the two constituents during pyrolysis. It
is likely that the difference in temperature of thermal degradation is a
major cause of this absence of interactions between the samples. This
shortage of interaction could potentially be improved by increasing the
heating rate such that devolatilisation of both samples occurs near to
simultaneously. When a mixing ratio which contained a greater
proportion of biomass was used (4:1, 9:1) the number of deoxygenation
reactions appeared to increase slightly which may be an indication that
the polyolefin vapours are interacting with the volatiles from biomass
pyrolysis which are remaining within the pores of the catalyst. However,
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the overall effect of increasing the proportion of biomass in the mixture
is to produce an oil less suited to fuel use due to increased oxygen
content in the oil.

Co-pyrolysis of biomass with PET gave oils which were similar in nature
to oils predicted for the mixtures of biomass and PET used with limited
interactions observed. In general, the oil yields were poor during
co-pyrolysis of biomass with PET due to an increase in coke formation
although this could be minimised by reducing the proportion of PET in
the mixture. However, this produced co-pyrolysis oils which were less
poor, and these oils would still require intensive upgrading to be
considered for fuel use. The co-pyrolysis did not produce oils which were
more suited for fuel use than either of the oils produced during individual

pyrolysis.

Co-pyrolysis of biomass with polystyrene gave the most promising
results with interactions between the biomass and polystyrene
constituents producing an increase in deoxygenation products and a
reduction in oxygenated compounds identified in the oils. The highest oil
yields were achieved in at a 1:1 mixing ratio of biomass and polystyrene
with oil yields decreasing as the ratio of biomass in the mixture was
increased. This was due to two effects. The high oil yield of polystyrene
compared to that of biomass meant that the oil yield decreased as the
proportion of biomass increased due to additive effects. However, there
was also a decrease in the yield of oil as the proportion of biomass was
increased further than that predicted by calculation. This was due to an
increase in water and gas formation. The increase in water and gas yield
at the cost of the oil yield was due to increased formation of
deoxygenation products. The increase in deoxygenation products was
consistent with a reduction in oxygenated compounds identified in the oil
during GC-MS analysis. These non-additive effects act counter to the
additive effects such that increasing the proportion of biomass in the
mixture increases the deoxygenation of the oils but results in an increase
in overall oxygenated compounds due to the increased oxygen content
of the sample mixture used as the feedstock for pyrolysis.

The change in co-pyrolysis sample mixture can be used to alter the
pyrolysis products. In general, the pyrolysis product yields and
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compositions reflect the properties of the individual samples in the
mixture. However, it can also be observed that there are co-pyrolysis
interactions which change the pyrolysis products. This has been most
clearly seen through deoxygenation reactions or formation of aromatic
compounds. Consideration needs to be given to both effects. These non-
additive effects were most clearly observed during co-pyrolysis of
biomass with polystyrene.

Catalytic co-pyrolysis of biomass and the plastics did not produce a large
enhancement or reduction in coke deposition on the catalysts with
values approximately midway between those for individual biomass and
individual plastics.

Co-pyrolysis of biomass and PS with metal impregnated
ZSM-5 catalysts

Co-pyrolysis of biomass and polystyrene with ex-situ metal impregnated
ZSM-5 catalysts was examined at different mixing ratios to identify the
effect this might produce on the yield and composition of pyrolysis
products. By comparing the metal-impregnated catalysts against the
unmodified ZSM-5 catalyst at different mixing ratios of biomass and
polystyrene it was possible to identify differences in the function of the
catalysts which could produce improved pyrolysis oils.

Catalytic co-pyrolysis of biomass and polystyrene at a mixing ratio of 1:1
gave small improvements in oil yield compared to the unmodified ZSM-5
in most cases. The metal impregnated catalysts also appeared to
improve the deoxygenation of the pyrolysis oils to a small extent. The
catalysts which produced the greatest deoxygenation / lowest
oxygenated compounds identified in the oil were cobalt and gallium
impregnated ZSM-5 whilst several of the other catalysts gave apparent
improvement compared to the unmodified ZSM-5 albeit within the range
of standard deviation. Several of the catalysts (Ga, Ni, Cu) produced
high coke deposition at a 1:1 mixture ratio which reduced the oil yield
with the effect most severe on the nickel catalyst which produced both
high residue formation and high hydrogen gas formation.
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At a 4:1 mixing ratio of biomass to polystyrene the proportion of
oxygenated compounds in the oils from un-modified ZSM-5 catalysis
and non-catalytic pyrolysis increased significantly compared to the 1:1
mixture. However, the values for the metal-impregnated catalysts
remained lower than expected. As with the 1:1 mixing ratio, gallium and
cobalt produced the greatest deoxygenation effect and the lowest
proportion of oxygenated compounds was identified in the oils produced
using these catalysts. In this case however, the oil yield for cobalt was
severely diminished both compared to the other metal-impregnated
catalysts and compared to the unmodified ZSM-5. The unmodified
ZSM-5 produced a higher oil yield compared to the metal impregnated
catalysts in the 4:1 mixture however this is due to much lower
deoxygenation occurring for the unmodified ZSM-5 catalyst compared to
the metal-impregnated catalysts. The large reduction in oil yield for
cobalt appears to be due to deoxygenation reactions producing high
yields of carbon monoxide and thereby removing oxygen at the cost of
carbon atoms required for a high oil yield. In contrast, gallium
impregnated ZSM-5 removes a greater proportion of oxygen via
hydrodeoxygenation thereby limiting the loss to the oil yield. The
formation of residue/ coke is much reduced in the 4:1 mixture such that
the oil yield for gallium is not reduced by coke formation as it was in the
1:1 mixture.

The results for gallium and cobalt impregnated ZSM-5 would indicate
that in the 1:1 mixture where polystyrene makes up a high proportion of
the sample, deoxygenation with gallium impregnated ZSM-5
predominately using hydrodeoxygenation led to formation of coke and
loss in oil yield. In contrast deoxygenation using cobalt impregnated
ZSM-5 which utilised predominately decarbonylation did not lead to coke
formation, thereby, retaining higher oil yields. In the 4:1 mixture there
was more oxygen to be removed than the 1:1 mixture. By using carbon
to remove this oxygen mainly through decarbonylation as with cobalt
impregnated ZSM-5 has a much more significant effect on the oil yield
than in the 1:1 mixture. Both gallium and cobalt impregnated ZSM-5
were effective at deoxygenation but each was suited to one particular
feedstock more than another, particularly with regards to oil yield
retention. If metal-impregnated ZSM-5 catalysts are utilised for
co-pyrolysis it would be important to control the feedstock composition
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to ensure that the oll yields were maximised as the effectiveness of the
catalyst appears to be reliant on the composition of the feedstock.

8.6 Temperature of co-pyrolysis

Changing the temperature of the catalyst bed used for pyrolysis of
biomass and polystyrene with the gallium-impregnated ZSM-5 catalyst
altered the reactions which were acting to remove oxygen from the oils.
As the temperature increases from 450°C deoxygenation via
hydrodeoxygenation reduces and deoxygenation via decarbonylation
and decarboxylation. Above 500°C deoxygenation through carbon
oxides does not increase significantly. The overall effect is that
deoxygenation is highest between 450°C and 500°C and above this
temperature it becomes reduces to a limited degree. The oil yield
increases slightly above 500°C but as this is due to a small increase in
oxygen content it is not an advantageous increase in oil yield for fuel
production. These temperature effects were only measured using the
gallium-impregnated ZSM-5 so it is possible that a different range of
temperatures might be more suitable were a different metal-impregnated
catalyst investigated. Changing the temperature of the catalyst had an
effect on the production of hydrogen which increased as the temperature
was increased, and this was accompanied by a small reduction in
primary aromatic compounds. It is possible that the formation of
hydrogen is therefore related to the reduction in primary aromatic
compounds. The change in temperature had a limited effect on the
proportion of PAH compounds identified however it did change the type
of PAH compounds formed with naphthalene compounds more
prevalent at higher temperatures.

8.7 The effect of mixing ratio on co-pyrolysis

Changing the mixing ratio has a large impact on the oil yield and
composition during catalytic co-pyrolysis. At a 1:1 mixture ratio of
biomass and polystyrene with gallium impregnated ZSM-5 the oil yield
was the highest of the mixtures considered. As the proportion of biomass
was increased the oil yield decreased and the proportion of compounds
identified which were phenolic or oxygenated increased. In order to
maximise the oil yield and the proportion of oil compounds which do not
contain oxygen a high polystyrene proportion should be used in the
sample mixture. However, in the 1:1 mixture the proportion of PAH
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compounds is at its highest and this decreases as the mixture tends
towards pure biomass at which point it increases again. The mixtures
which exhibits the highest deoxygenation and highest primary aromatic
content is the 4:1 mixture which is possibly the optimal mixture for fuel
production as it retains relatively high oil yields and low oxygenated
content whilst also containing a lower PAH content than the 1:1 mixture.

Primary aromatic compounds such as styrene have a higher value as a
chemical than they would receive as part of a fuel, however, it is
potentially challenging to remove these compounds from a complex oll
such as those pyrolysis oils produced in this research. If styrene is able
to be extracted at a reasonable cost, there would be the potential to use
co-pyrolysis of biomass and polystyrene to upgrade the biomass
compounds through deoxygenation before extracting the styrene to add
value to the process. This proposal would depend on the feasibility of
extracting the styrene, however if this was achieved then the 4:1 mixture
might be the most suitable as it optimises the deoxygenation of the
biomass oils and it is the oil mixture which contains the highest
proportion of styrene.

If fuel is being produced without removal of styrene this mixture might be
problematic due to the high proportion of styrene as a proportion of the
oil. It is possible that this could introduce handling or processing issues
if conditions were present which caused polymerisation to occur. In this
case a mixture with lower polystyrene content might be favourable as a
change in mixture from 4:1 through to a 99:1 has a minimal effect on the
types of compounds in the oil (lower PAH but higher oxygenated
compounds) but reduces the proportion of styrene significantly. Although
the drawback to this is that oil yields decrease as the proportion of
polystyrene in the feedstock are reduced.

8.8 Simulated distillation and overview

Simulated distillation of catalytic co-pyrolysis oils was used to provide a
comparison against a standard motor gasoline (EQ). The non-catalytic
pyrolysis of biomass provided a poor match to gasoline and this is
improved through use of ZSM-5 and further improved by the gallium-
impregnated ZSM-5. However, these pyrolysis oils are still unsuitable for
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fuel use when compared to the standard gasoline. Alteration of the
mixing ratio was able to improve the distillation profile at lower
temperature however, this reduced the fitting at higher temperatures
particularly through the formation of PAH compounds. All of the oils
produced through combinations of metal-impregnated catalysts and
co-pyrolysis used in this research would need to be upgraded
considerably before utilisation as a fuel was possible. The changes
which have been achieved through catalytic co-pyrolysis has improved
these oils to a degree where less forceful conditions would be needed to
upgrade these oils further which would be economically and
energetically beneficial. It may even be possible to upgrade some of the
catalytic co-pyrolysis oils in this research through co-processing
alongside crude oil. However, further research would be necessary to
confirm if this could be achieved without damaging or degrading the
refining process and equipment. It would also need to be established if
this could be achieved at an economically feasible cost.

The results from this research indicate that there is a potential pathway
for production of both chemical feedstock compounds and fuels through
catalytic co-pyrolysis. For both applications there are still major
limitations to the utilisation of this technology. For production of fuels it
is clear that control of the products is of paramount importance
particularly to be able to control size of compounds such that they are
appropriate to use in fuels, the remove the oxygen which is present in
the initial feedstock and for inhibition of PAH compounds.

Changing of the mixing ratio between biomass and plastic in the
feedstock was able to provide some control of molecular size but this
was mainly through additive effects rather than reactions between the
constituent components. Use of different catalysts also provided some
control over molecular size however this had the drawback of producing
increased coke deposition or increased PAH formation at times.

Deoxygenation was clearly observed during catalytic pyrolysis and this
was enhanced during pyrolysis of biomass with polystyrene which
reduced oxygen content both through deoxygenation and through
additive effects which effectively dilute the oxygen content in the
feedstock. This was also advantageous due to the high efficiency of oil
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formation through polystyrene pyrolysis for which PAH formation was
reduced through interactions with the biomass. The metal impregnated
ZSM-5 catalysts also contributed to deoxygenation reactions particularly
where biomass was present as a higher proportion of the feedstock
although these deoxygenation reactions were most effective in the
feedstock mixtures which contained more oxygen initially and therefore
any improvement gained through oxygen removal was countered by an
increase in total oxygen in the feedstock which passed into the oils.

The catalysts which were utilised during this research were basic in
design and utilisation and it may be possible that more sophisticated
catalysts are able to improve the deoxygenation and size templating of
the oil compounds. Whilst improvements were observed through
catalytic co-pyrolysis the oils which were produced remained unsuitable
for fuel use and further upgrading would be required before they might
be utilised to produce fuels.

It must also be considered that the feedstocks which were examined
though this research were chosen to be representative of ‘real-world’
samples however they had to be homogenous and high quality to ensure
that feedstock variation did not contribute excessively to variation
observed in the results. If catalytic co-pyrolysis of biomass and plastics
was commercialised the biomass and plastics would most likely be using
feedstocks which are of a lower quality. This would to impact the results
of pyrolysis in several ways including increased moisture content of oils,
poisoning of catalyst, natural in-situ catalysis caused by metals present
in the biomass and plastic feedstocks as well as potential emission of
heavy metals in the gaseous products or concentration of heavy metals
within the oils themselves. Further work would be needed to ensure that
these effects could be avoided or minimised. These lower-quality
feedstocks would also affect the composition and yield of oils produced.

8.9 Further work

This research used a two-stage fixed-bed reactor to run the catalytic
pyrolysis experiments in a manner which allows for detailed analysis of
the products of pyrolysis both in terms of yield and composition and this
is assisted by the equipment which allows for separation of the various
pyrolysis products as well as control over the conditions the feedstock is
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exposed to. However, the equipment which would be utilised during a
commercial operation would have different design requirements which
may have a major impact on the pyrolysis products. A commercial
operation would be expected to use a continuous feed process with high
heating rates and in-situ catalysis. It would be valuable to examine how
these feedstocks and catalysts might be affected by using a reactor such
as a fluidised bed reactor in order to observe the effect this produces on
the yield and the composition of the pyrolysis products as well as the
effectiveness of the catalysts. It would be expected that in this type of
reactor the particle sizes of the catalyst and feedstock would be a much
more important factor in determining the pyrolysis products. The
increased heating rate would have an impact as would the vapour
residence time within the reactor. There would potentially be higher
catalyst degradation due to contact between the char from the feedstock
with the catalyst particles. The major advantage of this methodology
would be an increase in interactions between the volatiles produced by
biomass and the plastic feedstock due to rapid heating of the samples
such that near simultaneous thermal degradation of the feedstock might
produce an increase in non-additive interactions which could be valuable
for further upgrading of the pyrolysis vapours. This would be particularly
important for the polyolefin plastics where the temperature of thermal
degradation is outside the range of thermal degradation of the biomass.

The research undertaken here has focused on relatively high-quality
feedstocks however if this process is to be commercialised it is probable
that a wider variety of feedstocks would be used. It would be expected
that these would include lower-grade materials due to the high
availability and lower cost of these materials compared to virgin and
highly processed recycled material which have value for other purposes.
This would introduce further issues into the pyrolysis process which
would need to be understood and minimised for the process to be viable.
The key contaminants are likely to include metal elements such as alkali
and alkaline earth metals as well as heavy metals such as cadmium and
mercury. Further research would be needed to identify and understand
the fate of elements such as these during catalytic co-pyrolysis. It is
important to understand if these elements might contaminate the oils or
pass into the gas phase and become airborne pollutants which would
require pollution mitigation. These elements might also act as catalysts
and change the yield and composition of pyrolysis products or might
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affect the economics of the process by causing detriment to equipment
or deactivation of the catalysts.

Recycled or waste plastics used in a large-scale process might not be
as thoroughly separated as those used during this research which has
utilised high-grade recycled plastic sources. Mixtures which include
multiple different plastic types may interact with each other during
co-pyrolysis in a manner which might be advantageous for fuel
production or might introduce further issues. The presence of
halogenated plastics such as Polyvinylchloride (PVC) could also have a
damaging effect on the process and equipment as well as producing
pollution. It would be valuable to identify how the presence of mixtures
such as those including PVC affect the pyrolysis process however great
care would be needed if studying this to ensure any halogenated
by-products are appropriately handled. This might pose a risk to the
operator of the equipment and may be detrimental to pyrolysis and
analytical equipment so appropriate risk assessment must be
undertaken.

Elemental analysis would be useful to give further insight into the
guantities of oxygen which partitions into the oils during pyrolysis. This
was not examined during this research due to the uncertainty introduced
to the elemental analysis when testing volatile oils. It would be extremely
valuable to develop and validate a procedure to ensure that the values
obtained using the methodology were representative for the samples
examined. This would be an excellent tool which would add greater
understanding and confidence to the results obtained during this
research which have been limited though use of semi-quantitive
methodologies. It might also be useful to develop HPLC, GC-FID or NMR
methodologies to be utilised alongside GC-MS to give further
understanding of the whole oil sample where GC-MS is limited to
providing data on the compounds in the oil which lie between a range of
molecular sizes.

It would also be useful to examine the effect of metal loading percentage
on the effectiveness of the metal-impregnated ZSM-5 catalyst as results
during this research and literature have indicated that magnesium and
zinc impregnated ZSM-5 may be less effective at higher metal loadings
due to blockage of pores in the catalyst.
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