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Summary

Plastics play an enormous role in modern manufacturing, but the extraction and

refining of raw materials, followed by the synthesis of plastics themselves, represents

an enormous energy investment into a product that is all too often simply “thrown

away” into a landfill after a single use. Microwave-assisted pyrolysis is a recycling

technique that allows the recovery of chemical value from plastic waste by breaking

down polymers into useful smaller hydrocarbons using microwave heat in the absence

of oxygen. This dissertation examines the use of a catalytic activated carbon bed in this

procedure, using high density polyethylene (HDPE) as a model plastic.

Initial tests with the batch input of HDPE produced a condensed pyrolysis oil

comprising 35.5–45.3% aromatics, with the remainder primarily short-chain aliphatics.

This oil was approximately three times lighter than that produced in the absence of

catalyst, with a narrower range of molecular masses that matched those of the liquid

transport fuels petrol and diesel (C5–C21). The non-condensable gases that resulted

were short-chain aliphatics that could be used as feedstock for the creation of new

chemicals (such as virgin HDPE), or fuels such as natural gas and LPG.

The development of apparatus capable of adding sample in a continuous fashion

enabled the processing of larger quantities of HDPE, and resulted in condensed

products with a significantly higher aromatic content (>80% at 450°C), and which

encompassed a somewhat narrower range of molecular masses compared with those

produced in the batch mode; this was due to differences in kinetics and residence time

that resulted from the different modes of sample introduction. As a result of processing

larger quantities of HDPE it became apparent that the activated carbon deactivated

over time, with a bed able to process around 3.5 times its mass in HDPE at 450°C

before any significant changes in output products occurred.

The decomposition of HDPE proceeds via thermal scission and radical-mediated

mechanisms; high energy surface active sites facilitate the transfer of hydrogen and

radicals, and this enhances overall cracking and lowers the activation energy for

the formation of aromatics. Analysis of material deposited on the surface of the

activated carbon confirmed that deactivation occurred through coking, with both

cracking and deactivation thought to be enhanced by the formation of microwave-

induced microplasmas.

Overall, the microwave-assisted pyrolysis of HDPE using activated carbon produces

a much narrower range of more valuable products compared with non-catalytic

processing. While the process is not likely to be economic in its current form owing

to the relatively rapid deactivation of the activated carbon, future configurations

incorporating online reactivation may be able to economically provide a second

use cycle for these materials, avoiding expending energy to extract and process

increasingly scarce new raw material from the surface of the earth.
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1
Introduction

1.1 The Problem and Opportunity of Plastic Waste

For a material with a relatively recent genesis, plastics have certainly come to

play a dominant role in modern goods and manufacturing. Their low cost, ease of

manufacture, and versatility, have led to an enormous growth in their consumption

(of roughly 5% a year over the last 20 years), with 265 million tonnes produced

worldwide in 2010, of which 57 million tonnes are accounted for by Europe alone

[1], and this growth is only expected to continue. This surfeit of plastics presents

a significant disposal issue, especially considering the large quantities of single-use

items and packaging materials that are fabricated from plastics, and the fact that

as highly inert materials, most plastics degrade in the environment only over very

long periods of time. Furthermore, the production of plastics represents a significant

energy investment, in the extraction and refinement of petrochemical feedstock, and

the subsequent synthesis of polymer. As a high-energy material, at the end of a plastic

item’s useful life, there is significant potential for resource recovery, either to re-use the
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plastic itself, or to recover some of the stored energy that has gone into its manufacture.

In any case, it is a lamentable waste simply to “throw away” plastic after one use cycle,

and with it all the latent energy inherent to the material, as happens all too often in

current practice.

1.2 Current Plastics Recycling Techniques

The U.K. sees relatively low rates of plastics recycling, with 69% of post-consumer

plastic waste generated in 2010 ending up in landfill (compared with 42% across the

whole of Europe), with no attempt at recycling or energy recovery made [1]. However,

the U.K. government has plans to double the rate of plastic packaging recycling (from

the 2007 figure of 24%) by the year 2020 [2], a commitment that will require significant

investment in additional recycling capability and techniques.

1.2.1 Mechanical Recycling

The simplest and most prevalent form of plastics recycling (comprising 24.3% of

plastics disposal in Europe [1]) is achieved by mechanical means: thermoplastics may

be melted and moulded into a new form, usually after being shredded or granulated.

However, different polymers generally do not mix well, necessitating separating plastic

types from one another before processing occurs — a time-consuming and costly

process. Indeed, even within a single type of polymer, small differences in composition

can cause phase separation when samples are melted together, resulting in structural

flaws and a lower quality final product. These issues are only exacerbated by the

different additives such as dyes and fillers that each manufacturer uses. Plastics must

also be contaminant free in order to be processed in this way, which can necessitate the

introduction of a costly washing step, depending on the state of the source material.

Polymer degradation over time can also result in inferior product produced using this

technique.

1.2.2 Energy Recovery

Typical plastics have a calorific value between 40–48 MJ/kg, greater than that of

coal [3, 4]; this high energy density makes plastics relatively sought after for energy

recovery purposes. Typically this is achieved through incineration, where the polymers

are exothermically oxidised in furnaces, and the resulting heat is used to generate
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electrical energy. This method can be used with all types of plastics; however, it suffers

several drawbacks. The combustion of plastics is essentially equivalent to burning

fossil fuels and results in the release of CO2 — a greenhouse gas that contributes to

climate change. Furthermore, incineration recovers only thermal energy from plastics,

and does not allow for the recovery of any of the chemical value of the polymers.

Incineration can also result in the release of toxic compounds (e.g., dioxins and furans)

that cause environmental damage and health problems [5, 6], as well as producing

hazardous compounds, such as fly ash, which are difficult to dispose of properly [7].

Currently incineration accounts for around 8% of plastics disposal in the U.K., though

the rates are much higher in western Europe as a whole, at 33.6% [1].

1.2.3 Feedstock Recycling

Feedstock recycling breaks down polymers into smaller molecules that can be used

as inputs for the creation of new chemicals and materials. This term incorporates a

range of processes such as chemical depolymerisation (yielding the original monomer),

thermal decomposition such as pyrolysis, and gasification, where hydrocarbons are

broken down into synthesis gas (H2 + CO). This gas can then be used as a fuel

directly, or converted into liquid hydrocarbon fuel through the Fischer-Tropsch process

[8]. While feedstock recycling is able to deal with a wide variety of plastics, and

is generally able to cope with fairly high levels of contamination, it usually requires

significant energy and capital intensive plants that only operate economically on large

scales [9]. The use of feedstock recycling techniques is not currently widespread, with

only 1.6% of plastic waste in Europe recycled using these methods at present [10].

Unfamiliarity and high capital cost barriers to entry are thought to contribute to the

current low prevalence of these techniques, though clearly this is a route with the

potential to expand in capacity significantly, especially given continuing technological

development, and the forecasted continuing rise in the cost of the petrochemicals that

these techniques produce, as easily accessible global supplies of raw materials are

depleted.

1.2.3.1 Pyrolysis

Pyrolysis is the thermal degradation of a substance in an inert environment (i.e.,

without the presence of oxygen), and may be used as a plastics feedstock recycling

technique where polymers are cracked into shorter hydrocarbons (their constituent

monomers, parts or multiples thereof, and more complex species produced when these
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products react together) — the final products resulting from this process comprise

waxes, oils, gases, and char. It is possible to optimise the process to maximise

production of any of these constituents by altering parameters such as process

temperature and reactant residence time [11]. For example, a high temperature and

residence time promotes gas production; high temperature and low residence time

(“flash pyrolysis”) maximises the yield of condensates; while a low temperature and

heating rate promotes char production [12]. The relatively wide variety of products

produced by the pyrolysis of plastics means that they usually have to be separated and

purified before use; fortunately this has the potential to be achieved on a commercial

scale with existing petrochemical distilleries and refineries.

1.2.3.2 Catalytic Pyrolysis

It is also possible to pyrolyse plastics in the presence of catalysts, which enhance

cracking and alter the yields of the pyrolysis products so that lighter products are

produced more abundantly. Most studies that have been carried out on catalytically

pyrolysing plastics use fluid cracking catalysts (FCCs) such as zeolites and alumino-

silicates, which have been developed by the petrochemical industry for the cracking of

long-chain hydrocarbons into lighter liquid fuels [13, 14].

1.3 Microwave-Assisted Pyrolysis

1.3.1 Microwave Heating

“Microwaves” are the portion of the electromagnetic spectrum between 300 MHz

and 3 GHz. The practical production and utilisation of this frequency band was

first carried out during World War Two in the development of high-definition radar.

During this time the cavity magnetron was invented — an inexpensive, highly efficient,

high-power microwave source that has allowed the application of microwaves for a

range of purposes, heating foremost amongst them, and that has directly enabled the

proliferation of the microwave oven so commonplace in households today. The heating

of a material by microwaves arises from the resistance of movement by dipoles and

charged species to the forces imposed by the alternating electromagnetic microwave

field [15].
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1.3.1.1 Advantages of Microwave Heating

Microwave heating offers several advantages over conventional techniques such as

electrical furnaces:

• As a non-contact form of heating, it is physically gentle, allowing for a diverse

range of applications over and above contact surface heating [16–18].

• It is a volumetric heating method, with the diffuse and pervasive nature of the

electromagnetic field able to heat many substances evenly and in bulk, without

relying on slower and less efficient conductive or convective techniques [19, 20].

• Microwave heating is able to achieve high power densities, allowing rapid heating

and the ability to reach high temperatures in short periods of time, which can

increase production speeds and reduce costs [21].

• Microwave fields interact only with particular types of materials, giving this form

of heating the ability to selectively target areas and substances (and not heat

surrounding air or containers). This can dramatically reduce the amount of

heating required to achieve a particular end, and with it the associated energy use

and costs. By selectively heating only targeted reactants it is possible to achieve

a more uniform temperature profile and a higher yield of desired end products

[22–24].

• Microwave heating is easily and rapidly initiated and terminated, especially

compared with processes that rely on combustion or indirect heating such as

steam.

• The electrical origin of microwave heating allows for direct electronic control,

providing a higher level of precision, safety, and automation.

• As microwave heating is an electromagnetic means of transmission it is possible

to delocalise the energy source from the heating target, with microwaves easily

transported over long distances through waveguides. This facilitates modular

construction of reactors with easier access and lower maintenance costs [25].

• Magnetrons are available in a wide range of sizes and power outputs, making

processes based on this form of heating highly scalable, enabling the same

technology used in laboratory-scale experimental reactors to be employed in

commercial sized plants, and potentially enabling smaller scale community sized

facilities to be constructed with lower initial capital costs.
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1.3.1.2 Disadvantages of Microwave Heating

Microwave heating also suffers from some drawbacks in comparison with conventional

heating methods:

• Microwave radiation presents an additional hazard over traditional heating meth-

ods, although this is easily contained within an appropriate Faraday cage. The non-

ionising nature of the radiation also limits risk in the event of exposure, with the

radiation having insufficient energy per quantum to create biologically damaging

ionised atoms or molecules.

• While the property of microwave heating only to target microwave-receptive

materials can be an advantage in some cases, in the event that microwave-

transparent materials (such as plastics) require heating, an intermediate micro-

wave receptor must be used.

• With the conversion from electrical energy to electromagnetic radiation to heat,

microwave heating is not 100% efficient, though modern equipment is able to

achieve over 90% conversion efficiency [26], and this loss is often more than

made up for by the ability to selectively target the area to be heated as previously

discussed.

• Using microwave heating places limits on the materials that can be used in

the construction of a reactor. While metal is essential in an electromagnetic

containment role, its use should be minimised within the reactor itself to avoid

causing arcing, with sharp metallic corners and small physical gaps between metal

surfaces presenting the highest risk of potential arc formation.

• The more complex apparatus required for microwave heating (i.e., magnetron,

power supply, waveguides, etc.) means that this form of heating costs more than

conventional methods. Furthermore, the cost of microwave heating apparatus

scales disproportionally with size, i.e., larger heating installations cost more per

watt than smaller ones, though this may be alleviated to some extent by using

multiple smaller units in parallel.

1.3.2 Microwave-Assisted Pyrolysis of Plastics using a Carbon

Bed

Microwave-assisted pyrolysis describes the application of microwave heating to a

substance to cause it to undergo pyrolytic breakdown (in the absence of oxygen). It is a

relatively new process, first developed by Tech-En Ltd (Essex, U.K.) [27, 28] to combine
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the advantages of microwave-mode heating with the commercial and environmental

benefits that the pyrolysis of plastics offers. Because of the microwave transparency of

plastics, in this application an intermediate receptor is used to absorb the microwave

energy and transfer it to the plastic via conduction.

1.3.2.1 Method for Microwave-Assisted Pyrolysis of Plastics Using a Carbon

Bed

The microwave-assisted pyrolysis of plastics is performed by heating a reactor bed to

a sufficiently high temperature, in the absence of oxygen, that added plastic is cracked

into smaller hydrocarbon molecules. The stochastic nature of the pyrolysis process

means that products with a wide range of molecular masses are usually produced.

These products exit the reactor in the gaseous state and are collected as condensed

waxes and oils, and as non-condensable light-chain gases. The cracking, volatilisation,

and physical transfer involved in this process also act as a separation mechanism, with

many forms of contaminant carbonising and remaining in the reactor, along with any

non-volatile species; as a result, microwave-assisted pyrolysis has a relatively robust

ability to cope with contaminants without significant impact on the final products [29,

30].

1.3.3 Carbon as a Reactor Bed Material

Particulate elemental carbon is the most common material used as a reactor bed in

microwave-assisted pyrolysis, owing to its excellent microwave receptivity and low

cost. Short transfer distances, the enveloping nature of a particulate bed, and small

particle size (with corresponding large surface area) make this a highly efficient method

of heat transfer, while by controlling the size of the carbon bed it is possible to localise

the heat dispersion within a small area, and maintain the targeted efficiency that

microwave heating offers. A further advantage of using carbon as a reaction bed

for pyrolysis is the highly reducing environment that it provides, which prevents the

formation of undesirable oxidised species, and again enhances the ability of the process

to cope with potential contaminants.

1.3.3.1 Coke

The “carbon” used in carbon beds for microwave-assisted pyrolysis is almost always

coke (examples of which are discussed in depth in §2.5). Coke is the solid carbonaceous
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residue that remains after heating a (primarily) hydrocarbon material to a high

temperature in the absence of oxygen (i.e., undergoing pyrolysis of some description

itself). It can be produced from a variety of sources, historically deriving from coal,

though is now a common by-product of the petroleum industry, produced during the

upgrading of heavy oil fractions to lighter hydrocarbons [31]. Owing to its high carbon

content, coke may be used as a fuel in its own right, or as a reducing agent in the

smelting of iron ore in blast furnaces [32, 33]. Its abundance as a common by-product

accounts for its low sourcing cost.

1.3.3.2 Activated Carbon

Activated carbon, the focus of the work presented in this dissertation, is a manufac-

tured form of carbon, with a central characteristic of an extremely high adsorptive

capacity that derives from microporous structure and resulting high surface area. It

is manufactured from various polymeric carbohydrates and hydrocarbons such as hard

woods, coconut shell, fruit stones, coals, and oil bitumen. These are first carbonised

(through pyrolysis), and then subjected to a chemical or thermal “activation” process

(discussed in depth in §2.3.2) that maximises the material’s porous potential, creating

and widening micropores on the molecular level, and introducing or enhancing high

energy active sites on to the surface.

The very high adsorptive ability of activated carbon has led to its current main

industrial use in purification (e.g., water treatment, decolourising). In the chemical

context, activated carbon sees high usage as a support material in heterogeneous

catalysis (with, e.g., platinum or palladium) to enhance effectiveness and minimise

cost [34, 35]. In the recent past, an appreciation has grown for the potential to use

activated carbon as a catalyst in its own right, with it being employed commercially

in the production of carbonyl chloride from carbon monoxide and chlorine, and it has

also been shown to be an effective catalyst for a variety of other reactions involving

hydrogen, oxygen, and halogens [36, 37] (a comprehensive account of the applications

of activated carbon is given in §2.3.3). More recently, activated carbon has shown

promise in the dehydrogenation of hydrocarbons [38, 39], suggesting it may also have

the potential to be employed in the catalytic cracking of long-chain polymers such as

plastics.
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Table 1.1: Common hydrocarbon products by carbon number [41, 42].

Product Carbon Number

Natural Gas C1

Ethene C2

Liquid Petroleum Gas (LPG) C3–C4

Petrol/Gasoline C5–C12

Kerosene/Jet Fuel C8–C16

Diesel C8–C21

Lubricating Oil C20–C40

Waxes >C40

HDPE Chundreds of thousands

1.4 Petrochemicals and Hydrocarbon Fuels

Petrochemicals and hydrocarbon fuels are central to current human civilisation, with

petrochemicals underpinning innumerable products such as plastics, fibres, solvents,

pharmaceuticals, and fertilizer, and oil-derived liquid and gas fuels making up 54.3% of

total primary energy supply worldwide [40]. That these chemicals have risen to such

prominence is a result of several factors, including:

• Historical abundance, with correspondingly cheap (in both monetary and energy

terms) extraction and refinement, in comparison with other energy sources.

• Network effects resulting from infrastructure development over time.

• Ease of transport, with the ability to be shipped long distances via pipeline or

tanker.

• Availability on a scale that matches societal demand.

• Advantageous physiochemical properties, with liquid transport fuels (e.g., petrol

and diesel) exhibiting unparalleled volumetric energy density (excepting nuclear

power).

Table 1.1 lists a selected number of common hydrocarbon products by carbon number.

The point developed here is that these substances share a common chemical heritage

and structure: they are almost always derived from refined crude oil, and are made up

of hydrocarbons of various molecular masses, distinguished from one another simply

by the number of carbon-hydrogen units present in the molecule. As a result of this

underlying similarity of chemistry, it is possible to convert between pure hydrocarbon

products by adding units together (e.g., polymerisation and Fischer–Tropsch synthesis)

or breaking them apart, achieved through pyrolysis and cracking.
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Figure 1.1: Cost breakdown of liquid transport fuels in the U.K. Cost of oil includes
exploration/discovery and extraction/production. Distribution + Profit includes retail margin,
supply, and distribution. This figure presents net costs and as such excludes duty and VAT,
though these contribute significantly to the final cost paid by the consumer. Data adapted from
[43].

1.4.1 Cost Savings and Efficiency Benefits of Feedstock

Recycling

Figure 1.1 gives a breakdown of the net cost of liquid transport fuels in the U.K. By far

the greatest proportion of the cost of the final refined product is the cost of the crude oil

from which the fuels are made (at 84–89%), which includes exploration/discovery and

extraction/production. Refining, distribution, and retail profit make up surprisingly

little of the overall costs. By repurposing a waste stream into a raw material from

which new products can be fabricated, but one in which the significant discovery

and extraction costs have already been undertaken, microwave-assisted pyrolysis has

enormous potential to make savings in both monetary terms [43] and in terms of the

energy required to produce the next cycle of products [44].
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Figure 1.2: Ethene monomer and its corresponding polyethylene polymer form.

1.5 High Density Polyethylene (HDPE)

While the focus of this introduction thus far has been on plastics generally, this

dissertation focuses on high density polyethylene (HDPE) specifically, using it as a

model for more general hydrocarbon polymers. Polyethylene is the most common

form of plastic, accounting for 29% of total demand in Europe [1]. HDPE is made

through chain-growth polymerisation, combining ethene molecules together into chains

between 500,000–1,000,000 units long by the application of heat and pressure [14]

(see figure 1.2). The “high density” in HDPE describes polyethylene produced with

little structural branching, which is ensured by the use of an appropriate catalyst (such

as the titanium-based Ziegler–Natta class [45]). This linearity causes HDPE to have a

greater proportion of crystalline regions than “low density” polyethylene, and it is as

a result harder, and exhibits a higher tensile strength [14]. These properties result in

HDPE being employed in a diverse set of applications including bottles and containers,

plastic bags, and a wide variety of consumer goods.

HDPE was chosen as a model material for this research because of its abundance

and widespread use, the simplicity of its pure hydrocarbon molecular structure (thus

avoiding adding complication to the already complex pyrolytic breakdown reaction

pathways), and because it is one of the relatively few materials on which microwave

pyrolysis research has already been conducted [29, 46], thus offering an external point

of comparison and validation to this study.

1.6 Potential Benefits from the Microwave-Assisted

Pyrolysis of HDPE

In summary, a number of potential benefits arise from the microwave-assisted pyrolysis

of HDPE:

• By presenting an alternative disposal route for plastics, microwave-assisted

pyrolysis has the potential to divert this waste stream away from incineration
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(with its associated toxic emissions and greenhouse gas release) and landfilling

(for which space is at a premium in many countries, and which in any case results

in extremely long decomposition times).

• With the potential to cope with higher levels of contamination than conventional

recycling techniques, microwave-assisted pyrolysis presents a pathway to recycle

waste streams that would otherwise be disposed of through less efficient means

and/or without resource recovery.

• By creating a valuable end product from a waste stream, microwave-assisted

pyrolysis assigns value to that waste, which motivates collection and disposal

through this value-added pathway, and potentially disincentivises illegal and

inappropriate disposal, which currently causes significant environmental damage

[47–49].

• New plastic created from the raw materials produced by the microwave-assisted

pyrolysis of waste plastic should be indistinguishable from virgin plastic produced

from oil-derived feedstock, avoiding the pitfalls and lower quality inherent to

polymer produced through contemporary mechanical recycling techniques.

• While any hydrocarbon fuels produced through the microwave pyrolysis of plastic

would contribute equally to greenhouse gas emissions as those produced through

conventional means if their combustion alone is considered, given the potential

energy savings gained by avoiding the need to discover and extract fresh raw

materials for their production (with the CO2 emissions associated with that

process), the overall energy use and emissions for fuels produced by microwave-

assisted pyrolysis should be less. This makes fuel produced in this manner far

preferable, given the fungibility of the international hydrocarbon market, and

constant or increasing demand.

• Non-fuel petrochemicals, such as virgin plastic, produced using the products of

microwave-assisted pyrolysis as feedstock, should have significantly lower energy

and greenhouse gas emissions associated with their manufacture than those

derived from conventional sources.

1.7 Motivation and Objectives for the Study

It is clear that microwave-assisted pyrolysis has a range of potential environmental,

economic, and quality benefits as a plastic recycling technique; however, the stochastic

nature of the pyrolytic degradation of hydrocarbon plastics results in the production of

a wide range of molecular masses, which necessitates costly processing and separation
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of the desirable short-chain hydrocarbons from the less useful long-chain waxes.

Catalytic pyrolysis has the potential to narrow the range of molecules produced;

microwave pyrolysis requires the use of a carbon bed to transfer microwave energy

to microwave-transparent plastics; activated carbon has the potential to combine these

two concepts by using the catalyst as the microwave-absorbing intermediate.

Generally, the microwave-pyrolysis field is inchoate but burgeoning, as is the use of

activated carbon as a catalyst in its own right. While a small body of work exists on the

microwave-assisted pyrolysis of HDPE [29, 46], this is the first such application using

activated carbon as a catalytic reactor bed. Accordingly, a significant portion of this

study is devoted to fundamental work on developing and refining necessary apparatus

and demonstrating feasibility. Indeed, a significant motivation behind this work is basic

curiosity to “see if it will work”.

A second motivation underlying this study is to develop a process that will facilitate

an improvement in the efficiency of resource use. Instead of throwing away material

that has a large amount of energy invested in it, if the technology exists and is feasible,

it makes sense to make the best use of already invested energy by maximising the

utility of said material, opening up the possibility of a second use cycle, and avoiding

expending energy to extract and process increasingly scarce new raw material from

the surface of the earth.

In light of the above, the objectives for this study are as follows:

• To develop suitable apparatus to reliably carry out the microwave-assisted pyro-

lysis of HDPE, and collect the resulting pyrolysis products.

• To determine whether or not activated carbon is able to act as a catalyst in the

microwave-assisted pyrolysis of HDPE.

• To characterise the products produced by the microwave-assisted pyrolysis of

HDPE, and evaluate their potential utility.

• If initial results are sufficiently promising and further investigation is warranted,

to examine the scale-up of the process with a larger capacity and continuous

throughput.

• To understand and characterise the catalytic properties of activated carbon in the

context of the pyrolytic breakdown of HDPE.

• To evaluate the potential of microwave-assisted pyrolysis of HDPE for future

commercial development on an industrial scale.
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1.8 Outline of Thesis

Having introduced the foundational concepts and motivations underpinning this study

in this chapter, chapter 2 presents a review of previous work in the literature carried

out by other researchers relevant to the current study. The development of the

microwave-assisted pyrolysis apparatus and the condensation system used for product

collection is described in chapter 3. This development allowed an initial feasibility

study to be carried out (chapter 4) that investigated the use of an activated carbon

bed to conduct microwave-assisted pyrolysis of HDPE, with small quantities of HDPE

introduced to the reactor in a batch fashion at a range of reactor temperatures, and an

analysis of the products that resulted. On the strength of these results, a rotary feeding

mechanism was developed that allowed the processing of larger quantities of plastic

with the continuous introduction of material. Chapter 5 assesses the products resulting

from the microwave-assisted pyrolysis of HDPE in this reaction mode, and details the

changes in the process, products, and reactor bed observed with the processing of

larger quantities of material over time. Chapter 6 examines the potential reaction

mechanisms that account for the pyrolytic breakdown of HDPE, and the additional

pathways that may occur as a result of the activated carbon catalyst. The physical

changes in the reactor bed, and in its catalytic ability, as the bed is used to process

increasing amounts of material, are also discussed in this section. Finally, chapter 7

provides an overview and candid appraisal of the work carried out in this study, and

describes potential avenues of further study that could be carried out to advance this

field further.
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2.1 Carbon

Carbon is the fourth most abundant element in the universe [50], and perhaps the

most versatile; it is non-metallic, and tetravalent — with four electrons available to

form covalent bonds with other atoms in sp3 (tetrahedral), sp2 (ring), and sp (linear)

configurations. Its molecular properties and bonding abilities allow carbon to form

more compounds than any other element, including the entire gamut of organic

compounds, which form the chemical basis of all known life. Carbon also has the ability

to form long chains of interconnecting C-C bonds — a property known as catenation,

and which is the basis of the element’s ability to form macromolecules and polymers

such as DNA, proteins, carbohydrates, and lipids, as well as synthetic polymers such

as rubbers and plastics — the focus of this study. Carbon is also used in this study as

a microwave receptor in the form of coke, and microwave receptor and catalyst in the

form of activated carbon, purposes for which it has physical and chemical properties

that make it particularly useful, as is developed throughout this review.

15
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Figure 2.1: Some allotropes of carbon: a) diamond, b) graphite, c) lonsdaleite, d–f) fullerenes
(C60, C540, C70), g) glass-like carbon, h) carbon nanotubes. Reproduced from [51] under creative
commons licensing.

2.1.1 Allotropes of Carbon

As a result of its versatile bonding abilities, elemental carbon is able to form a variety of

physical molecular forms, or allotropes, the most well known of which include diamond,

graphite, and polycrystalline carbon (colloquially, though not technically, “amorphous”)

such as coal and soot. Diamond (figure 2.1a) is an extremely hard form of carbon

where each carbon atom is bonded to four others in a tetrahedral lattice (its rarer

cousin lonsdaleite (figure 2.1c) employs a hexagonal lattice structure but has similar

properties).

Graphite (figure 2.1b) is the most thermodynamically stable form of carbon, with

a hexagonal lattice structure that forms planar layers; an individual hexagonal plane

is known as a graphene layer. With each carbon atom bonded to three others, the

remaining valence electrons delocalise, which allows graphite to conduct electricity.
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Adjacent layers are stacked atop and displaced from one another to form an alternating

ABAB sequence; these are held together by van der Waals forces and resonance effects

such that the force between layers is approximately one third that of a carbon-carbon

double bond [52].

Apart from diamond and lonsdaleite, all known carbon forms are related to the

graphite lattice structure, with a continuous spectrum of increasing disorder existing,

where layers abandon the ABAB stacking, and become smaller and more defective, until

eventually, as in the highly disordered glass-like carbons (figure 2.1g), the existence of

identifiable graphene layers is almost lost. The more exotic allotropes of carbon such

as fullerene spheres (figure 2.1d–f) and nanotubes (figure 2.1h), while clearly on the

more ordered end of this spectrum, lie outside the purview of this study.

The two forms of elemental carbon dealt with in this study are coke, and activated

carbon. Coke is the carbonaceous residue that remains after the high temperature

pyrolysis of a hydrocarbon material (distinct from ash, which is the residue that remains

after a substance is burned, and which consists primarily of metal oxides). Activated

carbon is described in detail in §2.3.

2.1.2 Non-Graphitisable Carbon

Research carried out by Rosalind Franklin (a pioneer in research into the structure

of coals and carbons as well as her perhaps more widely known work on DNA)

in the 1950s has led to the classification of carbon compounds into graphitisable

(which are materially anisotropic) and non-graphitisable (isotropic) categories, based

on their ability to adopt the long-range parallel planar structure (with associated X-

ray crystallography patterns) that is characteristic of graphite, when they are heated

to over 2000°C [53, 54]. While non-graphitisable carbon exhibits many localised

elements of graphene lattice structure (hence its description as polycrystalline), it

does not exhibit parallelism on a long-range basis; instead, non-planar elements result

in complex three-dimensional structures. The inability of non-graphitisable carbon to

change conformation arises from the short range structure of the non-planar units,

which are bonded into the overall structure during carbonisation; the activation energy

required to simultaneously break so many bonds in order to adopt a graphite structure

is prohibitive in all but the most extreme cases [52]. Activated carbon is such a non-

graphitisable substance, and it is from this characteristic that its porosity and other

useful properties derive.
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Figure 2.2: Schematic representation of pores in an activated carbon particle. Pores are able
to extend deep into a substance in three dimensions, significantly increasing its overall surface
area.

2.2 Porosity

Porosity is quite simply empty space within a structure into which substances of equal

or smaller size may adsorb. As illustrated in figure 2.2, porous fissures can extend

deep within a substance’s structure, significantly enhancing its overall surface area.

Porosity is usually categorised into three classes: macropores, with a diameter of

>50 nm; mesopores which measure 2.0–50 nm, and micropores with a diameter of

<2.0 nm. While small molecule adsorption mostly takes place in micropores (these

being of comparable size magnitudes), macro- and mesopores play an important role in

providing passage for adsorbate to reach the micropores.

2.3 Activated Carbon

Activated carbon is a form of manufactured, non-graphitisable carbon with a very high

porosity and absorptive ability, and which shows promising catalytic activity (discussed

later in this section) that has made it the subject of this study.

2.3.1 Material Origin and Carbonisation

Activated carbon can be manufactured from a wide range of macromolecular carbo-

hydrates and hydrocarbons of natural and synthetic origin, the main requirement of

the source material being that it is primarily carbon containing. Activated carbon has
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Figure 2.3: Schematic structure of activated carbon, showing the folds in the planar structure,
and defective graphene lattices, from which the microporous structure of activated carbon
derives. Adapted from [71].

been successfully produced from wood [55–57], coconut shell [58–60], fruit stones and

nut shells [61–65], coals [66–68], and oil bitumen [68, 69].

These input materials are carbonised/pyrolysed — treated at high temperature in

an inert atmosphere, which results in an increase in carbon percentage as volatile

gases and liquids are driven off and the number of non-carbon heteroatoms decreases.

Research has shown that throughout this process, the macromolecular structure of

the material remains mostly intact [70], though carbon atoms rearrange over small

distances (probably <1 nm) within the network to positions of greater stability, i.e.,

closer to the six-membered graphene ring structure [52].

The carbon material remaining at the end of this process will have significant

porous structure, with carbon atoms arranged in graphene sheets crosslinked in a

random manner. Defects in the graphene lattice cause complex three-dimensional

structure including folds and curves in the sheet, and spatial distortions of the sheet

itself such as “pinched together” peaks/troughs and discontinuities. An illustrative

analogy is the crumpling of a two-dimensional piece of paper resulting in complex

three-dimensional structure. The pores in the activated carbon are the interstices in

this three-dimensional topology, as depicted in figure 2.3.
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2.3.2 Activation Process

While material carbonised as described above has porous structure, this is insufficient

for commercial applications. In order to make activated carbon, the carbon undergoes

a process (eponymously, “activation”), which creates further porosity, widens existing

porosity, opens access to previously inaccessible pores, and modifies the surface of the

carbon. This is achieved by either thermal or chemical means, or a combination of the

two.

2.3.2.1 Thermal Activation

“Thermal” activation involves gasifying the carbon with the oxidising gases, steam, or

CO2, at high temperatures (>900°C), according to the following equations:

C+ CO2 = 2CO (2.1)

C+H2O = CO+H2 (2.2)

Oxygen gas is not used as its combination with carbon is highly exothermic, diffi-

cult to control, and results in consumption of the carbon (or burning) rather than

penetration into, and enhancement of, existing pores. In this way, carbon atoms

are selectively removed from the molecular surface. The carbonisation pyrolysis

process can create tars and other decomposition products that fill or partially block

pores; this more disorganised carbon is the first to react with the oxidising gases,

creating new accessible porosity by “clearing” the blocked pores [36]. These reactions

also widen existing rudimentary porosity of the char, abstracting atoms from the

carbon structure, and creating defects in the lattice such as free valencies, which

contribute to activated carbon’s properties. Furthermore, the reaction of the oxygen-

containing gases creates surface oxygen complexes, which themselves have reactivity

and contribute to adsorption [52].

2.3.2.2 Chemical Activation

Activation can also proceed via chemical means, where the carbonisation and activation

occur simultaneously. This involves impregnating the source material with a chemical

agent, heating in an inert atmosphere, and then washing any remaining chemical

out. The most commonly used agents for chemical activation are ZnCl2, H3PO4,

and KOH. ZnCl2 (which at high concentrations exhibits Bronsted acidity) and H3PO4
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activation proceed via acid-catalysed dehydration and depolymerisation, promoting

bond cleavage and the formation of cross-links (with cyclisation and condensation

reactions) [72–74]. KOH activation occurs via a redox reaction where carbon is oxidised

to CO or CO2, with the reduction of the potassium to a metal ion that intercalates

into the carbon structure and expands the lattice; destructive removal of this ion

occurs when the carbon is progressively heated, creating new pores by disrupting the

graphene structure as it exits [73, 75]. The different chemical routes produce activated

carbon with different porous profiles, but the end result in all cases is a highly porous

active carbon.

2.3.3 Applications of Activated Carbon

Activated carbon has innumerable applications, though the bulk of these revolve around

its superlative ability to physically adsorb chemical species as a result of its highly

developed porous structure.

2.3.3.1 Commercial Applications of Activated Carbon

Water treatment is the single largest use of activated carbon worldwide, with the

primary focus being the removal of pollutant organic compounds, either to create

potable water or to remove toxic and harmful contaminants before discharge to the

environment. Specific applications include the removal of volatile organic compounds

[76–78], pharmaceuticals [79–81], natural organic matter [82–84], and heavy metals

[85–87]. Activated carbon is also used significantly in the food and beverage industries

to remove colour or odour from products such as fruit juices [88], sugar [89, 90],

and vegetable oil [91]. Activated carbon’s excellent adsorptive ability is also used

in chemical and pharmaceutical production, especially in fermentation processes

where antibiotics, vitamins, and steroids are adsorbed in the activated carbon and

then recovered by solvent extraction followed by distillation [52, 92, 93]. The two

largest gas-phase applications of activated carbon are solvent vapour recovery [94]

and automotive fuel evaporative loss systems [52].

2.3.3.2 Activated Carbon as a Catalyst Support

Activated carbon is widely used as a catalyst substrate, supporting the catalyst and

allowing it to be spread over the activated carbon’s large surface area, to increase

the number of catalytically active atoms exposed to substrate. Activated carbon has
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particular utility in this role as it is resistant to acidic and basic media, is stable up to

very high temperatures, and allows for the easy recovery of the active phase by simply

burning the carbon off [95]. The catalyst is introduced by bringing a solution containing

the active phase (or a suitable precursor) into contact with the activated carbon, where

it adsorbs onto the surface. The mixture is dried and heat treated (sintered) to stabilise

the catalyst [96]. The role of surface oxygen complexes is also important, with catalyst

dispersion and sintering increasing with the number of oxygen surface groups [97, 98].

The number of reactions mediated by activated carbon supported catalysts is

extremely large. Auer et al. [99] list a “selected” 40 classes of reaction catalysed by Pd,

Pt, Ir, Ru, and Rh supported by activated carbon. Examples dealing with the production

of hydrocarbons include the Fischer-Tropsch synthesis of synthetic fuels with Mo, Co,

and Fe based catalysts [100–102]; the pyrolysis of vegetable oils into a diesel-like liquid

using activated carbon supported Pd [103]; and the conversion of palm oil to biodiesel

using activated carbon supported KOH [104].

2.3.4 Activated Carbon as a Catalyst

In recent times there has been growing appreciation of activated carbon as a useful

catalyst in its own right, and it is currently used commercially in the production of

carbonyl chloride from carbon monoxide and chlorine [36]. While work using activated

carbon alone as a catalyst is relatively sparse in the literature, there is a slowly growing

body of such reactions. Trimm [37] presented a list of reactions known to be catalysed

by activated carbon, which is summarised in table 2.1.

One of the areas in which concerted activated carbon research has taken place

is in the oxidative removal of harmful contaminants from water and gas streams.

In these applications the high porosity of activated carbon facilitates capture of

Reactions Involving Examples

Hydrogen RX+H2 → RH+HX (X = Cl, Br)
HCOOH → CO2 +H2

CH3CHOHCH3 → CH3COCH3 +H2

Oxygen SO2 +
1

2
O2 → SO3

NO+ 1

2
O2 → NO2

2H2S + O2 → S2 + 2H2O
Halogens CO+ Cl2 → COCl2

C2H4 + 5Cl2 → C2Cl6 + 4HCl
SO2 +Cl2 → SO2Cl2
C6H5CH3 +Cl2 → C6H5CH2Cl + HCl

Table 2.1: Reactions catalysed by activated carbon. Reproduced from [36, 37].
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even low concentrations of substrate, which is then catalytically oxidised with high

efficiency, resulting in a purified output stream. This process has been successfully

demonstrated in the oxidative removal of H2S, SO2, and NOx [105–107], with these

reactions proceeding along the pathways outlined in table 2.1.

The ability of activated carbon to catalyse the oxidative dehydrogenation of sub-

stances has been studied in order to produce various chemical feedstock, such

as the conversion of isobutane to isobutene [108], the highly selective oxidative

dehydrogenation of alkylbenzenes to produce styrene (the monomer of polystyrene)

and α-methylstyrene (the precursor to a number of plasticizers and resins) [38, 109–

113], as well as the dehydrogenation and dehydration of various alcohols [114–116].

2.3.4.1 Catalytic Hydrogen Production using Activated Carbon

Another area that has seen the application of activated carbon as a catalyst is the

production of hydrogen from methane, according to the reaction:

CH4 → C+ 2H2 (2.3)

This process has the potential to produce hydrogen with significantly reduced CO2

emissions, and is a substantially simpler operation than many conventional hydrogen

production processes such as the steam reforming of methane. Muradov et al. have

successfully demonstrated this process, espousing the virtues of activated carbon as a

catalyst because of its high availability and durability, low cost, and advantages over

metal catalysts such as high temperature resistance, and tolerance to sulphur and other

harmful impurities that often arise from natural hydrocarbon feedstock [39, 117–121].

While activated carbon has higher activity than other comparable catalysts for this

purpose, it has been noted that activated carbon does deactivate over time as a result

of carbon deposition from the hydrocarbon decomposition [122].

In a related application, Petkovic et al. [123] have used activated carbon to decom-

pose hydrogen iodide to produce hydrogen, a key reaction in a wider thermochemical

scheme to split water into hydrogen more efficiently than through pure thermal means.
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2.4 Microwave Heating

The total charge of a system in an electric field is given by:

D = εE (2.4)

where D is the electric charge density vector (C/m2), E is the externally applied electric

field (V/m), and ε is the absolute permittivity (F/m) — the measure of resistance that is

encountered when forming an electric field in a medium. The permittivity of a material

is usually given relative to that of free space:

ε = εrε0 (2.5)

where εr is the relative permittivity, and ε0 is the permittivity of free space (8.86 x 10-12

F/m). A material’s polarisation does not respond instantaneously to an applied field,

and is dependent on (angular) frequency (ω); it is then convenient to treat permittivity

(either relative or absolute) as a complex function:

ε(ω) = ε′(ω)− iε′′(ω) (2.6)

where ε’ is the real part of the permittivity, known as the dielectric constant, and is

related to the ability of a material to store an electric field’s energy (e.g., a microwave

field inducing dipoles), and ε” is the imaginary part of the permittivity, known as the

dielectric loss factor, which is governed by the lag between the application of an

electric field and a material’s polarisation, and represents the dissipation of energy

(as heat) within the medium. This energy loss appears as an attenuation of the applied

field and is often measured as the ratio of the dielectric loss factor to the dielectric

constant, or the angle between the imaginary axis and the total current density vector

(i.e., the sum of the real and imaginary components of the permittivity), the dielectric

loss tangent or dissipation factor:

tanδ =
ε′′

ε′
(2.7)

Both the dielectric loss factor and the dielectric constant can vary with the frequency

of the applied field and the temperature of the material, and a material with a large

dielectric loss tangent (i.e., a large dielectric loss factor and moderate dielectric

constant) will be a good microwave receptor, receiving and converting this energy to

heat with high efficiency [124–126].

Briefly, there are three mechanisms by which microwave heating occurs. Dipole reori-
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entation occurs when the chemical bonds of dipoles are realigned by the fluctuating

electromagnetic field. This movement creates friction between the rotating molecules

and causes heat to be generated throughout the volume of the material. The dipoles

themselves can be innate to the molecule, arising from asymmetric charge distribution,

or induced by the microwave field, displacing electrons or nuclei from their equilibrium

position. Similar interactions with the electromagnetic field can also occur as a result

of interfacial, orMaxwell-Wagner polarisation, where charge builds up in contact areas

or interface layers in heterogeneous materials as a result of different conductivities

or dielectric properties. Finally, conductive heating occurs when an electrically

conductive material is exposed to an electromagnetic field, inducing charged particles

(e.g. electrons, ions) to move. Heating occurs as a result of the material’s innate

resistance to this flow of current.

2.4.1 Dielectric Properties of Materials and Influence on

Microwave Receptivity

Plastics are poor microwave receptors — the dielectric loss tangent of polyethylene is

0.0007 [127] (all such values in this text are listed at room temperature and with a

microwave field at 2.45 GHz); by way of comparison, distilled water — an excellent

microwave absorber — has a dielectric loss tangent of 0.118 [128]. As long non-polar

molecules, plastics polarise and reorientate poorly; being homogeneous, Maxwell-

Wagner polarisation does not occur with pure plastics, and with no free electrons

nor does conductive heating. Clearly, plastics are very poor microwave receptors,

and as such are unable to be directly targeted safely by microwave heating. Instead,

when heating plastics (or indeed any microwave transparent material) with microwave

radiation an intermediate receptor is used and the energy is transferred to the plastics

via short-range conduction.

2.4.1.1 Carbonaceous Materials as Microwave Receptors

The microwave receptivity of carbonaceous materials varies depending on their chem-

ical composition. Diamond, for example is almost entirely microwave transparent

owing to its rigid lattice-like structure deriving from its sp3 bonding, and lack of

free electrons. Graphite, on the other hand, with its sp2 bonding and delocalised

electrons, heats well when exposed to a microwave field, primarily through conductive

heating. Carbonaceous materials with a high level of structural irregularity such as
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coal (assuming no moisture content) are relatively poor microwave receptors (with a

dielectric loss tangent of 0.02-0.08 [128]), owing to the lack of delocalised electrons;

however, as the structural order increases so too does the dielectric loss tangent and

microwave receptivity. Coke and activated carbon, which aside from the potential

catalytic and reducing abilities that make them well suited to pyrolysis, have high

dielectric loss factors of 0.35–0.83 and 0.22–2.95 respectively [128, 129], making

them good microwave receptors. Furthermore, these materials are generally relatively

inexpensive, and are easily available in different textures, sizes, forms, etc., all of which

contributes to their selection for use in this work.

2.4.1.2 Power and Penetration Depth

The power transmitted to an object in a microwave field can be calculated from the

Maxwell equations: assuming a uniform electric field, E, the power, P, absorbed per

unit volume is given as:

P = 2πfε0ε
′′
E

2 (2.8)

i.e., absorbed power increases with the square of the strength of the electric field.

However, as energy is absorbed by a material the electric field strength decreases,

making the above equation only valid for thin materials, if they are microwave

absorbent. The penetration depth of a microwave field is usually defined as the

distance below the surface where the absorbed power is 1/e (i.e., approximately 37%)

of that of the power at the surface of the material [125, 130]. In many cases when

highly microwave-absorbent materials are placed in a “normal” strength microwave

field (such as the carbonaceous microwave receptors described in this chapter) it is

unlikely that the microwave field would penetrate throughout the entire material, a

further reason that stirring is often in employed in these cases.

2.4.2 Microwave Heating Modes

2.4.2.1 Single-Mode Microwave Heating

Single mode microwave heating occurs in cavities where the incident and reflected

waves give rise to a single mode standing wave pattern. For simple designs this form-

ation can be solved analytically, giving a predictable electromagnetic field distribution

in the cavity. This necessitates a microwave source with very little variation in output

frequency, and with one resonant mode the size of these applicators is approximately

the order of one wavelength, with one “hot spot” where the microwave field strength is
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very high [130]. The small size and large power intensities achieved with this form of

heating lead to relatively niche applications such as joining ceramics [131], and curing

thermosetting resins [132], though these properties also make it difficult to operate

these reactors on anything other than small scale.

2.4.2.2 Multi-Mode Microwave Heating

In multi-mode heating, microwaves are channelled into a cavity with dimensions

substantially larger than that of the microwave’s wavelength. This results in a large

number of standing wave modes that can exist at or near to the operating frequency.

To minimise the formation of “hot” and “cold” spots (high and low field strength) in the

cavity as a result of constructive and destructive interference occurring it is desirable

to excite as many of these modes as possible. In spite of this, heating uniformity can

often be difficult to achieve in multi-mode ovens and this often promoted through the

use of metallic mode stirrers or by rotating the product within the field [130]. The

ability of multi-mode heating to cope with larger objects and batch operations make it

by far the most common form in industrial applications.

2.4.3 Microwave vs. Thermal Effects

Microwave heating has been employed to facilitate a wide range of reactions (in a

rather comprehensive review of microwave-assisted organic synthesis, Lidström et al.

[133] individually listed over 600 separate reactions enhanced by microwave heating).

Studies of microwave-assisted reactions have noted them proceeding faster (by 2–3

orders of magnitude), more cleanly, and with higher yields than their conventionally

heated counterparts [134–136]. However, the source of these differences is the

subject of some controversy, with some researchers positing microwave-specific effects

over and above those that can be accounted for by heating and temperature profile

differences alone. For example, there is some compelling evidence that microwave

fields enhance sintering reactions by providing a voltage-induced driving force that in-

creases grain boundary diffusion [137]; Marand et al. [132] have advanced explanations

accounting for the microwave-enhancement of organic synthesis reactions in which

preferential orientation of (dipole-containing) molecules are induced by the microwave

field, or in which polar reactive groups are selectively activated (as opposed to heating

the entire molecule as would be the case in externally derived conductive heating); de la

Hoz et al. [138] provide a good review of various research groups’ evidence in support

of microwave fields providing some sort of sub-molecular selective energy transfer.



28 Literature Review

In some instances, though, the case for microwave-specific effects has been over-

stated, with a critical re-examination of various reactions where previous authors

had claimed microwave-specific influences showing no evidence for the existence

of non-thermal microwave effects [139, 140]. In this re-examination, the original

discrepancies were attributed to inadequate stirring resulting in inhomogeneous

temperature distribution, and/or less accurate temperature measurements such as

those arising from infrared sensors, which do not provide accurate readings in

the microwave heating context (by contrast, the re-examination experiments were

conducted in a reactor that used multiple highly accurate fibre-optic temperature

probes). In the case of liquids and gases, even highly targeted microwave energy is

unlikely to cause purely thermal microwave-specific effects, as redistribution of kinetic

energy between molecules occurs more rapidly than the conversion of electromagnetic

energy into kinetic energy [141]. However, it should be noted that this fact does not

preclude non-thermal microwave-mediated interaction.

While there is wide acceptance of the ability of microwave heating to selectively

heat substances on the macroscopic (and even molecular) scale, whether this extends

down to direct activation of functional groups or other non-thermal effects remains to

be conclusively settled. Independent of whether this occurs, it is clear that microwave

heating does result in different thermal heating profiles to conventional techniques

(e.g., fast heating rates, volume heating, high power density, material selectivity, even

heating, and good heating control) and this is of demonstrable significant value in and

of itself.

2.4.3.1 Microplasmas

An instance of an observable microwave-specific phenomenon directly applicable to

this study is the formation of microplasmas [29, 142–144]. In carbon materials

with graphite-like structural elements, where there are a large number of relatively

mobile delocalised electrons, the microwave field may induce charge imbalances that

equalise across particle boundaries in an arc that conductively ionises the intervening

atmosphere. These microscopic plasmas present high temperatures and extreme (if

localised) conditions that have the potential to influence the course of the bulk reaction.
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2.5 Microwave-Assisted Pyrolysis

Microwave-assisted pyrolysis has been applied to a wide variety of inputs, resulting in

products that show a range of advantages over the source material such as conversion

or separation into less hazardous forms, significant volume reduction of waste, and the

production of useful fuels or chemical feedstock. An illustrative set of examples of these

processes is presented below.

2.5.1 Processing of Problematic Waste

2.5.1.1 Scrap Tyres

As a complex composite material that is expendable, produced in large quantities, and

potentially environmentally hazardous, automotive tyres present a challenging disposal

problem. A number of research groups have examined the possibility of recycling scrap

tyres using microwave-assisted pyrolysis, recovering a gas and oil fuel product, steel,

and high value activated carbon or carbon black [145–148]. Furthermore, the absence

of oxygen in the pyrolysis process means NOx, SOx and other harmful organic emissions

are significantly reduced compared with disposal by incineration. The carbon black

content in tyre rubber makes this material a sufficiently good microwave receptor that

an intermediate bed need not be used.

2.5.1.2 Used Automotive Engine Oil

Lam et al. [149–152] have used microwave pyrolysis to recycle used automotive

engine oil, a hazardous waste containing heavy metals and polyaromatic hydrocarbons.

Pyrolysis of this material using a coke bed at temperatures between 400–700°C resulted

in a high recovery of the calorific and chemical value of the oil, with a condensed

product consisting of aliphatics and aromatics, and a non-condensable gaseous fraction

containing light hydrocarbons and some hydrogen. The microwave pyrolysis also acted

as a separations process, with the majority of the heavy metals and PAHs becoming

embedded in a char fraction that was separable from the reactor bed.

2.5.1.3 Sewage Sludge

Sewage sludge is another hazardous waste that has been processed using microwave

pyrolysis in order to generate syngas (H2 + CO). In these studies, led by Menéndez et al.

at the Instituto Nacional de Carbon in Spain [21, 153–155], the sludge was initially
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pyrolysed with a fresh coke bed, but the char that was produced as a result of the

process was also demonstrated to be an adequate microwave receptor, and was used in

subsequent runs. The water content of the sludge was used to gasify the material, with

a final operating temperature of 1040°C and typical yields of 62% aqueous, 25% gas,

10% char, and 3% oil. The primary components of the gas were H2, CO and CH4 with

percentages of 22–43%, 23–30% and 2–7%, respectively. The use of microwave-assisted

pyrolysis resulted in a larger gas fraction, and lower polycyclic aromatic hydrocarbon

content compared with conventionally heated sludge [156, 157].

2.5.2 Microwave-Assisted Pyrolysis of Biomass Waste

Aside from the sewage sludge already mentioned, a wide variety of novel biomass has

been the subject of microwave-assisted pyrolysis research, including wood [19, 158],

coffee hulls [12], micro-algae [159], rice straw [160], waste tea [161], and wheat straw

[162]. These experiments used non-catalytic carbon beds when processing materials

that were poor receptors of microwaves, though others (such as the pyrolysis of wood)

heated the material directly. A variety of gas, liquid and solid phase products resulted,

these being determined by the characteristics of the original feedstock and the

processing conditions. Potentially useful gaseous and liquid products were produced,

though in many cases these would likely require further separation and/or refining

before end use. The bulk heating characteristics of microwave-assisted pyrolysis allows

the processing of materials without energy intensive and costly grinding/shredding

(e.g., entire large wood blocks were processed by Miura et al. [158]), limited only by the

size of the reactor and the ability of the microwave field to penetrate the material. This

fact, combined with the more rapid reaction rate that was observed in the cases where

microwave pyrolysis was compared with conventional electric heating, would result

in a large overall reduction in electricity consumption compared with conventional

processing.

2.5.3 Upgrading Naturally Occurring Hydrocarbon Sources

Microwave-assisted pyrolysis has also been applied to a number of naturally occurring

hydrocarbon materials in order to produce fuels by extracting volatile components

and cracking long-chain hydrocarbons. Oil shale, for example, has been subjected to

microwave pyrolysis at 700°C, yielding around 6 wt.% of a highly aromatic oil and

10 wt.% gaseous products [163]. Similar yields were obtained using conventional
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heating but the composition of the products differed, with more cracking occurring

in the microwave-assisted pyrolysis case, and with fewer sulfur, nitrogen, and polar

compounds in the resulting products.

Coal has also been processed by microwave-assisted pyrolysis at temperatures up

to 1300°C in order to produce condensible tars for use as a fuel [164, 165]. While coal

can be heated directly using microwave radiation, it is a relatively poor microwave-

absorbent, and in this study a variety of different microwave intermediates were used

to increase the pyrolysis reaction rate. Yields of condensible tars varied depending on

the intermediate microwave receptor used: with coke the tar yield was 20 wt.%, using

Fe3O4 resulted in 27 wt.%, and a maximum of 49 wt.% was seen with the use of CuO.

The tars were primarily aliphatic (65–74% of the oil), with the remainder consisting of

aromatic species.

2.5.4 Microwave-Assisted Pyrolysis with an Activated Carbon

Bed

There have been a limited number of studies specifically using activated carbon in

conjunction with microwave-assisted pyrolysis, and these are briefly discussed as

follows. Ma et al. [166] have used microwave-assisted pyrolysis over activated carbon

in order to remove NO from simulated combustion flue gas through conversion to N2.

The use of microwave heating in this context facilitated a more rapid conversion, and

preserved the porous structure of the activated carbon more effectively, compared with

conventional heating.

Research carried out at the Instituto Nacional de Carbon has employed microwave-

assisted pyrolysis to crack glycerol into syngas at 800°C [22, 167]. Using an activated

carbon bed produced slightly higher overall gaseous yields, a greater syngas yield, and

a CO/H2 ratio closer to one, when compared with the same procedure using an inert

quartz blank.

The same group has used activated carbon as a catalyst in the microwave-assisted

decomposition of methane to hydrogen [142, 168]. With an inert control bed, no

decomposition of methane occurred at 800°C, though this occurred readily over the

activated carbon bed. Furthermore, even when methane decomposition did occur in

the non-catalytic case at higher temperatures, the selectivity for H2 production was

improved by nearly 100% through the use of activated carbon. The combination of

activated carbon and microwave heating resulted in greater yields than pyrolysis with

other carbon materials, and with conventional heating using activated carbon; this
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was attributed to the formation of microwave-induced microplasmas in the bed. In

longer experiments of two hours’ duration some deactivation of the activated carbon

was noticed, which was attributed to carbon deposits entering the pores and reducing

the surface area.

Lignocellulosic biomass has also been subjected to microwave-assisted pyrolysis

using activated carbon, with Douglas fir pine producing an aromatic oil at 25–35 wt.%

yield. The use of activated carbon resulted in an oil with a higher content of esters and

phenolic species compared with the non-catalysed case [169].

2.6 Pyrolysis of Plastics

The pyrolysis of plastics, with the aim of recovering valuable chemical compounds,

has been carried out by a number of researchers using a wide variety of source

material, though almost all of this work has been conducted with conventional heating

techniques; a review of these studies is presented below. The percentages given in this

section are all weight percentage of input plastic, unless specified otherwise.

2.6.1 Pyrolysis of Polyethylene

Research into the pyrolysis of plastics has been carried out at the University of

Hamburg, led by Walter Kaminsky, since the 1970s [170]. This research has seen

the development of a series of fluidised bed reactors (FBRs), in increasing sizes from

laboratory plant (100 g/h), pilot plant (30 kg/h) through to prototype plant (150 kg/h).

This configuration, referred to as the Hamburg process, recirculates a portion of the

produced pyrolysis gas to fluidise the bed. Applying this process to polyethylene at an

operating temperature of 830°C resulted in gaseous and condensed pyrolysis products,

the four most prevalent species being, in order: 27.6% ethene, 23.7% methane, 16.2%

benzene, and 4.0% toluene [171]. A separate study at 740°C saw the products comprise

55.8% gas, 42.4% oil and 1.8% residue (char), with the equivalent prevalent species:

23.8% methane, 20.0% ethene, 19.2% benzene, 3.9% toluene.

Within the U.K., the Williams group at the University of Leeds has led research into

the pyrolysis of plastics. When pyrolysing HDPE in a fixed bed reactor, increasing from

room temperature to 700°C at a rate of 25°C/min, the recovered pyrolysis products

included 17% gases, 80% oil, and no char. FTIR spectra of the pyrolysis oil indicated

it was primarily aliphatic [172]. Pyrolysing LDPE in a fluidised bed at a range of

temperatures from 500–700°C resulted in steadily increasing gas yields with increasing
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temperature from 10.8% to 71.4%, while oils and waxes fell from 89.2% to 28.6% over

the same range. The gases were short-chain linear aliphatics, with methane, ethene,

propene, and butene increasing the most as the reaction temperature increased. The

oils and waxes were aliphatic at 500°C and 550°C, with aromatics first detected at

600°C and increasing in concentration thereafter [173].

Conesa et al. [174] have used an FBR to pyrolyse HDPE at temperatures between

500–900°C. As reaction temperature increased so did cracking and yield of gases,

which reached a maximum of 94.5% at 800°C, where the main components of the

pyrolysis products were ethene (37%), benzene (24%), methane (20%), and propene

(4.7%). At 900°C the total yield declined slightly, a fact attributed to the cracking of

input sample to soot. Comparing the FBR results to that obtained using a Pyroprobe

1000, in which secondary reactions and residence time were minimal owing to the

small physical area that was heated, showed significantly less cracking than when the

FBR was used at equivalent temperatures, and a change in composition with minimal

aromatics present (the maximum observed yield of benzene was 2.3 wt.%), highlighting

the importance of these factors in both overall cracking and aromatic formation.

Milne et al. [175] pyrolysed LDPE in an internally circulating FBR at 800°C.

Changing the residence time from 400 ms to 600 ms resulted in a dramatic change in

product composition, with increases in methane (10.9% vs. 23.3%) and ethene (18.7%

vs. 32.3%), and decreases in heavier C4 species (42.6% vs. 13.1%). Minimal char

(~2%) and condensate (5–8%) were produced, though this was not analysed further.

Aguado et al. [176] used a conical spouted bed reactor to separately pyrolyse both

LDPE and HDPE between 450–600°C, and found little difference between the resulting

pyrolysis products. The yield of pyrolysis waxes decreased almost linearly from 80%

to 49% over this range, with the gas yield making up the remaining fraction. Both of

these components comprised linear aliphatic species.

Finally, Mastral et al. at the University of Zaragoza in Spain have conducted research

into the pyrolysis of HDPE, using an FBR at temperatures between 640–850°C. At

640°C the obtained yields were 78.9 wt.% waxes/oils and 11.4 wt.% gases, with the

waxes consisting of aliphatic hydrocarbons. Cracking and gas yields increased with

temperatures to a maximum at 780°C (86.4% gases, 9.6% oils). At this temperature

the most common gases identified were methane (14.2%) and ethene (41.9%). The

quantity of aromatics increased with temperature, ranging from 1.5% at 640°C to

29.7% at 850°C. No char was produced in these experiments [11, 177]. A separate

series of experiments [178, 179] demonstrated the importance of temperature and
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residence time on the product distribution using two free-fall reactors in series.

This allowed primary and secondary reactions to be studied separately, with primary

pyrolysis reactions occurring in the first reactor at 600°C, and secondary cracking

and recombination taking place in the second reactor at higher temperatures. With

both reactors operating at 600°C aliphatic products were produced and aromatic

species were insubstantial (<0.2%); however, aromatic species increased dramatically

to around 50% or greater when the second reactor was raised to a high temperature

(1000°C) or, at a lower temperature but with a longer residence time (800°C with

the residence time increased from 1.8 s to 5.8 s). Greater overall cracking, including

greater gas yields, was also observed with a longer residence time at a given

temperature.

2.6.1.1 Microwave-Assisted Pyrolysis of HDPE

With the exception of the Hamburg process, which can also be gas powered in some

configurations, all the work described above used conventional electric furnaces as

heat sources to supply energy for the pyrolysis. The use of microwave heating for

the pyrolysis of plastic has been pioneered by Ludlow-Palafox and Chase [29, 46]

at the University of Cambridge, and has been so far limited to their studies. Their

investigations used a 5 kW modified catering oven, within which HDPE was pyrolysed

in a quartz stirred-bed reactor. Yields of waxes and gases were found to be similar at

500°C and 600°C, at around 80% and 20% respectively. This similarity was attributed to

the increased cracking rate at 600°C being counterbalanced by a decrease in residence

time as a result of pyrolysis gas being more rapidly forced out of the reactor through

volume expansion at the higher temperature. Both the collected gases and waxes were

primarily linear aliphatics, with the waxes comprised of linear alkanes, alkenes and

alkadienes, with minimal aromatic content (<2%). The microwave-assisted pyrolysis

process was also successfully applied to aluminium-plastic laminate (“toothpaste tube”)

with successful recovery of both the hydrocarbon and aluminium fractions, an ability

attributed to the “gentle” microwave heating mode. The potential of these processes is

such that a successful spin-off company has been formed to develop them commercially,

securing funding for a pilot plant that is currently operational [180].

2.6.1.2 HDPE Pyrolysis Overview

While the preceding review may seem something of a barrage of data, it does serve to

illustrate the variety of approaches that have been taken in researching the pyrolysis of
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Figure 2.4: Chemical structures of some plastics.

HDPE, and the sensitivity of the pyrolysis process to a range of factors including reactor

type, residence time, operating temperature, type of reactor bed, and other process

variables. Nevertheless, there are certain overarching trends that can be drawn from

the above survey:

• The pyrolysis of HDPE results in decomposed shorter chain hydrocarbons, com-

prised of gases, and waxes and oils, with small amounts of char sometimes forming

at high temperatures.

• Increasing reaction temperature generally increases overall cracking, resulting in

a greater yield of gases and fewer oil/wax products.

• The produced gases are comprised of C1–C5 aliphatics, with methane and olefins

proportionally increasing the most with increased reaction temperature.

• The oils and waxes are comprised of linear aliphatic species at lower reaction

temperatures, though above 600°C aromatic species are formed and can comprise

a significant portion of the produced products.

• The residence time of products in the reactor has a similar effect to that of the

reaction temperature, with increases in either resulting in more cracking and

greater gas and aromatic yield.

The relevant data from the studies presented above are summarised in tabular form

in §4.8.1, where they are compared in detail with those obtained in the course of

this study, accompanied by explanations accounting for any unexpected differences

between the two.

2.6.2 Pyrolysis of Other Plastics

While this work uses HDPE as a model plastic, it is certainly possible to pyrolyse other

sorts of plastic, and work has been carried out to this end. Illustrative examples of

pyrolytic recycling of some of the more common plastics are given below; the structures

of these polymers is given in figure 2.4.
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2.6.2.1 Polypropylene

The pyrolysis of polypropylene (PP) produces aliphatic products in the same manner

as HDPE; however, the branching inherent to the polymer structure results in highly

branched pyrolysis products. Bockhorn et al. [181] pyrolysed PP in a crucible at

temperatures between 410–460°C, resulting in a diverse variety of aliphatic pyrolysis

products, comprising 7.6% alkadienes, 7.6% alkanes, and 84.8% alkenes, most of which

were highly branched.

2.6.2.2 Polystyrene

The pyrolysis of polystyrene (PS) is able to recover a significant fraction of the original

styrene monomer. In this case the styrene monomer is a relatively stable unit, and

decomposition proceeds by scission of the intervening C-C bond, which has a lower

bond dissociation energy than either the benzene ring or the benzene-carbon bond.

Aguado et al. [182] pyrolysed PS in a conical spouted bed reactor (CSBR) with a sand

bed, and were able to recover a maximum yield of styrene monomer of 64.5 wt.% at

475°C. The remaining collected products were mostly aromatics, except for a small

fraction of gases that had been cracked below C6, necessarily disrupting the benzene

ring. This compares with the work of Scott et al. [183], who used a fluidised bed, and

gained a maximum monomer yield of approximately 76 wt.% at 532°C, with a total

aromatic yield of 88 wt.%, with the remainder comprising non-condensable gases.

2.6.2.3 Poly(vinyl chloride)

The chlorine in poly(vinyl chloride) (PVC) can cause significant difficulty when pyro-

lysing PVC. The C-Cl bond dissociation energy is lower than others in structure; as

a result, degradation of the polymer proceeds via chain-stripping of the Cl [13] in

a dehydrochlorination reaction that results in hydrochloric acid, which can cause

corrosion and damage to apparatus [183].

Williams and Williams [172] pyrolysed PVC in a fixed bed increasing from room

temperature to 700°C at a rate of 25°C/min. HCl gas from the dehydrochlorination

reaction was produced from 150°C, and was the primary overall pyrolysis product

at 52.9 wt.%. After the chlorine has been removed from the polymer, degradation

proceeds as standard non-chlorinated vinyl, with the remainder of the pyrolysis

products in this study (2.5 wt.% gas, 31.7 wt.% oil) comprising aliphatic species, with a
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small quantity of aromatics. 13.8% of the input mass resulted in the formation of char

due to interaction with the HCl.

The differing temperatures at which dehydrochlorination and polymer backbone

scission occur allow the pyrolysis of PVC to be performed in a stepwise sequence

with the HCl separated first before the remaining hydrocarbon pyrolysis products are

formed. A multi-stage circulated-sphere apparatus used by Bockhorn et al. [184] was

able to strip 99.6% of the Cl from the PVC at 330°C, with pyrolysis of the remaining

fraction occurring at 440°C and resulting in aliphatic species.

2.6.2.4 Poly(methyl methacrylate)

Poly(methyl methacrylate) (PMMA) is an example of a plastic from which especially

high monomer recovery can be achieved using pyrolytic recycling. In this case the

ester monomer forms a particularly stable unit, and decomposition occurs via end chain

scission back into the original monomer [13].

Using the fluidised bed Hamburg process at 450°C, Kaminsky and Franck [185] were

able to recover 97 wt.% of input PMMA as methylmethacrylate monomer; however,

this process was highly temperature dependent, declining to 55% at 590°C, with

the remaining fraction consisting of CO/CO2 and short-chain gaseous hydrocarbons,

indicating decomposition of the ester group had occurred.

2.6.2.5 Effect of Monomer on Pyrolysis Products

The overarching observation from the above examples is that the composition of the

pyrolysis products is highly dependent on the chemical structure and bond energies

of the components of the polymer. While monomer recovery varies significantly from

plastic to plastic, this is not to say that pyrolysis products in forms other than the

monomer are not valuable; indeed, they are able to be applied to a diversity of other

applications as chemical feedstock or fuels.

2.6.3 Catalytic Pyrolysis of HDPE

Catalysts other than activated carbon have also been used to pyrolyse plastics, with

most of these deriving from the petrochemical refining industry. Most of these

substances are acid-catalysts, with surface Lewis and Bronsted acid sites, which

abstract hydrides and donate protons respectively, and lead to different reaction

pathways than pure thermal cracking. The mechanism for the acid-cracking of
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hydrocarbons is well developed and described in detail in [13]. Given the large number

of publications using these catalysts, rather than present a comprehensive description

of individual research, this section synthesises trends across the literature surveyed for

the various catalyst types.

2.6.3.1 Zeolites

Zeolites are microporous aluminosilicate minerals and are probably the most studied

catalysts in the cracking of hydrocarbons. They exhibit high stability and high acid

strength, and as a result of their microporous structure exhibit selectivity for smaller

molecules (the porous structure acting as a molecular sieve with larger molecules

physically unable to diffuse into the pores) [186]. Multiple types of zeolite exist, and

these differ in chemical composition and in the structure of the underlying framework,

with different resulting silicon/aluminium ratios (Si/Al). Two common types of zeolite

are Y-zeolite (which has a pore formed by a twelve membered ring and a Si/Al ratio

from 1.5–3.0), and ZSM-5 (which has a pore formed by a ten membered ring and a

Si/Al ratio >10); both are commonly used as cracking catalysts in the petrochemical

industry. The Si/Al ratio determines the surface acidity of the catalyst by altering the

surface concentration of aluminium, which is the source of the acid sites that underlie

catalytic activity [187].

The cracking of HDPE with zeolites is able to occur at significantly lower reaction

temperatures than non-catalysed pyrolysis, with zeolite-catalysed reactions exhibiting

more rapid reaction rates and greater cracking, resulting in lighter products and

larger gaseous yields; these increase with increasing temperature [188]. Other

characteristics of zeolite-catalysed cracking of HDPE include high yields of aromatics

and olefins in the pyrolysis products, as well as isomerisation and branched products

[188–190]. Aromatic species are considerably more prevalent when using Y-zeolite

as opposed to ZSM-5, attributed to Y-zeolite’s lower Si/Al ratio [191], but also likely

resulting from the greater selectivity of ZSM-5 for smaller molecules (resulting from

its smaller pore size), which preferably generates C3–C5 species as opposed to C3–C8

with Y-zeolite [192]. Ultimately the pyrolytic products produced when using zeolite

are reflective of its chemical and physical make-up (i.e., surface acidity and pore size),

which can be tuned towards specific desired outcomes [193].
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2.6.3.2 Aluminosilicates

Aluminosilicates are distinguished from zeolites by their lack of microporous structure,

but they do exhibit a wide distribution of larger meso- and macropores. As a result they

have lower surface area and lower strength acid sites than zeolite, with correspondingly

less catalytic activity [186]. The larger pores allow larger molecules to diffuse into

and out of pores, giving these catalysts less selectivity than zeolites, which has been

demonstrated in the catalytic cracking of HDPE which resulted in a wider molecular

mass distribution of products than when zeolite was used [194]. Cracking HDPE

using aluminosilicates results in significantly more cracking compared with pure

thermal pyrolysis, with very high resulting olefin yields, but little increase in aromatic

compounds [190, 195].

2.6.3.3 FCC Catalysts

Fluid catalytic cracking (FCC) catalysts are used commercially by the petrochemical

industry to crack long-chain hydrocarbons into more useful liquid fuel products. These

are generally proprietary mixes of aluminosilicates and zeolites, with a resulting cross-

section of porous structure, and are highly effective at step-wise cracking, first with

heavy molecules in mesopores, then lighter ones in micropores [13]. Given their indus-

trial use, it is not surprising that these catalysts have been shown to be more selective

for liquid products rather than gases when employed for pyrolytically cracking HDPE,

with the products containing a greater proportion of olefins, aromatics/paraffins, and

branched species than thermal cracking alone [189, 195, 196].

2.6.3.4 Activated Carbon

During the course of this study, González et al. [197] conducted an investigation in

which activated carbon, along with zeolite and a silica acid-catalyst were used to crack

polyethylene in an electrically heated fixed bed reactor. The highest yield of products of

49.2% of input mass was obtained with activated carbon at 450°C. At this temperature

the products were comprised of aliphatic species in all cases except with the activated

carbon, where the condensed products also contained around 6% aromatics. This study

used only small amounts of catalyst (a 1:10 ratio of catalyst:plastic), and exhibited

across-the-board low conversion rates from plastic into products.
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2.6.3.5 Summary of Catalytic Cracking

The catalytic cracking of plastics shares a number of common features; it is able to

occur at lower temperatures than pure thermal cracking, and for a given temperature

proceeds at a more rapid rate, resulting in greater cracking than in the non-catalytic

case. As a result of the greater cracking a more narrow range of lighter products is

produced, with a greater gaseous fraction. The primary pyrolysis products resulting

from the catalytic cracking of HDPE are olefins, with aromatics produced in much

greater quantities than thermal cracking in many cases. As a result of the different

catalytic reaction pathways, isomerisation and branching are more prevalent than

with thermal cracking. Overall, the physical and chemical properties of the catalyst

determine the activity and selectivity with which the reaction proceeds.

2.7 Summary

Activated carbon is a polycrystalline form of carbon with a very high level of porosity

and adsorptive ability. These properties arise from a complex three-dimensional

structure that is formed as a result of defects that alter the carbon lattice away from

the regular graphene formation, with pores existing as the interstices. The activation

process, which involves either gasification at high temperatures, or the addition of

chemicals, creates new porosity, widens existing porosity, opens access to previously

inaccessible pores, and modifies the surface of the carbon, to its final highly porous

configuration.

Activated carbon is currently used in a wide range of applications that revolve

around its highly developed porous structure, such as treatment and purification,

product recovery, and the enhancement of the catalytic ability of other substances by

increasing the interface between catalyst and substrate over a wider physical area.

Activated carbon has also shown promise as a catalyst in its own right in reactions

involving hydrogen, carbon, and combinations thereof (including the decomposition

of short-chain hydrocarbons such as methane) which indicate that it may have the

potential to act as a catalyst in the pyrolysis of plastics.

The pyrolysis of plastics has been carried out by a number of researchers, producing

lighter hydrocarbon products that have potential value as a fuel or chemical feedstock.

The pyrolysis of HDPE produces primarily linear aliphatic species, with aromatics

becoming more prevalent at temperatures above 600°C. The pyrolysis of HDPE using

acid-catalysts allows the reaction to proceed at a lower temperature with greater
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cracking, an increase in aromatic and olefin yields, and species containing a greater

level of branching.

Microwave-assisted pyrolysis has been used to process materials such as hazardous

and problematic waste, as well as various kinds of biomass and hydrocarbon-based

materials. In these applications it has shown several advantages over pure thermal

pyrolysis such as higher yields, faster reaction time, less emission of harmful undesir-

able products, and reduction in overall energy consumption. Whether these results

arise from the characteristics of microwave heating (fast heating rates, volume heating,

high power density, material selectivity, even heating, and good heating control) or

microwave-specific effects over and above these (such as from direct interaction with

functional groups or alignment of molecules) is the subject of some debate.

The microwave-assisted pyrolysis of plastic is currently poorly studied, though its

possibility has been successfully demonstrated with the use of a carbon bed acting

as a microwave-receptive intermediate. Activated carbon has also seen limited study

as a catalyst in its own right, and has not before been been used in combination

with microwave heating. Given the promise that pyrolysis has shown as a recycling

technique for plastic, the advantages of microwave heating, the requirement of using

a microwave-receptive intermediate when targeting microwave-transparent materials

such as plastics, and the catalytic potential that activated carbon has shown in

hydrocarbon reactions, there is a clear opportunity to combine these by investigating

the microwave-assisted pyrolysis of plastic using an activated carbon bed, and it is this

topic that the remainder of this dissertation comprehensively examines.

Given the paucity of literature in this specific area (this being the first study

to combine activated carbon as catalytic bed with the microwave-assisted pyrolysis

of plastic), the initial focus of this research is on demonstrating the feasibility of

the concept, i.e., developing the necessary experimental apparatus to carry out the

process, and employing it for proof of concept studies. This will allow a comparison

to the existing body of microwave-assisted pyrolysis literature, an evaluation of the

catalytic abilities of activated carbon in this context, and an evaluation of the chemical

composition of the produced products. Assuming these initial results are sufficiently

promising the ultimate goal of this project is to further the understanding of the

microwave-assisted pyrolysis of plastic, and the use of activated carbon as a catalyst,

with a view towards developing a sustainable process that could be employed in an

industrial context.





3
Development of Microwave-Assisted

Pyrolysis Equipment

3.1 Introduction

Many of the key pieces of microwave equipment used in this work existed in the lab, and

had been used for exploratory work involving the pyrolysis of liquid hydrocarbons some

years prior to this work. However, considerable time and resources were invested into

developing, refining, and adding to the apparatus, so that it was suitable for processing

solid HDPE, and moreover ensuring that safe, reliable, and optimal operation was

possible. This chapter describes the equipment, as received, after assembling and

recommissioning, and outlines the most significant developments and improvements to

the equipment undertaken throughout the course of this research.
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Figure 3.1: Microwave-assisted pyrolysis apparatus as received. Numbered components are
described in the text.

3.2 Description of the Apparatus as Received

Figure 3.1 shows the microwave heating equipment and reactor as received at the

commencement of this research. The reactor vessel itself (1) was a custom-built

cylinder constructed of cast iron, with an internal diameter of 250 mm, a height of

250 mm and a wall thickness of 25 mm. The reactor contained a stirrer (2) that

measured 80 mm from the bottom of the reactor, and extended across its entire width.

The stirrer blades slanted at 30° from vertical (to ensure vertical mixing as well as

radial), and it rotated at a variable speed from 0–10 r.p.m. The reactor possessed two

inlets, one 2 mm I.D. inlet (3) suitable for pumping liquids in, and a larger 40 mm I.D.

inlet (4) sealed with a ball valve fitting (5). Four K-type iconel-sheathed thermocouples

(6; RS Components) were distributed throughout the inner surface of the reactor wall

and were connected to digital read outs (7; RS Components) to monitor the temperature

of the reactor contents. Gases generated in the reactor exited to a Liebig condenser

(8); condensate collected in a measuring cylinder below (9), and non-condensable gases

vented to the extraction system.

The microwave heating system consisted of a magnetron head (10; MH3000S-
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210BA, Muegge) that operated at at 2.450 GHz (+/- 10 MHz) and was driven by a

3 kW air-cooled power supply (11; MS3000D-110EF, Muegge) that could be adjusted

by hand to a power level between 10–100%. An isolator (12) prevented any energy that

was reflected back from the reactor from returning to (and damaging) the magnetron;

the reflected energy was safely diverted into a continuously supplied water load, and

the magnitude of the reflection was continuously measured so that the effective power

output (i.e., that reaching the reactor) at any given time could be calculated. The

magnetron and isolator were connected to the reactor via a series of IEC R26 / EIA

WR340 standard waveguides, including a 90° H-bend (13) (bent in the plane of the

magnetic field component of the electromagnetic wave), which was necessary in order

for the magnetron head and isolator to be physically supported (by a lab jack (14)),

while directing the microwaves into the vertical waveguide port in the reactor lid.

The microwave heating system was hermetically separated from the reactor by a

quartz window (15), which prevented pyrolysis products from entering and damaging

the sensitive electromagnetic components, while still allowing microwaves to pass

through to the reactor. The window was cooled by a water jacket (16) below. A gas

inlet (17) allowed nitrogen to enter the reactor to purge any oxygen to maintain an inert

atmosphere throughout operation. Gas-tight seals between components were achieved

with a milled groove in the flange of the waveguide pieces in which a graphite gasket

was located, with each join placed under sealing pressure by 10 M5 bolts.

3.3 Maximising Transmission of Microwave Power to

the Reactor

One of the main concerns identified when using the equipment, as received, to perform

initial feasibility testing of the pyrolysis of HDPE, was the high level of microwave

energy emitted from the magnetron that was not being absorbed by material in the

reactor. This was due to high amounts of energy being reflected back from either

the reactor itself, or components between the magnetron and the reactor; or, by

components between the magnetron and the reactor absorbing energy before it could

reach the reactor. Power that was reflected back to the magnetron was measured by a

microwave detector diode (MM1001B-110AB, Muegge), and then diverted into a water

load by the return isolator, preventing it from reaching and damaging the magnetron.

When first tested, the measured reflected power under normal operation was 50–60%,
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an inefficient and dangerous condition that required rectifying before pyrolysis work

could commence.

3.3.1 Arc Prevention

When dealing with high powered electromagnetic fields such as the microwaves used

for heating in this work, there exists the risk of arc formation, where high voltage

ionises the normally non-conductive air across a voltage gap, causing a current to

flow, and effectively creating a “short-circuit”. The very high temperature plasma

that results in this arc is highly destructive, capable of melting or vaporising most

materials. Unchecked, an arc will cause pitting damage, and travel up the waveguide

back towards the power source; if it reaches the magnetron it will short and shatter this

sensitive and expensive piece of equipment. Microwave energy not dissipated in the

reactor is spurious energy that might potentially start an arc, providing an additional

motivation to ensure that as much of the emitted energy was transmitted to the reactor

bed as possible.

3.3.2 Minimising Energy Lost in Transmission to Reactor

3.3.2.1 Locating Energy Loss Source

In the first instance, components of the pyrolysis rig (other than the reactor) that

were absorbing microwave energy were located by gradually ramping up the power

output of the magnetron, and feeling by hand areas that increased in temperature.

This soon revealed that the primary location absorbing power outside the reactor was

the 90° waveguide H-bend (see figure 3.1). In spite of the bend being an off-the-

shelf component, the changes in the magnetic field required to rotate the microwave

beam were causing reflections, and resulting in a significant amount of energy being

absorbed by the bend itself. The high levels of energy reflected back from further

downstream in the microwave transmission system may have resulted in constructive

interference occurring, exacerbating the situation further.

3.3.2.2 Simplifying the Power Transmission System

Several possibilities were considered to overcome the reflection and absorption issues

presented by the waveguide H-bend. For reasons of time and economy, it was decided

to focus on the magnetron head support system to see whether an alternative design

could be employed to eliminate the bend entirely. With the goal of simplifying the
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number and type of components in the system, every piece between the magnetron

and the reactor was evaluated as essential to operation or not, and those regarded

as extraneous were set aside. Discarding the spacing and routing waveguide sections

resulted in a reduction of the transmission path length between the magnetron and

reactor from 1200 mm to 400 mm. With only the core components of the transmission

path (magnetron head, isolator, quartz window, water jacket, and gas inlet) remaining,

a new approach to supporting the magnetron head was tried, in which the components

of the transmission path themselves acted as supports in a vertical stack; with a full

complement of ten M5 nuts and bolts at each join, this approach indeed proved to be

feasible.

The elimination of the waveguide bend, and the simplification of the power trans-

mission pathway, served to reduce the reflected microwave power to around 30–40%.

Sustained testing at maximum power in this linear configuration identified no further

components in the transmission pathway absorbing microwave energy, and it was

subsequently assumed that all energy emitted from the magnetron was either absorbed

in the reactor, or reflected back to the isolator where it was measured by the detector

diode.

3.3.3 Window Development

In order to determine the contribution the remaining components in the microwave

transmission path made to the reflected power, each component was removed in turn

and the pyrolysis rig was run without the input of any sample. The only significant drop

in reflected power (of 10–15%) was observed when the quartz window (separating the

dirty/hot section of the pyrolysis rig from the clean electromagnetic components) was

removed from the transmission path. In addition to causing a substantial portion of the

microwave power reflection, the existing window had several other problems, many

of which were a result of the fact that the design consisted of a number of separate

physical and functional components; these are outlined below:

• Every segment of the window required a graphite gasket in order to maintain a

gas-tight seal; this not only made it more difficult to maintain a good seal, but the

distinct materials presented barriers to electrical continuity, acting as potential

sources of arcs and reflections.

• The multiple pieces of the window were difficult to dis- and re-assemble — when

assembled they had to be in exact alignment along the inner surface in order to
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act as an effective waveguide and prevent arcs and reflections occurring at the

junctions.

• The water-cooling jacket was physically separate from the window-surround,

meaning the window itself was subject to sub-optimal cooling. This could lead

to heat damage and sometimes even shattering of the quartz window, especially

when deposits built up, making it more microwave-absorbent.

• The quartz windows themselves were very expensive to replace, requiring custom

fabrication, with correspondent long manufacturing lead-times.

3.3.3.1 Miniaturisation: Integration of Water Cooling and Gas Inlet

A redesign of the window (figure 3.2) was undertaken to remedy the problems outlined

above. Given the opportunity, it was decided to incorporate as many pieces of the

transmission pathway as practicable into one unified structure. As such, a new piece

was designed and fabricated, incorporating the window support, internal channels for

water cooling, and a four-point inlet structure for nitrogen purge gas to enter the

reactor. This design was considerably more compact, and was made of one unified

milled aluminium piece, ensuring a smooth internal structure throughout, dramatically

reducing the possibility of arcs forming, and ensuring significantly better performance

of the water cooling.

3.3.3.2 Investigating Alternative Window Materials

Testing with new window support in place, but with the actual quartz glass removed,

indicated that it was the quartz itself, and not the support structure that was the major

cause of microwave reflection, implying that it was not as microwave transparent as

originally assumed. Given the expensive and sometimes fragile nature of the quartz,

an extensive search for a suitable replacement window material was undertaken, with

the requirements that it be microwave transparent, robust under high temperatures,

electrically insulating, and preferably inexpensive. After testing a range of materials

including HDPE, PTFE (Teflon), PVC, rubber, and borosilicate glass, it was eventually

determined that silicone polymer exhibited the greatest number of desirable properties:

it is thermally stable up to 300°C, chemically resistant, almost completely microwave

transparent, an insulator, inexpensive, and does not reflect microwave energy in the

way the quartz window did. Furthermore, on a practical level, using silicone as

the window material eliminated the need to have sealing O-rings on either side of

the window: the compression provided by making the window slightly thicker than
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Figure 3.2: Final design of the microwave-transparent window, which separated the microwave
heating system from the reactor and its associated heat and harmful pyrolysis products. The
mica and silicone sandwich window (1) slotted into the milled aluminium window support (2),
with the silicone providing a good seal due to compression from the window support cover (3).
Water travelled from external inlet (4) to outlet (5), through internal passages in the window
support walls, providing cooling. Nitrogen purge gas entered through an external swagelok inlet
(6) and was distributed to outlets on each of the four internal walls (7).

the space in the window support structure allowed the window itself to maintain an

excellent seal.

3.3.3.3 Reduced Carbon Deposition from Silicone Material

An additional benefit to using silicone as the window material revealed itself after

prolonged use, when it was noticed that significantly less carbonaceous deposit was

present on the window after a number of pyrolysis tests. These deposits generally

accumulated over a number of runs, and arose from cracked hydrocarbon settling

or condensing on the window, where, directly in the path of the microwave beam, it

would be carbonised owing to the high energy flux present. This presented a problem,

as the carbonaceous material itself was highly microwave absorbent and, without

regular cleaning, the energy absorbed by the build-up would melt or crack the window

itself. The silicone window, however, if not actively repulsive to hydrocarbon, was not

conducive to hydrocarbon settling, and use of this material reduced the carbonaceous

build-up problem significantly.
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3.3.3.4 Final Window Design Refinements: Added Strength from Central

Mica Layer

A final enhancement to the silicone design was made some time later, when mica

was trialled as an alternative window material. This pseudo-hexagonal crystalline

sheet silicate mineral exhibits excellent electrical insulation properties and microwave

transparency, and remains structurally rigid and thermally stable up to 900°C. The

added strength and hardness of the mica provided an additional backup in the event

that arcing or high temperatures did occur: silicone by itself would decompose

relatively rapidly, allowing damaging pyrolysis gases into the sensitive electromagnetic

components; mica gave an additional safety factor and was much more resistant to

decomposition. However, mica did not exhibit the same resistance to carbonaceous

deposits as silicone, and required an extra sealing system as it could not make gas-

tight joins with the support structure in the way that silicone could. Combining the

best of both materials was possible by using sheets of silicone on the top and bottom

of a central mica layer. This final “mica-sandwich” design (see figure 3.2 on the

preceding page) was strong, gas-tight, microwave transparent, all-but-impenetrable

even to sustained electrical arcs, resistant to carbon deposition, economical, and easy

to maintain owing to the cheap and disposable nature of the silicone layers.

3.3.4 Maximising Power Transfer through Impedance Matching

Impedance is the property of a component to oppose to the passage of current when

an alternating voltage (such as a high frequency microwave source) is applied. In

microwave heating, the impedance of the source and the load (i.e., the carbon bed

in the reactor) are particularly important — the better the impedance of the load is

matched to that of the source, the better the power transfer from source to load. A short

illustrative background on why this is the case is given in the following section, followed

by a description of the steps taken to optimise the power transfer of the microwave

pyrolysis rig.

3.3.4.1 Background: Impedance Matching Theory

Consider a simplified circuit (figure 3.3) in which the microwave source, of voltage

VS, feeds a load of impedance ZL, and the combined impedance of the source and

transmission pathway is ZS. ZS and ZL effectively form a voltage divider circuit, which

gives the voltage across the load, VL (equation 3.1).



3.3 Maximising Transmission of Microwave Power to the Reactor 51

ZS

ZLVS

Figure 3.3: Simplified circuit used to illustrate the impedance matching principle. VS is the
source voltage, ZS is the combined impedance of the source and transmission pathway, and ZL is
the load impedance.

VL = VS .
ZL

ZL + ZS

(3.1)

Substituting into the formula for power P in terms of voltage and impedance

(equation 3.2) gives the power dissipated in the load, PL (equation 3.3).

P =
V 2

Z
(3.2)

PL =
VS

2.ZL

(ZL + ZS)2
(3.3)

Considering the power transferred to the load as a function of the load impedance

(figure 3.4 on the next page), it is clear that the maximum power transfer load occurs

when the load impedance matches the source impedance.

This can also be shown analytically — differentiating equation 3.3 and setting this

to zero gives equation 3.4:

dPL

dZL

=
VS

2.ZS

(ZL + ZS)3
−

VS
2.ZL

(ZL + ZS)3
= 0 (3.4)

i.e. ZL = ZS (3.5)

In reality a more complex wave-based analysis would be required for a fully

descriptive model of the microwave pyrolysis setup, where waves have the potential

to be reflected or transmitted at the junction of each component (or indeed at any

given material change within a component), and the standing waves that result would

produce a variable voltage along the transmission line; however, such an analysis is

beyond the scope of this document and, in any case, the principle illustrated here of

greatest power transfer occurring with matched impedances nevertheless holds true.
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Figure 3.4: Power transferred to the load as a function of the load impedance. Load impedance
is normalised to the source/transmission impedance. Load voltage and current are also shown
for illustrative purposes. Maximum power transfer occurs at ZL

ZS
= 1, i.e., ZL = ZS where the load

impedance is matched with that of the source and transmission path.

3.3.4.2 Tuning the Microwave Circuit

It is possible to alter the impedance of the load through the use of a stub tuner. This

device inserts stubs of capacitive material into the waveguide, at various positions

along a wavelength, close to the load. These stubs act as electrical shunts, and alter

the combined impedance of the tuner and load. Power not dissipated in the load is

reflected back to the source where it is diverted by the isolator. By measuring the

reflected energy and altering the impedance of the load it is possible to “tune” the

circuit so as to minimise reflected energy and maximise power transfer to the load. To

this end, a three-stub tuner (MW2009A-260ED, Muegge) was acquired and added to

the microwave transmission pathway immediately before the window. Appropriately

set through manual experimentation, the tuner was able to reduce the overall reflected

energy; however, the reflected energy was not static over time, making it difficult to

optimise.

3.3.4.3 Time-Domain Impedance Optimisation

In order to gain a greater understanding of the variation in reflected power, software

was written (see §3.6) to sample the reflected energy from the detector diode and track



3.3 Maximising Transmission of Microwave Power to the Reactor 53

Figure 3.5: Microwave energy reflected back from the reactor, exhibiting exactly twice the
frequency as that of the carbon bed stirrer.

it over time. This revealed that the variation in reflected power was periodic, and

semi-sinusoidal (see fig 3.5).

It was soon noticed that the period of the reflected power function was exactly

half that of the period of the carbon bed stirrer. The connection between the two

was determined when the reactor bed was examined with the stirrer running: the

motion of the stirrer created a crest in the carbon that rotated along with the stirrer

(see figure 3.6 on the following page). The microwaves incident to the reactor were

polarised along a directionally constant axis, but the amount of carbon present along

this axis (and thus the impedance of the load) varied as the crest of the carbon induced

by the stirrer rotated.

While it was possible to adjust the tuner to minimise reflected power for any specific

static configuration when the stirrer was stopped, this resulted in an overall much

higher reflectance when the stirrer was running. Instead, by charting the reflected

power over time it was possible to tune the rig such that the area under reflected

power curve was minimised, optimising for the average state of the load impedance.

Using this technique, and the improvements described in the previous segments of

this section, it was possible to reduce the reflected power to an average of less than

10%. Fully optimised, even the peak of the reflected power curve remained well within

acceptable and safe operating limits, ensuring that by far the majority of the microwave

power was successfully transferred to the carbon bed.
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Figure 3.6: Crests in the carbon bed were induced by the stirrer as it rotated, causing periodic
variation in load impedance and microwave power reflectance (left); in this image the volume of
carbon bed has been reduced until the top of the stirrer is just visible. For clarity, an abstract
approximation of the form of the top surface of the carbon bed induced by the stirrer is given at
right, with the average bed height denoted by the checked grey plane.

3.4 Sample Injection System

Prior to this work, the microwave pyrolysis rig had been used only for processing

liquids, which were injected directly into the carbon bed through a small side inlet.

In order for HDPE to be processed, a system had to be developed that could inject solid

pellets into the reactor under operating conditions. Requirements for the injection

system included that it be gas tight, microwave impenetrable, and temperature

resistant.

3.4.1 Plunger Injection

A simple mechanical plunger apparatus was constructed (figure 3.7), with a stainless

steel tubular barrel of the same internal diameter (40 mm) as the top inlet of the reactor

lid. The plunger fitted precisely inside the inner diameter of the barrel, and had a hand-

operated shaft that was sufficiently long to allow the plunger head to extend all the way

into the reactor itself. This ensured that all of the sample mass entered the reactor, that

no blockages occurred, and that sample pellets did not stick to the inlet tube walls. In

order to operate, the ball valve was closed, and a measured mass of HDPE pellets was

added to the barrel. The plunger was then fitted and lowered to the level of the HDPE

pellets so that minimal air was injected at the same time as the sample. A gas-tight
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Figure 3.7: Batch addition plunger injection apparatus ready for injection. The PTFE cap at the
top end is screwed down creating a gas-tight seal once the sample has been added; an O-ring
and ball valve seal the bottom of the system until the sample is injected into the reactor.

seal was ensured with a silicone O-ring at the ball valve end of the plunger casing, and

a PTFE cap that screwed on at the open end of the barrel after the sample and plunger

were added. When the reactor reached the desired temperature the ball valve was

opened, the plunger was quickly extended into the reactor and withdrawn, and the ball

valve closed behind it.

3.4.1.1 Problems with Plunger System

The plunger injection system proved invaluable in providing initial exploratory results

for the microwave-assisted pyrolysis of HDPE using coke and activated carbon reactor

beds (see chapter 4). However, a number of problems soon became apparent. The

plunger system was only able to add a maximum of around 100 g of HDPE to the reactor

for any given experiment. This mass was limited by the length of the plunger barrel

— given the small diameter of the injection port, the length of the barrel and plunger

handle would quickly become unwieldy were the mass of the injected sample increased.

The plunger system was only able to inject sample instantaneously, en masse. Not only



56 Development of Microwave-Assisted Pyrolysis Equipment

580

585

590

595

600

605

00:00 05:00 10:00 15:00 20:00

T
e
m

p
e
ra

tu
re

 (
°C

) 

Time from Sample Injection (mins) 

Figure 3.8: With a target reactor temperature of 600°C, the microwave heating system was
unable to maintain operating temperature when 100 g of HDPE pellets were injected, leading to
an 18°C drop in temperature lasting for several minutes.

was this batch addition not a good approximation to any inevitably continuous process

that might be developed were the system to be scaled up, but the quantity of mass

entering the reactor over such a short period of time could overwhelm the ability of the

microwave heating system to maintain the reactor bed at the desired temperature (see

figure 3.8), making the characterisation of the products at a given process temperature

less reliable than desired.

3.4.2 Continuous Rotary Feeder

A continuous feeder was designed, based around a rotary airlock; HDPE pellets would

gravity feed from a 12 L inverted pyramidal hopper into a constantly rotating eight-

spoke feed wheel. The rotational speed of the feed wheel determined how quickly

pellets were transferred from the hopper into the reactor’s top inlet, where they would

fall under gravity into the reactor itself. A Parvalux SD1BSS DC shunt-wound motor

was combined with a worm gearbox in order to provide a sufficiently low revolutionary

speed for the feed wheel. This reduction also provided sufficient torque to shear HDPE

pellets in the event that they became stuck between the feeder spokes and the casing,

ensuring the feeder did not become immobilised during operation. The quantity of

pellets remaining in the hopper could be monitored through an air-tight polycarbonate
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Figure 3.9: Calibration of the continuous HDPE pellet rotary feeder. Feeder throughput was
constant and accurate over time (top); furthermore, feeder throughput scaled linearly and
accurately with the feeder motor controller settings (bottom). Coefficient of determination, R2,
was greater than 0.999 in all cases.

view port on the top face of the hopper. The diameter of the feed tube was much less

than the wavelength of the microwaves, effectively isolating the feeder mechanism and

preventing any microwave radiation from leaving the reactor.

3.4.2.1 Calibration of Rotary Feeder

The feeder motor controller operated only in discrete states, with speeds 0–10

available. With no existing information on the output rotational speed at the various

motor settings, a comprehensive calibration of the feeder was required over the full

range of feeder speeds (see figure 3.9). With this calibration it was possible to calculate

an appropriate running time for any desired mass of sample to be introduced to the

reactor, at any feeder speed.
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3.4.2.2 Co-addition of Air with HDPE Pellets

With the necessity to maintain an oxygen-free atmosphere within the reactor for

pyrolysis to occur, there was some concern that air from the hopper would travel

into the reactor along with HDPE. As such, the hopper was designed and fitted with

vacuum and purge gas feeds, so that it could be purged with a vacuum pump and back-

filled with nitrogen gas before the feeding process began. In practice, experimentation

showed that these steps were unnecessary, and no significant quantity of air entered the

reactor with the HDPE pellets — no oxygenated species were observed in subsequent

GC/MS analysis of products created under these conditions. It is thought that the

volume between HDPE pellets was so minimal as to be insignificant, and what little air

was present may have been prevented from entering the reactor owing to the positive

pressure from the nitrogen purge gas feed, and gas production reactions, within the

reactor itself. Correspondingly, the air-lock nature of the feeder minimsed the return of

pyrolysis gases to the hopper, which was in any case gas tight itself, and thus prevented

any pyrolysis gas escaping to the external environment.

3.4.2.3 Pellet Adherence to Reactor Inlet

One problem occasionally encountered when using the continuous feeder was the

adhering of pellets to the inlet tube downstream of the feeder, where sticky pyrolysis

products would sometimes condense. In the event that this did occur, it usually involved

a minimal amount of mass relative to the total added. Pellets that did not enter the

reactor were recovered at the end of a run and subtracted from those calculated to

have been added. Regular cleaning of the inlet minimised this occurrence.

3.5 Pyrolysis Product Condensing Apparatus

The performance of the condensing apparatus acted as the primary limiting factor

in collecting non-gaseous pyrolysis products, and a number of design iterations were

undertaken in an attempt to maximise the condensed pyrolysis yield.

3.5.1 Liebig Condensers

Initial testing was carried out with a single Liebig condenser, which was present in the

rig configuration as received (figure 3.10a). It quickly became clear that the rapid

production of pyrolysis products when HDPE was added to the reactor completely
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a) b) c) d)

Figure 3.10: Configurations of several tested designs used to condense pyrolysis products as
they exited the reactor. a) Single Liebig condenser. b) Four Liebig condensers in series. c) Three
Liebig condensers with a mesh particle trap. d) Three Liebig condensers with a dry ice / acetone
cold trap. Arrows mark the entry of pyrolysis gases, and the exit of non-condensable gases to the
extraction system.

overwhelmed this single condenser, resulting in a low yield of condensed products,

and necessitated finding a more effective condensing solution.

3.5.1.1 Multiple Condensers

Additional Liebig condensers were added in series, up to a maximum of four (figure

3.10b), with the condensing system tested after each addition. No extra condensed

pyrolysis product was collected when a fourth Liebig condenser was added, so it was

removed in subsequent design iterations. With three condensers in place the system

showed a substantial improvement in performance; however, a significant portion of the

pyrolysis products that could be condensed were still passing through the system. This

was clear both from the yields, which at 35% were still significantly below that observed

in literature [29], and from the presence of a visible white aerosol mist, comprising fine

particles of uncollected pyrolysis product, that exited the condensing system.

3.5.1.2 Temperature Variation

Using recirculating water heater/chiller units, a number of different operating tem-

peratures for the condensers were investigated to increase the yield of condensed

product. In accordance with the findings of Ludlow-Palafox [46], the temperature of

the condensers was raised to 60°C to aid collection. With further experimentation

additional improvements were made; the optimal configuration was found to be 60°C
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for the first condenser, 25°C for the second, and 0°C for the third. Overall, however,

the condenser temperature had a relatively small effect on yield, making a difference

of only a few percent at most.

3.5.1.3 Attempts to Collect Aerosol Mist Using a Particle Trap

A significant portion of the pyrolysis products exiting the reactor condensed into fine

aerosol droplets, which were light enough that they were swept along by the continuous

flow of gas exiting the reactor. This meant that they travelled down the centre of the

condenser tube and did not make contact with the cold condensing walls. In order

to capture these particles and prevent them from leaving the condensing system, a

mesh of steel wool was introduced at the exit of the Liebig condensers (figure 3.10c),

the idea being to disrupt the laminar flow of the pyrolysis gas and present a greater

cooling surface area onto which any particles could settle. Unfortunately, despite

experimenting with several different materials of varying density (non-absorbent fibre

wool, tissue, wire mesh, etc.), the filter material soon became overwhelmed and

clogged with the throughput of the pyrolysis gas; the pressure build-up would then push

the filter out of its holder and the system would become ineffective. While unsuccessful

as an attempt to collect the mist, this apparatus did at least validate the idea that there

was still a significant quantity of product leaving the system in aerosol form.

3.5.1.4 Difficulties with Sample Extraction

When heavier pyrolysis products were produced they would accumulate on the inner

surfaces of the condenser system. Extracting them required gently warming them

with a heat gun until they reached their melting point and ran into the collecting

measuring cylinders below. Using a complex condensing system comprising many

different individual components required joining each of these components together.

The off-the-shelf Liebig condensers and U-bends used in this work employed standard

QVF flange seals between each component. Unfortunately, the QVF supports around

each join could be damaged by the heat from the heat gun required to melt and collect

the pyrolysis waxes; the use of these types of joints prevented access to a portion of

the condensing system until the extremely time-consuming process of disassembly and

reassembly could be undertaken.
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3.5.2 Alternative Condenser Designs

A number of alternative condenser designs were considered in order to increase surface

contact area between the pyrolysis gas and the condenser system; unfortunately, most

of these were deemed impractical for one reason or another. Condensers such as coiled

condensers, which packed a greater contact surface area of condenser into a smaller

volume, presented difficulties with internal access for cleaning and sample extraction.

A cyclone vortex was considered as a possibility to settle hydrocarbon particles caught

up in the gas stream; however, the gas velocity was insufficient to exert adequate

centripetal force to be effective. Introducing a forcing system to increase the velocity

posed issues of altering reaction pressure, to say nothing of procuring a pump with the

ability to process, and not be clogged by, gas containing hydrocarbons.

3.5.3 Dry Ice Cold Trap

A cold trap chilled by a dry ice and acetone bath to -78°C was introduced in an attempt

to enhance the effectiveness of the condensing system (figure 3.10d); the cold trap

incorporated a small spherical vessel that condensed product could collect in, so as

not to block transmission of gases through the wider system. While the cold trap did

effectively increase the condensed yield by several percent, it still provided a smooth

bore through which the pyrolysis gases could travel, and thus did not address the issue

of hydrocarbon particles travelling in the gas stream, preventing them from settling.

3.5.4 Dry Ice Percolating Condenser

A final, successful, design that incorporated low temperatures, high surface area, and

non-laminar pyrolysis gas flow, was created with a condenser that employed dry ice

as a cooling agent, but on the inside surface of the condenser. In this way, pyrolysis

gas entering the reactor would have to pass through the spaces between the dry ice

pellets — an innately tortuous path that disrupted the laminar flow of the pyrolysis gas.

The pellets themselves, approximately cylindrical in shape, with a diameter of 8–9 mm

and a length of 5–20 mm, also provided a very large surface area, maximising heat

transfer from the gas to the condensing system. The condenser itself (figure 3.11 on the

following page) was fabricated out of thermal-shock-resistant borosilicate glass, and

was funnel-like in shape — the initial wide 150 mm diameter entrance provided a large

area for the incident pyrolysis gas to settle over, preventing blockages from occurring

as the condensed hydrocarbon accumulated on the surface of the dry ice pellets (though
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Figure 3.11: Final design of dry ice percolating condenser. Pyrolysis gases entered from the
reactor through a port on the lid (1), and passed through the dry ice (2), where they condensed,
and were collected in a measuring cylinder below (3). Gas exited through a vertical tail (4), which
ensured maximum heat transfer and condensed yield. The remaining non-condensable gases
were sampled at a monitoring port (5) just prior to entering the extraction system. A pressure
release valve on the lid (6) prevented excess pressure building up in the event of blockages.
Arrows mark pyrolysis gas entry point and exit to extraction system.

it was found that this was somewhat self-regulating as the dry ice sublimated as

the warmer condensate deposited). The condenser then progressively narrowed in

diameter down to 35 mm, at which point a 1 L collecting vessel was attached below

in which liquid pyrolysis product accumulated. From here the condenser extended

upwards with a 500 mm long tail which was also filled with dry ice, and which ensured

maximum contact between the ice and the traversing pyrolysis gas. The lid of the

condenser was sealed by an O-ring and compression seal, and incorporated both the

inlet through which the pyrolysis gas entered, and a pressure release valve, which

would allow any excess gas to vent into the extraction system if the pressure inside the

condenser exceeded one bar.

Having one, large, condenser rather than a system comprised of several separate

units provided several advantages. The size of the condenser, with its entire top

a removable lid, afforded easy access for cleaning, while the single unit provided a

simplified system, with fewer potential points of failure from seals and joins, and made

it ideal for the recovery of longer chain waxes using a heat gun.
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3.5.4.1 Operation

The condenser was filled with dry ice and connected to the outlet of the reactor

immediately prior to HDPE sample being added to the reactor to avoid the dry ice

sublimating while the condenser was not in use. When pyrolysis was under way, gas

passed through and condensed on the surface of the dry ice pellets. Depending on the

melting point of the condensate, small molecule liquids would drip down into a 1 L

measuring cylinder collection vessel, and larger molecules would freeze to the pellets

and gradually make their way down as the dry ice beneath sublimated. No aerosol

particles were observed leaving the condenser (though sublimated CO2 gas was visible)

— the tortuous convection path and high surface area ensured all particles settled in

the condenser. At the completion of the experiment, the dry ice in the condenser was

allowed to sublimate away, leaving any previously frozen pyrolysis products to melt

into the collecting vessel (with the assistance of a heat gun in the case of sufficiently

long-chain waxes).

It is recognised that a dry ice condenser as described would not be appropriate for

use were the process to be scaled up significantly in size and operational throughput.

It does, however, maximise collection in the laboratory context, and provide useful

information on maximum yield expectations for the process applicable on any scale. An

alternative condensing system design that might be more suitable on a larger scale is

outlined in §7.2.6.

3.5.4.2 CO2 Interaction with Condensate

Concerns that the hot pyrolysis products might react with the CO2 in the condenser

to form new species were allayed through a comparison of the products collected

with this condenser and previous condensing systems. While some differences in the

relative proportions of species in the products were noted (e.g., a better retention of

smaller molecules), this was to be expected with the more efficient condensing system.

Significantly, no oxygenated species were present when using the dry ice condenser

other than CO2 in the non-condensable gases, implying that no chemical interaction

occurred. The rapid cooling of the pyrolysis products upon leaving the hot zone of

the carbon bed in the reactor, and the very low temperature of the dry ice, no doubt

ensured this.
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3.5.4.3 CO2 Contamination in Collected Gas

While the evaporation of the dry ice from the condenser did add a significant quantity

of CO2 to the gas samples collected for later analysis, testing with previous condensers

had convincingly demonstrated that no CO2 was actually generated from the pyrolysis

of HDPE under normal operation. As such, the CO2 peak in GC/MS analysis of samples

collected using the internal dry ice condenser was discarded (with no loss in resolution

for the analysis of the remaining gases), and no CO2 component was included in the

gaseous product composition analyses.

3.6 Control Software Development

As received, control of the magnetron power supply was effected via a rotary poten-

tiometer, which was set by hand and allowed the variation of power from 0–100%.

3.6.1 Problems with Existing Control Setup

The existing manual setup suffered from a number of limitations, including:

• requiring significant time and attention, forcing the operator to constantly adjust

the power at the expense of other important tasks

• performing inconsistently between runs

• unpredictability — if the operator was not paying close attention to the power

output a wide variety of temperatures could result

• no mechanism for recording the power output, or the reflected power

• limited diagnostic output and feedback when errors occurred

• slow human response in the event of a problem

Given the large number of experimental runs required for the work in this project,

a more robust system remedying these flaws was required; as such, a computerised

automatic controller was developed as described in the following section.

3.6.2 Hardware Interface

The magnetron power supply included the facility for control by an external pro-

grammable logic controller. An in-depth analysis of the control mechanism and

thermocouples resulted in the requirements for a computer-based control system, set

forth in table 3.1. Digital input and output was provided by an Audon PCX-4264

PCI card with 32 channels; analog input and output was provided by a Measurement
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Table 3.1: Input and output requirements for computer control of the microwave power supply.
Input and output is defined relative to the computer controller, i.e., input signals are readings
from the power supply or thermocouples to the computer, and output signals are controls sent
from the computer to the power supply.

Analog Digital (24 V)

Input Output Input Output
Power supply monitor (0–10 V) Magnetron power (0–10 V) Ready Remote control on

Reflected power (0–10 V) Magnetron status Filament heating on

Thermocouple 1 (0–50 mV) High voltage supply Magnetron on

Thermocouple 2 (0–50 mV) Safety interlock Reset

Thermocouple 3 (0–50 mV) Failure

Thermocouple 4 (0–50 mV) Magnetron cooling failure

Thermocouple 5 (0–50 mV) Power supply cooling failure

Input failure

Overload

Computing PCI-DAS6014 16-bit PCI card with eight input channels and two output

channels. The 16-bit resolution provided by the analog input board was judged to be of

sufficient depth, when operating in the 50 mV range mode (providing a theoretical

0.76 µV resolution), to read the thermocouples directly without amplification. A

custom-built daughter board was also constructed to handle switching from the low

voltage digital I/O to the 24 V system used by the power supply.

3.6.3 Software Controller

National Instruments’ Labview 8.6 was selected as a programming environment in

which to develop control software for the microwave system owing to its strengths

in rapid development, real-time capabilities, and data input/output interfacing. Fig-

ure 3.12 on the next page shows a simplified schematic of the main control program,

the components of which are described below. A screenshot of the final configuration

of the software interface is given in figure 3.13 on page 67.

3.6.3.1 Analog Input

The analog signals (thermocouple voltages, magnetron power, reflected power) were

read in at a sampling rate of 40 kHz. Digital signal processing was applied to the

signals to reduce background noise (e.g., a notch filter was applied to remove 50 Hz

mains interference). The thermocouple voltages were converted into temperatures

using the NIST PB93-190338 standard [198] (a ninth-order polynomial approximation

with ≤0.05°C error over the measuring range).
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Figure 3.13: Screenshot of the final configuration of the PID controller software interface.

3.6.3.2 PID Controller

A software proportional-integral-derivative (PID) feedback controller [199] was con-

structed according to equation 3.6.

P (t) = KE .E(t) +KI .

ˆ t

0

E(τ).dτ +KD.
d

dt
E(t) (3.6)

In this system, the power output to the magnetron (P (t)) at any time (t) is calculated

as a weighted sum of the current error (E(t)) — the difference between the current

operating temperature and the reactor target temperature; a “backward looking”

integral term (
´ t

0
E(τ).dτ) which corresponds to the accumulation of previous errors;

and a “predictive” derivative term ( d

dt
E(t)) — the current rate of change of the error.

The respective contribution of the proportional, integral, and derivative terms to the

final power output is controlled using user-tunable constants (KE, KI , KD respectively).

Applying equation 3.6 to a computer system requires converting the continuous

equation into a discrete form in the time domain, applicable to individual data points.

This was done for the integral term as follows:
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ˆ t

0

E(τ).dτ = It = It−1 + Et.Δt (3.7)

where It is the current accumulated integral error, which comprises the previous

integral error (It−1), and the error (Et) accumulated over the previous time step (Δt).

The term is initialised to 0 at the commencement of operation (It=0 = 0).

The derivative term was approximated using backward finite differences, as the

change from the error at the previous sampling time (Et−1) to the current error (Et)

over the sampling time (Δt).

d

dt
E(t)≈

Et − Et−1

Δt
(3.8)

Combining these gives the overall discretised PID equation for microwave output

power (Pt):

Pt = KE .Et +KI .(It−1 + Et.Δt) +KD.(
Et − Et−1

Δt
) (3.9)

3.6.3.3 Practical Implementation Issues

Integral windup occurs when the integral term accumulates to a very large value as the

reactor temperature differs from the set point for a prolonged period of time (e.g., when

the reactor is heating up at the beginning of an experiment). In order to prevent this

occurring, a hard limit was imposed on the maximum value the accumulated integral

error could take. An absolute value of 20 for this limit was found to provide plenty

of head-room for the integral parameter during normal operation (around the target

temperature), while preventing integral windup from deleteriously affecting operation.

The selection of a suitable time period, Δt, over which to sample the temperature

inputs (and thus error), and between which to update the magnetron power, involved a

trade-off between providing a sufficiently rapid response to changing conditions (e.g.,

the addition of HDPE sample requiring greater power input to maintain the bed at

the target temperature), and introducing instability owing to the inherent time delay

between changing the power input and the resultant change in measured reactor bed

temperature. Manual experimentation with this parameter resulted in the selection of

a five-second update period that proved both responsive and stable.

Translating the boundless PID function into a practical power output required

limiting the absolute value of the output 0≤Pt≤10 so that it fell between the 0–10 V

of the power supply input. It was also considered prudent to avoid large increases in
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power output at each update interval to prolong the life of the magnetron filament.

Without limitation, when the PID was first turned on the power would jump from 0% to

100% instantaneously, potentially damaging the magnetron with the sudden increase

in power. As such, an upper limit was imposed in software with the maximum power

increase confined to 3% per second.

Tuning of the PID constants (KE, KI , KD) was achieved using the Ziegler-Nichols

method [200] initially, then manually optimised for stability and sensitivity of the

system. The fully tuned system exhibited excellent performance, and was able to

maintain the average reactor temperature within ±1ºC of the target.

3.6.3.4 Arc Prevention and Safety Systems

As described in §3.3.1, arcing is a destructive threat present when operating high

power electromagnetic sources such as the microwave reactor used in this work. When

arcing does occur, the key to preventing damage is to recognise that it is occurring,

and to cut power to the power source as quickly as possible. It was found that a

reliable indicator that an arc was occurring was a sudden spike in reflected power,

far beyond the normal levels usually observed. Accordingly, a detection subroutine that

monitored the magnitude of the reflected power was incorporated into the programme;

the routine triggered when it breached a safety threshold, and instantly powered down

the magnetron. Under computer automation, with a 40 kHz sampling rate (i.e., a

0.025 ms response time), monitoring was far more effective, and action taken far more

rapidly, than when it was left to a human operator.

In addition to monitoring high transient reflectance, the software also monitored

for a sustained higher-than-normal average reflected power, which could indicate an

arc occurring deeper in the reactor (as opposed to in the waveguide) or some other

malfunction, and would also trigger a rapid safety shutdown so the cause could be

investigated.

The software also had a number of digital inputs from sensors distributed around

the power supply and magnetron head that would indicate if a fault had occurred (e.g.,

overload, low water cooling rate, power failure, etc.) and would shut down the system

to prevent damage in the event that any of these were triggered.

3.6.3.5 Data Logging

Throughout execution, the software continuously logged operating parameters (current

time, thermocouple temperatures, microwave power output, reflected power). The
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software interface also contained the facility to record comments from the operator,

which were time-stamped, and recorded in the log file along with the other parameters.

In the event of catastrophic failure the software was designed to prevent information

loss as much as possible by writing data to disk as soon as possible. In the event that

such failure did occur, the software was designed for rapid resumption of controller

duties so as to minimise disruption to the experiment, and was able to append to the

log file starting from the last data point written.

3.7 Safety Systems

The combination of microwave radiation, high temperatures, and flammable gases

presented a unique series of safety challenges, as our beleaguered department health

and safety officer would no doubt attest.

3.7.1 Microwave Safety

British Standard 5175 states that the maximum safe level of power density permissible

outside the shielding of a microwave device is 50 W m-2 at a distance of 5 cm.

Conformance with this specification was tested every time after the pyrolysis rig was

assembled, by gradually increasing the power output of the magnetron and sweeping

the entire rig with a Robin TX90 hand-held microwave leakage detector. Use of industry

standard IEC R26 / EIA WR340 waveguides and flanges for all components in the

microwave transmission path meant that leakage was rarely above background and

the safety standard was never breached.

3.7.2 Preventing Equipment Leaks

Given the potential toxicity of the gases produced during pyrolysis it was important

to have completely gas-tight equipment. A common design approach employed

throughout improvement of the pyrolysis rig was to simplify components, and combine

them where possible, to reduce the number of failure points due to joins and seals.

In spite of this effort, the rig was still tested after each modification and assembly by

perfusing with nitrogen gas, and testing at each seal with a hand-held Restek thermal-

conductivity leak detector for the presence of nitrogen gas in concentrations above

background.
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3.7.3 Extraction System

Any pyrolysis gases that were not able to be condensed were sampled and then

entered the extraction system. The extraction system totally surrounded the exit

of the condenser, but was not directly coupled to it, in order to avoid applying

negative pressure to the reactor and condensation equipment. This also allowed the

exiting gases to be substantially diluted by the concurrently admitted air, reducing

the concentration of any toxic components, and diluting the hydrocarbons below the

minimum concentration required for combustion.

3.7.4 Additional Safety Systems

Additional safety systems installed throughout the course of this work include:

• An emergency stop button installed within arm’s reach of the operator that would

immediately cut power to the magnetron.

• An audible and visual alarm which would alert the operator in the event of

extraction failure.

• Additional CO2 fire extinguishers — given the criticality of timeliness when it

comes to fire control it was decided to install several supplementary extinguishers,

such that at least one would be within arm’s reach of the operator at all times.

3.8 Final Configuration of Microwave-Assisted

Pyrolysis Apparatus

The final configuration of the microwave pyrolysis apparatus, incorporating all of

the improvements described thus far, is detailed overleaf in figures 3.14 and 3.15 in

schematic and photographic form respectively.

3.9 Summary

A number of problems presented in the microwave-assisted pyrolysis equipment

as received, including high levels of reflected power, transmission losses, and the

formation of damaging arcs. These problems were tackled with an overall design

approach involving simplifying and combining components where possible, to reduce

the number of potential failure points. This resulted in a rethink of the transmission

pathway — linearising it and eliminating a substantial number of components, and a
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Figure 3.14: Schematic of the final configuration of the microwave-assisted pyrolysis apparatus.
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1 Computer control system 13 Bed collection container
2 Feeder motor controller 14 Pressure release valve extraction
3 Magnetron power supply 15 Condenser extraction
4 Emergency stop button 16 Condenser
5 Stirrer motor controller 17 Collecting measuring cylinder
6 Fire extinguisher 18 Peristaltic sampling pump
7 Control system daughter board 19 Gas bag
8 Feeder hopper 20 Magnetron
9 Rotary feeder mechanism 21 Isolator
10 Inlet isolator ball valve 22 Three-stub tuner
11 Reactor 23 Reactor gas outlet pipe
12 Reactor emptying ball valve 24 Window

Figure 3.15: Final configuration of the microwave pyrolysis apparatus in overview (left), and
close-up on the transmission path (right). Numbered components are consistent between both
images, though may not be present in both cases.



74 Development of Microwave-Assisted Pyrolysis Equipment

redesign of the window — integrating it with the nitrogen gas inlet and incorporating

more effective internal cooling. A re-examination of the window material itself

resulted in changing it from expensive, fragile, and microwave-reflecting quartz, to

a mica and silicone composite, which had the advantages of strength, self sealing,

the elimination of microwave reflection, and a reduction in damaging carbonaceous

deposits. These improvements, combined with tuning the microwave system through

impedance matching, reduced reflected power from greater than 50% to below 10%,

and greatly improved system reliability.

An initial plunger-type feeder allowed HDPE pellets to be added to the reactor at

pyrolytic temperatures; however, the discrete addition of sample limited the quantity

of material that could be pyrolysed at once and overwhelmed the microwave heating

system’s ability to maintain a constant reactor temperature. Correspondently a

continuous rotary feeder was designed and built, which solved these issues, and

allowed the pyrolysis rig to operate effectively indefinitely, and process arbitrary

quantities of input material.

Manual control of the magnetron power output required significant operator time

and attention, and proved inconsistent and slow to respond to damaging arcs occurring

in the system. A computer-based PID controller was developed that automated control

of the magnetron, improved reliability, and was able to detect and respond to arcs and

other faults safely and far more rapidly than a human operator.

The condensing apparatus proved a significant limitation on extracting condensible

pyrolysis products from the gaseous stream exiting the reactor. A number of design

iterations based around Liebig condensers failed to prevent a hydrocarbon-containing

aerosol mist from being carried along by the continuous flow of gases through the

system. A final, effective design passed the pyrolysis gas through a condenser

containing dry ice pellets, which disrupted the laminar flow of the gas and provided

a very high surface area to maximise heat transfer.

While presented as a single block of work, the improvements outlined in this chapter

represent the continuous evolution and refinement of the microwave-assisted pyrolysis

rig over a prolonged period of time. Nevertheless, unless the equipment changes had

no impact on results, or it has been otherwise noted, it is the final form of the microwave

pyrolysis equipment that, along with the protocol developed alongside, was used to

generate the results that comprise the remainder of this dissertation.



4
Batch Pyrolysis of HDPE using an

Activated Carbon Reactor Bed

4.1 Introduction

Activated carbon is a relatively unstudied catalyst, completely so in the context of the

microwave-assisted pyrolysis of HDPE. Having developed a reliable set of equipment

and operating procedures to pyrolyse HDPE using microwave heating and a carbon

bed, it was next important to evaluate the utility of activated carbon as a catalyst in this

context, i.e., to establish the feasibility of using activated carbon as a catalyst in this

process, and to determine the characteristics, chemical make-up, and economic value

of the products resulting from its use, so that the overall process could be assessed as

worthwhile or not.

In order to evaluate the performance of activated carbon as a catalytic bed, a

series of exploratory experiments were undertaken using the reactor and equipment

described in the previous chapter, in semi-batch mode (i.e., with the batch input of

75
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HDPE and continuous removal of pyrolysis gases as they were produced), using the

plunger injector (see §3.4.1), hereafter referred to as “batch” mode. The thermal

sensitivity of the process was characterised with a series of experiments conducted

over the widest possible range of operating temperatures: from the lower threshold

of pyrolysis occurring at 400°C, to the maximum temperature sustainable by the

magnetron with the addition of the HDPE at 600°C, with the resulting yields, mass

distribution, and chemical composition of the products examined. Control experiments

were conducted with the same parameters but using a coke bed to provide a baseline

from which to compare the effects of the activated carbon. While the microwave-

assisted pyrolysis of HDPE using a coke bed has been studied previously [29, 46],

specific outcomes are often sensitive to the exact reactor type and configuration.

Accordingly, it was considered prudent to generate control results with the coke bed

for direct comparison, in order to eliminate as many variables as possible.

This chapter describes the methodology, results, and analysis undertaken in order

to establish the utility of activated carbon for microwave-assisted pyrolysis, and places

this in context with the wider body of pyrolysis literature.

4.2 Materials

4.2.1 HDPE

HDPE was chosen as a model material for pyrolysis over the course of this research,

owing to its simple, pure hydrocarbon molecular structure, which avoided adding any

further complication to the already complex pyrolytic breakdown reaction pathway.

HDPE is also one of the relatively few materials on which microwave pyrolysis research

has already been conducted [29, 46], and thus offered an external point of comparison

to this research. Liten ML 71 HDPE was acquired from Unipetrol RPA; this particular

form of HDPE has a wide variety of applications derived from its intended use in

injection moulding manufacturing. It was chosen for use in this research because of

its lack of additives, wide availability, and ease of handling owing to its pelleted form

(cylinders approximately 2 mm in diameter and 3–4 mm long). The material properties

of Liten ML 71 are given in table 4.1.



4.2 Materials 77

Table 4.1: Typical material properties of Liten ML 71 HDPE. Provided by Unipetrol RPA.

Property Value Test Method

Density 963 kg/m3 ISO 1183
Yield Stress 26 MPa ISO 527
Tensile Strain at Yield 8.50% ISO 527
Flexural Modulus 1100 MPa ISO 178
Charpy Notched Impact Strength, 23°C 6.5 kJ/m2 ISO 179
Charpy Notched Impact Strength, -30°C 5.5 kJ/m2 ISO 179
Shore Hardness 58 ISO 868
Vicat Softening Temperature 126 C ISO 306
Melt Flow Rate (190°C / 2.16 kg) 8.5 g / 10 mins ISO 1133
Melt Flow Rate (190°C / 5 kg) 23.0 g / 10 mins ISO 1133

4.2.2 Coke

High purity FC-250 petroleum coke (Timcal Ltd) was obtained for use as the reactor

bed. The high calcination temperature used in production ensured that it contained

no volatile hydrocarbons, and minimal other impurities, which might contaminate the

pyrolysis products. Typical material properties are given in table 4.2. Approximately

2.0–2.5 kg of coke was used for the reactor bed — sufficient to completely cover the

stirrer while in operation. Before the coke was first used for pyrolysis it was heated in

the reactor to 700°C for 30 minutes to ensure any trace compounds were burnt off, and

to remove any moisture from the material before it was first weighed. Heating the coke

to 100°C higher than it would be used at during pyrolysis provided a safety margin that

ensured no contaminants would evolve during the actual pyrolysis experiments.

Table 4.2: Typical material properties of Timrex FC-250 coke (Timcal Ltd), and Aquacarb 207EA
(Chemviron Carbon); data provided by the manufacturers.

Property Coke Activated Carbon

Ash 0.07 wt% <1 wt%
Moisture 0.02 wt% <5 wt%
Sulfur 1.3 wt% -
Bulk density 0.80 g/cm3 0.48-0.52 g/cm3

Bulk volume 125 mL / 100g -
Tapped density 0.91 g/cm3 -
Plastic deformation 0.21% -
Elastic deformation 0.10% -
Surface area - 950–1100 m2/g
Particle Size Distribution 2% >250 µm 0.42–1.68 mm

75% >125 µm
85% >90 µm
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4.2.3 Activated Carbon

Aquacarb 207EA was acquired from Chemviron Ltd. This high-activity carbon originally

derives from bituminous coal, and is steam activated. Typical material properties are

given in table 4.2. Similar to the coke bed, sufficient activated carbon was used as the

reactor bed to cover the stirrer while in operation (2.0–2.5 kg), and an identical initial

heat treatment process was applied to ensure moisture and impurities were removed.

4.3 Microwave Pyrolysis Method

The microwave-assisted pyrolysis apparatus used in this chapter is the final configura-

tion described in §3.8, with the exception that the continuous feeder had not yet been

developed during these experiments. As such, the reactor operated in batch mode, with

the plunger injection system adding HDPE sample in one quantity, and the pyrolysis

products exiting the reactor to the condensing system as they were produced. All

experiments were conducted at atmospheric pressure.

At the commencement of an experimental run, the nitrogen supply was turned on

and allowed to vent through the apparatus at a rate of 0.7 L/min. The stirrer was set

to a speed of 8 revs/min — a speed sufficiently rapid to maintain an even temperature

distribution throughout the carbon bed. The water cooling system was started, and

the computer was set to the target temperature. The magnetron was switched on, and

the reactor bed was heated to the target temperature, a process that took 1–2 hours.

Once the bed had reached the desired temperature it was allowed to equilibrate for

a minimum of 15 minutes to ensure a homogeneous heat distribution. At this point,

the percolating condenser was filled with dry ice and it was connected to the outlet

of the reactor. HDPE pellets were added to the reactor using the plunger injector

system (described in §3.4.1), and the peristaltic pump which sampled the gas exiting

the condenser was switched on.

The pyrolysis of HDPE produced a mixture of gaseous hydrocarbons, some of

which, once they left the hot zone of the reactor, condensed into a suspension of

liquid droplets. This aerosol was visible entering the condenser, and provided a

visual cue as to the progress of the pyrolysis reaction: the reactor was maintained

at the target temperature until more of the pyrolysis aerosol was generated. At this

point the microwave heating was switched off, and the reactor was allowed to cool.

During this time the dry ice in the condenser sublimed, and any frozen condensed
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sample melted into the collecting cylinder. Non-condensable gases continued to be

collected throughout this time (with the CO2 peak arising from the dry ice condenser

subsequently discarded in later analysis). In the event that any solid pyrolysis products

remained in the condenser after all the dry ice had sublimed it was gently warmed with

a heat gun until it melted into the collecting vessel.

Once the reactor bed reached approximately 150°C (a process usually taking 2–3

hours) the carbon was removed from the reactor and weighed; the reactor bed was

always weighed at >100°C so that moisture absorbed from the air was not included in

the mass.

4.3.1 Experimental Conditions

Pyrolysis experiments were conducted with the activated carbon bed, and a control bed

of coke, at 400°C, 450°C, 500°C, 550°C, and 600°C. These temperatures represented

the effective limits of the pyrolysis equipment used: below 400°C pyrolysis either did

not occur or occurred so slowly as to make experiments impractically long; 600°C

was the maximum reactor temperature that the 3kW microwave heating system could

sustain without an unacceptable drop of temperature occurring when the HDPE was

injected. In all experiments 100 g of HDPE pellets was added to the reactor in each

sample injection.

4.3.2 Pyrolysis Product Mass Measurement

The mass of the condensed pyrolysis products was assessed by weighing the full

collecting cylinder at the conclusion of an experiment, then subtracting the mass of the

empty, clean, and dry cylinder. The mass of the input sample retained in the reactor

was measured by the increase in mass of the reactor bed between runs. The amount of

non-condensable gas generated in the pyrolysis was determined through the principle

of conservation of mass, and was calculated by the mass of sample added, less the mass

of the condensed products, less the increase in mass in the carbon bed.

4.4 GC/MS Analysis

Samples were analysed by gas chromatography coupled with mass spectrometry

(GC/MS) using an HP 6890 gas chromatograph and an HP 5973 mass selective system
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(Agilent Technologies). Compounds were identified using Agilent Chemstation version

G1701DA and the NIST 2005 mass spectral library.

4.4.1 Condensed Product Analysis

Condensed pyrolysis products were analysed with an SGE HT5 30 m x 0.25 mm x 0.1 μm

capillary column (5% Phenyl equiv. polycarborane-siloxane). Any samples containing

solid waxes were heated before being injected to ensure they were entirely liquid and

homogeneous. 1 µL of sample was injected into a split inlet operating at 250°C at a

ratio of 100:1, a pressure of 5 psi, and a gas flow of 1.2 mL/min. The oven was initially

set at 30°C, at which temperature it was held for 3 minutes after injection, and it was

then ramped at 8°C/min to 350°C, where it was held for 30 minutes. 6.0-grade helium

(99.9999% pure) was used as the carrier gas.

4.4.2 Gas Analysis

Gas samples were analysed with an Agilent GS-Gaspro 60 m x 0.32 mm porous layer

open tubular capillary column. 100 µL of gas was injected into a split inlet operating at

250°C at a ratio of 20:1, a pressure of 5 psi, and a gas flow of 1.1 mL/min. The oven was

initially set at 30°C, a temperature at which it was held for 10 minutes after injection,

and it was then ramped at 5°C/min to 150°C. 6.0-grade helium (99.9999% pure) was

used as the carrier gas.

4.4.3 Quantification of Compounds by Peak Area

The large number of individual compounds present in the pyrolysis products (up to

several hundred) meant that quantitative calibration of each of these in the GC/MS

analysis was impractical; instead, a measure of proportional peak area is used

throughout this work. With this metric, each compound is quantified by the integrated

area of the corresponding peak on the mass spectrometer chromatogram. This is then

given as a percentage of the total area of all peaks in the analysis. This method allows

a descriptive and quantitative analysis of products that gives a good approximation to

mass percentage.
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Figure 4.1: Condensed pyrolysis products generated using activated carbon (left) and coke
(right) reactor beds. The activated carbon derived condensate is entirely liquid at room
temperature and clear — notice that it is sufficiently transparent that the sample label is clearly
visible at the rear of the glass sample bottle. The condensate produced using a coke bed, by
contrast, is mostly solid at room temperature and entirely opaque.

4.5 Analysis of Condensed Pyrolysis Oils and Waxes

4.5.1 Visual Assessment

Figure 4.1 shows samples of the condensed pyrolysis products produced with activated

carbon and coke beds. A dramatic visual difference is obvious: the condensate

produced using a coke bed is viscous, waxy, and of mixed consistency; when using

an activated carbon bed a clear, homogeneous product resulted that was entirely liquid

at room temperature.

4.5.2 GC/MS Analysis and Peak Identification

Figure 4.2 on the next page shows typical examples of GC/MS chromatograms of the

condensed pyrolysis products produced using activated carbon and coke reactor beds.

The coke derived chromatogram is similar to those produced by other researchers

investigating the pyrolysis of polyethylene [29, 173, 201]. Of particular note is the

regular series of peaks, with each peak grouping further along the chromatogram

corresponding to the group of hydrocarbons with one additional carbon atom in their

molecular formula. The largest and most clearly identifiable of these peaks is composed

of, for each carbon number, a terminal alkadiene (with the double bonds located at



82 Batch Pyrolysis of HDPE using an Activated Carbon Reactor Bed

2 4 6 8 10 12 14 16 18 20 22 24

0.5
   1.0

 1.5
   2.0

 2.5
   3.0

 3.5
   4.0

 4.5
   5.0

 5.5
   6.0

Retention Time (mins)

Ab
un

da
nc

e 
(x

10
7 )

5 10 15 20 25 30 35 40 45

0.5

   1.0

 1.5

   2.0

 2.5

Retention Time (mins)

Ab
un

da
nc

e 
(x

10
7 )

4 5 6 7 8 9 10 11

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Retention Time (mins)

Ab
un

da
nc

e 
(x

10
7 ) n-alkane

1-alkene

alkadiene

Figure 4.2: Typical GC/MS chromatograms generated from the analysis of condensate from
activated carbon (top) and coke (middle) reactor beds. A magnified view of the characteristic
alkadiene, 1-alkene, and n-alkane triple peaks is shown in the bottom sub-figure; the regularity
of these peaks makes them useful as markers for compound identification.
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the peripheries of the molecule), followed by a 1-alkene, followed by an n-alkane (in

order of increasing retention time); this “triple peak” grouping has been identified

by researchers conducting similar analyses of the condensed pyrolytic products of

polyethylene [46, 173, 191, 201]. These regular triple peaks provided valuable

information that could be used to identify compounds in the event that they were either

not contained in the spectral database, or if the match to the database for a peak was

unclear (generally molecules larger than C25 were not present in the NIST database).

Fortunately, the regularity with which the triple peaks occur (a grouping is present

for every carbon number in the sample) provided a consistent goalpost with which to

measure the carbon numbers of unidentified peaks; furthermore, the order with which

different molecules elute remains consistent between (and within) each triple peak

marker, e.g., the alkane form always immediately follows the 1-alkene, allowing the

identification of the specific hydrocarbon from the relative retention time.

In contrast to the coke bed, the activated carbon derived chromatograms show a

much shorter total elution time, with correspondingly smaller molecules on average.

The regular triple peaks are still present, though they are interspersed with a much

larger number of other (mostly aromatic) compounds. The smaller maximum molecular

size of the condensate produced with an activated carbon bed means that the peaks

could be identified using the NIST database alone. Histograms and statistics derived

from the GC/MS analyses are presented in §4.5.3.

4.5.3 Mass Distribution of Condensed Pyrolysis Products

Figure 4.3 on the following page shows the size of the compounds in the condensed

pyrolysis products as measured by carbon number, and determined by GC/MS analysis.

The dramatic difference in the composition of the products is clearly visible, with the

oil produced using the activated carbon bed consisting of much smaller molecules,

distributed over a smaller range of molecular masses. The distribution of the condensed

products produced using an activated carbon bed is uni-modal, centred around C8. By

contrast the distribution of products produced with a coke bed is less regular, with a far

greater spread of molecular masses that encompasses a second grouping of products

in the C40–C50 range (discussed further in §4.5.3.4). Summary statistics quantifying

average molecular mass and spread across all reaction temperatures are given in

table 4.3 on page 85. The pyrolysis oil produced using an activated carbon bed is far

lighter, with an average carbon number of 10.0 to 11.5 compared with that produced

with a coke bed of 25.0 to 33.0 — approximately three times larger. Furthermore,
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Figure 4.3: Distribution of compounds in condensed pyrolysis oil by number of carbons in
molecule from batch pyrolysis of HDPE. Figures for 450°C and 550°C have been omitted to
conserve space, but show no significant deviations from interpolating between those figures
shown. Summary statistics for all temperatures are presented in table 4.3.
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Table 4.3: Comparison of the condensed pyrolysis products produced with activated carbon and
coke reactor beds. Both carbon number (CN) and molecular weight (MW, g mol-1) are compared,
and the mean, standard deviation (SD) and maximum for the analysed samples are given. The
proportion of condensed products that fall into the liquid transport fuel range (C≤21 — a carbon
number of 21 or less) as a proportion of total peak area is also given. Mean and standard
deviation were calculated using weightings based on peak area percentages.

Activated Carbon Coke

400°Ca 450°C 500°C 550°C 600°C 400°Ca 450°C 500°C 550°C 600°C

CN 10.3 10.5 10.0 10.6 11.5 25.0 33.0 32.7 32.2 29.9

MW 142.0 143.5 137.5 145.3 159.0 351.1 462.4 456.2 450.9 418.4

CN SD 3.7 3.8 4.0 5.2 6.3 14.6 13.5 14.2 14.5 14.5

MW SD 52.9 52.5 56.9 74.2 89.2 204.7 189.7 198.4 203.8 203.4

CN Max 30 30 32 32 35 55 53 55 55 55

MW Max 422.5 422.5 450.5 450.5 492.6 772.9 742.8 772.9 772.9 772.9

C≤21 98.1% 98.3% 97.5% 94.0% 90.8% 51.7% 25.5% 28.9% 30.8% 35.7%

a400°C was the lower threshold at which pyrolysis occurred; the resulting prolonged reactor residence time

increased cracking, though operating batch apparatus at this temperature would not be practical or efficient

in reality, and these figures should be read in this context.

the hydrocarbons produced with an activated carbon bed lie within a much smaller

range (C5 to C35 vs. C5 to C55, also reflected by the lower standard deviations). These

characteristics — lighter products over a smaller range of sizes — account for the visual

differences observed in the products described earlier.

4.5.3.1 Operation at the Temperature Threshold for Pyrolysis

The oil produced at 400°C using a coke reactor is significantly lighter than that

produced at other temperatures. Operating at 400°C using either bed resulted in the

pyrolysis process occurring extremely slowly — at or near the threshold of it occurring

at all, and the process was still not complete even an hour after the HDPE sample was

added. The same lower threshold has been observed by other researchers pyrolysing

HDPE [186, 202], and is consistent with thermogravimetric analyses, which show that

the thermal degradation begins at, or just below this temperature [203]. In the coke

bed case, the low reactor temperature dramatically increased the time the input sample

spent in the reactor; the pyrolysed compounds were heated to a lower temperature,

thus requiring them to be cracked to a greater extent before they entered the gaseous

state and could leave the reactor — accounting for the lighter oil produced at this

temperature. In the activated carbon case, this effect is small in comparison with the

extra cracking from the catalytic effect. In practice, the dramatically longer reaction

time would make operating at this temperature with the batch addition of sample

infeasible.
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4.5.3.2 Influence of Reactor Temperature on Cracking Rate and Residence

Time

In most pyrolysis work, reaction temperature has consistently been found to be the

operating parameter that has had the greatest impact on the make-up of the pyrolysis

products [46, 204, 205]. Increasing the reactor temperature has two primary, yet

opposing effects: it increases the reaction rate of the thermal cracking process, so

more pyrolysis occurs in the same period of time; but it can also decrease the residence

time of the process, decreasing the amount of cracking that occurs.

The input sample undergoes pyrolysis only when it has sufficient energy by being

above the threshold temperature at which thermal breakdown occurs — in microwave-

assisted pyrolysis this effectively means that the sample must be in the “hot zone” of

the reactor bed, where it is conducting heat energy from the carbon.

Sample leaves the reactor bed only when it has been cracked sufficiently that it

enters the gaseous state and physically egresses to the condensing system. A higher

bed temperature means that sample will enter the gaseous state sooner, and may thus

leave the reactor bed with less cracking. This reduced residence time has been shown

to be a large determinant of pyrolysis product composition [46, 206]. Furthermore,

at higher temperatures, the increased rate at which cracking occurs means there

is greater positive pressure generated as solid sample enters the gaseous state and

expands, which provides a second impetus for sample to leave the hot zone of the

reactor bed.

In microwave-assisted pyrolysis the targeted bulk heating of the carbon bed exag-

gerates the contrast in temperatures between the reactor hot zone (it being the only

microwave receptive material in the reactor) and anything present outside this area.

Overall, then, it is the balance of cracking rate and residence time that determines

the composition of the products for a particular temperature. This can vary depending

on reactor configuration: almost all researchers report that the increased cracking

effect dominates, and the average molecular mass decreases with increasing reactor

temperature [173, 204, 205, 207]; however, in the only comparable microwave-assisted

pyrolysis work, Ludlow-Palafox observed an increase in molecular mass of the pyrolysis

condensate when reactor temperature was increased from 500°C to 600°C, which he

attributed to a decrease in sample residence time [29].



4.5 Analysis of Condensed Pyrolysis Oils and Waxes 87

4.5.3.3 Influence of Reactor Temperature on Molecular Mass Distribution of

Products

While it is clear that in this work the use of a catalytic reactor bed resulted in changes

to the pyrolysis products that far outweighed any temperature-induced variation, there

are, nevertheless, temperature-dependent trends within each bed type. At increased

reactor temperatures, shorter residence time and greater rate of cracking act in

concert to increase the range of molecular weights in the products (an increase in

smaller products from the greater cracking, and an increase in larger products from the

higher temperature causing molecules to enter the gaseous state and exit the reactor

sooner). This is observed in both the activated carbon and coke cases, with the range

of molecular masses increasing most at 550–600°C.

Generally, the similarity of the profiles of the compounds produced using an

activated carbon bed across the temperatures studied is remarkable, though the tail of

the distribution begins to lengthen and encompass longer molecules at temperatures

over 550°C, with a corresponding increase in average molecular mass and standard

deviation. For condensed products produced using a coke bed, a similar distribution of

products is observed between 450–550°C, with the average molecular mass decreasing

beyond this point as reactor temperature increases. While this increase in cracking

dominates in the coke bed case, consistent with the research described in §4.5.3.2, the

average molecular mass increases at higher temperatures in the activated carbon case.

Because of the catalytic activity of the activated carbon, the cracking rate is already

high even at lower tempatures; the increase in range of molecular masses facilitated

by operating at a higher reactor temperature (i.e., from causing larger molecules to

enter the gaseous state and leave the reactor, and from reduced residence time due

to faster phase change volume expansion of the cracked HDPE) must then cause the

overall average to increase.

4.5.3.4 Bimodal Molecular Mass Distribution with Coke Reactor Bed

The bimodal distribution of molecular masses in the condensed pyrolysis products

produced using a coke bed suggests the possibility that more than one mechanism

may have resulted in the presence of the heavier modal grouping in the condensate.

Furthermore, this grouping contains within it at least some hydrocarbons with a boiling

point greater than the reactor temperature, and must have therefore arisen through a

different means than vaporizing in the reactor and re-condensing in the condensing
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system. One possible mechanism accounting for the presence of these compounds

is that they are concurrently physically transferred by the continuous flow of gases

exiting the reactor. This may be through physical transfer processes such as chain

entanglement, surface tension where gaseous and longer liquid molecules are held

together (analogous to the fluid present around a soap bubble), or convection; or

alternatively via chemical recombination, with chains re-polymerising, as suggested

by Williams and Williams [173], who also observed a significant fraction of condensed

product that exhibited a boiling point higher than the reactor temperature would have

reached.

That this mechanism does not apparently occur in the activated carbon case could

be due to the smaller molecules produced that do not entangle, the formation of a large

portion of more chemically stable aromatic species, which would not re-polymerise,

or simply the greater bed surface area, leading to greater (simultaneous) cracking of

the HDPE so that the resulting pyrolysis products all fall below the molecular mass

where secondary physical transport becomes an issue. In any case, with or without

the additional heavy molecular grouping it is clear that the condensate produced using

an activated carbon bed is considerably lighter and has undergone substantially more

cracking.

4.5.3.5 Production of Liquid Transport Fuels

The fraction of condensed products that fall within the range of the liquid transport

fuels (C5–C21) particularly emphasises the increased cracking that the input HDPE

undergoes when the activated carbon bed is used. Indeed, as table 4.3 shows, >98%

of the oil produced using an activated carbon bed at temperatures of 450°C and lower

falls within this liquid transport fuel range. With the standard coke bed, an increase in

these useful C≤21 products is observed as increased reaction temperature (and thus

energy expenditure) promotes increased cracking (the 400°C scenario being a special

case discussed in 4.5.3.1); nevertheless, as reaction temperature increases with an

activated carbon bed, the proportion of condensed product that lies within the valuable

liquid transport fuel range actually decreases, as hydrocarbons are produced across

a wider range of masses. In other words, activated carbon produces a narrower and

more useful range of products as reactor temperature is reduced (with a lower bound of

sufficient thermal energy being input for the pyrolysis process to occur in a reasonable

amount of time).
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Figure 4.4: Chemical composition of condensed pyrolysis products produced using activated
carbon (top) and coke (bottom) reactor beds with batch introduction of sample. Here, “alkenes”
encompass species containing one or more double bonds. “Aliphatics” includes linear alkanes
and alkenes which were unable to be distinguished from one another in the GC/MS analysis
owing to their large molecular mass (>C23), though dashed line represents best estimate of the
division of this grouping between n-alkanes and n-alkenes based on identified species.

4.5.4 Chemical Composition of Condensed Pyrolysis Products

Figure 4.4 compares the composition of the condensed products from the microwave-

assisted pyrolysis of HDPE using activated carbon and coke beds. As the hydrocarbon

chain length gets longer, it becomes more difficult to distinguish between different

types of aliphatic species with the same carbon number, because the distinguishing

moiety of the molecule (e.g., two carbons connected by a double bond) becomes

an increasingly small proportion of the whole (and correspondingly the similarity
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Figure 4.5: Merging of aliphatic gas chromatograph peaks at larger molecular masses. While
the alkadiene, alkene, and alkane peaks are clearly separate at a retention time of 22 minutes,
they slowly merge and become indistinguishable by the 29–30 minute mark.

between molecules grows, with increased chain length coming in the form of identical

alkyl groups). As shown in figure 4.5, the gas chromatography column becomes

progressively less able to separate these species (as their chemical properties and

retention times converge), until around C23 the peaks merge completely. These species,

comprising linear alkanes and alkenes, have been grouped together in this analysis as

“aliphatics”.

With a standard coke bed the condensed oil is comprised of straight chain alkanes

and alkenes, with around 3% or less of the total comprising aromatic species. This

agrees with the observed consensus in the literature that linear aliphatic hydrocarbons

comprise the bulk of the condensed products resulting from the pyrolysis of HDPE (in

an inert medium), regardless of reactor type.

In FTIR analysis of the condensate produced from the conventional pyrolysis of

polyethylene using a fluidised bed reactor, Williams and Williams [173] noted the

significant formation of aromatic species only at 700°C (these temperatures were

beyond the operating maximum for the rig used in this work).

Also using a fluidised bed, Hernández et al. [208] did not see any aromatic species in

the condensed pyrolysis products at all, with linear aliphatics comprising the entire oil;

a large increase in the alkene to alkane ratio of the pyrolysis condensate from 500°C to

600°C was also observed, consistent with this work, where although the proportion of

alkanes to alkenes is approximately even from 400°C to 500°C, above this temperature

the proportion of alkenes increases.

In the only directly comparable microwave-assisted pyrolysis experimental work,

Ludlow-Palafox and Chase [29] observed similar trends to this work using a coke bed,
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with the alkene:alkane ratio increasing with increasing reactor temperature; however,

the overall proportion of species other than linear aliphatics was higher in their work,

varying from 18.9–7.2% peak area from 500–700°C. The exact make-up of this fraction

is not given, though some of this no doubt comprises branched and cyclic aliphatics.

Nevertheless, the results of this work using a coke bed fall well within Ludlow-Palafox’s

“general statement that the pyrolysis of HDPE yields little aromatics (<5%)” [46].

Each pyrolytic scission of the polyethylene backbone creates two highly reactive rad-

icals that stabilise themselves predominantly through intermolecular or intra-molecular

hydrogen transfer, creating alkanes and alkenes respectively (for a full discussion of

the molecular mechanisms underlying the pyrolytic breakdown of HDPE see §6.2).

Based on McCaffrey et al. [209], who showed that intermolecular hydrogen abstraction

is blocked by an increase in hydrogen abundance, Ludlow-Palafox theorised that

the observed increase in proportion of alkenes with increased reaction temperature

was due to an increase in hydrogen content (though not necessarily in the form of

molecular hydrogen gas) in the pyrolysis gas [46], possibly resulting from an increase in

repolymerisation reactions at higher temperatures [206, 210]. While this link remained

unproven in that research owing to inadequate GC column resolving ability at the low

molecular masses these hydrocarbon gases exhibit, further evidence in partial support

of this theory is presented in §4.6.2.

The catalytic activity of the activated carbon bed is clearly evident in the pyrolysis

oil produced from it. While simple straight chain alkanes and alkenes still make up

a significant fraction of the oil, there is a dramatic increase in proportion of aromatic

compounds (35.5–45.3%), and the presence of other types of hydrocarbons is observed

(cyclo- and branched alkanes and alkenes, as well as alkynes), increasing to 10% peak

area of the oil at 600°C. These figures are in excess of any non-catalytic derived results

reported in the literature at equivalent temperatures.

The increase in alkenes at the expense of alkanes as reaction temperature increases

is also observed using an activated carbon bed, likely as a result of the reasons outlined

above, and it is exactly this reducing environment coupled with a dearth of hydrogen as

the HDPE is progressively cracked that promotes the formation of the more “complex”

hydrocarbons previously mentioned.

The variety of compounds produced by the activated carbon bed relative to the

coke bed is also notable: more than 150 different compounds are present in the

activated carbon derived oil compared with typically around 100 for coke-bed derived

oil, and these compounds occur over a smaller range of carbon lengths. Much of this
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extra variety derives from the greater quantity of aromatic compounds present in the

activated carbon derived oil, though many of these are present only in very small

quantities (the three main aromatic species are toluene, ethylbenzene, and xylene,

with peak areas of 4.8–8.8%, 3.6–5.4%, and 1.6–5.3% respectively; the peak area

percentages decline rapidly after this point). Indeed, in general the pyrolysis products

exhibit a “long tail” distribution, with many different compounds present in small

quantities as a result of the stochastic decomposition process. The aromatic compounds

are primarily single ring benzene derivatives, made up of varying and/or multiple alkyl

groups bonded to a central benzene ring; the presence of these compounds in such

quantities points to activated carbon catalysing the formation of these aromatic rings.

4.6 Analysis of Non-condensable Pyrolysis Gases

4.6.1 Mass Distribution of Non-condensable Pyrolysis Gases

The bulk of the non-condensable pyrolysis gases (table 4.4) are two or three carbons

in length, independent of the type of reactor bed used. As the reactor temperature

increases, more cracking occurs and smaller gases are produced; this is the case when

using both activated carbon and coke beds, though the activated carbon pyrolysis gases

are overall very slightly heavier, with longer chains, than the coke ones at the same

reactor temperature. In spite of this, methane (the only C1 compound) is not produced

in large quantities at any temperature, and hydrogen gas is not produced at all (no ions

of the appropriate mass were found in scans of the chromatogram). As the hydrocarbon

with the highest hydrogen to carbon ratio, the formation of methane is selected against

Table 4.4: Comparison of the non-condensable pyrolysis products produced with activated
carbon and coke reactor beds by carbon number and peak area percentage. Average carbon
number (CN) and molecular weight (MW, g mol-1) are calculated using the weightings derived
from peak area.

Activated Carbon Coke

400°Ca 450°C 500°C 550°C 600°C 400°Ca 450°C 500°C 550°C 600°C

C1 2.8 2.9 3.1 5.3 6.8 4.6 3.6 4.2 4.5 5.8

C2 28.8 27.2 30.9 37.6 40.5 46.1 39.9 42.9 45.6 54.0

C3 55.2 59.0 55.9 49.6 49.0 45.1 49.6 44.1 36.4 31.5

C4 13.3 9.4 9.2 4.8 3.8 4.3 6.9 8.8 13.5 8.6

C5 0.0 1.6 1.0 2.7 0.0 0.0 0.0 0.0 0.0 0.0

CN 2.8 2.8 2.7 2.6 2.5 2.5 2.6 2.6 2.5 2.4

MW 40.8 40.6 39.8 38.0 36.2 35.7 37.3 38.0 36.7 34.5

a400°C was the lower threshold at which pyrolysis occurred; the resulting prolonged reactor residence

time increased cracking, though operating batch apparatus at this temperature would not be practical or

efficient in reality, and these figures should be read in this context.
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in the hydrogen-deficient environment of the reactor. Molecular hydrogen is not

present, owing to the highly reducing carbon bed, and the fact that hydrogen radicals

would quickly bond to the myriad of newly cracked hydrocarbon radicals present (C=C

bond formation is more energetically difficult than C-H). This finding is consistent

with other researchers who produced little to no molecular hydrogen when pyrolysing

polyolefins at the temperatures considered in this study [11, 29, 202, 207], though

Cozzani et al. [206] observed a significant quantity of hydrogen in the gas resulting

from the pyrolysis of polyethylene in a fixed bed (20–30% gas vol. at 500°C and 600°C).

This particular experimental configuration had a very low residence time caused by

the constant high flow of nitrogen gas directly through the (horizontal) reactor; this

separated out pyrolysis products immediately as they were produced, preventing the

recombination of hydrogen-rich species into an overall more stable configuration, and

resulting in a comparatively high char formation (2–10% wt.) from the remaining

hydrogen-deprived species.

Ludlow-Palafox [46] analysed the non-condensable gases produced from pyrolysis

of HDPE at temperatures of 500°C and 600°C, but was unable to extend the analysis

below C3 owing to insufficient column resolving power. Small quantities of compounds

up to C7 were also present in their samples, with the proportion of gases declining

as the carbon number increased, as seen in the present work. The narrower range of

compounds present in this work is likely due to the superior efficiency of the condensing

system.

The pyrolysis gases generated at 600°C using a coke bed were very similar to those

reported in Donaj et al. [207] when pyrolysing a mixture of polyolefins (76% PE, 24%

PP) at 650°C with C2 and C3 molecules making up the bulk of the gases. The higher

proportion of methane generated in this case is attributable to the presence of the

polypropylene, with its methyl group side chain.

4.6.2 Chemical Composition of Non-condensable Pyrolysis Gases

The non-condensable pyrolysis gases are composed entirely of alkanes and alkenes

(table 4.5 on the next page). By virtue of their small molecular size the compounds

are simple — almost all linear, with trace quantities of branched molecules. As

reactor temperature increases a greater proportion of alkenes are produced, with a

corresponding decrease in alkanes, analogous to the change observed in the condensed

pyrolysis products. Given the same absolute number of hydrogen atoms, the increased

cracking at higher temperatures seen in the analysis of molecular masses necessitates
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Table 4.5: Percentage chemical composition of the non-condensable pyrolysis gases produced
with activated carbon and coke reactor beds, with batch introduction of HDPE. Figures given are
peak area percentages. H/C is the overall proportion of hydrogen to carbon calculated for each
gas based on the proportional peak area of each compound.

Activated Carbon Coke

400°Ca 450°C 500°C 550°C 600°C 400°Ca 450°C 500°C 550°C 600°C

n-Alkane 85.0 69.7 67.8 62.7 56.9 40.7 41.5 38.8 33.5 27.8

n-Alkene 15.0 26.3 28.4 32.8 39.6 57.9 51.6 55.5 62.4 66.9

iso-Alkane 0.0 2.4 2.9 1.8 1.6 1.4 2.6 3.2 1.6 1.2

iso-Alkene 0.0 1.6 1.0 2.6 1.9 0.0 4.3 2.5 2.5 4.0

H/C 2.68 2.57 2.57 2.58 2.56 2.41 2.37 2.31 2.28 2.28

a400°C was the lower threshold at which pyrolysis occurred; the resulting prolonged reactor residence

time increased cracking, though operating batch apparatus at this temperature would not be practical or

efficient in reality, and these figures should be read in this context.

the formation of individually less hydrogen-dense molecules (i.e., alkenes instead of

alkanes).

The marked increase in alkanes over alkenes in the non-condensable gases produced

using an activated carbon bed is due to the greater proportion of “complex” unsatur-

ated molecules formed in the corresponding condensate, with the resulting hydrogen-

containing radicals forming fully saturated gases. The higher H/C proportion of the

activated carbon gases compared with the coke gases supports this, with the only other

hydrocarbon pyrolysis product (the condensate) therefore having a correspondingly

lower H/C proportion, resulting from the greater proportion of these more complex

molecules with a lower H/C proportion (aromatics, cycloalkanes, cycloalkenes, alkynes)

described in §4.5.4.

Interestingly, the H/C proportion remains approximately constant across reactor

temperatures for gases produced using an activated carbon bed (the 400°C case

excepted), in spite of the increase in proportion of alkenes. This can be explained by

the greater overall proportion of alkenes at higher temperatures being balanced by the

greater cracking occurring, which results in smaller molecules, with higher individual

hydrogen content.

In contrast, the H/C proportion of the non-condensable gases produced with a coke

bed reduces somewhat with increasing temperature, as there is both less change in

molecule size and a greater proportional increase in alkenes. This observation is

initially apparently in opposition to the earlier discussed relationship Ludlow-Palafox

proposed regarding an increase in hydrogen abundance in the pyrolysis gases causing a

blocking of intermolecular hydrogen abstraction, and the observed decrease in alkanes

and increase in alkenes in the condensate at higher temperatures — certainly, the

proportion of hydrogen in the gases produced using a coke bed falls. However, while
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Figure 4.6: Hydrogen to carbon proportion of unbranched hydrocarbons by carbon number.
The aromatics in this case are the most common class observed in the condensate: benzene
derivatives with alkyl groups that increase in length with carbon number.

the relative amount of hydrogen per unit mass is smaller, the absolute amount of

hydrogen-rich gas is in fact much greater, owing to a higher overall amount of non-

condensable gas being produced, as shown in §4.8. Furthermore, it is difficult to

establish a causative relationship in this case, as an increase in the formation of

alkadienes would equally result in an increase in hydrogen-rich radicals and ultimately

gases.

4.7 Conservation of Mass and Hydrogen Transfer

The principle of conservation of mass requires there to be the same total number of

carbon and hydrogen atoms in the unprocessed HDPE as in all the pyrolysis products.

The stoichiometry of polyethylene is such that H/C = 2 in the input product. As figure

4.6 shows, a pyrolytic decomposition of HDPE into pure alkenes would not change the

H/C balance (and would approach a return to the ethene monomers from which HDPE

is produced as cracking continued). Alkanes are more hydrogen-rich than polyethylene,

and alkadienes less, and this imbalance is amplified as the molecules become shorter

and the functional group comprises a larger relative proportion of the molecule as a

whole. Nevertheless, for every hydrogen-rich molecule that is produced, an equally

hydrogen-deficient one must also be, in order that the overall number of atoms is

conserved. Indeed, if, for every alkane produced an equivalent alkadiene (of the
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same carbon number) were also produced the H/C balance would remain satisfied.

Given that these three classes of hydrocarbon are the simplest breakdown products

of HDPE (reaction pathways discussed in §6.2) it is no surprise that they are also the

most common species produced when pyrolysing HDPE through conventional means,

as demonstrated in §4.5.4.

This conservation of mass, and hydrogen transfer, underlies all of the final pyrolysis

product compositions, and the mechanisms by which they are produced. Indeed, the

whole system exists in a dynamic equilibrium where thermal scission, inter- and intra-

molecular hydrogen abstraction, and further secondary reactions interplay to create

the complex array of species observed in the final pyrolysis products.

By comparing the products produced with an activated carbon bed with those

produced using a coke bed, it is clear that the activated carbon promotes secondary

reactions and the creation of aromatics and other complex products. As the aromatics

are hydrogen poor (relative to polyethylene), their formation “frees up” hydrogen

and allows the formation of a greater portion of alkanes in the gaseous state, as

previously observed, implying that a dearth of hydrogen is a limiting factor influencing

the chemical make-up of the gaseous fraction (especially in the coke bed case). This

is further emphasised when it is considered that only alkanes can exist below C2;

alkadienes cannot physically form below C3, nor aromatics below C6, thus as products

are cracked into progressively smaller molecular sizes they are forced to assume more

hydrogen-rich conformations, resulting in the high H/C make-up of the non-condensable

gases previously described.

4.8 Pyrolysis Product Component Yields

Table 4.6 shows the component product yields from the microwave-assisted pyrolysis

of HDPE. Consistent with other work in the microwave pyrolysis field [29, 149], reactor

temperature is the parameter that has the largest single effect on the constituent make-

up of the pyrolysis products. As reaction temperature increases, more cracking occurs:

more gaseous products result, with a corresponding decrease in condensed products.

Given that the gaseous products have a high H/C ratio, as discussed, the greater

cracking and increased proportion of gases at higher reaction temperatures impacts

the make-up of the condensate, necessitating the formation of a greater portion of

lower H/C species, which explains the presence of these species in higher proportions

observed in §4.5.4.



4.8 Pyrolysis Product Component Yields 97

Table 4.6: Percentage yields of retained, condensed, and non-condensable pyrolysis products
with batch introduction of sample. Retained refers to the portion of input mass left in the reactor
at the conclusion of the experiment, condensed product is the oil/wax collected in the condenser,
condensed C≤21 is the subset of the condensed products with a carbon number less than or equal
to 21, non-condensable (gaseous) product accounts for the remaining mass (and is calculated as
such). All percentages are expressed on a mass basis as a proportion of the input HDPE, using
peak area as a determinant of the proportion of products that lie at or below C21.

Activated Carbon Coke

400°Ca 450°C 500°C 550°C 600°C 400°Ca 450°C 500°C 550°C 600°C

Retained 10.3 9.0 6.0 7.3 11.3 2.0 1.0 0.0 0.0 0.0

Condensed 54.9 50.3 41.0 30.7 27.3 59.1 69.0 42.0 42.3 31.4

Cond. C≤21 53.8 49.5 40.0 28.8 24.8 30.6 17.6 12.1 13.0 11.2

Gases 34.8 40.7 53.0 62.0 61.3 38.9 30.0 58.0 57.7 68.6

Overall C≤21 88.6 90.2 93.0 90.8 86.1 69.5 47.6 70.1 70.7 79.8

a400°C was the lower threshold at which pyrolysis occurred; the resulting prolonged reactor residence time

increased cracking, though operating batch apparatus at this temperature would not be practical or efficient

in reality, and these figures should be read in this context.

In spite of the higher percentage of condensible products produced with a coke bed

(reaching a maximum of 69.0% of input mass at 450°C), much of these are less useful

long-chain waxes (as shown in §4.5.3); when only products in the liquid transport fuel

range (C≤21) are considered, using the activated carbon bed results in significantly

higher yields at all temperatures. This is also the case if the same criterion is applied

to all products (both gases and condensibles), with the bulk of the “useful” products

comprising gases produced at high temperatures when using a coke bed, in any case.

In other words, more useful products are produced using an activated carbon reactor

bed than with a coke one, and this is possible at lower temperatures.

At low temperatures using a coke bed the retained fraction represents un-pyrolysed

HDPE. The significant increase in the retained fraction when using an activated carbon

bed required further investigation (see §6.6), though it may be that the activated carbon

catalyses not only hydrocarbon cracking but also the formation of char, which remains

within the reactor.

4.8.1 Comparison with Other Published Work

Table 4.7 on the following page presents a comparison of the yields of the products

resulting from the pyrolysis of polyethylene, in batch operation, between this work

and all other identified comparable peer-reviewed publications. There is considerable

variation in the results reported across the literature, a fact that emphasises the

importance of the reactor type and specific configuration, both of which themselves

vary considerably across the published work. This reinforces the need to perform

control experiments in this work using the same reactor but with a coke bed, in order to
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derive useful comparative results. Very few results were reported below 500°C, likely

due to the longer reaction time when operating below this temperature.

4.8.1.1 Temperature Dependent Gas Production and Influence of Reactor

Configuration

Several trends are evident across the results considered, such as the increase in the

proportion of non-condensable gases produced as reactor temperature and cracking

correspondingly increase. The one exception to this trend is the work presented

by Kumar and Singh [186], the examination of which serves a useful purpose in

demonstrating the importance of reactor configuration. In this study, HDPE was heated

in a reaction vessel with a long vertical exit pipe that reached sufficiently high to allow

room for the condenser to fit in the space below. In this case it is thought that the length

of the pipe, and its lack of heating or insulation, would present a high “barrier to exit”

for pyrolysis products leaving the reactor. As such, they would likely continually reflux

and crack into progressively smaller products until they were sufficiently small that

they could remain in the gaseous state for a sufficient period of time that they could

leave the reactor. Most other experimental configurations used the continual flow of an

inert gas to ensure an oxygen-free environment, but which also served to convectively

force the pyrolysis gases from the reactor. In this case the only impetus for evolved

gases to leave the reactor was the volume expansion pressure generated from cracking

the HDPE into gaseous molecules, and this had to overcome both gravitational and

thermodynamic pressures, potentially increasing the residence time of the reaction as

products were unable to escape the reactor. Indeed, in this extreme case, the reactor

configuration influenced the residence time to the point that it became the dominant

process parameter, evidenced by the extremely long reaction times reported (well over

12 hours at 400°C decreasing to a minimum of 54 minutes at 550°C) — far in excess of

those reported by any other researcher. By contrast, the conical spouted bed reactor

used by Elordi et al. [205] gave a “residence time of the volatiles in the range of centi-

seconds”, and resulted in the highest reported recovery of condensed products of 94%.

4.8.1.2 Minimal Retained Portion

Most experiments showed very little mass retained in the reactor at the end of the

experiment, with the exceptions to this trend apparently deriving from the experiment

not running through to completion for one reason or another. In Achilias et al. [211],

where 61% of the input sample was retained in the reactor at the end of the pyrolysis,
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the methods mention “the time of the experiment was 17 min”, an apparent externally

imposed constraint given that the range of plastics considered in this work would

require different times to pyrolyse. Here, the residue fraction is not discussed further.

In the work of Hernández et al. [208], which saw 25–37% of the input sample

retained in the bed at the conclusion of the experiment, the entirety of the fluidising and

pyrolysis gas “flow [was] shifted to the sampling bag” for collection and later analysis.

Given a reported fluidising gas flow of 3.5 L/min, and a 25 L gas sampling bag, this

constrains the maximum experimental run time to seven minutes, even if no pyrolysis

gas were produced, and this time constraint is likely the source of the high retained

portion.

In this work, the pyrolysis was allowed to run through to completion; the minimal

retained product remaining in the coke bed case is consistent with other researchers.

The higher retained fraction in the activated carbon case is investigated further in §6.6.

4.8.1.3 Relative Gaseous and Condensed Product Yields and the Influence of

Reactor Configuration used in This Work

A maximum condensed product yield of around 70–90% was seen across the examined

body of research; this most commonly occurred at a reactor temperature of 500°C.

In this work, in the comparable coke bed case, a maximum condensed product yield

of 69% at 450°C was observed, which is at the lower end of the range reported in

the literature. Indeed, generally an increase in the yield of gaseous products was

observed in this work for any given temperature; this can be explained when the

specific characteristics of the reactor used to undertake this work are taken into

account.

The reactor used in this work is the largest reactor in this literature comparison, by

volume, by a factor of greater than two. The larger volume reactor creates a greater

intervening space between the hot reactor bed and the condenser system — a space in

which the pyrolysis products may cool, recondense, and undergo secondary reactions,

and a scenario exacerbated by the targeted microwave heating mode used in this work

where only the reactor bed is heated. Furthermore, the reactor in this work does not

operate in a direct “pass-through” mode whereby the products are directly forced out of

the reactor hot zone, unlike many of the compared reactors. Instead, the inert nitrogen

gas necessarily enters from the top of the reactor (see figure 3.14), and may pass

over the reactor bed when pyrolysis is under way. In this way the pyrolysis products

must crack sufficiently to travel up and out of the reactor before condensing. It is
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the combination of these factors and the higher barrier to exit that resulted that likely

caused the greater cracking and comparably larger portion of non-condensable gaseous

products.

In addition, in this work, partially as a consequence of operating a larger reactor, the

flow-rate of inert gas in proportion to reactor volume of 0.06 L/min/L, is considerably

less than that of others such as Hernández et al. [208] with 1.84 L/min/L, or 0.25

L/min/L in the more directly comparable work of Ludlow-Palafox and Chase [29]. The

egress of pyrolysis products is therefore likely to be primarily driven by phase change

volume expansion of the products themselves. It should be noted that a full-scale

pyrolysis plant is unlikely to use inert carrier gas at all, though it was used in this case

for safety purposes, and to create an initial oxygen-free environment before pyrolysis

started.

When primary products are forced to egress from the reactor quickly, captured

products provide information about the initial chemistry of the pyrolytic breakdown.

However, many of the reactor configurations required to achieve this state are only

practical on a laboratory scale, and provide little information about the behaviour

of larger systems required for scale-up, and the secondary reactions and subsequent

products that result. Indeed, these secondary reactions have been shown to be critical

when dealing with larger reactors [202, 214], and when optimising for a particular

product [215], and are discussed further in §6.2.

4.8.1.4 Comparison to Other Activated Carbon Work

As the only other work using activated carbon to catalytically crack polyethylene,

the work of González et al. [197] bears some discussion. In this study, polyethylene

supermarket bags were catalytically cracked (with a 1:10 mass ratio of activated

carbon:plastic) using a small electric fixed bed furnace through which flowed inert

nitrogen gas. The highest yield of total products of 49.2% of input mass (corresponding

to 50.8% retained in the reactor) was obtained with activated carbon at 450°C. At

this temperature the products comprised all aliphatic species except for around 6%

aromatics.

The remarkably large proportion of char retained in the reactor (this is not likely

to have been unpyrolysed HDPE as the experiment was run over two hours) is likely

because of a combination of the activated carbon and the flow-through design of this

reactor, where the nitrogen carrier gas results in a very low residence time for the

produced pyrolysis products. This constant flow combined with the small size of the
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reactor means that almost as soon as products entered the gaseous state they would

leave the hot zone and not undergo further cracking. As such, hydrogen-rich alkanes

(formed through activated carbon catalysed hydrogen transfer reactions as described

in §6.3.1) are swept out of the reactor, resulting in the greater production of char as the

remaining input mass has less hydrogen with which to form cracked pyrolysis species.

This is supported by the higher methane content of the evolved gases in this study

(22% vs. 2.9%), and the lower aromatic content (6% vs. 30%), as aromatic and non-

linear species require a greater formation time in the hot zone than linear aliphatics

[178, 179].

The use of microwave heating and a stirred bed as in this dissertation, and the

introduction of sample when the reactor was at the target temperature as opposed

to heating from room temperature, may have also contributed to a more even heat

distribution and less resulting char formation. In any case, the work of González et al.,

like those studies discussed above, may provide information about pyrolysis breakdown

in a specific low-residence configuration, but such configurations are less useful as

models for larger industrial processes.

4.9 Utility of Products Produced Using an Activated

Carbon Bed

4.9.1 Condensed Pyrolysis Oil

The condensed pyrolysis oil produced at lower temperatures using activated carbon

comprises more than 98% hydrocarbons C≤21, and suggests that it would be very

easy to use this microwave-assisted pyrolysis to produce a high value, saleable product

from the pyrolysis oil with a minimum of extra processing. Given the tunability of

diesel engines and the breadth of fuels that they can be run on [216–219], it should be

possible to run a suitably configured engine on the pyrolysis oil directly. The carbon

length profiles suggest that it would be possible to directly separate the pyrolysis oil

into petrol and diesel fractions, though the appropriate standards [220, 221] would also

have to be met before it could be sold on the open market.

Compared with the condensed product produced using the conventional coke bed,

it is clear that the activated carbon bed has, in effect, performed in situ upgrading of

the pyrolysis oil, resulting in a much lighter and potentially more useful liquid product.

Indeed, the heavier aliphatics present in the coke bed derived oil have little value by
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themselves and would usually be actively detrimental to any product containing them,

though they can be used as a feedstock in crackers to produce other shorter chain

products. All of the produced pyrolysis products could be used as fuels in conventional

fossil fuel boilers, though this does not maximise the potential chemical value that could

be extracted from the plastic.

4.9.1.1 Aromatic Content

The condensed products produced using an activated carbon bed contained a high

proportion of aromatic compounds; for example, the four most common aromatics

present in the oil were, in order, toluene, ethyl-benzene, xylene, and benzene. While

the addition of aromatics to liquid transport fuels increases the octane/cetane rating

and reduces knocking, the maximum aromatic content permissible in petrol and diesel

has been capped in many countries in recent times for environmental reasons [222].

If the pyrolysis oil were to be used as a liquid transport fuel, it is likely that these

components would have to be separated out — by solvents and liquid-liquid extraction,

or extractive distillation. Fortunately, these compounds can have an even greater value

than aliphatics [223], finding use as solvents, and as precursors for a wide variety

of compounds including drugs, lubricants, detergents, plastics (e.g., polystyrene,

polycarbonate), and explosives.

4.9.2 Gases

The non-condensable gases produced during the microwave-assisted pyrolysis of HDPE

are also economically important, the primary constituents being ethane, ethene,

propane, and propene (these making up over 85% peak area of the gas). These high-

energy gases could be used on-site in a generator, in order to power the microwave

heating and make the process energetically self-sustaining. Alternatively, the pyrolysis

gases could be split into the relevant fractions and fed into the existing distribution

network for LPG, natural gas, and natural gas liquids. Ethene and propene in particular

have a multitude of uses, and indeed are the single most used organic chemical

feedstocks worldwide [224], with the creation of virgin HDPE and PP amongst their

uses.
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4.10 Summary

This chapter presents the most complete characterisation of the products resulting

from the microwave-assisted pyrolysis of HDPE to date, and represents the first

characterisation of the microwave-assisted pyrolysis of HDPE using an activated carbon

bed. Large differences were observed between the products resulting from the

different reactor beds, with the condensed pyrolysis oil produced using an activated

carbon bed approximately three times lighter than that produced using a coke bed

(with an average carbon number of 10–11.5 vs. 25.0–33.0); furthermore, the activated

carbon oil contained hydrocarbons with a much narrower range of molecular masses.

The molecular masses of the oil derived from an activated carbon bed matched

those of the liquid transport fuels petrol and diesel (C5–C21), with over 98% of the

condensed product, and 50% of the total input mass converted into these fractions

when operating at a reactor temperature of 450°C, a temperature lower than most

conventional pyrolysis is performed at. Increasing the reactor temperature above this

point increased the cracking and lowered the exit threshold for pyrolysed molecules,

resulting in a product containing an increased average and range of molecular masses.

The pyrolysis products produced using a coke bed were almost all linear aliphatic

compounds, in agreement with other researchers. Indeed, the condensed fraction

contained a high proportion of less useful long-chain waxes. By contrast, using

an activated carbon bed resulted in a large increase in “complex” molecules in the

condensed products, primarily aromatics (35.5–45.3% peak area of the condensate),

which were themselves mostly single ring benzene structures and derivatives (the most

common being toluene, ethyl-benzene, xylene, and benzene itself).

The non-condensable gases were mainly two or three carbons long, independent of

reactor type, and were comprised of simple linear aliphatics by virtue of their small

molecular size. Methane was not present in large amounts owing to the molecule’s

high proportion of hydrogen to carbon (hydrogen being a rate-limiting reactant owing

to the stoichiometry of HDPE); hydrogen gas itself was not observed. The conservation

of mass meant that with an activated carbon bed, the formation of less hydrogen-dense

aromatics in the condensate “freed up” hydrogen, and a greater alkane content was

observed in the activated carbon derived gases.

Overall, it is clear that microwave-assisted pyrolysis of HDPE with an activated

carbon bed produces a narrower range of products that are potentially more valuable

and useful, than when a conventional coke bed is used. The larger reactor configuration
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used in this work promotes secondary reactions, resulting in a greater proportion of

gaseous products, though it is important to understand the influence of these reactions

as they are likely to become more important in any process scale-up. Indeed, the results

presented in this chapter were sufficiently promising to warrant further investigation

into the microwave-assisted pyrolysis of HDPE. Accordingly, as a further step towards

scale-up, a more industrial-like operation was developed where the reactor operated in

a continuous throughput mode and was able to process much larger volumes of sample;

this work is presented in the following chapter.





5
Continuous Pyrolysis of HDPE using

an Activated Carbon Reactor Bed

5.1 Introduction

Having established in the previous chapter that using activated carbon as a catalytic

bed in the microwave-assisted pyrolysis of HDPE was feasible, and having identified

the resulting pyrolysis products as possessing sufficient utility and economic value as

to make the process worthwhile, it was decided to more fully characterise the pyrolysis

process, with the intention of determining whether it would be suitable for scale-up

and operation on a larger, industrial scale. In order to achieve this, it was necessary

to change the configuration of the pyrolysis equipment so that it could process larger

quantities of material, and in a continuous mode with a constant input of HDPE and

collection of products, as the capacity, efficiency, and economic demands of a potential

commercial industrial facility would necessitate.

107
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Furthermore, while microwave-assisted pyrolysis has been demonstrated in continu-

ous operation when processing input gases [168] and liquids [152], there is a dearth of

reports in the literature dealing with the continuous processing of solid material. This

is likely due to the still burgeoning nature of the microwave-assisted pyrolysis field,

and the inherent difficulties in processing solids in this context — they can quickly

become tacky and difficult to handle when heated; an appropriate feeding mechanism

must allow solid particles to enter the reactor while remaining impervious to returning

pyrolysis gases; to say nothing of the difficulties of designing suitable mechanisms to

operate within the confines of a “microwave friendly” space. Nevertheless, this study

presented an excellent opportunity to investigate the differences between batch and

continuous processing using microwave-assisted pyrolysis, and pioneer the continuous

input of solid material.

Another necessary step towards scaling up the activated carbon catalysed pyrolysis

process was evaluating and quantifying the repeatability of the process and the

products it produced over time, and between independent runs, to determine how

consistent these were, and to investigate the performance of the catalyst over time

— this, in particular, required the ability to process larger masses of HDPE afforded by

the continuous input of sample.

This chapter presents the results and analysis obtained from the continuous pro-

cessing of HDPE with activated carbon catalysed microwave-assisted pyrolysis, com-

paring the process and products to those produced using the batch mode operation

described in the previous chapter, and relates the associated discovered difficulties

resulting from the scale-up of the process to handle larger quantities of input material.

5.2 Method

Continuous feed operation required a redesign of the sample injection apparatus, and

resulted in the continuous rotary feeder described in §3.4.2. HDPE was added to the

reactor at a rate of 11.8 g/min. This speed was selected so that the microwave heating

system could easily maintain the reactor temperature throughout the course of the

experiment, even when operating at the highest studied temperature, thus avoiding

the pitfalls of the batch investigation where at high temperatures the introduction

of sample overwhelmed the microwave heating capability and caused the reactor

temperature to drop. The same addition rate was used across all experiments carried

out. The typical mass of HDPE added throughout an experiment was around 500 g.
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The continuous addition study was primarily conducted at 450°C — the reaction

temperature with the greatest yield and without a prolonged residence time — though

a more limited set of comparative data was collected at 400°C, 500°C, and 600°C.

A fresh bed was used when beginning each set of experimental runs at the same

temperature (i.e., those experiments conducted sequentially at the same reactor

temperature). Other than the described changes, the same materials, experimental

apparatus, methodology, and analytical techniques were applied as those described in

the previous chapter (§4.2–4.4).

5.3 Pyrolysis Product Component Yields

5.3.1 Coke Bed Control Yields

The continuous pyrolysis process was first applied to the coke bed in order to establish

consistency data for the control non-catalytic state; three experimental repeats were

performed at each temperature. Table 5.1 shows the average yields obtained at each

temperature. The maximum yield of condensed products of 84.1% was obtained at

450°C. This yield then rapidly dropped off with increasing reaction temperature as the

fraction of input HDPE converted to non-condensable gases increased, until the ratio

of condensed to non-condensable gases reversed at 600°C, with 81.5% of the input

HDPE converted to non-condensable gas. Almost no input sample was retained within

the reactor, and the yield between runs was relatively consistent, with a maximum

standard deviation of 3.5%.

The larger quantity of HDPE processed in these runs, combined with the relatively

heavy products produced when using the coke bed, caused issues in some cases where

the percolating dry ice condenser became blocked. In the event that this occurred, the

experiment was cut short, and the yield percentages were calculated from the quantity

of HDPE that was actually added during the experiment.

Table 5.1: Percentage yields of retained, condensed, and non-condensable pyrolysis products
produced using a coke reactor bed with a continuous input feed of HDPE. Retained refers to
the portion of input mass left in the reactor at the conclusion of each experiment, condensed
product is the oil/wax collected in the condenser, gases refers to the remaining non-condensable
gaseous fraction and is calculated by difference. All percentages are expressed on a mass basis
as a proportion of the input HDPE ± the standard deviation.

400°C 450°C 500°C 600°C

Retained 0.1 ±0.1 0.0 ±0.0 0.0 ±0.0 0.0 ±0.0
Condensed 80.4 ±3.0 84.1 ±3.5 52.5 ±3.2 18.2 ±3.3
Non-condensable gases 19.5 ±3.1 15.9 ±3.5 47.5 ±3.2 81.5 ±3.3
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As with the batch experiments, greater cracking occurs at higher pyrolysis temper-

atures, resulting in an increased yield of non-condensable gases. At 400°C this trend

is countered by an increase in residence time as the reactor temperature approaches

the lower temperature limit for pyrolysis to occur. However, even at this temperature

with the longer residence time the reactor did not become “overwhelmed” with input

solids undergoing processing. A comparison between the results generated in batch

and continuous input mode is given in §5.7.

5.3.2 Activated Carbon Yields

A similar procedure of attempting to determine the consistency of the microwave-

assisted pyrolysis process was applied using the activated carbon bed; however, it

quickly became clear that large differences in the component yields were occurring

between runs. Figure 5.1 shows the changes in yields with each successive run as

more HDPE was processed with the activated carbon bed. Testing at 500°C and 600°C

was stopped after six experiments each, as the resulting condensed product was highly

viscous and began to clog the condenser.

5.3.2.1 Retained Fraction

The mass fraction of the input HDPE that is retained in the reactor bed is initially very

large (ranging from 15–28% depending on temperature, with a larger fraction retained

as the operating temperature increases), but rapidly reduces as the cumulative mass

of HDPE processed by the bed increases. Indeed, from the extended 450°C case the

retained fraction seems to tend towards an asymptote of zero.

5.3.2.2 Condensed Products

The proportion of condensed pyrolysis products is also temperature dependent, and

follows a similar order to that observed in the coke bed case, with the greatest

yield observed at 450°C, and the yield rapidly declining as the reaction temperature

increases from here. As more sample is processed with the activated carbon bed,

the yield of condensed products increases; in the 450°C case the yield appears to be

approaching that of the coke bed equivalent and, given the similar progression of the

other temperatures for the examined data, it is likely that they too would approach

their coke bed yield equivalents in time.
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Figure 5.1: Percentage yields of retained, condensed, and non-condensable pyrolysis products
produced using an activated carbon reactor bed with a continuous input feed of HDPE. The
retained fraction refers to the portion of input mass left in the reactor at the conclusion of the
experiment; condensed product is the oil/wax collected in the condensing system; the remaining
fraction comprises non-condensable gases and is calculated by difference. All percentages are
expressed on a mass basis as a proportion of the input HDPE.
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5.3.2.3 Non-condensable Gases

For the most part the yield of the non-condensable gases declines over time as the

mass of HDPE processed increases, as would be expected given the increase in

condensed products. The seeming counter-example to this trend is the initial increase

in proportion of non-condensable gases produced at the 600°C reaction temperature —

this is the result of the comparatively larger decrease in the proportion of sample that

is retained in the reactor over this period: the 18% drop in retained mass represents

additional material that is converted to condensed and gaseous products, such that

the net effect on the non-condensable gases is to increase over this period. If the

experiments at this temperature had been able to be continued and more HDPE was

processed, the non-condensable fraction would likely decrease in line with the results

obtained for the other temperatures, and the final data point gathered shows initial

evidence of this occurring. When the retained fraction is excluded, independent

of the amount of HDPE processed, the non-condensable yields show a temperature

dependence consistent with all the data observed thus far, with the greatest portion of

gases produced at 600°C, and this decreasing as reaction temperature is reduced to

450°C, before slightly increasing at 400°C.

5.3.2.4 Change in Activity of Bed

From these longitudinal studies, conducted with significantly larger quantities of HDPE

than the initial batch input investigation of the previous chapter, it is clear that a

constitutive change in the nature of the pyrolysis products produced using the activated

carbon bed is occurring as more HDPE is processed. The increase over time in the

proportion of heavier condensed products, and decrease in the lighter non-condensable

gases that have undergone greater cracking, is consistent with a reduction in catalytic

activity of the activated carbon bed. This is supported by a visual observation of the

condensed pyrolysis products, which over time became more viscous, and less clear

and homogeneous. That a significant proportion of the input mass remains in the

reactor (the “retained” fraction) even after being subject to temperatures that would

normally drive off any volatiles present, suggests the production of char, where the

catalyst has effectively stripped the hydrocarbon of hydrogen, leaving a carbonaceous

residue. In this way, the retained fraction is effectively hydrocarbon that has been

cracked “beyond” the non-condensable gases stage (and deposited on to the surface of
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the bed particles), explaining the initial increase in these gases (and decline in retained

fraction) at 600°C as catalytic deposition reduces.

This accumulation of mass retained in the reactor over time, the corresponding

apparent loss of catalytic activity of the activated carbon bed, and the decrease in

the rate of accumulation as the activity of the bed itself declines, suggests that the

catalytic deactivation may be occurring via coking, with the deposition of non-active

carbon on the surface of the activated carbon particles. This is supported by the lack of

any significant mass retained in the reactor when operating with the non-catalytic coke

bed. Indeed, by the end of the experimental series conducted at 450°C, the activated

carbon bed had accumulated (non-catalytic) material equivalent to 25% of its mass. If

nothing else, assuming this material is non-catalytic, this accumulation of mass would

“dilute” the reactor bed and reduce the proportion of catalyst that the HDPE substrate

is exposed to. A detailed investigation into the specific nature of the retained fraction

was later conducted and is presented in §6.6. A general trend from these results,

though, is as more mass is processed by the activated carbon bed, yields tend more

closely towards those obtained when using a coke bed — consistent with the catalytic

deactivation of activated carbon, and with the coke bed representing the ultimate non-

active state.

5.4 Analysis of Condensed Pyrolysis Oils and Waxes

5.4.1 Mass Distribution of Condensed Pyrolysis Products

A complete GC/MS analysis of the condensed products produced in the continuous

mode was carried out, and from this the distribution of molecular masses for each

experiment was obtained. Figure 5.2 on the next page shows the average molecular

mass, and the range of the molecular masses of the compounds present in the condens-

ate (delineated by 5th and 95th percentile so as to eliminate the non-representative

influence of any small concentration outliers).

5.4.1.1 Coke Bed

The distribution of condensed products produced using a coke bed with a continuous

input of sample follow a similar pattern to those produced with batch input. Both

the average molecular mass and the range of masses present in the condensate

increases with increasing reactor temperature, up to 550°C, at which point the average
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molecular mass reduces slightly. The average molecular mass of the condensed

products is determined by the amount of cracking these products undergo, which

itself is determined by temperature and residence time. Up to 550°C the increase

in temperature reduces the amount of time the HDPE spends in the hot zone of the

reactor so it is overall cracked less, and has a higher average molecular mass. At

600°C the increase in the speed of the cracking process dominates and the average

molecular mass is reduced. The range of products increases with reaction temperature

as the hotter temperatures allow larger compounds to enter the gaseous state and

exit the reactor, and the more rapid cracking (and thus production of pyrolysis gas

which drives exit from the reactor through phase change volume expansion) reduces

residence time.

While this residence time based explanation of the increase in average molecular

mass of condensed products between 400–500°C certainly holds true, it is important to

remember that this average only encompasses the condensed fraction of the pyrolysis

products produced, and that while the condensed products may have a greater average

molecular mass at 500°C than 450°C, overall, more cracking occurs at 500°C (and

indeed overall cracking consistently increases with reactor temperature), as is clear

from the increased yield of shorter chain non-condensable gases seen in figure 5.1.

5.4.1.2 Activated Carbon Bed

When the activated carbon bed was used, while the temperature and residence time

effects described for the coke bed case are no doubt present, the composition of the

condensed product is primarily determined by the catalytic nature of the activated

carbon. It is clear that over time, as more HDPE is processed by a given activated

carbon bed, both the average molecular mass and the range of masses of the condensed

pyrolysis products increase, consistent with a reduction in bed catalytic activity. The

rate of this increase is highly temperature dependent: at 450°C the initial increase in

average mass of the condensed pyrolysis products is almost negligible, remaining at

around 110–120 g mol-1 (corresponding to around C8–C9) until around 3.5 times the

mass of the bed itself has been processed, after which it increases to a maximum of

300 g mol-1 (around C14), and at which time the rate of increase plateaus. The results

obtained at 400°C follow a similar trend to the 450°C case. However, at 500°C the

average molecular mass increases far more rapidly as more HDPE is processed, with no

initial plateau as in the lower temperature cases; the range of the molecular masses of

the products produced at this temperature increases equally quickly. These increases
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occur even more rapidly at 600°C, and are consistent with the visual observation of

the products produced at these temperatures, which showed inhomogeneity and high

viscosity (from the greater range and mass of hydrocarbons respectively), and caused

problems with blocking the percolating dry ice condenser.

5.4.1.3 Temperature Dependent Change in Activated Carbon Bed Activity

It is clear that the molecular mass time profile of the products with an activated carbon

bed varies considerably depending on the temperature at which pyrolysis is conducted.

The rapid change in average molecular mass and range of products shown at 500°C

and 600°C, contrasted with the equivalent seen at 400°C and 450°C, implies that the

process leading to the deactivation of the activated carbon bed is highly non-linear with

temperature.

Based on the extended study made at 450°C, as the deactivation of the activated

carbon progresses the profile of the resulting condensed products grows increasingly

similar to those produced using the non-catalytic coke bed. In the 500°C and

600°C cases the composition of the condensed products is still undergoing change;

interestingly, from the third set of experiments (HDPE/Bed Mass ≈ 0.75) the average

molecular mass of the products produced at 600°C is considerably greater than those

produced at 500°C, in contrast with their equivalents produced using the coke bed,

where the average molecular mass is somewhat smaller at 600°C. This may be a result

of the catalytic cracking effectively magnifying the non-linear reduction in residence

time that, with increased reaction temperature, increased the average molecular mass

of the condensed products in the batch mode (§4.5.3.2). If, in the non-catalysed

case, the increase in rate of production of pyrolysis gases at higher temperatures was

sufficient to increase the pressure within the reactor to cause said pyrolysis gases to

leave more quickly (resulting in the higher average molecular mass of the condensed

products), then in the catalysed case the reaction rate will be quicker still, the exit

pressure even greater, the residence time less, and the average molecular mass of the

products greater. Note that it is not the ultimate yield of non-condensable gases that

determines the exit pressure and residence time, but rather the rate of production

of the pyrolysis gas (which includes all products in the gaseous state in the reactor).

Hence, it would be entirely possible for the changes that occurred after those recorded

at 600°C to include a lower average molecular mass in the condensate, and a higher

total proportion of non-condensable gases, as a result of a reduction in catalytic activity

causing an overall slower reaction rate and reducing the residence time.
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5.4.1.4 Change in Carbon Number Distribution

The initial condensed pyrolysis products produced using an activated carbon bed

with continuous addition of HDPE all have very similar molecular mass distributions,

regardless of the temperature at which they were produced, though the upper bound of

the range does increase somewhat with increasing temperature. They are uni-modal,

with the largest peak at C8; the distribution produced at 450°C is shown in figure 5.3

on the following page.

As more HDPE is processed by the activated carbon bed, for all temperatures,

the distribution of the molecular masses changes considerably as the tail grows to

encompass larger molecules. An examination of the extended study conducted at a

reactor temperature of 450°C is useful as this case not only presents the most data, but

the changes in mass distribution happen sufficiently slowly that the snapshots of each

experimental run allow a complete picture of changes to be built up. Data gathered

at 500°C and 600°C is consistent with similar changes taking place but much more

rapidly; at 400°C the change is similar but slower.

At 450°C as more HDPE is processed by the activated carbon bed the distribution

remains similar for some time, until there is a rapid increase in the maximum molecular

mass in the condensed pyrolysis products when the quantity of HDPE processed is

equal to around 3.5 times the mass of the bed: going from 2.9 times the mass of

the bed processed to 4.1 times, the maximum carbon number increases from C20

to C45, accounting for the rapid rate of increase in average molecular mass in this

period observed in figure 5.2. These heavier compounds are initially present in small

quantities, but as more HDPE is processed by the bed they are produced in increasing

quantities, until a clear second grouping becomes evident.

This emergent second grouping resembles that observed in the condensate pro-

duced with the coke bed in the batch mode, is also comprised of long-chain aliphatic

species, and likely derives from the same origin, possibilities of which are discussed

in §4.5.3.4. The increase in prominence of these heavier compounds results in a

corresponding reduction in the lighter grouping and an increasingly flat distribution.

By the time 6.9 times the mass of the bed has been processed, the carbon number

distribution is clearly bi-modal, and highly resembles that produced using the coke bed

at the same temperature, as seen in the lower two graphs of figure 5.3.
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Figure 5.3: Change in carbon number distribution of condensed products due to deactivation
of activated carbon. The condensed products analysed here were all produced at a reactor
temperature of 450°C with the continuous addition of sample. The top figure represents the
initial mass distribution produced using activated carbon having processed up to 2.7 times its
mass of HDPE; by the end of the experimental series after the bed has processed 6.9 times
its mass of HDPE the mass distribution has changed considerably (middle), and resembles that
resulting from the control coke bed (bottom).
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Figure 5.4: Chemical composition of the condensed pyrolysis products produced using a
coke bed with a continuous input of HDPE. “Alkenes” encompasses species containing one or
more double bonds. “Aliphatics” includes linear alkanes and alkenes which were unable to
be distinguished from one another in the GC/MS analysis owing to their large molecular mass
(>C23).

5.4.2 Chemical Composition of Condensed Pyrolysis Products

5.4.2.1 Coke Bed

Figure 5.4 shows the chemical composition of the condensed pyrolysis products

produced using a coke bed. The bulk of the products comprise linear alkanes and

alkenes (over 90% peak area at 400°C and 450°C), with small quantities of cyclic

compounds. As the reaction temperature increases there is a reduction in the linear

alkanes and alkenes, and an increase in cyclic and aromatic species, which make up

around 25% of the peak area at 600°C.

The proportion of heavier aliphatics (comprising linear alkanes and alkenes, though

indistinguishable from each other in this analysis owing to their large molecular mass)

increases with reaction temperature, as does the ratio of (separable) alkenes to alkanes.

The greater thermal energy at 500°C and 600°C also facilitates secondary reaction

mechanisms (described in §6.2) that lead to the production of aromatics.
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Figure 5.5: Change in chemical composition of the condensed pyrolysis products produced
using an activated carbon bed at 450°C with a continuous input of HDPE. “Alkenes” encompasses
species containing one or more double bonds. “Aliphatics” includes linear alkanes and alkenes
which were unable to be distinguished from one another in the GC/MS analysis owing to their
large molecular mass (>C23–25).

5.4.2.2 Activated Carbon Bed

The change in the chemical composition of the condensed pyrolysis products produced

using an activated carbon bed at 450°C, as it processes progressively more HDPE,

is shown in figure 5.5. The most dramatic change across the range tested is in

the proportion of aromatics, which initially comprise the majority of the condensed

product (around 85% peak area), but as the activated carbon bed processes more HDPE

decrease steadily. The decrease in aromatic content is matched by an increase in linear

alkane and alkene species. After the bed has processed around 3 times its mass in

HDPE we see the appearance of the longer chain indistiguishable aliphatics, which

coincides with the increase in average molecular mass seen in §5.4.1.2. The remaining

classes of compounds (branched aliphatics, cyclics, and alkynes) are never present in

any large quantity, remaining well under 10% peak area at all times even when summed

together.

Figure 5.6 shows the effect of reaction temperature on the change in chemical

composition of the condensed pyrolysis products produced using an activated carbon

bed. The depicted range of masses processed by the beds has been limited in the

450°C case for comparative purposes; however, over this range it is clear that very
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Figure 5.6: Change in chemical composition of the condensed pyrolysis products produced
using an activated carbon bed with a continuous input of HDPE at all studied temperatures. The
450°C case has been foreshortened in this figure for comparative purposes, but is given in full
in figure 5.5. “Alkenes” encompasses species containing one or more double bonds. “Aliphatics”
includes linear alkanes and alkenes which were unable to be distinguished from one another in
the GC/MS analysis owing to their large molecular mass (>C23–25).
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little change occurs at reactor temperatures of 400°C and 450°C. In contrast, with

an increase in reactor temperature of just 50°C, the change in species present in

the condensed product over the course of the bed processing its own mass in HDPE

is significant: heavier aliphatic species are immediately apparent, and aliphatics

generally increase over time as the aromatic content declines. In other words, the

same changes observed with the 450°C bed occur, but much more rapidly, consistent

with the activated carbon deactivating more quickly at higher temperatures.

Across the entire range of temperatures and reactor beds, linear aliphatics and

aromatics comprise the vast majority of the pyrolysis products (>90% peak area),

with the ratio of aromatic to aliphatic declining depending on reactor temperature

and, with an activated carbon bed, how much HDPE has been processed. The primary

breakdown products of the pure thermal scission of HDPE are linear aliphatics [225].

Given that aromatics are only present in any significant quantity at high temperatures

(600°C) in the non-catalytic coke bed case, and that they decline as the activated carbon

bed processes more HDPE and becomes deactivated, it is clear that activated carbon

catalyses the formation of aromatic species. Potential reaction mechanisms accounting

for this, and the formation of all other major species observed in the pyrolysis products

are discussed in detail in §6.2.

5.4.2.3 Specific Compound Analysis and Examples

Thus far the chemical analysis of pyrolysis products has focused on general categories

of compounds; tables 5.2 and 5.3 present lists of the most five most common individual

species within each of these categories produced using the coke and activated carbon

beds respectively, with the latter of these also detailing how the proportion of species

changes as the activated carbon progressively processes more HDPE. The stochastic

nature of the pyrolytic breakdown of HDPE results in an extremely large number

of separate compounds produced, making listing all of them impossible given any

reasonable space constraint, and which is not especially instructive in any case given

the category-based analysis already presented. In spite of this, the most common

compounds make up a disproportionately large percentage of the total: the top 24

species across all analyses performed with an activated carbon bed make up 50% of

the total peak area, while the remaining 50% consists of around 550 other species

(though not all of these are present in each analysis). As such, the data presented in

these tables on the most common compounds observed does add informative value, and

provides a representative flavour of the compounds present in each pertinent category.
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Table 5.2: Five most prevalent compounds for each chemical grouping (averaged across all
experiments) in the condensate produced using a coke bed continuously fed with HDPE. All
figures are percent peak area derived from GC/MS analysis. Positional isomers (e.g. o-, m-,
p-xylene) are grouped. Aliphatics are long-chain linear alkanes and alkenes that were not
distinguishable from each other owing to their length; as a grouped category these present a
proportionally larger fraction than the equivalent single species would.

Pyrolysis Temperature 400°C 450°C 500°C 600°C

Alkane

Eicosane 1.5 0.9 0.3 0.2
Docosane 1.5 0.9 0.3 0.1
Octadecane 1.4 0.8 0.3 0.2
Hexadecane 1.3 0.8 0.3 0.2
Heneicosane 1.4 0.9 0.3 0.1

Alkene

Decene 2.6 2.6 2.3 1.6
Undecene 2.2 2.2 1.7 1.3
Heptene 1.5 1.5 1.9 1.1
Tetradecene 2.3 2.0 1.4 1.1
Hexene 1.4 1.4 1.6 1.4

Aliphatic

C36 1.9 2.2 4.1 3.7
C37 1.6 2.1 4.0 3.8
C38 0.8 1.9 3.9 3.9
C35 1.2 2.1 3.9 3.2
C39 0.5 1.8 3.4 3.5

Aromatic

Toluene 0.1 0.4 1.2 4.6
Benzene 0.0 0.2 0.7 4.4
Naphthalene 0.0 0.0 0.1 2.0
Ethylbenzene 0.0 0.1 0.3 1.0
Benzene, 1,3-dimethyl- 0.0 0.1 0.5 0.7

Other

Cyclopropane, ethyl- 0.7 0.8 1.0 0.8
Cyclohexene 0.1 0.2 0.5 0.4
Cyclopentene 0.1 0.2 0.4 0.4
1,3-Cyclopentadiene 0.0 0.1 0.4 0.8
1,3-Cyclohexadiene 0.0 0.1 0.6 0.0

The most prevalent alkanes produced using a coke bed are dominated by the

distribution of compounds at 400°C, which has a higher proportion of alkanes than

the other temperatures. As a result of being so close to the pyrolysis threshold, the

distribution of compounds is also different at this temperature — while the average and

upper molecular mass is smaller than at higher temperatures, the mode is larger as a

result of the flatter distribtuion, accounting for the larger alkanes listed in this table.

Aromatics are not present in large quantities until 600°C, with benzene and derivates
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most prevalent, though bi-cyclic napthalene is also present at 600°C. Aliphatics make

up a large proportion of the condensate, though have larger absolute values as this is

a category that groups alkanes, alkenes, alkadienes, etc.

In the condensate produced using fresh activated carbon, toluene is the single most

common species, and remains the most common aromatic species across almost all

testing performed. By far the majority of all the aromatic species are single-ring

benzene derivatives with aliphatic side chains, though benzene itself is also present.

PAHs are present though not in large quantities; naphthalene is by far the most

abundant of these, with the three-ring anthracene the largest PAH observed across

all samples, and this only in small amounts. The quantity of PAHs present declines

quickly as the activated carbon bed processes more HDPE. The most common alkanes

and alkenes are linear, from C5–C11, though as more HDPE is processed by the bed

heavier aliphatics become more common, with a concurrent proportional reduction in

the lighter alkanes and alkenes. Cycloalkanes comprise the majority of the remaining

species, though these are not present in large quantities.

Generally as species contain an increasing number of side chains, or as the side

chains become increasingly branched, they are less prevalent: in order for these

more complex species to form they must undergo a greater number of reaction steps

from the linear primary decomposition products of HDPE. As the number of secondary

reaction steps in a sequence grows, the potential number of possible end-products

grows extremely rapidly, with the probability of a particular individual end-product

forming falling concurrently. Further, the number of secondary reactions a molecule

is likely to undergo is itself probabilistically determined, with a greater number of

reactions in sequence progressively less likely to occur. This combination of facts

accounts for the large number of individual species observed across all the experiments

conducted, and the overall distribution of species, with the smaller numerical subset of

those that occur most frequently making up by far the greatest portion of the whole.

5.4.3 Economic Value and Consistency Over Time of Condensed

Products

From the analysis presented thus far, it is clear that the composition of the condensed

products varies significantly as the activated carbon bed processes progressively more

HDPE. While in the initial studies presented in chapter 4 the condensate showed

significant promise for use in liquid transport fuels, it is necessary to re-evaluate this

in light of the new information on the deactivation of activated carbon and consequent
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Figure 5.7: Proportion of condensate produced using an activated carbon bed with a carbon
number in the liquid transport fuel range (C≤21). Percentages are derived from peak areas in
GC/MS analysis of the samples.

change in composition of the products presented in this chapter. Figure 5.7 shows

the proportion of the condensed product, produced at various reaction temperatures

with an activated carbon bed, that lies in the liquid transport fuel range (C5–C21).

The rapid deactivation that occurs at operating temperatures of 500°C and greater

results in a swift drop-off of liquid transport fuel range products, making operating

at these temperatures infeasible. At 450°C the entire condensate is initially in the

liquid transport fuel range, and remains so until the bed has processed approximately

three times its mass. As shown in the previous section, over this period the resulting

condensate is highly consistent in chemical make-up and would be ideal for separation

into two valuable output streams: the aromatic BTX fraction, and the aliphatic liquid

transport fuels, as described in the previous chapter. A similar, if slightly slower,

deactivation and processing ability would be expected at 400°C given the relative

similarity observed between these two temperatures. That 450°C is the optimal

temperature for the liquid transport fuel production is reinforced when the yield of

condensed product is considered, which is greatest at this temperature.

Over the long term, however, the value of the catalytic microwave-assisted pyrolysis

process is tempered by the deactivation of the activated carbon and its inability to

produce a consistent output product. In the 450°C case, after the activated carbon

has processed approximately three times its mass of HDPE, heavier aliphatics begin to
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appear in the condensed product. These would require separating out from potential

liquid transport fuel end products, increasing the expense of the overall process. The

balance of desirable shorter chain molecules to heavier products steadily worsens

as the activated carbon processes more HDPE. If the activated carbon bed required

replacement every time after processing only three times its weight of HDPE, the

process would be uneconomical: given the expense of activated carbon, its replacement

cost alone would far outweigh the value of the products produced throughout its

lifetime. A potential solution to this problem would be to maintain catalytic activity

by regularly regenerating the activated carbon. This could potentially be undertaken

in-situ in the reactor itself, a possibility explored in §7.2.4.

5.5 Analysis of Non-condensable Pyrolysis Gases

5.5.1 Chemical Composition

5.5.1.1 Coke Bed

The compounds comprising the non-condensable gases produced using the non-

catalytic coke bed in continuous mode are presented in table 5.4 on the next page.

Alkenes are the most common class of compounds, in line with the non-catalytic

breakdown of HDPE, these being the closest to the monomer from which HDPE is

formed. Compared with the activated carbon case (below), alkanes, with a higher H/C

ratio, are less likely to be present owing to the formation of far fewer catalytically

derived “hydrogen freeing” aromatic species in the condensate.

5.5.1.2 Activated Carbon Bed

Table 5.5 on page 129 presents the results of the GC/MS analysis of the non-

condensable gaseous products produced using the activated carbon bed with a con-

tinuous input of HDPE. The gases are mostly linear alkanes and alkenes, the bulk of

which have a carbon number between C2–C4. The primary factors determining the

make-up of the non-condensable gases are the reaction temperature and the activity

of the activated carbon, which influences cracking and, by altering the make-up of the

larger condensed molecules into more or less hydrogen-dense forms, determines the

quantity of atomic hydrogen “available” for the shorter chain gases as described in

§4.6.2.

As the activated carbon deactivates, there is an increase in the average molecular
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Table 5.4: Chemical composition of the non-condensable gases produced using a coke bed using
a continuous input of HDPE. Figures are percent peak area derived from GC/MS analysis.

Pyrolysis Temperature 400°C 450°C 500°C 600°C

C1 2.1 2.6 3.9 5.2

Methane 2.2 2.6 3.9 5.2

C2 25.1 28.4 38.8 38.5

Ethane 7.9 8.4 9.0 7.1
Ethene 17.1 20.0 29.8 31.4

C3 65.6 62.5 49.2 44.6

Propane 23.0 18.8 7.6 1.5
1-Propene 42.7 43.6 41.6 43.0

C4 6.7 6.1 8.1 11.4

Butane 2.3 1.7 0.6 0.3
1-Butene 4.1 4.0 5.5 5.0
1-Propene, 2-methyl- 0.3 0.0 0.2 0.9
2-Butene 0.0 0.1 0.5 1.2
1,3-Butadiene 0.0 0.3 1.3 3.9

mass of the non-condensable gases, with a decrease in the smaller gases (e.g, methane,

ethane) and an increase in heavier C4–C5 gases. The proportion of hydrogen-rich

alkanes also decreases as the activated carbon processes more HDPE, mirroring the

decline of aromatic species in the condensed products, from which the hydrogen was

freed that allowed the formation of gaseous alkanes in the first place. This shift is

particularly evident in the shorter chain molecules of the non-condensable gases, as the

hydrogen to carbon ratio necessary for the formation of alkanes increases drastically

as the chain length reduces. Overall, as the activated carbon bed processes more

HDPE the non-condensable gases produced show a steady convergence towards those

produced using a coke bed (in terms of alkene:alkane ratio, average molecular mass,

and relative proportion of species). C4 compounds are more prevalent in the activated

carbon produced gases, the primary component of which is butane; however, it may

be that these compounds decline to the levels seen in the coke produced bed as the

activated carbon becomes more inert — there is evidence of a decline in the sum total

of C4 compounds in the last captured data point at all operating temperatures.

Generally as the reaction temperature increases, greater cracking results in the

gases having a lighter average molecular mass, though this becomes more evident as

the activated carbon deactivates and pure thermal cracking becomes dominant over

catalytic effects.
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5.5.2 Economic Value of Non-Condensable Gases

The non-condensable gases produced with the continuous pyrolysis of HDPE consist

of simple alkanes and alkenes, with similar chemical composition to those produced in

batch mode, and as such retain the same economic potential in terms of use as chemical

feedstock (including for the synthesis of virgin HDPE) and combustion fuels (see

§4.9.2). Indeed, the non-condensable gases by definition encompass a much smaller

range of molecular masses and compounds, and furthermore comprise a smaller subset

of types of hydrocarbon (aromatics, for example, cannot be present owing to the

molecules containing too few carbon atoms to form these rings). There is therefore less

variation in the make-up of the non-condensable gases in spite of potentially significant

underlying changes in bed activity. What variation does exist would not present any

barriers to their utilisation (unlike, for example, the longer chain liquid hydrocarbons

that result when the activated carbon deactivates).

Given the added expense of separating out higher mass aliphatics and aromatics

from any potential liquid fuel product (produced using a coke bed or activated carbon

bed after it has partially deactivated), the natural (and thus free) phase separation

ability of molecules in the gaseous state, the greater uniformity of their chemical

composition, and the still substantial economic value of these resulting gases, it may

be possible to alter the production focus of the pyrolysis process and optimise it such

that hydrocarbon gases are the primary targeted product. This possibility is discussed

in depth as a potential course of further study in §7.2.6.2.

5.6 Temperature Dependence of Rate of Change of

Catalytic Activity

From the analysis of the pyrolysis products presented in this chapter thus far, it is

clear that activated carbon deactivates relatively quickly when used in the microwave-

assisted pyrolysis of HDPE, but further, that this deactivation process itself is highly

temperature dependent: the change in yields and composition of the pyrolysis products

at 500°C and 600°C is far more rapid than that which occurs at 400°C and 450°C.

Assuming the deactivation derives from coking of the pores and/or active sites of

the activated carbon, it may be that the dehydrogenation or equivalent process that

drives this coke formation has an activation energy that causes it to rapidly increase

in rate when this energy threshold is reached. This would explain the large change
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in deactivation rate over the relatively small temperature change between 450°C

and 500°C. A full investigation into the nature of the molecular changes in the

activated carbon accompanying the change in output pyrolysis products, the catalytic

consequences of these changes, and the effect of reaction temperature on the rate of

these changes is given in the following chapter.

5.7 Batch and Continuous Operation Comparison

The development of the continuous rotary feeder allowed the investigation of microwave-

assisted pyrolysis operating in continuous throughput mode as outlined thus far in this

chapter. The results of the previous chapter, using the same procedure and apparatus

operating in batch mode, present an opportunity to compare the characteristics and

product differences between the two modes of operation. Given that the catalytic

nature of the activated carbon bed dramatically impacts on the outputs, and varies

depending on its state of deactivation, the bulk of this comparison focuses on data

generated using the coke bed, though where relevant conclusions can be drawn, the

impact of the differences in addition mode when using activated carbon is also detailed.

5.7.1 Coke Bed Yields

Significant differences in yields were observed between pyrolysis using batch injection

and a continuous feed of HDPE. When operating with a continuous feed, the maximum

yield of condensed products (84.1% at 450°C) is approximately 15% higher than when

operating in batch mode (69.0% at 450°C). A similar deviation was observed in the

maximum non-condensable gases yield (81.5% vs. 68.6% continuous and at batch

respectively at 600°C). At low temperatures relatively more cracking of the HDPE

occurred in the batch mode compared to continuous, but at high temperatures the

reverse was true, and more cracking occurred in the continuous mode. Overall then,

the difference in yields attributable to reaction temperature was considerably larger

when HDPE was added in a continuous fashion.

5.7.2 Chemical Composition of Products Produced using Coke

Bed

The chemical composition of the condensed products is broadly similar between

batch and continuous modes, consisting almost entirely of linear alkanes and alkenes.
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Table 5.6: Comparison between condensed product properties produced in batch and
continuous reactor modes with a coke reactor bed. Yields of condensed products and non-
condensable gases are given, along with the average molecular mass (MW) and standard
deviation (SD) of the condensed products and overall molecular mass of all combined pyrolysis
products as an indicator of overall cracking.

Batch Continuous

400°C 450°C 500°C 600°C 400°C 450°C 500°C 600°C

Condensed (% wt.) 59.1 69.0 42.0 31.4 80.4 84.1 52.5 18.2
Non-condensable Gases (% wt.) 38.9 30.0 58.0 68.6 19.5 15.9 47.5 81.5
Overall Average MW (g mol-1) 221.4 330.2 213.6 155.0 228.4 258.9 193.5 89.1
Condensed Product MW (g mol-1) 351.1 462.4 456.2 418.4 274.6 300.6 335.4 325.7
Condensed Product SD (g mol-1) 204.7 189.7 198.4 203.4 127.1 141.4 182.2 199.0

However, at reactor temperatures of 500°C and over, the condensate produced in the

continuous mode diverges, with aromatic and cyclic species becoming prevalent (14%

and 25% at 500°C and 600°C in continuous mode vs. 2–4% throughout the batch mode).

5.7.2.1 Molecular Mass Distribution and Heavy Aliphatic Grouping

The average molecular mass of all combined pyrolysis products (i.e., both condensed

and non-condensable gases) is the best indicator of how much cracking of the input

HDPE has occurred over the course of an experimental run. As seen in table 5.6,

which compares batch and continuous modes, it is clear that at temperatures of

450°C and above the pyrolysis products produced in batch mode are significantly

heavier on average (and thus have undergone less cracking) than those produced in

continuous mode. Furthermore, the spread of the pyrolysis products’ molecular masses

is significantly greater in the batch regime for any given reaction temperature. A

significant proportion of this difference derives from the grouping of heavier aliphatic

compounds, which in batch mode are both more numerous, and longer in chain length

(this group having a mode of around C45 in batch configuration compared with C36–C40

in the continuous equivalent).

5.7.3 Residence Time Differences due to Pyrolysis Rate and Exit

Pressure

The fact that the pyrolysis products produced with a continuous input of HDPE have

undergone more cracking than those produced with a batch input can be explained

by considering the pyrolysis rates and residence times of the respective sample

introduction modes. The egress of pyrolysis products from the reactor is primarily

driven by phase change volume expansion of the products themselves as they change

from solid to gas. With the bulk introduction of sample at higher reactor temperatures,



5.7 Batch and Continuous Operation Comparison 133

an initial sudden “explosive” rush of pyrolysis gases was observed entering the

condenser soon after the HDPE was added to the reactor, which then tailed off over

time. Here, the large quantity of introduced material is rapidly pyrolysed and converted

to gaseous form, which expands and provides a large driving pressure differential

forcing gases out of the reactor (“exit pressure”). As the mass of material present in the

reactor declines, the absolute rate of conversion to the gaseous state declines, and so

does the driving force causing pyrolysed material to leave the reactor. This effect was

reduced when operating at 400°C in batch mode, while with the continuous addition of

HDPE, the rate of pyrolysis gas entering the condenser was relatively constant, and no

initial high-velocity “explosive exit” occurred.

5.7.3.1 Simplified Mathematical Model of Input Modes

These observations are perhaps best explained using a simple mathematical model of

the kinetics of the different addition scenarios. Assuming the pyrolysis of HDPE follows

first-order kinetics, i.e., the rate of pyrolysis is proportional to the amount of sample

in the reactor (an approximation used by other researchers [46, 226]), then in batch

mode the pyrolysis process can be modelled by:

dH

dt
= −k(T ).H

where H is the amount of HDPE in the reactor, t is time, and k is the reaction

rate constant (itself primarily dependent on reaction temperature (T ), and often

empirically modelled using the Arrhenius equation [212, 227]). Separating variables

and integrating gives:

H = H0e
−kt

Thus an initial batch injection of HDPE gives an exponentially declining pyrolysis

rate, and an equivalently declining exit force and residence time. Assuming the same

kinetics, but with the continuous addition of HDPE sample gives:

dH

dt
= −k(T ).H +A

where A is the rate at which sample is added to the reactor. By examining the steady

state configuration it is clear that the pyrolysis rate is limited by (and at steady state

equal to) the rate of sample addition.
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Figure 5.8: Examples of theoretically derived pyrolysis rates in batch and continuous modes at
high and low reaction temperatures.

Figure 5.8 uses the above equations and compares the resulting overall pyrolysis

rate under demonstrative high and low temperature configurations between a single

initial batch introduction of sample and continuous addition scenarios. With the

continuous addition of sample, independent of temperature, the pyrolysis rate quickly

stabilises to the rate of HDPE addition. It is worth noting that even though the pyrolysis

rate stabilises to the same value regardless of temperature, the residence time will

still have a temperature-dependent component, with a longer residence time at lower

temperatures (and a greater mass in the reactor at any given time).

With batch addition, in the high temperature case (demonstrating the scenario likely

occurring when the reactor operates at 450°C and above), the larger reaction rate

constant, and the large initial mass of HDPE present, results in a high initial pyrolysis

rate, which would in turn result in a short residence time for the period in which the

majority of the HDPE is pyrolysed, as large quantities of gas are produced and forced

out of the reactor by volume expansion. In this scenario the low residence time results

in less cracking compared with the continuous addition of sample, where there is a

lower average rate of pyrolysis, longer residence time, and ultimately greater cracking

of the HDPE.

In the low temperature case (corresponding to the 400°C, where operating temper-

ature approaches the threshold of pyrolysis), with a smaller corresponding value for

the reaction rate constant, the pyrolysis rate is much slower, and undergoes slower

decay, potentially remaining below that of the continuously fed case for much of the

experimental run. As such, in spite of the larger amount of sample present in the
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reactor in the batch case, the production of pyrolysis gases is still relatively slow,

and they create less exit pressure to force themselves out of the reactor, and thus

have a longer residence time. So with a slow reaction rate at lower temperatures,

the batch mode results in a longer residence time and greater cracking, with a greater

yield of non-condensable gases and less condensed products compared with continuous

addition.

Not only does this account for the observed differences in cracking, but a second

consequence of the different HDPE addition modes is that while the reaction rate and

residence time quickly stabilise in the continuous addition case, they are very variable

over the course of an experimental run in the batch mode, with the exponential decay

resulting in a long slow rate tail, in contrast to the initial high reaction rate upon sample

addition. The distribution of the molecular masses for the respective products resulting

from these two addition modes should therefore show significant differences at the

same operating temperature, and indeed this is the case. As seen in table 5.6, at any

given reaction temperature the range of molecular masses of the condensed products

produced using a coke bed is considerably larger in batch mode compared with those

produced in the continuous mode.

5.7.3.2 Effect of Residence Time on Chemical Composition of Pyrolysis

Products

Differences in residence time are also able to account for some of the observed

differences in chemical composition between the two reactor modes. In the continuous

mode at reactor temperatures of 500°C and above, significant quantities of aromatic

species were observed in the condensate; these are only present in very small amounts

in the condensate produced in batch mode. The formation of aromatics in the pyrolysis

of hydrocarbons is dependent on both temperature and time: the pyrolysis of decane

by Cypres [228] did not yield any aromatic species below 700°C with a 2 s contact

time, but with increasing contact time the minimum formation temperature decreased

and quantity of aromatic species increased. The described short residence time in

batch mode for the majority of HDPE processed, would, at the operating temperatures

investigated, explain the lack of aromatic species observed in the resulting condensed

products. In the tail of the exponential decay of the pyrolysis rate, as the amount of

HDPE in the reactor declines and the residence time increases, the little hydrocarbon

left may account for the small quantity of aromatics observed, though as the residence

time increases, produced species are more likely to be non-condensable gases in any
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case due to greater cracking. The longer average residence time resulting from the

continuous mode would also allow for the formation of the observed aromatics at higher

temperatures.

5.7.3.3 Convective Transfer of Pyrolysis Aerosol Particles Owing to Exit

Pressure

The exit pressure generated by the pyrolysis gases not only affects the residence time

in the reactor, but also acts in part to determine which products are able to exit the

reactor in the first place. At least some convective transfer of molecules from the

reactor to the condenser must occur; this is evident from the presence of hydrocarbons

up to C55, which have boiling points of around 600°C, in the condensate, even when the

reactor was operating at a temperature of 400°C. For an aerosol particle (i.e., a small

drop of liquid or solid) to leave the reactor, a sufficiently large force must act upon it

so that it can overcome gravity and escape. This force comes in the form of convection,

where the particle has directional force imparted on it from the collective movement

of the gaseous particles in which it is suspended towards the reactor exit. The greater

the movement of gases (i.e., pressure derived from the pyrolysis induced phase change

volume expansion of the HDPE), the greater convective force will be exerted, allowing

particles with greater mass to overcome gravity and escape the reactor. Given the

pyrolysis rate is much greater as the bulk of the HDPE is cracked into pyrolysis gas in

batch mode, with the large introduction of HDPE to the reactor the convective transfer

will also be greater during this period, with larger heavy-mass molecules able to be

transferred, and in greater quantities. This is borne out by an examination of the mass

distributions of the products produced in the different reaction modes: the grouping

of heavier aliphatic compounds are both more numerous, and longer in chain length in

batch mode compared with the continuous equivalent, and as a result the condensed

products in batch mode are considerably heavier (see table 5.6).

5.7.4 Differences in Reaction Mode for Activated Carbon

Studies

5.7.4.1 Deactivation Across Batch Experimental Set

For the continuous mode experiments detailed in this chapter, a fresh bed of activated

carbon was used at the start of each set of experiments for every reaction temperature

studied. For the initial investigation in the batch mode, before it was clear that the
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activated carbon deactivated relatively rapidly, the same bed was used across all the

experiments (though the bed was fresh at the beginning of these). In spite of this, the

relatively small mass pyrolysed in these experiments compared to the continuous case

should mean that the change in catalytic activity across this set of experiments was

relatively small.

A quick, highly qualitative evaluation of the processed masses involved supports

this argument: each experiment in the batch mode involved 100 g of carbon; the first

experiments at 400°C and 450°C would have seen little change in catalytic activity

due to the slow rate of deactivation at these temperatures. The subsequent three

experiments at 500°C, 550°C, and 600°C involved processing a total of 300 g of HDPE,

a quantity approximately equal to the first data point gathered at each temperature in

the continuous processing case. The results presented in this chapter (e.g. figure 5.1)

indicate little change from baseline with this quantity of HDPE processed. The order of

experiments (lowest temperature to highest) also helps to minimise the total deviation

in catalytic activity from the virgin state. A quantitative theoretical exploration and

validation of this concept is given in §6.5.4.1.

5.7.4.2 Yield and Composition Differences

Comparing the pyrolysis products produced using the activated carbon bed in the batch

mode with the first set of data at each temperature in the continuous mode reveals

similar trends to those observed in the non-catalytic coke bed case. More cracking

of the HDPE occurs in the continuous mode (with a greater yield of non-condensable

gases, and a lighter condensed fraction), with a greater proportion of aromatic species

present in the pyrolysis products. This is consistent with the faster pyrolysis rate

and shorter residence time for the bulk of the HDPE pyrolysed in the batch mode as

described above.

The reduced contact time resulting from the batch mode would also lower the

extra catalytic cracking that occurs with activated carbon, accounting for the smaller

quantity of aromatics, and mass (char) retained in the reactor in the batch case. This

factor is also potentially exacerbated by the better mixing between HDPE and catalyst

that would likely result from the slower continuous addition of sample. That the

observed differences between the two sample addition modes result from the kinetics

underlying these reaction modes, and not the deactivation of the activated carbon over

the course of the batch runs, is supported by the fact that these differences were still
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observed in the 400°C and 450°C cases, where the activated carbon would be in, or

very close to, virgin condition.

5.8 Summary

The development of the continuous rotary feeder allowed the investigation of the

microwave-assisted pyrolysis of HDPE in continuous throughput mode, facilitating the

processing of an arbitrarily large quantity of sample — a necessary requirement in any

realistic industrial scale-up of the process. This facility was then used to investigate

the variability of the pyrolysis products produced over multiple experimental runs. For

each temperature investigated, using the coke bed resulted in relatively consistent

yields of pyrolysis products, with unchanging chemical composition. By contrast, with

the activated carbon bed, dramatic changes in the pyrolysis products were observed

over time, with the overall cracking reducing (resulting in less non-condensable gases

and more condensed products) and the chemical composition changing (with fewer

aromatics and more aliphatics produced over time). With a fresh activated carbon bed,

a significant proportion of the input HDPE mass was retained within the reactor at the

end of the experimental run. This accumulation of mass, the correlated loss of catalytic

activity of the activated carbon bed, and the decrease in rate of accumulation as the

activity of the bed itself declined, suggested the activated carbon was deactivated

by coking. Indeed, it seems that activated carbon catalyses not only the cracking

of hydrocarbon, but also its dehydrogenation, leaving a carbonaceous remainder that

interferes with the catalytic ability of the bed.

The deactivation process itself was temperature dependent, though in a highly

non-linear fashion, occurring very rapidly at temperatures of 500°C and above, but

significantly slower at 450°C and below. At 450°C the bed was able to process around

3.5 times its own mass in HDPE before any significant changes in pyrolysis product

composition were noticeable. The pyrolysis products were almost entirely unbranched

aliphatic, and aromatic species, with the balance between the two changing over time:

aromatics were observed in large quantities with virgin activated carbon, and these

declined as the activated carbon deactivated. Using a coke bed the pyrolysis products

were comprised almost entirely of linear aliphatics, up until the highest temperatures

tested where aromatic species started to be produced. Generally, as more HDPE

was processed by the activated carbon bed and it deactivated, the characteristics
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of the pyrolysis products in terms of both molecular mass distribution and chemical

composition tended towards those obtained when using the non-catalytic coke bed.

The differences arising from the batch and continuous addition of sample were

investigated using the coke bed, in order to avoid the catalytic influence of the

activated carbon which changed over time. While at 400°C slightly more cracking

of HDPE occurred in batch mode, generally the average molecular mass across all

pyrolysis products was less when operating in continuous mode, i.e., more cracking

occurred with the continuous addition of sample. This was thought to result from

different residence times arising from the fundamental kinetics underlying the two

different addition modes, a conclusion supported by the development of a simple

illustrative mathematical model using first order kinetics. The abrupt introduction

of a large quantity of HDPE in the batch mode caused large quantities of pyrolysis

gas to be rapidly produced; the resulting increase in volume from the solid to gas

phase change rapidly forced pyrolysis gas from the reactor, decreasing residence time.

While this declined exponentially as the quantity of HDPE remaining in the reactor also

declined, the average residence time across a batch run was still shorter in all but the

lowest temperature cases, resulting in the pyrolysis products undergoing less cracking

compared to the continuous case, where the residence time was longer and quickly

reached a steady state governed by the rate of introduction of sample.

While the condensed pyrolysis products resulting from the microwave-assisted

pyrolysis of HDPE using an activated carbon bed in continuous mode initially all lay

within the desirable molecular mass range suitable for use as liquid transport fuels,

as the activated carbon deactivated heavier aliphatics began to form, with the bed

able to process around 3.5 times its mass in HDPE before these became evident. The

relatively rapid deactivation of the activated carbon, and the resulting inconsistency of

the output products beyond this point, calls into question the economic feasibility of

the overall process, unless an inexpensive method of reactivating the activated carbon

could be found.

The in-depth examination of the pyrolysis products’ yields and chemical composition

revealed that while activated carbon is a useful catalyst in the microwave-assisted

pyrolysis of HDPE, it deactivates relatively rapidly in continued use. Thus far, the

data gathered on the catalyst itself has been indirect — resulting from examination

of the products produced using the catalyst. In order to build up a more complete

understanding of the catalytically assisted cracking, and the observed changes in the

activated carbon’s catalytic ability, it was next necessary to examine the activated
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carbon itself. As such, the remainder of this work investigates the catalytic mechanisms

of the activated carbon accounting for the differences in the pyrolysis process and

produced products that have been outlined over the last two chapters, with a particular

emphasis on the physical and chemical changes in the activated carbon over time that

underlie its observed decline in catalytic activity.



6
Mechanisms of Pyrolysis, Catalysis,

and Deactivation

6.1 Introduction

Over the previous two chapters it has been established that pyrolysing HDPE over

fresh activated carbon produces products with a considerably different chemical

composition, and which are considerably more cracked, than those produced using a

non-catalytic bed. This was achieved by first establishing that this difference existed at

all (chapter 4), and then by attempting a more detailed characterisation by processing

larger quantities of HDPE in a continuous input mode (chapter 5), during which time it

became clear that the activated carbon deactivated as this process continued, with

the resulting pyrolysis products gradually approaching the non-catalytic coke bed

profile over time as this occurred. Having investigated the activated carbon catalysed

pyrolysis of HDPE in some depth, and detailed the changes in the carbon bed and

pyrolysis products (the “what”), it was then necessary to investigate the causes of these

141
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changes and the mechanisms that underlie them (the “why” and “how”).

This chapter presents a set of plausible reaction pathways that are able to account

for the species observed in the pyrolysis products; first, those produced with the non-

catalytic coke bed; this is then followed by an attempt to establish reaction mechanisms

and pathways for the catalytic case, deriving these from first principles from the known

and observed structural characteristics of activated carbon.

A similar process is applied to understanding the mechanism underlying the

deactivation of the catalyst, with a detailed examination of the changes in the activated

carbon bed, and the physical, structural, and chemical properties of the retained

fraction informing a thesis that accounts for the deactivation of the activated carbon

over time.

6.2 Pyrolysis Reaction Mechanisms

Any discussion of the pyrolysis of HDPE would be incomplete without dealing with

the reaction mechanisms that underlie its breakdown into smaller hydrocarbons.

Accordingly, this section applies theory taken from the literature, and data gathered

during the course of this work, to describe both the thermal and catalytically enhanced

breakdown of HDPE into useful shorter chain hydrocarbon products.

6.2.1 Thermal Decomposition of HDPE

Thermal decomposition of HDPE proceeds via a free-radical mechanism, with much

of the pioneering work developing the theory of radical-mediated decomposition of

hydrocarbons undertaken by Rice and co-workers in the 1930s and ’40s [229–235].

The following summary applies the current working model of this theory to the

decomposition of HDPE to account for the species observed in the pyrolysis products

over the previous two chapters.

6.2.1.1 Initiation

Beginning with an arbitrary HDPE segment:
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Initiation of the thermal degradation of HDPE occurs by random scission: decompos-

ition of hydrocarbons occurs through the homolytic rupture of covalent C–C bonds,

rather than C–H bonds, owing to the lower bond dissociation energy of the former (at

347 kJ/mol compared with 413 kJ/mol) [14, 229]. This results in the formation of two

shorter hydrocarbon chains with free radical termini [230]:
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However, it has been shown that in an open reaction system where all pyrolysis gas is

continuously removed as soon as it is produced, random scission alone is not able to

reduce the molecular size of hydrocarbon molecules below approximately C72. Below

this point, the energy required to cleave the C–C polymer backbone is greater than

that required to vaporise the molecule itself [236, 237]. Clearly other mechanisms are

necessary to explain the further cracking of hydrocarbon These are thought to involve

free radical hydrogen transfer reactions.

6.2.1.2 Inter- and Intra-molecular Hydrogen Transfer

The probability that the two radicals produced in equation 6.2 collide again is negligibly

small, therefore the free radicals produced in this way stabilise by reacting with

themselves or surrounding hydrocarbon molecules [229]. This can occur through

inter-molecular hydrogen transfer, where an atom of hydrogen is abstracted from a

neighbouring molecule, forming a stable saturated alkane and a secondary radical in

the middle of the neighbouring molecule:
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Alternatively, intra-molecular hydrogen transfer may occur (equation 6.4 on the next

page), where the hydrocarbon backbone “coils back” to form a transient 5- or 6-

membered ring intermediate [238], before free radical hydrogen transfer occurs

between carbons in the terminal and 5th positions [239] (though 1,4- and 1,6-

transfer are also possible [240]). These molecules may then undergo consecutive

isomerisations, each time changing the position of the radical on the hydrocarbon
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backbone — the likelihood of this phenomenon increases with the chain length as the

polymer gains more “flex” [235].

R

R

(6.4)

The secondary intra-molecular radicals formed through inter- and intra-molecular

hydrogen transfer are thought to be considerably more stable than the terminal radicals

formed initially by thermal scission, and the rates of both of these forms of free radical

transfer are very fast in comparison with the rate of random scission [209, 241],

accounting for the pyrolysis products having a mass less than the C72 limit imposed

by thermal random scission alone.

6.2.1.3 Beta-scission

The intra-molecular radicals formed through inter- and intra-molecular hydrogen

transfer most commonly stabilise through the process of beta scission [181, 235]

(equation 6.5), forming two smaller hydrocarbons: a terminal alkene and a new

terminal radical. This new terminal radical then initiates a new cycle of hydrogen

transfer reactions, and the cracking process continues in a chain reaction fashion until

the resulting molecules are sufficiently small that they enter the gaseous state and

leave the hot zone of the reactor. When an existing alkene is attacked by a radical, an

alkadiene and second radical results [242].
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6.2.1.4 Termination

The decomposition chain reaction can terminate with the recombination of two radicals

to form an alkane:
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An alternative termination pathway is through disproportionation, resulting in an

alkane and alkene [177]:

C

H

R

H

C

H

H

+ C

H

R

H

C

H

H

C

H

R

H

C

H

H

H + C

R

H

C

H

H

(6.7)

6.2.1.5 Non-Catalytic Pyrolysis of HDPE

The reactions detailed thus far are thought to be the primary mechanisms for the pure

thermal decomposition of HDPE. These reactions alone are able to account for the vast

majority of species observed in the pyrolysis products produced using the non-catalytic

coke bed, in particular the alkadiene (eq. 6.5), alkene (eq. 6.5, 6.7), alkane (eq. 6.3, 6.6,

6.7) triple peaks described in §4.5.2. Of the two hydrogen transfer mechanisms, intra-

molecular transfer is thought to dominate, especially at higher temperatures, owing to

the hydrogen-rich nature of the HDPE polymer backbone, and the flexibility of the C-C

bonds.

The activation energy of beta-scission is higher than both the hydrogen transfer

and the termination reactions. The proportion of beta-scission reactions will therefore

increase with reaction temperature [173]; this accounts for the observed distribution of

alkenes and alkanes in the pyrolysis products, particularly the temperature-dependent

increase in alkene prevalence.

6.2.2 Cyclic and Aromatic Formation

6.2.2.1 Diels-Alder Reactions

The formation of aromatic and cyclic compounds has traditionally been ascribed to

Diels-Alder reactions [228, 243], schematically shown in figure 6.1 on the following

page. In this thermally driven cyclo-addition reaction, a conjugated alkadiene and

alkene react to form a substituted cyclohexene intermediate. In conventional Diels-

Alder reactions the aromatic then forms from successive dehydrogenation, or loss of

substituted groups, from the cyclic alkene; this dehydrogenation is likely to occur at

least in part through the hydrogen transfer mechanisms already outlined, given the

large number of radicals that will be present at pyrolysis temperatures in the reactor.
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Figure 6.1: The formation of aromatic species through the Diels-Alder reaction. In traditional
Diels-Alder the aromatic species forms by consecutive dehydrogenation of the cycloalkene,
though this can also occur through radical-mediated hydrogen abstraction, leaving the functional
groups attached to the benzene ring.

Equation 6.8 presents a specific example of the generic reaction presented in figure

6.1, giving the formation of toluene, the most common aromatic observed in the

pyrolysis products:

+ + 4H• (6.8)

In this reaction, toluene is produced from 1,3-butadiene reacting with propene; the four

hydrogen atoms could be abstracted from the cyclohexene ring by radicals, but this

reaction is unlikely to proceed through bi-molecular recombination as no molecular

hydrogen was observed in the produced non-condensable gases. The concentration

of 1,3-butadiene observed in the pyrolysis gas produced using a coke bed increases

with temperature, correlating with the concentration of aromatics observed in the

condensed products. More generally, this scheme is representative of the class of

reactions that is able to account for the bulk of aromatic species observed: benzene

rings with variable length substituted alkyl groups. The terminal alkene reactants

required for this pathway are produced through the beta-scission mechanism already

outlined. In the case of longer alkene reactants, the resulting longer alkyl groups would

not be immune to further cracking and radical attack for as long as they were present

in the reactor. However, the methyl group in the toluene structure is largely immune

to this form of attack, as stabilisation of any radical that forms here, other than by

hydrogen abstraction back to the methyl group, requires the disruption of the benzene
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ring — a process with a considerably higher activation energy than maintaining the

methyl group; this accounts for the stability of the toluene molecule and its status as

the most abundant aromatic species observed in the pyrolysis products.

6.2.2.2 Radical-Mediated Aromatic Formation

More complex radical-mediated mechanisms are also likely to result in the formation

of aromatic species, and indeed these pathways may represent the dominant mode

of aromatic formation. However, defining these exact reaction pathways is an area

of ongoing research, with a multitude of possible mechanisms proposed to explain

aromatic ring formation. Many of these pathways are bimolecular, deriving from

the combination of short-chain alkenes in the gaseous state, though mono-molecular

pathways are also posited, where a terminal radical coils back and reacts intra-

molecularly [244–247]. Equation 6.9 presents a simple example of cyclisation and

aromatisation derived from a terminal alkene and radical [14]; the existence of these

initial reactants is easily explainable using the mechanisms already discussed.
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Indeed, given the stochastic decomposition of long-chain hydrocarbons, and the

plethora of species that result, it is unlikely that formation of aromatic species is limited

to any one particular scheme. It is worth noting, though, that some of these schemes

offer alternative radical stabilisation and chain reaction termination pathways to those

detailed in §6.2.1.4. Given the complexity, uncertainty, and preponderance of these

secondary pathways, cataloguing them lies outside the scope of this work, though the

interested reader is directed toward a comprehensive review by Richter and Howard

[248], which covers some of these schemes.

6.3 Catalytic Activity of Activated Carbon

From the lighter molecular masses and different chemical make-up of the pyrolysis

products produced using an activated carbon bed, it is clear that the cracking of

HDPE occurs more rapidly, and with altered pathways, compared with the use of a

non-catalytic coke bed. The mechanism of activated carbon catalysis of hydrocarbons
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(in isolation, and not as a support material in conjunction with, e.g., metal ions) is

generally not well characterised, and suffers from conflicting evidence in the literature.

While the elucidation of a complete catalytic mechanism for activated carbon is beyond

the scope of this work, the subject does bear discussion. As such, several different

possible mechanisms accounting for the observed catalytic activity of activated carbon,

when used in a microwave-heated environment, are presented below. The mechanisms

discussed here are by no means mutually exclusive, and indeed it is quite possible that

they act together in concert to produce the cracking and product profile observed when

using the activated carbon bed.

6.3.1 Catalytic Cracking Reaction Mechanisms

While carbon is usually thought of as an inert material, the surface of activated carbon

has a number of active sites, deriving from unsaturated valencies at the edges of

graphene layers, heteroatoms, and defects within the graphene structure. The quantity

of all of these kinds of active sites increases with the surface area and porosity of a

sample [52], and these sites are likely to underpin activated carbon’s catalytic ability,

with the activity of carbon catalysts linearly correlating with the concentration of these

surface groups [38].

6.3.1.1 Microporous Structure

The very microporous structure of the activated carbon itself is also likely to play a role

in the catalytic activity observed in the formation of the described pyrolysis products,

with micropores themselves showing an ability to stabilise free radicals, and promote

bimolecular reactions in the pore space (such as the radical mediated formation of

aromatic species described previously) [249–251].

6.3.1.2 High Energy “Defect” Sites Facilitating Hydrogen/Radical Transfer

Greensfelder et al. [252] theorised that the high surface area of the activated car-

bon acts to abstract hydrogen from hydrocarbons (generating radicals), and return

hydrogen to free radicals. In other words, the activated carbon acts as a catalyst

to reduce the activation energy of hydrogen and radical transfer reactions. While

Greensfelder et al. proposed no mechanism for this transfer to occur, a possibility arises

when the structure of activated carbon is considered. Semi-amorphous, “disordered”

carbons such as activated carbon consist of layers that exhibit short-range hexagonal



6.3 Catalytic Activity of Activated Carbon 149

graphene lattice structure, but with the “defective” remaining structure resulting in

folds, discontinuities, and irregular morphology, from which the 3D structure of the

pores derives [52].

The defects in the graphene structure, with the associated disruptions in the regular

array of carbon bonds, result in a range of energetic abnormalities such as unsaturated

and “free” valencies, including unpaired and/or delocalised electrons [36, 39]. These

high energy sites may act to donate or accept electrons (radical transfer) and/or

hydrogen (on to and from free valencies). Certainly, the disrupted lattice as described

would be able to accept and donate these species far more readily than a fully saturated

graphene lattice. Indeed, it is widely accepted that the more disorder present in a

carbonaceous material, the greater the exhibited catalytic activity [119, 120, 253],

i.e., it is the structural disorder in the form of high energy active sites and pores

from which the catalytic activity of carbonaceous materials derives. The boundary

cases of highly ordered graphite, diamond powder, and carbon nanotubes show little

to no catalytic activity (the edge area of graphite where unsaturated carbon atoms

occur is small compared with the basal plane, which in any case does not exhibit the

defects discussed), while amorphous “glassy” carbon shows catalytic activity (though

its smaller surface area compared with activated carbon makes it overall a less effective

catalyst per unit mass) [39].

By acting as a hydrogen and/or radical acceptor/donor/transfer agent, the activated

carbon lowers the activation energy for the reactions that are mediated by these

mechanisms, speeding them up considerably. In this method, then, dissociative

adsorption of hydrocarbons on high energy active sites occurs with an initial adsorption

of a molecule onto the surface of the active site, arising from intense van der Waals

forces owing to the near proximity of multiple carbon atoms. Cracking initiation, or

transfer reactions (by which chain reaction propagation occurs), are then facilitated by

the proximity of the hydrocarbon to the high energy sites, which reduce the activation

energy of electron/hydrogen transfer. Given the van der Waals forces holding the

hydrocarbon to the activated carbon surface, it is likely to maintain physical contact

for sufficient time to effect intra-molecular transfer (with a conformation change or

small movement in the hydrocarbon molecule); alternatively, the hydrocarbon may

desorb, with another molecule taking its place, facilitating a potential future intra-

molecular transfer. A final possibility is the molecule progressing from physisorption

of the hydrocarbon to chemisorption, with the molecule bonding to the basal structure

of the catalyst; this would also present a consistent mechanism for deactivation and
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elimination of these high energy sites, the possibility of which is explored further in

§6.9.

It is acknowledged that the detailed mechanism for this catalysis is complex and

requires significant additional research before it is completely characterised and

understood. However, this theory is consistent with the current knowledge of the

structure of activated carbon, and with the products of activated carbon mediated

catalytic cracking of HDPE observed in this work.

6.3.1.3 Accounting for Activated Carbon Product Spectrum by Catalytic

Mechanism

The major differences between the products produced using the activated carbon bed

and the coke bed are the increase in total cracking, and the increase in the proportion

of aromatic species. From the mechanisms and research outlined above, it is clear

that activated carbon catalyses dehydrogenation [99], which is a central requirement

in the formation of aromatics through the mechanisms discussed. Generally, aromatic

species are highly stable products, but which have a relatively large activation energy

for the formation from aliphatics. The catalysis of hydrogen and radical transfer would

lower this activation energy considerably and allow the formation of aromatics as a

stable end product, and the consequent higher production of alkanes owing to the

“freed” hydrogen. More generally, an across-the-board enhancement of the radical

and hydrogen transfer mechanisms discussed in §6.3.1 would account for the overall

greater cracking observed when the catalytic activated carbon bed was used.

6.3.1.4 Oxygen Active Sites and Acid-Activated Catalysis

The presence of heteroatoms within the carbon lattice (e.g., oxygen, hydrogen, and

nitrogen) also introduces active sites into the activated carbon structure. Of these,

oxygen active sites are thought to play by far the largest role in catalysis, providing

acid sites that are able to crack molecules through acid-activated catalysis [36]. This

process (using different catalysts such as zeolites) underpins fluid catalytic cracking

(FCC), one of the most important processes in the petrochemical industry, which is used

to convert high molecular weight hydrocarbons into more valuable lighter products.

Acid catalysis involves the transfer and acceptance of protons, as originally outlined

by Whitmore [254] (with contemporary mechanistic theory summarised by Corma and

Orchilles [255], and Cumming and Wojciechowski [256]), as opposed to the radical-

based mechanisms proposed thus far.
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Figure 6.2: Some oxygen-based functional groups present on the surface of activated carbon.
Adapted from [36].

Oxygen-based surface active sites in activated carbon may arise from the original

oxygen-containing source material from which the activated carbon is derived, through

the presence of oxidising species during activating treatment or post-treatment or, most

commonly, oxygen may be chemisorbed onto high-energy sites on the surface of the

activated carbon after exposure to oxygen-containing species in the atmosphere (e.g.,

O2 or CO2) [52]. At least some of these oxygen activate sites would still be present in the

activated carbon even after the pre-treatment in inert nitrogen atmosphere at 700°C

(these sites requiring temperatures greater than 1000°C before they are completely

removed [52]).

Zawadzki [257] and Ishizaki and Marti [258] used infrared spectroscopy to identify

oxygen sites on the surface of activated carbon; these included carboxylates, phenols,

quinones, and lactones, though many different possible configurations for these oxygen

active sites exist, some of which are presented in figure 6.2.

Szymanski and Rychlicki [114] presented evidence for the centrality of these oxygen-

based surface active sites to activated carbon’s catalytic ability by freshly preparing

samples of activated carbon and treating them with hydrogen at 1223 K to remove

any oxygen sites, then using this as a bed with which to dehydrogenate butan-2-ol.

The activated carbon prepared this way showed little ability to catalyse this reaction.

In contrast, activated carbon prepared in the same way but with an extra treatment

of highly oxidising concentrated nitric acid effectively catalysed both dehydration and

dehydrogenation.

Pereira et al. [38] identified carbonyl/quinone surface functional groups as respons-

ible for the catalytic activity of activated carbon in the oxidative dehydrogenation of

ethylbenzene by first introducing oxygen surface groups by treatment of activated car-

bon with oxygen gas, then selectively removing functional groups through progressive

heating of the carbon to high temperatures. After heating to 1023 K, a temperature

at which only carbonyl/quinone groups remained, the reaction remained catalysed. A

further heat treatment to 1373 K removed all oxygen functional groups, after which the
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reaction showed no difference compared with activated carbon that had not undergone

the initial oxygen treatment.

It should be noted, however, that both of these studies involve either the decompos-

ition of an oxygen-containing species, or the undertaking of a reaction in an oxygen-

supplied environment, which may reflect an oxidative mechanism different from the

pyrolysis considered in this work. There may also be differences in the functional

groups of the activated carbon used in these experiments: functional groups formed

on activated carbon in the presence of oxygen at high temperatures are significantly

different from “conventional” activated carbon where any oxygen chemisorption occurs

at room temperature [259–261]. Furthermore, in these studies the oxygenated active

sites were artificially induced, either by treatment with oxygen gas or with nitric acid.

Certainly, the acid sites created with nitric acid are significantly stronger than those

evolving through reaction with oxygen present in the atmosphere [52], as occurs with

conventional activated carbon. As such, the oxygen acid sites present in these samples

may have resulted in additional catalytic ability over and above that naturally occurring

in untreated activated carbon; this additional catalytic ability was then removed with

heat treatment returning the carbon to the base state.

A contrasting perspective is presented by Muradov et al. [39], who removed

oxygen-based surface functional groups from activated carbon by treatment with pure

hydrogen at 1123 K, and noted only a small decline (of around 2% vol.) in the

production of hydrogen from methane over this bed compared with the untreated

equivalent. A far more significant drop in catalyst performance and reduction in yield

(of around 40%) was observed over time, which correlated with the reduction in surface

area of the carbon. Muradov et al. concluded that the catalytic activity of activated

carbon could not be solely attributed to oxygen surface functional groups, and that the

majority of catalytic activity derives from surface defects, dislocations, vacancies, and

other high-energy sites as described previously.

Further evidence towards this conclusion was assembled by Petkovic et al. [123],

who, while decomposing hydrogen iodide to produce hydrogen using an activated

carbon catalyst, found no correlation between numbers of any particular type of

acid site (i.e., carboxylic, lactonic, phenolic, etc) and catalyst activity across several

different types of activated carbon tested. Indeed, the carbon with the highest

measurable total acid sites displayed only intermediate catalytic activity in this context.

Acid catalytic cracking proceeds through proton transfer and the generation of

intermediate carbenium ions, which typically result in high levels of isomerisation
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and branched products [256]. The fact that these species were not observed in large

quantities in the products produced from cracking HDPE with activated carbon in this

work, suggests that the acid-catalysis pathway plays a smaller role in comparison to

the radical mechanisms already outlined [252]. This is not to say that acid catalytic

cracking does not occur at all, nor indeed, that surface oxygen active sites cannot

act in non-acidic cracking as previously proposed: they are high energy sites in and of

themselves; however, the evidence presented here indicates that it is unlikely that these

high energy locales consist solely of oxygen-based active sites, and further suggests

that activated carbon catalyses hydrocarbon cracking through a different, or at least

an additional, mechanism to that of traditional commercial petrochemical acid-catalysts

such as zeolite.

6.4 Microwave-Mediated Catalysis

6.4.1 Coupling to Free Radicals

Given their prominence in the pyrolysis process, free radicals will be present in

abundance in the reactor as the breakdown of the HDPE occurs. As charged species,

the microwave field will interact not only with the microwave intermediate bed but

also with the radicals themselves as they are produced. The extra targeted energy

imparted to these molecules by the microwave field may enhance the pyrolysis process,

and contribute to further HDPE breakdown above that of a conventionally heated

configuration; though in order to fully test this a direct comparison of the same reactor

configuration with microwave and non-microwave heating sources would be required,

as proposed in the further study possibilities presented in §7.2.1.

6.4.2 Generation of Microplasmas through Microwave

Irradiation

While heating the activated carbon with microwaves, it was noticed that a plethora

of small sparks were present within the bed (see figure 6.3 on the following page).

These sparks, which have also been observed by other researchers [142–144] were

of extremely short duration but were continually formed throughout all visible areas

of the bed whenever it was irradiated by the microwaves. It is thought that these

electrical discharges, or “microplasmas” were created by the interaction of the rapidly

oscillating electromagnetic microwave field with the activated carbon bed, which
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Figure 6.3: Photograph of the activated carbon bed, ready to process HDPE, taken from the
continuous rotary feeder input port. The red colour of the bed is from thermal radiation; the
bright spots are microplasmas of ionised gas induced by the irradiation of the bed by microwave
energy.

contains relatively free delocalized π-electrons, which experience electromotive force

from the microwave field; this created charge imbalances that were restricted by the

physical boundaries of the carbon particles. In order to equalise the induced charge

imbalance, a small arc (both in distance and duration) would form between the points

of high and low voltage, ionising the gas between the points as charge is transferred.

While these microplasmas were observed whenever the activated carbon bed was

used, they were not seen with the coke bed. This is thought to arise from structural

differences between the two types of particle. The activated carbon had extensive

networks of pores throughout the particle structure — these presented physical gaps

which prevented the flow of charge and allowed voltage to build up to the point at which

it would equalise via a microplasma arc. The size of the activated carbon particles and

their irregular shape would also allow this phenomenon to occur in the gaps between

individual particles. In contrast, the coke particles were not only approximately

spherical with no porous structure, but also considerably smaller (90–250 µm vs.

0.52–1.68 mm), with the size and regularity resulting in sufficient physical contact
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between granules that flow of charge could occur unimpeded, thus never building up

to the levels required to form the microplasma arcs.

The extremely high energy of these microplasmas is evident by their ability to ionise

nitrogen gas (with which the bed was pervaded during the capture of figure 6.3):

the nitrogen-nitrogen triple bond has dissociation energy of 945 kJ/mol. Accordingly,

the temperature of these microplasmas is considerably in excess of that of the bulk

reactor bed, and hydrocarbon localised in this area will be correspondingly cracked to

a greater extent. This effect results from the juncture of the microwave heating mode

and the activated carbon structure, and is not technically a catalytic one, though is

still expected to increase hydrocarbon cracking over and above the coke bed case, and

may enhance the initiation of chain-reaction cracking through the creation of radicals

in the hydrocarbon plasma. The lack of any nitrogen containing species in the pyrolysis

products can be attributed to rapid displacement of the nitrogen by the generated

hydrocarbon pyrolysis gas.

6.5 Changes in Porous Structure of Activated Carbon

Physical adsorption studies were carried out on the activated carbon, as a method

for measuring its surface area and characterising the pore volume and area. This

analysis was carried out in order to understand the physical and structural changes

to the activated carbon occurring as it was used in microwave-assisted pyrolysis, and

to determine whether a relationship existed between these changes and the loss of

catalytic activity of the carbon.

6.5.1 Physical Adsorption Analysis Method

Automatic sorption analysis of the carbon samples was carried out using a Micrometrics

ASAP 2010 Automatic Sorption Analyser (Micrometrics U.K. Ltd, Bedfordshire). The

carbon particles were first degassed, then exposed to varying pressures of nitrogen

gas at a temperature of 77K, with the volume of gas that was adsorbed onto the

surface of the sample at each pressure recorded. Nitrogen adsorption and desorption

isotherms were constructed from the data, which allowed the characterisation of the

porous structure, and calculation of the surface area of the sample according to BET

theory [262]. Pore volume and area distributions were determined according to BJH

analysis [263]. The analytical and technical aspects of this analysis were performed

under the guidance and supervision of Zlatko Saracevic, an instrumentation support
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indicated by HDPE/Bed ; the pyrolysis of the HDPE occurred at 450°C.

technician in the Department of Chemical Engineering and Biotechnology, University

of Cambridge.

6.5.2 Adsorption/Desorption Isotherms

Figure 6.4 shows examples of the adsorption/desorption isotherms from the nitrogen

sorption analysis of the activated carbon. The isotherms can be classified as type I

according to the standard IUPAC system [264, 265]: the rapid adsorption at low

pressure followed by the flattening out indicates the activated carbon has microporous

properties, with the bulk of the absorptive extent occurring with these small diameter

pores. A small amount of type H4 hysteresis [266] between the adsorption and

desorption isotherms results from capillary condensation of the nitrogen and indicates

the presence of mesopores.

It is clear that the absorptive ability of the activated carbon declines dramatically as

it processes more HDPE, with an approximate 10-fold decrease in nitrogen absorbed

after the activated carbon has processed 6.9 times its own mass. This indicates the

surface area of the activated carbon (including catalytic active sites) accessible to
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Figure 6.5: Change in surface area of the activated carbon as it processes progressively more
HDPE, at different reaction temperatures. Lines of best fit are fitted to a first-order kinetic model
of deactivation described in the text.

molecules decreases as the bed processes HDPE, as demonstrated with the following

BET surface area analysis.

6.5.3 BET Surface Area

Virgin activated carbon has a BET surface area of around 750–800 m2/g; by comparison,

the non-catalytic coke used in the experiments conducted in this work has a surface

area of just 1–3 m2/g. Figure 6.5 shows the change in surface area of the activated

carbon bed over time as it has processed progressively more HDPE. As expected from

the observed changes in produced pyrolysis products, the process is highly temperature

dependent, occurring extremely rapidly at 600°C, and progressively more slowly as the

reactor temperature decreases. The decline in catalytic activity of the bed correlates

well with the reduction in surface area of the activated carbon, in agreement with

the results of Muradov et al. [39] when cracking methane to hydrogen. Independent

of temperature, the quantity of mass retained in the reactor correlates well with the

reduction in surface area of the activated carbon; given the non-volatile nature of the
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deposited mass (see §6.6), this correlation is consistent with the deactivation arising

from coking of the activated carbon pores/active sites.

6.5.3.1 Mathematical Accuracy of BET Model

The BET model of surface adsorption assumes a “monolayer coverage” of molecules,

which does not account for cooperative effects or multilayer absorption that is thought

to occur in the micropores of activated carbons [267]. The calculated values presented

in this work thus represent a monolayer coverage “effective surface area” which,

even though it is acknowledged that multilayer adsorption would be occurring, are

nevertheless regularly used to quantify the surface area of activated carbons [268–

272], and are useful for comparative purposes. Indeed, no adsorption instrument

exists that is able to give a “true” measurement of atomic surface area; rather, it is

adsorption capacity that is always measured and only afterwards converted, through

the selection of an appropriate mathematical function, into a calculated surface area

equivalent [52]. The BET model is simple, effective, widely used, and employed here

with full transparency.

6.5.4 Kinetics of Deactivation/Surface Area Loss

The reduction in surface area of the activated carbon, as a proxy for the deactivation of

the activated carbon, is able to be modelled well using first-order kinetics: the rate of

decrease in surface area, with respect to the (normalised) mass of HDPE processed by

the bed, is proportional to the surface area of the activated carbon at any given time:

dB

dm
= −k.B (6.10)

where B is the BET surface area of the activated carbon, m is the mass of the HDPE

pyrolysed, normalised to the mass of the reactor bed, and k is the reaction rate

constant. Separating variables and integrating gives:

B = B0e
−k.m (6.11)

Curve fitting this equation to the data gives the lines of best fit depicted in figure 6.5.

The temperature dependence of the reaction rate constant was modelled using the

empirical Arrhenius equation:

k = Ae−
Ea

RT (6.12)
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Figure 6.6: Arrhenius plot to determine activation energy of deactivation process. R2 > 0.99

where A is the pre-exponential factor, Ea is the activation energy, R is the universal gas

constant, and T is temperature. Taking the natural logarithm of this equation, gives:

ln(k) = −
Ea

R
.
1

T
+ ln(A) (6.13)

Thus, the gradient of the plot of ln(k ) versus T-1 shown in figure 6.6 gives the

activation energy of the deactivation process, at 43.2 kJ/mol. As should be clear

from the derivation thus far, the activation energy derived from this calculation cannot

be compared with the activation energy derived from the Arrhenius equation in its

standard use. Traditional application of the Arrhenius equation relates: the rate of

change in concentration of a species with respect to time; the reaction rate constant —

thought of as the number of collisions between reactants, per second, that result in a

reaction (i.e., a change in concentration of reactants); the pre-exponential factor — the

total number of collisions (successful or not) per second; and e−
Ea

RT — the probability

that any given collision will result in a reaction, with the activation energy determining

the temperature (i.e., thermal energy) sensitivity of this likelihood.

With the derivation carried out in this case the reaction rate constant is the number

of collisions between reactant and activated carbon, per unit mass of HDPE processed

by (an equivalent mass of) the activated carbon bed, that result in the deactivation

of the activated carbon (i.e., the decrease in BET surface area); the pre-exponential

factor is the total number of collisions between reactant and activated carbon per

unit mass HDPE processed by (an equivalent mass of) the activated carbon bed; and

e−
Ea

RT is the probability that any of these given collisions as described will result in a

successful deactivation / loss in surface area, with the activation energy determining

the temperature (i.e., thermal energy) sensitivity of this likelihood. Ultimately, though,

it should be remembered that the Arrhenius equation is inherently an empirical relation
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in any case.

The purpose of undertaking this calculation is not necessarily to derive a specific

activation energy parameter for external comparison, but rather to demonstrate the

properties of the underlying deactivation reaction: it is well described with a first-

order kinetic model, and demonstrates temperature sensitivity in a mathematically

consistent manner that is well described by the Arrhenius relation. Indeed, this analysis

suggests that the apparent step change in the rate of deactivation of activated carbon

observed between 450°C and 500°C and described in §5.6 is not in fact derived from

a fundamental change in reaction chemistry, but rather is the result of the increase in

deactivation rate resulting from the exponential nature of the temperature sensitivity

of the reaction.

6.5.4.1 Calculated Deactivation Over Batch Experiments

Using this model of BET surface area decline, it is possible to calculate the theoretical

drop in BET surface area that would have occurred over the course of the batch

experiments throughout chapter 4. Figure 6.7 shows the change in BET surface area

over the course of these experiments, progressively applying the calculated rates of

change in surface area for each temperature. While the deviation in surface area of the

consecutive-use bed does grow over time relative to that of a fresh bed, the overall

magnitude of the deviation is not large, owing to the smaller quantity of material

processed in the batch investigation. As an indication of the magnitude of these
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Figure 6.7: Calculated change in BET surface area throughout batch experiments. The loss in
surface area of the activated carbon bed throughout the batch experiments, where the same bed
was across all runs, is shown as the consecutive data set; the single run data, where a fresh bed
would have been used for every experiment, is shown for comparative purposes.
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changes, extrapolating backwards from the calculated BET surface area to the mass

of HDPE processed equivalent, for the batch consecutive tests, the change in catalytic

activity of the bed for all of the experiments except the final 600°C case lies within

the first data point collected during the continuous experiments. Within this range of

HDPE processed, the composition of the pyrolysis products produced is similar (see

figure 5.2), i.e., there is little difference in the catalytic activity of the bed. Even for the

600°C consecutive case the calculated BET is very close to the first observed data point

in the continuous case at the equivalent temperature, with a surface area of 652 m2 g-1

vs. 627 m2 g-1.

In fact the change in catalytic activity / BET surface area for the batch consecutive

case is likely to be less than that calculated in this comparison, as this model assumes

the same rate of deactivation across batch and continuous addition modes, where

the reduction in average residence time in the batch case would likely reduce the

deactivation of the bed (owing to less contact time between the HDPE and catalyst

for any given quantity of HDPE processed). Overall, then, the deactivation across the

batch experimental set is unlikely to have been substantial.

6.5.5 Distribution of Pore Volume

Figure 6.8 on the following page shows representative examples of the change in

cumulative pore volume of the activated carbon bed as it processes more HDPE. The

pore size distribution was determined from the adsorption branch of the isotherm,

to avoid artefacts from hysteresis and desorption pore network effects [273, 274].

This analysis confirms the initial impressions garnered from the isotherms, with the

vast majority of the activated carbon’s absorptive ability deriving from microporous

volume (note the steep increase in pore volume that occurs with the smallest diameters

in figure 6.8, a point only emphasised by the fact that the diameter scale here is

logarithmic). The coke exhibits little porosity and no microporous structure. These

results are consistent with other studies characterising the porosity and adsorption of

activated carbon [275–277].

The bulk of the porosity present in virgin activated carbon is 3 nm or less,

approximately twenty times the length of a C-C bond [278]. Interestingly, with

virgin activated carbon, the largest products produced had a carbon number of C20,

suggesting a possible correlation between the size of the pores and that of the final

products. Indeed, microporous carbon has been shown to exhibit molecular sieve

properties — the ability to separate molecules based on size and shape [277, 279, 280],
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and this property may also contribute to the final make-up of the pyrolysis products

produced using the activated carbon bed; in particular the fixed range of molecular

masses observed in the products initially produced using activated carbon (i.e., up until

the bed had processed around 3.5 times its mass of HDPE at 450°C).

The loss of porosity and surface area that occurs as the activated carbon processes

more HDPE occurs primarily from the micropores. However, while the bulk of the

loss derives from pores of this size, there is an across the board reduction in pore

volume, independent of pore diameter, roughly in proportion to the volume present. Not

only does this marry extremely well with the first-order kinetic model of surface area

loss developed in §6.5.4, but furthermore it provides an insight into the nature of the

underlying mechanism for the loss: that the loss in pore volume is experienced across

all pore diameters, and in proportion to the pore volume at that diameter, is consistent

with individual stochastic molecular deposition of material across the activated carbon

surface.
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Figure 6.9: Temperature dependence of coke deposition, and effect on surface area of activated
carbon.

6.5.5.1 Temperature Dependence of Deposition Distribution

While the preceding description of deposited material accumulating across the entire

surface area of the activated carbon holds true at 400°C and 450°C, at higher

temperatures the relationship between deposited mass and porous surface area does

change somewhat. As seen in figure 6.9, the rate of reduction in porous surface area,

per unit mass deposited, increases with increasing reactor temperature; however, at

high temperatures, the surface area does not initially reduce as much, for the amount

of mass deposited, as at lower temperatures. These observations can be explained by

considering the processes involved in the deposition of coke in porous media.

At low temperatures, where the reaction rate is relatively slow, the pyrolysis gas

perfuses throughout the entire porous structure and deposits evenly across the entire

surface of a particle (as in figure 6.10b). At high temperatures, the deposition reaction

rate is fast compared with the rate at which the hydrocarbon molecules diffuse into

the pores, resulting in deposition occurring more quickly at the mouth of the pores, as

in figure 6.10c. Initially, this results in a higher available surface area under nitrogen

adsorption testing than when coke is deposited across the entire surface area, as the

inner pore network, with little deposition, is still accessible as long as the outer pore
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Figure 6.10: Influence of reaction rate and diffusion rate of pyrolysis gas on spatial distribution
of coke deposition. Grey represents deposited material, black represents original activated
carbon particle. Starting with a virgin activated carbon particle (a), if the reaction rate is slow
(i.e., at low temperatures) compared with the diffusion rate, then coke is deposited across the
entire surface of the particle (b). If the reaction rate is fast (i.e., at high temperatures) compared
with the diffusion rate, then deposition occurs more at the mouth of the pores than inside the
particle (c), though over time (t2, d) deposition at the pore mouth will close off the inner surface
completely.

mouths have not been closed off completely. However, the build-up of material at the

pore mouth progresses until access to the inner structure is completely lost (shown

in figure 6.10d) with a corresponding sharp decrease in measured surface area. The

spacio-diffusion aspects of the deposition and deactivation effectively act to magnify

the thermal dependence of the process, though it should be noted that these effects

are incorporated into the empirical rates derived in the deactivation model outlined

previously in §6.5.4.

Evidence supporting the occurrence of this pore-mouth deposition mechanism has

been developed by Gonçalves et al. [281], who measured the adsorption ability of

activated carbon after exposure to propene at various temperatures. Measuring the

ability of the treated activated carbon to adsorb both nitrogen and carbon dioxide

showed that the adsorption of the smaller molecule decreased far less than the larger

one, as the temperature at which the propene exposure occurred increased (and the

rate of reaction dominates over diffusion speed), i.e., a narrowing of the pores occurred
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at the mouth through which the smaller molecule could still pass and “access”/adsorb

onto the inner porous structure. This effect was particularly noticeable at temperatures

of 500°C and above, supporting the observations of this work.

6.6 Chemical Composition of Mass Retained in

Reactor

6.6.1 Thermogravimetric Analysis

The chemical composition of the deposited material was examined by thermogravi-

metric analysis, with the evolved gases analysed by infrared spectroscopy. This was

intended to determine whether the deposited material was comprised of hydrocarbons

and/or volatile substances that had been adsorbed onto the surface of the bed, or, as

suspected, carbonaceous material resulting from coking and dehydrogenation of the

HDPE pyrolysis products.

6.6.1.1 Method

Analysis of the carbon samples was carried out on a Q500 Thermogravimetric Analyser

(TA Instruments, West Sussex). Samples were heated in the presence of nitrogen

carrier gas from room temperature up to 1000°C at a rate of 20°C/min, and the

change in weight recorded. As there was no obvious method to physically separate

the deposited material from the reactor bed, the two were tested together, with a

bed sample from the end of the series of HDPE pyrolysis experiments conducted

at 450°C analysed (representing the bed with the greatest proportion of deposited

material by mass, at around 25%) compared with a sample of virgin activated carbon

that had not been used to pyrolyse any HDPE. The evolved gases produced during the

thermogravimetric testing were analysed by Fourier transform infrared spectroscopy

(FT-IR) with a Nicolet IS-10 Infrared Spectrometer (ThermoFischer Scientific, USA) to

determine their composition.

6.6.1.2 Thermogravimetric Analysis

Figure 6.11 on the next page shows the thermogravimetric curves of the virgin

activated carbon (0% deposited mass) and the deposited material mix. The decrease

in mass up to 100°C seen in the virgin activated carbon case results from the loss

of water vapour adsorbed by the carbon. This is not seen to any significant level
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Figure 6.11: Thermogravimetric curves for virgin activated carbon, and the activated carbon
reactor bed at the end of the series of HDPE pyrolysis experiments conducted at 450°C, by which
time the bed comprised approximately 25% deposited material by mass.

with the deposited mass mix owing to the loss of adsorption capacity and reduction

in surface area, as described in §6.5.3. Between 100°C and around 650°C there is no

significant change in mass for either sample. At temperatures of greater than 650°C

both samples start to decrease in mass at a constant rate. This resulted from the

carbon samples oxidising to CO2, owing to the small amount of oxygen present in the

nitrogen carrier gas. Given a constant concentration of oxygen in the carrier gas, and

this being the rate limiting reactant in the oxidisation process, the absolute rate of

mass reduction should be constant. The difference in rate of reduction between the

two samples can be explained given their differences in initial mass: the absolute rate

of oxidation (as limited by the concentration of oxygen in the carrier gas) is in fact the

same between both samples, with the greater percentage decline in the virgin activated

carbon sample arising from its smaller initial mass.

Tests conducted where the mass decline of the samples was allowed to continue

through to conclusion showed no significant difference between the virgin activated

carbon and the deposited mix, with almost the entirety of the sample mass eliminated

through oxidation, though both left a small quantity of residual ash (<10% wt.).

From the point of view of this analysis, the virgin activated carbon and deposited
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Figure 6.12: Typical FT-IR spectrum of evolved gases during TGA of carbon samples. Top
figure shows the spectrum over time, with the only significant signal arising at the same time the
carbon begins to decrease in mass as it is oxidised. Bottom signal shows a snapshot of the FT-IR
spectrum at its peak strength; the signal is consistent with that of CO2.

material mix may be considered effectively equivalent, at least to the extent that any

differences between them have been easily explained, and do not arise from underlying

differences in chemical composition. This similarity implies that the deposited material

comprises the same carbonaceous chemical composition, and is not made of volatile

hydrocarbons or any other non-similar material as, even were this matter “trapped”

behind a pore blockage, a deposit with a different chemical composition would exhibit

different thermogravimetric and oxidation patterns.

6.6.1.3 Infrared Spectrometry of Evolved Gases

The infrared spectrometry analysis of the evolved gases is consistent with the account

of the thermogravimetric analysis advanced thus far: figure 6.12 shows the FT-IR

spectrum over the course of the thermogravimetric analysis. The only significant signal

is temporally coincident with the decrease in carbon mass due to oxidation, and was

identified as CO2.
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6.7 Electron Microscopy

The activated carbon samples were analysed using scanning electron microscopy

(SEM) to visually investigate any structural changes that occurred as a result of the

deactivation process. This was then coupled to energy-dispersive X-ray spectroscopy

(EDS) in order to perform an elemental chemical analysis of the carbon.

6.7.1 Method

Imaging was performed using an XL30 Field Emission Gun SEM (FEI, Oregon, USA),

operated at 5 kV; in EDS mode the SEM operated at 20 kV, and was coupled with

an Oxford Instruments Si/Li atmospheric thin window detector; data collection and

analysis was performed using Oxford Instruments’ INCA software. The analytical and

technical aspects of this analysis were performed under the guidance and supervision

of Dr Jeremy Skepper, Technical Director of the Multi-Imaging Centre, Department

of Physiology, Development, and Neuroscience, University of Cambridge, whose

assistance is gratefully acknowledged.

6.7.2 SEM Images

Figure 6.13 shows the SEMmicrographs of the activated carbon particles. Of necessity,

a limited number of images are presented in this dissertation; however, while carrying

out the microscopy several areas were scanned and examined for consistency. No

significant deviations in structure were observed throughout the microscopy work, and

these micrographs are fully representative of the observed structure.

Broadly speaking, two types of morphology were seen in the activated carbon

particles: planar, relatively flat surface (figures 6.13 a and b), and porous areas that

extended into the particle (figures 6.13 c and d). It should be noted that at this

micrometer resolution the only pores visible will be macropores; micropores, which

account for the bulk of the activated carbon’s porosity and absorptive ability, have a

diameter of 2 nm or less, and are difficult to image without specialised setup including

high-resolution transmission electron microscopy and significant image processing

[269, 282]. Nevertheless, significant differences were observed between the virgin

activated carbon and that which had been used to process HDPE. The virgin activated

carbon had a relatively smooth exterior, with some loose carbon/dust particles evident

on the surface. By contrast, the texture of the used activated carbon (which in this
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a) b)

c) d)

Figure 6.13: SEM micrographs of virgin activated carbon (a,c) and activated carbon that has
processed 6.9 times its mass of HDPE at 450°C, resulting in significant surface deposition
(evident from its textural change). While larger macropores are still evident (though reduced
in diameter), the deposition of material on the surface of the carbon would effectively block
micropores (which result from the structure of the surface itself). Images a and b show mostly
planar particle surface and are 75 ♠m across, images c and d show macroporous structure and
are 160 ♠m across.
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Figure 6.14: Typical energy-dispersive X-ray spectrum of activated carbon sample. Y-axis has
been shortened so that elements other than carbon are visible (though carbon is by far the
dominant element).

case had processed 6.9 times its mass of HDPE and lost most of its porous adsorptive

ability) is quite different, with a rough, amorphous surface as a result of stochastically

deposited material. Given the size and extent of the accumulated deposits, which

cover the entire imaged surface of the carbon particle, it is clear that any microporous

catalytic surface of the original activated carbon particle would be almost completely

subsumed by the deposited material (evident from the surface texture change), with

the chemical properties of the bed reflecting its new surface coating.

6.7.3 EDS Elemental Analysis

EDS analysis showed no substantive differences between the activated carbon and the

deposited material, with multiple physical points compared on both virgin and used

activated carbon samples. Figure 6.14 shows a typical spectrum derived from this

analysis. In all cases carbon comprises by far the main element in the samples. Small

quantities of oxygen are present, deriving from oxygenated surface functional groups

(carbon surfaces are never free from oxygen except under extreme conditions such

as heating to >950°C under vacuum [52]). Small quantities of silicon, sulfur, and

aluminium were observed in some cases, though these were present in both the virgin

and used activated carbon samples so were thought to derive from the bituminous

origin of the activated carbon.

6.8 Attrition and Thermal Cycling

In order to attribute the deactivation of the activated carbon solely to coke deposition,

physical and thermal deactivation methods were considered and tested as potential

contributors to the deactivation process. Given the bed was continually stirred
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throughout the experiments, deactivation through attrition of the activated carbon

particles remained a possibility, and was tested for by running the stirrer with a fresh

batch of activated carbon, regularly measuring the mass of the bed, and taking samples

to test for any changes in surface area; figure 6.15 presents the results of this attrition

test. A very small quantity of extremely fine dust was generated, which left the reactor;

this occurred during the first 20 hours of continuous stirring and accounted for around

0.3% of the initial mass, an insignificant quantity in the context of the large mass

changes observed through coke deposition. The BET surface area varied by around

±2% over the course of the test, but no clear trend was evident over this period; this

variation was thought to represent the precision of the measuring instrument.

The activated carbon beds underwent multiple intense thermal cycles throughout

their use; however, testing conducted on a fresh bed with no HDPE added showed

no significant change in mass or BET after the first burn-off that all activated carbon

underwent before first use, in spite of undergoing six subsequent cycles where the

carbon was heated to 700°C for one hour. These results effectively eliminate attrition

and thermal decomposition as deactivation mechanisms for the activated carbon.

6.9 Mechanism of Activated Carbon Deactivation

From the observed change in product yields, the decrease in cracking, increase in

molecular masses of the pyrolysis products, and the change in chemical make-up of

the products themselves, it is clear that activated carbon rapidly loses its catalytic
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ability as it processes HDPE. The elimination of attrition and thermal decomposition as

mechanisms, and the correlation between mass accumulated in the bed and reduction

in catalytic ability, combined with the inability to separate this material retained in the

reactor from the activated carbon bed, points to the deposition of a substance directly

on to the surface of the activated carbon in a way that either eliminates or blocks off the

active sites from which the catalytic ability derives. Thermogravimetric and energy-

dispersive X-ray spectroscopy established that the deposited substance was carbon

— indistinguishable from the activated carbon bed from the point of view of these

analyses. From a chemistry perspective, though, it is clear that the carbon deposited

during the catalytic decomposition of HDPE does not possess catalytic activity itself,

otherwise the cracking process would become auto-catalytic and stabilise rather than

rapidly decline to the level observed with no catalyst present. There must therefore

be a substantial difference in structure of the deposited carbon compared with that of

the activated carbon; the nature of this difference is suggested by the decline in BET

surface area as the bed mass increases. To account for the differences described thus

far, the deposited carbon is likely to have regular structural order, with a resulting low

surface area, and a lack of catalytic active sites.

In a study of the deposits resulting from the catalytic decomposition of methane over

carbon black (another disordered/semi-amorphous carbon), Muradov et al. [39] used X-

ray diffraction to investigate the structure of the combined carbon black and deposits.

The diffraction patterns revealed columnar ordering consistent with a graphite-like

structure (though the observed columnar spacing was slightly further apart than

standard graphite). This ordered structure was not present in the diffraction patterns

in virgin carbon black, confirming the expectation that the carbon deposited in the

cracking of hydrocarbons over catalytic carbonaceous material is structurally ordered,

and thus lacks the folds and irregularities that increase surface area and result in high

energy active sites.

Overall then, hydrocarbons are adsorbed onto the surface of the activated carbon

by the van der Waals forces arising from the folds/pores and the close proximity of

multiple carbon atoms. Here, they may interact with high energy active sites and

undergo catalytic cracking in the manner described in §6.3.1. Given the nature of

the active sites (with free valencies, unpaired electrons, etc.) it is highly likely that in a

percentage of these interactions, the hydrocarbon will progress from physisorption to

chemisorption, with the creation of a covalent bond between the activated carbon and

the hydrocarbon. These bonds may also result from “external” inducement, with an
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already adsorbed molecule subject to radical attack, or just a radical itself adsorbing;

these could then stabilise through interaction and bonding with the high energy active

sites. The end result of such interactions is the creation of an overall more stable

molecular structure, but through incorporation into and alteration of the active site,

the hydrocarbon reduces or eliminates the active site’s ability to catalyse further such

reactions.

Even without specific active site deactivation, the accumulation of non-catalytic

carbon in the bed will reduce the overall catalytic activity of the bed by reducing

the proportion of catalytic material substrate is exposed to (by the end of the 450°C

experiment series the bed comprised 25% accumulated mass), though this reduction

alone is insufficient to account for the observed reduction in bed activity.

As polymer fragments, some of the hydrocarbons that become bound to the surface

of the activated carbon will have long external chains. These chains would still

be subject to further reactions, either cracking and separating off, or undergoing

radical attack, hydrogen abstraction, and incorporation into the basal activated carbon

layer. Over time, the structure of the newly deposited carbon would likely exhibit a

tendency towards the structure of graphene due to its highly stable conformation, but

in any case the hydrocarbons would be likely to undergo further dehydrogenation and

carbonisation. In this way, reacted hydrocarbon deactivates the activated carbon active

sites, while “filling in” and/or blocking pores (or at least the micropores responsible for

catalytic activity; macropore dimensions are not on the same scale as the hydrocarbon

molecules and thus would not present the same van der Waals forces required for

adsorption).

This molecular deposition process would occur wherever the hydrocarbon pyrolysis

gas is able to physically reach. While small molecule hydrocarbons should be able

to perfuse throughout the entire porous structure of the activated carbon, at high

temperatures the time scale of the deposition process will be short compared with

that of the diffusion process, causing deposition to occur more frequently towards pore

mouths, resulting in the deposition distributions previously described in §6.5.5.1, and

the more rapid deactivation as pore mouths become closed off.

The formation of the pore/active-site blocking coke may proceed via the same

mechanism as that of polyaromatic hydrocarbons (PAHs). These compounds are known

to form in the high temperature pyrolysis of polyethylene [283], and were observed

in the condensed pyrolysis products formed with activated carbon in this work. PAHs

are able to form through the sequential addition of hydrocarbons via both Diels-Alder
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and radical-mediated mechanisms [244, 248]. Growth proceeding in this way would

mimic the underlying activated carbon graphene structure but without the structural

defects, proceding in a piece-wise fashion from single rings into large networks that

would blanket the activity of the underlying active sites. Whatever the mechanism, it

apparently requires catalytic initiation at the temperatures examined in this work, as

the addition of mass to the activated carbon bed declines rapidly in correlation with

its decline in catalytic activity. While PAH deposition would be sufficiently regular that

the new material would not add micropores or catalytic high energy sites, it is in any

case clear that the deposited material does not contain these, or at least if it does they

are present in far smaller quantities than in virgin activated carbon, and would become

deactivated through the same mechanism as in the original sites, resulting in an overall

exponential decline in number.

It is also worth noting that substances that promote acid-based catalysis such

as zeolite (and which function with a mechanism similar to the oxygen-based acid

active sites discussed in §6.3.1.4) also experience coking when cracking hydrocarbons.

Overall this coking is not dissimilar to the process described here, though the

underlying mechanisms proposed to account for the coke accumulation (of which there

are several owing to ongoing research in this area) proceed along acid/base hydrogen

transfer pathways [256, 284–286].

The mechanism for deactivation proposed here, encompassing modification of high

energy active sites and addition of ordered carbonaceous matter, accounts for all

observations regarding the deactivation of the activated carbon — an increase in

mass that reduces as the activated carbon deactivates, the carbonaceous elemental

composition of the deposited material, the reduction in surface area/pore volume that

accompanies the deactivation — and acts as a logical extension of the argument already

advanced for the catalytic activity described in §6.3.1.

6.9.1 Carbon Nanofilament Formation via Microwave-Induced

Plasma

While the microwave-induced microplasmas discussed in §6.4.2 enhance hydrocarbon

cracking, they are also likely to enhance the deactivation of the activated carbon. When

Fernendez et al. [144, 287] pyrolysed methane over carbon using microwave heating,

a microscopic analysis of the bed showed the growth of carbon nanofibres. Neither the

microplasmas nor the nanofibres were observed with conventional electric heating. It
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Figure 6.16: Carbon filament formation resulting from the creation of microplasmas in the
hydrocarbon pyrolysis gas. The formation shown in this image is approximately 2 cm across.

is thought that the plasmification of the pyrolysis gas occurring in these microwave-

induced plasma arcs is able to dehydrogenate the hydrocarbon and cause deposition.

While no fibres as such were observed in the SEM images of the activated carbon

used in this work, this is because the bed was continuously stirred, resulting in random

deposition at distinct sites, rather than the continual growth that could occur with a

static bed. Dramatic visual evidence that these nanofibres do occur in the apparatus

used throughout this work is presented in figure 6.16. In this case, an undetected

arc formed in the waveguide entering the reactor, a space in which pyrolysis gas was

able to freely pervade during operation. Over time, the arc induced the deposition of

a complex network of carbon fibres. Once initially seeded, the distance between the

opposite wall and the conductive tubule growth site was less than any other point on

the otherwise parallel waveguide walls, so the arc continued in this location (the lesser

distance requiring the least voltage to breach and ionise). The branching nature of

the formation results from the fluctuations in the plasma stream as it traverses the

constantly varying path of least resistance through the turbulent atmosphere.

Carbon fibres have a very low surface area, and regular structure compared with

activated carbon [39, 288], i.e., they are not a source of high energy active sites.

Microwave-microplasma induced carbonisation and deposition is thought to contribute

to the deactivation of the activated carbon described above, though is certainly not the

sole mechanism, given the deactivation observed by other researchers not operating

with microwave-mode heating [119, 120].
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6.10 Summary

The mechanisms outlined in this chapter fundamentally underlie the entire body of

work presented in this dissertation. The non-catalytic pathway of HDPE pyrolysis is

thought to proceed via a radical-mediated mechanism, these being created with an

initial random thermal scission, then going on to react in a chain fashion via intra-

and inter-molecular hydrogen transfer and beta-scission. Aromatics are thought to

form through Diels-Alder and/or radical-mediated mechanisms, both of which proceed

via cyclisation, with aromatisation occurring through subsequent dehydrogenation

pathways. These reactions account for almost the entire gamut of species observed

in the pyrolysis products produced using the coke bed, though of particular note is the

ability of these pathways to account for the alkene, alkadiene, alkane triples that make

up so much of these products.

The catalytic pyrolysis of HDPE is thought to derive from high energy active sites

on the accessible surface of the carbon, that result from defects, folds, and disorder

that alters the structure of the activated carbon away from that of graphene. These

sites include unsaturated and free valencies, including unpaired and/or delocalised

electrons, which may act to accept, donate, or transfer electrons and/or hydrogen

(radicals) between species and the activated carbon bed. The catalytic mechanism

may also proceed through acid-catalysis due to oxygen-based functional groups, though

evidence for this is mixed.

The generation of microplasmas through microwave irradiation of the activated

carbon bed may also contribute to cracking of the HDPE owing to the high temperature

of the plasma. This is not a catalytic effect per se, though, and instead arises from the

interaction between the microwave heating mode and the physical structure of the

activated carbon. The microplasmas were not observed when using the coke bed.

The surface area and pore volume of the activated carbon declines as it processes

HDPE and accumulates mass. The loss in surface area, as a proxy for deactivation of

the carbon, was modelled with first order kinetics with a good resulting fit. This model

was able to explain the temperature dependence of deactivation in terms of exponential

temperature sensitivity as described by the Arrhenius equation. This model was then

used to calculate the amount of deactivation that would have occurred throughout the

course of the batch addition experiments. While some deviation from using a fresh bed

every time was noted, overall the catalytic reduction would not have been large, given

the quantity of material processed.
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Generally the accumulation of mass in the bed correlated well with the reduction in

surface area, though at higher temperatures this occurred to a lesser extent initially,

but then progressed at a more rapid rate. These results were thought to arise from the

increase in reaction rate at high temperatures, such that the hydrocarbon would react

and deposit on the surface of the activated carbon before it was able to diffuse very far

into pores. As a result, deposition occurred more often at the mouth of pores; initially

small molecules could still get through the narrow mouth and access the pore volume

inside, accounting for the higher initial measured surface area; however, this was soon

followed by the closure of pores and rapid fall-off in measured surface area.

The chemical composition of the deposited material was confirmed to be coke

through thermogravimetric analysis coupled with FT-IR, and subsequent elemental

analysis using SEM-EDS. The deposited material was indistinguishable from the

activated carbon using these techniques. In spite of establishing the deposited mass

as carbon, there was still an obvious decline in catalytic activity as it was deposited,

indicating that the chemistry/structure of the deposited material was significantly

different to that of activated carbon. The observed reduction in surface area suggested

that the deposited material exhibited regular structure and did not contain the defects,

folds, and irregularities that act as high energy catalytic sites for activated carbon.

This theory was in agreement with Muradov et al. [39], who used X-ray diffraction to

show graphite-like structure in carbon deposited from catalytic cracking of methane

over carbon black.

From these results it was concluded that deposition/deactivation likely proceeded

initially from physisorption of hydrocarbon pyrolysis gas through van der Waals forces

from pore walls, then proceeded through reaction with the high energy active sites,

resulting in the creation of covalent bonding and the integration of hydrocarbon into

the base activated carbon structure (where it underwent subsequent dehydrogenation

and carbonisation). By incorporation into, and alteration of the active site, this mode

of interaction depletes the number of active sites, fills in/blocks pores, and reduces the

ability of activated carbon to catalyse further such interactions.

The mechanisms described in this chapter account for the products observed in

the pyrolysis of HDPE, both with standard microwave-assisted pyrolysis and when

using a catalytic activated carbon bed. By combining theory from the literature with

observed changes in chemical and structural properties of the activated carbon as it

was used to process HDPE, it was possible to develop a comprehensive mechanistic

theory that accounts for both the catalytic properties of the activated carbon, and its
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deactivation over time. Having advanced mechanisms to explain the observed data

collected throughout this work, this chapter concludes the analysis portion of this

dissertation. Nevertheless, the material presented in this body of work raises a number

of avenues of potential further study which, along with a broad concluding overview,

are presented in the following and final chapter.



7
Project Overview and Further Study

7.1 Project Overview

This dissertation began by introducing the fundamental principles of the microwave-

assisted pyrolysis of plastics, and presenting the concept of combining the microwave-

receptive properties, and relatively unstudied catalytic abilities, of activated carbon for

use as a reactor bed in this process, with the intention of producing pyrolysis products

with a narrow and useful range of molecular masses. A thorough review of activated

carbon, microwave heating, and the wider pyrolysis field established that this avenue

of research was both novel, and of sufficient potential to warrant further study.

7.1.1 Development of Microwave-Assisted Pyrolysis Equipment

Considerable effort was put into developing safe and reliable apparatus in which to

carry out the microwave-assisted pyrolysis of HDPE. An existing reactor that had been

used to conduct pyrolysis on liquid hydrocarbons was refurbished for this purpose.

A number of improvements to the reactor were made, including the simplification of

179
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the power transmission system — reducing reflected power and eliminating points

of failure; the addition of a three-stub capacitive tuner to the transmission pathway

to match the impedance of the “load” (the reactor bed) with the magnetron source

— thus maximising power transmission; and the design and fabrication of a silicone

window and support structure that allowed microwaves to pass through to the reactor,

but did not allow damaging pyrolysis gas or heat to return back to the magnetron.

A gas-tight method for adding HDPE pellets to the carbon bed when it reached the

target temperature was required, and a plunger-like sample injection system was

developed for this purpose. The development of suitable apparatus with which to

condense produced pyrolysis gases resulted in several iterations based around Liebig

condensers that ultimately proved inadequate owing to the pyrolysis products being

carried through the condensing apparatus by the constant flow of gas and not settling

on the condenser surface. The development of a dry ice condenser through which the

pyrolysis gas percolated provided an effective solution to this issue. The entire system

was controlled by a computer system based around a PID feedback loop; this was able

to vary the power of the magnetron to maintain the reactor at the desired temperature,

as well as performing safety monitoring and stopping power to the magnetron in

the event that any arcing was detected, a process it performed far more rapidly and

effectively than any human controller.

7.1.2 Exploratory Experiments with Batch Addition of HDPE

A series of exploratory experiments were conducted pyrolysing HDPE that was added

in a single batch to an activated carbon bed over a range of temperatures from

400–600°C. Equivalent control experiments were also conducted using a non-catalytic

coke bed. The pyrolysis products produced using the activated carbon bed underwent

significantly more cracking than those produced with the non-catalytic coke bed, with

the condensed products approximately three times lighter on average (with an average

carbon number of 10.0–11.5 vs. 25.0–33.0), indicating that activated carbon could

be used as an effective catalyst in this application. The products produced using

the coke bed were almost entirely linear aliphatics, while the condensed products

produced using the activated carbon bed showed a considerable component of aromatic

species (36–45%). The hydrogen that was “freed” through the formation of aromatic

species, with lower H/C ratios, resulted in a higher concentration of alkanes in the

non-condensable gases.

The range of molecular masses produced when using the activated carbon bed was
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much smaller than when the coke bed was used; indeed, the condensed products

resulting from the activated carbon bed shared the same mass range as that of the

liquid transport fuels petrol and diesel. The aromatic portion of these condensed

products consisted of benzene and substituted derivatives (e.g., toluene, ethyl-benzene,

and xylene), substantially valuable products in their own right. The non-condensable

gases resulting from both beds were relatively similar (aside from the greater alkane

proportion in the activated carbon derived gases already mentioned), the species in

this fraction being limited by the range of hydrocarbons in the gaseous state at room

temperature. These short-chain aliphatics could be used as fuels (e.g., natural gas,

LPG) or feedstock for a range of chemical processes including fresh HDPE synthesis

(the gases included a high concentration of ethene, the original HDPE monomer).

Overall, the entire range of products produced with the activated carbon bed had a high

potential economic value, while a large portion of the condensed products produced

using the coke bed were longer-chain waxes that would require further cracking before

they could be used.

7.1.3 Continuous Throughput Pyrolysis of HDPE

Following from the positive results from the batch input study, a second study was

conducted to assess the pyrolysis process in greater detail, processing larger quantities

of plastic with a continuous throughput of material, a mode any potential commercial

plant would be required to operate in for capacity and efficiency reasons. A continuous

rotary feeder was designed and built for this purpose which provided a constant flow

of plastic pellets into the reactor during operation, while maintaining containment of

the pyrolysis gases and microwaves.

Because of the larger quantities of HDPE pyrolysed with the continuous rotary

feeder, and as a result of conducting a number of experiments in sequence, it soon

became clear that the nature of the pyrolysis products produced with the activated

carbon bed was changing over time, with the cracking ability of the bed reducing, and

a significant proportion of mass accumulating in the activated carbon bed with each

experiment. Both the average molecular mass, and the range of molecular masses

of the pyrolysis products increased over time, with a reduction in the proportion of

non-condensable gases and an increase in condensed products (themselves heavier).

The rate of this catalytic deactivation was highly temperature dependent, occurring

very quickly at temperatures of 500°C and over, and much more slowly at and below

450°C. The condensed products produced using the activated carbon bed with the
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continuous addition of HDPE initially had an even higher aromatic content (61–85%)

than those produced with the batch addition, though this declined over time as the bed

processed more HDPE, with a corresponding increase in aliphatic content. Overall, as

the activated carbon deactivated, the resulting pyrolysis products came to increasingly

resemble those produced using the coke bed.

Aside from the catalytic activity of the activated carbon, the primary influence on

the make-up of the pyrolysis products was the temperature at which the pyrolysis

was carried out. Increased temperature had the effect of not only increasing the

rate of cracking, but also reducing the residence time of the input mass as the

pyrolysis products entered the gaseous state and expanded in volume considerably,

generating pressure which drove them out of the reactor. The balance of these

two factors determined the total amount of cracking that the products underwent:

from 450–600°C the overall molecular mass of the combined condensible and non-

condensable gases decreased with increasing temperature, implying the increase in

cracking rate dominated. Decreasing the temperature below 450°C, the overall average

molecular mass decreased again as the time products spent in the hot cracking zone of

the reactor increased.

While the economic value of the products produced in the continuous mode was

much the same as those produced in the batch mode, as a result of the catalyst

deactivation these products changed over time, presenting a potential barrier to

producing a saleable product due to the variability of the output. However, at

lower temperatures there was an initial period during which the condensed products

remained entirely within the liquid transport range: at 450°C this remained the case

until the activated carbon had processed approximately three times its mass of HDPE,

after which time it came to include less valuable heavier waxes.

The differing modes of HDPE input also affected the pyrolysis products: those

produced with the batch input of HDPE underwent less cracking and encompassed a

wider range of molecular masses. This was thought to arise from the different rates of

sample introduction, the sudden bulk introduction of HDPE in the batch mode resulting

in an “explosive” rush of pyrolysis gases being initially produced, and a corresponding

large pressure that forced the gases out of the reactor more rapidly; this then declined

over time as the mass of material undergoing pyrolysis in the reactor reduced. With

the continuous introduction of HDPE, the production of pyrolysis gas quickly settled

to a constant rate that was lower than the initial explosive exit rush from the batch

case. The shorter and more variable residence time in the batch mode explains the
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heavier and more varied products, as well as the differences in chemical composition,

with the greater proportion of aromatics in the continuous case arising from the longer

time the pyrolysis products spent in the hot zone of the reactor (aromatic formation

being time-dependent). The effect of addition mode on reaction rate and residence time

was demonstrated with an illustrative mathematical model incorporating the kinetics

behind the two input modes.

7.1.4 Mechanisms of Pyrolysis, Catalysis, and Deactivation

By combining theory from the literature with the chemical profile of the produced

pyrolysis products, reaction mechanisms accounting for the observed species were

advanced. Non-catalytic pyrolysis was thought to proceed via a radical-mediated

pathway, with initiation occurring by random thermal scission of the polymer backbone,

and the resulting highly unstable terminal radicals partially stabilising through intra-

and inter-molecular hydrogen transfer. Both of these pathways result in the formation

of a more stable intra-molecular radical, while the latter of these also produces an

alkane. These intra-molecular radicals stabilise through the process of beta-scission,

resulting in the formation of an alkene, and a new terminal radical that initiates a new

cycle of hydrogen transfer in a chain reaction. Termination of this reaction cascade

occurs through recombination of radicals, or disproportionation (resulting in an alkane

and an alkene). The formation of aromatics was thought to occur through Diels-Alder

type reactions (where a conjugated alkadiene and alkene react to form a substituted

cyclohexene intermediate, which is then dehydrogenated), or more complex radical

mediated pathways, where cyclisation and dehydrogenation also occur.

The catalytic activity of the activated carbon was thought to originate from high-

energy active sites on the surface of the carbon that are created by defects that skew

the atomic carbon structure away from a regular graphene lattice. The resulting

folds and pores are responsible for the very high surface area of the carbon, but

also create unsaturated and free valencies, including unpaired and/or delocalised

electrons, which act to accept, donate, or transfer electrons and/or hydrogen (radicals)

between hydrocarbon species and the activated carbon bed. By facilitating these

transfers the activated carbon lowers the activation energy for radical-mediated

cracking as described above, and other reactions such as the formation of stable

aromatic molecules. Oxygen-based active sites may also play a role in the catalytic

properties of the carbon through acid/base catalysis.

The physical properties of the activated carbon as it underwent deactivation were
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investigated through nitrogen sorption analysis, which revealed a dramatic decline in

surface area as mass accumulated in the carbon bed and it deactivated. This decline

could be modelled well using first order kinetics, with the temperature dependence

fitting the Arrhenius equation, and accounting for the large increase in the rate of

deactivation observed at higher temperatures. The bulk of the porosity present in

the activated carbon was contributed by pores of <3 nm, approximately twenty times

the length of a C-C bond [278], suggesting that an element of shape/size selectivity

may have contributed to the narrow range of the hydrocarbons produced with virgin

activated carbon.

The composition of the mass deposited in the activated carbon bed was confirmed

to be carbon itself through a combination of TGA (with FT-IR of the evolved gases) and

SEM-EDS analyses. Deactivation was thought to occur through hydrocarbons forming

covalent bonds with the activated carbon bed in a percentage of the interactions with

the high-energy active sites, incorporating into the structure and thus deactivating

the carbon by “filling in” the pores, and eliminating the sites that mediated the

electron/hydrogen transfer. The bonded hydrocarbons would then be dehydrogenated

by the abundant radicals in the hydrocarbon gas resulting in an inert carbon layer

without the defects from which the activated carbon gained its catalytic ability.

The microwave heating method caused the formation of “microplasmas” in the

activated carbon — charge imbalances created by the electromagnetic field that were

restricted by the physical boundaries of the carbon particles, and which resulted in

a high temperature plasma spark to equalise the induced voltage. It is likely that

cracking occurred at a greater rate in these microplasmas, and the observation of

the creation of carbon nano-fibres by microwave-induced plasma suggested that these

microplasmas also caused rapid dehydrogenation, likely contributing to coke formation

and the deactivation of the activated carbon. These microplasmas were not observed

in the coke bed, owing to its lack of porous structure, and smaller particle size with

corresponding greater electrical continuity.

7.2 Further Study

As a study that was primarily exploratory in nature, this work leaves plenty of scope for

future work to be carried out to further the understanding of the microwave-assisted

pyrolysis process and the use of activated carbon as a catalyst. Indeed, the results
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presented in this study suggest a number of potential avenues of exploration, which

are presented in the following section.

7.2.1 Isolation of Microwave Effects

While microwave-assisted pyrolysis results in different heating profiles and character-

istics to conventional heating, as well as additional phenomena in the reactor bed in the

form of microwave-induced microplasmas, further research is necessary to definitively

attribute any observed differences in pyrolysis products and mechanisms to the

microwave-heating mode alone, and controversy remains around whether microwave

heating results in non-thermal effects arising from interaction of the electromagnetic

field with reactant molecules.

To assess these effects on the pyrolysis of plastics, research could be conducted

in a reactor that incorporates both electric and microwave heating mechanisms; with

suitable control software it should be possible to ensure that the heating profile for both

of these methods is the same. With all else being equal (reactor size, configuration,

condensing apparatus, etc.), it would be possible to isolate any differences observed in

pyrolysis process and products to the microwave-heating mode itself. Such a reactor

would be able to conclusively determine whether or not microwave heating, and the

associated microplasma phenomenon, has an impact on any process carried out within

it, including the pyrolysis of HDPE, and the deactivation of activated carbon as posited

in §6.9.1. If additional benefits were recognised from such a study it might be possible

to optimise future reactor and bed configurations to enhance these effects.

7.2.2 Other Catalysts

While this study represents the first application of microwave heating to the catalytic

degradation of HDPE, it has been limited to one catalyst type. There is a large amount

of potential to investigate the decomposition of plastics using other catalysts and

microwave heating. It would be particularly interesting to conduct a comparative study

using zeolites and conventional FCC catalysts and investigate the products resulting

with these catalytic beds. The use of microwave heating in these contexts has the

potential to provide efficiency gains, either from non-thermal interactions or simply

from the direct application of energy to microwave-receptive catalysts without heating

intervening space.
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7.2.3 Composition of Deposited Carbon Material

While the deposited material that deactivated the activated carbon was identified as a

low surface area form of carbon, further study could reveal the structure and form that

this deposited material takes, and thus provide additional insight into the deactivation

reaction mechanisms.

X-ray crystallography is an analytical technique that could be potentially employed

for this purpose, with the ability to identify the presence of regular crystalline graphite-

like carbon that is not present in the disordered structure of activated carbon [39]. As

an alternative or additional tool, Raman spectroscopy is able to distinguish between

different structures of elemental carbon with shift bands identifiable for single crystal

graphite at 1580 cm-1, imperfect graphite and disordered carbons at 1620 cm-1, and

other structural carbon imperfections at 1360 cm-1 [289, 290]. This technique is also

able to provide a quantitative analysis of the relative proportion of these different

structural forms.

Using these methods to compare activated carbon deactivated by pyrolysis in

a conventionally heated reactor with that carbon deactivated through microwave-

assisted pyrolysis could elucidate differences in the deposited material arising from

these different heating mechanisms, for example, whether deposition occurred in a

different fashion as a result of the activity of microwave-induced microplasmas.

7.2.4 Regeneration of Activated Carbon

Given the expense of sourcing activated carbon, and the volume of carbon that would

be required to sustain a plastics pyrolysis plant on an industrial scale, the microwave-

assisted pyrolysis of plastics using an activated carbon bed with a single use cycle is not

likely to be economic. However, deactivation through the pyrolysis of HDPE need not

be the final end to the catalyst. Activated carbon can be regenerated, and future work

could examine this possibility in detail. Microwave heating has been used to regenerate

activated carbon when it has been depleted through the adsorption of pharmaceutical

contaminants [291–293], dyes [294–296], and volatile organic compounds [297–299].

However, in these cases the deactivation occurred by adsorption of molecules at low

temperatures, and not by the pyrolysis of hydrocarbons at high temperatures where a

significant mass of material is deposited and covalently bonded to the carbon surface.

Nevertheless, the fact that microwave heating has been successfully used to “activate”

carbon in the first place [268, 300–302] suggests that even the covalently bonded
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Figure 7.1: Activated carbon steam reactivation at 700°C using existing microwave reactor.

deactivated carbon might be reactivated in-situ using the same apparatus with which

it was deactivated in the first place.

7.2.4.1 Preliminary Reactivation Data

A preliminary investigation using the existing apparatus and the depleted activated

carbon from the 450°C series of continuous addition experiments was carried out,

heating the carbon bed to 700°C, and adding water to the bed at a rate of 3.6 mL/min.

As seen in figure 7.1, a partial reactivation was achieved, with the activated carbon

BET surface area increasing from 26 m2/g to 368 m2/g after four hours of this treatment

(compared with around 800 m2/g for virgin activated carbon). The reactivated carbon

was able to produce pyrolysis products with the same amount of cracking as the original

activated carbon achieved with this surface area. The reasonably large increase in

surface area with a relatively small change in bed mass (6% loss, compared with the

25% increase that deactivated the carbon in the first place) suggests that this process

may not only be “burning off” deposited material, but actually creating new porous

structure.

7.2.4.2 Future Reactivation Work

While this initial study represents an initial proof-of-concept, the reactivation process

would need to undergo considerable further development before it became a useful

approach to dealing with the deactivation issue. The initial results show incomplete
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reactivation, with the rate of increase in surface area declining over time. Furthermore,

the process is slow, taking considerable time and energy. In this investigation the

reactivation was carried out at 700°C, the maximum safe operating temperature for the

reactor; however, this is below the 800–1000°C that the activation process is usually

carried out at [275]. It should also be noted that this study was carried out with

activated carbon that saw substantial use before any reactivation attempt was made.

It may be that the longer the coke remains at high temperature within the reactor, the

more “enmeshed” it becomes with the catalyst as it, for example, bonds to multiple

atoms in the carbon bed. Further experimentation at higher temperatures, at earlier

stages of deactivation, and with different oxidising gases such as CO2, may be able to

demonstrate the speed and effectivity improvements necessary to make this a viable

process.

If the reactivation could be made efficient and rapid, it could be incorporated into a

side-by-side regenerator, where the carbon is continually regenerated in an integrated

online facility, as occurs in FCC plants. While the comparison is apt, this would not

simply be a reinvention of current FCC, though it would be interesting to examine the

possibility of employing activated carbon in place of current catalysts in an FCC plant.

As previously argued, activated carbon catalysis proceeds via a different mechanism

to current FCC catalysts, and in any case the profile of the products produced using

activated carbon in this work differ considerably to those produced using standard FCC

catalysts, with a much higher aromatic content of up to 85% (compared with 10–26%

typical in FCC plants [223, 303]). Accordingly, a novel process using activated carbon

would likely focus on the production of aromatics as an end point. The accumulation

of carbon in the bed, with its subsequent activation in the regenerator, would allow

for activated carbon to be a secondary output stream of this process. Overall, online

reactivation would add considerable complexity and expense to the construction costs

of any new plant, and the economic implications of such a development would have to

be carefully considered before it was undertaken.

7.2.5 Modelling of the Pyrolysis Process

As has been demonstrated in this study, the products resulting from the pyrolysis of

plastic are the result of a complex interplay between factors such as mode and rate

of mass addition, heat and mass transfer, reactor temperature, reaction rate, and

residence time. The parameter space that results from the permutations of these

factors is extremely large. However, it should be possible to develop a model of the
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pyrolysis process that incorporates the known kinetics and mechanisms of pyrolysis,

along with physical heat and mass transfer parameters specific to a reactor, and which

would be able to predict the resulting product in a given configuration. A robust model

with such a predictive capability would be of enormous use in terms of optimising the

production of a desired product, and in the scale-up and design of future pyrolysis

systems.

7.2.6 Future Reactor/Condensing Systems

While the condensing system used in this study performed reasonably well for the

laboratory-scale work conducted here, it presented issues with blockages when high

molecular mass products were produced, and in any case would not scale beyond small

scale experiments owing to the expense and infeasibility of using dry ice on a larger

scale. Two alternatives to the dry ice percolating condenser are presented here, which

have the potential to be used in any future microwave-assisted hydrocarbon pyrolysis

work.

7.2.6.1 Fractionating Column

Given that one of the issues arising from the pyrolytic breakdown of plastics is the

wide range of masses in the produced products, a condensing system with the ability to

separate these products into similar fractions by mass would have considerable value.

The gold-standard in industry for the separation of hydrocarbons based on molecular

mass is the fractionating column. The selective targeting ability of microwave heating

should make it possible to combine the fractionating column concept with a microwave

reactor, a concept illustrated in figure 7.2. In this scheme, similar microwave

generating equipment could be used to that employed in this study (1), with a carbon

bed (2) and feeder (3) also operating on the same principle. Pyrolysis would occur in the

bed as usual, but rather than having gases leave the reactor and travel into a separate

condensing system, the reactor itself could be extended upwards into a fractionating

column, with the heat required for operation generated from the microwave-heated

carbon bed. Volatile pyrolysis gases would rise upwards, and condensing liquids flow

downwards, with condensed substances reaching an equilibrium point on a series

of trays (4) spaced vertically throughout the column, from which the products of a

particular molecular mass can be tapped. “Bubble caps” on the trays help to ensure

good contact between up-flowing vapour and down-flowing liquid. Vapour reaching

the top of the column could enter an external condenser (5), where any recovered
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Figure 7.2: Schematic of fractionating column reactor. Numbered components are described in
the text. Fractionating column graphic modified from [304] under creative-commons licensing.

liquid is refluxed back into the system (6), and the non-condensable gases tapped off.

Sufficiently heavy products flow back through the trays to the reactor bed, where they

are cracked further before revolatilising and entering the column again.

While such a system does offer a possible solution to the wide range of products

produced using microwave-assisted pyrolysis, it is also a significantly more complex

and costly design than the simple microwave reactors that have been used to study

microwave-assisted pyrolysis in the literature thus far, likely requiring significant scale

in order to operate economically. A comprehensive model would need to be developed

before commissioning such a scheme, not only of the energy and material inputs and

outputs, but also of the economics underlying the process. A capital-intense plant

negates one of the advantages of microwave-assisted pyrolysis, with its ability to

operate effectively and cheaply on a range of scales.
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7.2.6.2 Optimising for Gaseous Hydrocarbon Production

An alternative to the fractionating column reactor presented above is to construct a

reactor that is optimised to produce only non-condensable gases, but use the physical

properties of these as a separations system (as only the smallest hydrocarbons exist in

the gaseous state at room temperature). The mechanics of such an idea could also

operate with the reactor integrated into the condensing system. The fundamental

principle underlying this concept is for there to be a dramatic temperature gradient

between the hot reactor bed and the condensing column. The ability of microwave

heating to target only microwave-receptive materials provides a means of achieving

this, with input energy dispersed entirely within the carbon bed and a steep fall-off

in temperature as distance from the bed increases. By having a simple condenser

(effectively just sufficiently high reactor walls), the temperature gradient would be

such that liquids and aerosol particulates would fall back into the hot zone of the bed

to be re-cracked, and only short-chain gases could leave and be collected.

This method could be employed to obtain a consistent gaseous output stream

without catalysis, and indeed would maximise product yield by avoiding the formation

of char that is promoted with catalytic cracking. Any char that was produced (which

from the results presented in this study would be expected to be inconsequential) would

become part of the reactor bed.

A preliminary investigation into the feasibility of this concept showed positive

results. Using a small scale quartz reactor with a long vertical glass column that fed

into a series of Liebig condensers and a dry ice trap from the top of the column (a small

modification of the apparatus described in [150]), resulted in the formation of a clearly

distinct “inversion layer” of visible opaque pyrolysis aerosol/gas that did not reach the

top of the column. Almost no pyrolysis products were able to be condensed, with the

exiting products consisting almost entirely of short-chain hydrocarbons. While this one

brief experiment on a small-scale system demonstrates that such a system is potentially

viable, further work using similar equipment could develop this promising method fully.

In any case, the system described here compares favourably to other work attempt-

ing to achieve the same end; in an attempt to produce light gaseous olefins from

HDPE, Artetxe et al. [305] used a conventionally heated conical spouted bed reactor to

pyrolyse HDPE, producing long-chain hydrocarbons (waxes at room temperature) that

were passed through a cyclone to remove the bed material before entering a second

fixed bed HZSM-5 zeolite catalytic reactor that finally resulted in the production of

C2–C4 olefins. While an interesting and apparently successful scheme, the equivalent
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system proposed here is significantly simpler in operation (with the associated cost and

reliability implications), and does not involve the expense of a second catalytic reactor,

or the deactivation concerns (as seen in this work) that the use of a catalyst in such a

context implies.

7.2.7 Contamination and Diversification of Input Streams

As an exploratory study, this work has focused exclusively on the pyrolysis of HDPE

as a model plastic for simplicity’s sake. This qualification is not limited to this study

alone, with HDPE the only plastic in the literature that has been well characterised

with microwave-assisted pyrolysis. The development of a microwave-assisted pyrolysis

process able to cope with post-consumer waste would necessitate the ability to cope

with multiple materials simultaneously, as well as contamination of the sort found in

kerb-side collected plastics. There is a large potential to conduct further study in these

areas, with the end goal to develop a process sufficiently robust as to produce a high

value product from municipal solid waste.

7.2.8 Energy Return on Investment

An important consideration in the evaluation of the value of the microwave-assisted

pyrolysis process is the amount of energy made available in the final product relative

to the energy required to produce the product. The energy return on investment (EROI)

is calculated as follows:

EROI =
Energy of product

Energy required to produce product

Values of EROI below one indicate that more energy is consumed in the process than is

gained in the final product, while values above one give the multiple of energy gained

from the input of one unit. The products of the microwave-assisted pyrolysis of HDPE

have a calorific value, i.e., the energy that would be released if they were completely

combusted. Future study could determine this by the analysis of a representative

sample of the products with a bomb calorimeter. By comparing this to the electrical

energy required to operate the magnetron and other apparatus it would be possible to

calculate the EROI for the microwave-assisted pyrolysis process as performed in this

work.

Based on the work of Lam et al. [152], who conducted the microwave-assisted

pyrolysis of waste engine oil with similar apparatus, it is highly likely that the process



7.2 Further Study 193

described in this work would result in a positive EROI. Lam et al. observed an EROI of

up to 8 with their setup, using the methodology similar to that described above; this

compares with the EROI of crude oil produced in the USA of 11–18 in the early 2000s

(which has likely declined since then) [44]. However, the study carried out by Lam et al.

used a prototype reactor, with little attempt made to insulate the reactor and associated

fittings from heat loss, and with no attempt made to recover heat energy during the

cooling of products in the condensing system (a similar state of affairs was the case

with the apparatus used in this study). It is expected that considerable efficiency gains

(and a correspondingly higher EROI) would be made in the scale-up of the process,

the insulation of the reactor to avoid heat losses, and the recovery of heat from the

produced pyrolysis products.

It would also be interesting to conduct calorimetric analyses on the pyrolysis of

plastic using microwave heating and catalysts, and investigate how the use of various

catalysts is able to change the activation energy of the pyrolysis process, as well as the

potential efficiency gains arising from directly heating the catalyst itself.

7.2.9 Economic Analysis of the Process

A further important consideration in the evaluation of any future microwave-assisted

pyrolysis process for future development is whether or not the process would be

economically viable. Ideally, a comprehensive evaluation of all the cost and revenue

streams would be undertaken, including: the capital cost of any potential plant, the

electrical (and any other) running costs of the process, the cost of the (potentially

catalytic) reactor bed and any replacement of this that needs to occur, the cost of any

further separation or clean-up of the products required before sale, the market value

of the produced products and best route of sale for these, and any potential gate fee

that could be collected from disposing of the waste.

While it is not proposed that the apparatus described in this work be directly used to

create a commercial venture, the results contained in this study nevertheless provide

information that would be valuable if such an undertaking were carried out (e.g., the

comparison of batch vs. continuous operation modes, the composition of the various

product fractions with activated carbon catalysis and in the non-catalytic mode), and

would provide a foundation from which estimates of costs and revenues could based.



194 Project Overview and Further Study

7.3 Conclusions and Evaluation of Study Objectives

In light of the preceding overview, it is prudent to revisit the objectives of this study set

out at the beginning of this dissertation, and assess the progress made towards their

fulfilment. The following is a candid evaluation of the work carried out in regard to

each of these objectives in turn.

To develop suitable apparatus to reliably carry out the microwave-assisted

pyrolysis of HDPE, and collect the resulting pyrolysis products.

The inherited reactor described at the beginning of this dissertation possessed numer-

ous issues that prevented it from being used to conduct microwave-assisted pyrolysis

of HDPE. The development of the plunger injector and subsequent continuous rotary

feeder facilitated the introduction of the HDPE pellets into the reactor, while the

high levels of reflected power and arcing were tackled by a systematic approach to

identifying and eliminating failure points such as through simplification of the power

transmission system, and replacing the quartz window with a redesigned silicone

window that integrated the nitrogen gas inlet and water cooling. These changes,

combined with a computer-based control system that reacted to failures more rapidly

than a human could, dramatically enhanced reliability of the apparatus. After several

design iterations, the percolating dry ice condenser maximised collection of the

pyrolysis condensate, while the gas sampling system facilitated capture and analysis

of the remaining pyrolysis products. The combination of these components saw a

functioning microwave-assisted pyrolysis reactor that performed reliably throughout

the remainder of the work described in this dissertation.

To determine whether or not activated carbon is able to act as a catalyst in the

microwave-assisted pyrolysis of HDPE.

The dramatic difference first seen between the products produced using activated

carbon and the non-catalytic coke bed conclusively demonstrated that virgin activated

carbon is an effective catalyst in the microwave-assisted pyrolysis of HDPE. The

resulting pyrolysis products produced in this manner underwent significantly more

cracking, resulting in a product containing a much narrower range of hydrocarbons.

Unfortunately, activated carbon deactivated relatively rapidly when used as a catalyst

for this purpose, with the catalytic activity and resulting effect on produced products

declining over time.
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To characterise the products produced by the microwave-assisted pyrolysis of

HDPE, and evaluate their potential utility.

GC/MS analysis proved an effective tool to characterise the products produced from

the microwave-assisted pyrolysis of HDPE. With no catalyst, the pyrolysis products

comprised almost entirely of linear aliphatics ranging in size from C1–C55. Using a

virgin activated carbon bed the products ranged from C1–C35 across all temperatures

studied, though the majority were less than this maximum, with more than 98% of the

condensate produced at 450°C in the liquid transport fuel range of C5–C21. Indeed,

the condensate produced using virgin activated carbon could be used as a transport

fuel relatively easily, though the aromatic fraction may have to be separated in order to

comply with maximum limits for these compounds in these applications. This aromatic

fraction is highly valuable in and of itself, with uses such as solvents, and as precursors

for a wide variety of compounds including drugs, lubricants, detergents, plastics (e.g.,

polystyrene, polycarbonate), and explosives. The condensate produced using the non-

catalytic coke bed contained a substantial portion of high molecular weight waxes that

would need to be separated out before this fraction could be put to use as a liquid

fuel, and which have low value themselves. The non-condensable gases in all cases

were short-chain aliphatics which could be used as fuels (e.g., natural gas, LPG) or as

feedstock for a range of chemicals (ethene, for example, being the most widely used

organic compound in the chemical industry, and is the monomer for HDPE). As the

activated carbon deactivated, the profile of the produced products moved toward those

produced using the coke bed, with a corresponding reduction in more useful short-

chain hydrocarbons and an increase in the less useful waxes.

To examine the scale-up of the process with a larger capacity and continuous

throughput.

The design and fabrication of the continuous rotary feeder successfully allowed the

continuous addition of HDPE with an associated expansion in processing capacity.

Through the processing of a larger quantity of HDPE it became clear that the activated

carbon deactivated relatively rapidly, presenting a substantial difficulty in the potential

scale-up of the process owing to the high cost of replacing the catalyst after its

deactivation.
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To understand and characterise the catalytic properties of activated carbon in

the context of the pyrolytic breakdown of HDPE.

The mechanisms presented in chapter 6 are able to account for the species observed

in the pyrolysis products in both the catalytic and non-catalytic case. Specifically,

activated carbon has a very high surface area that contains high energy active sites

that facilitate electron and hydrogen transfer, reducing the activation energy of radical-

mediated cracking mechanisms. For example, the reduction in activation energy

of aromatic formation allows these more stable hydrocarbons to form, in greater

quantities and at a lower temperature. The integration and dehydrogenation of

hydrocarbon onto active sites deactivates them and results in the deposition of a non-

catalytic low surface area carbon that reduces the effectivity of the catalyst.

To evaluate the potential of microwave-assisted pyrolysis of HDPE for future

commercial development on an industrial scale.

Microwave-assisted pyrolysis of HDPE using the method as described in this work

is not likely to be feasible because of the high cost of the activated carbon, which

would need to be frequently replaced. A detailed economic analysis of the process

was not conducted owing to the need for a solution to this issue before the prospect

of a commercially viable process could be realised. Accordingly, several possibilities

were presented that could provide the focus of future work towards this goal, including

the reactivation of the activated carbon, either in-situ or in an online regenerator, the

incorporation of a fractional separator into the reactor in order to separate the pyrolysis

into multiple output streams, and the design of a new reactor built with the intention

to exclusively produce short-chain non-condensable gases — this would eliminate the

need to separate fractions from one another, and could be designed to be operated

with either a catalytic or non-catalytic bed. Given the high aromatic content of the

products produced using activated carbon, it is likely that future development of a

novel process utilising activated carbon as a catalyst would focus on the production of

these compounds.

7.3.1 Additional Conclusions

In addition to meeting the objectives laid out at the beginning of this study, several

further points worthy of discussion came to light as a result of the intervening

work conducted. In general terms, this study contributed to a more complete
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characterisation of the products of the microwave-assisted pyrolysis of HDPE, and

the reaction parameters under which they were produced. In particular, this study

highlighted the importance of residence time in determining the profile of the produced

products and the interplay this parameter has with the reaction temperature. This

study was also able to provide information on the influence of the mode of sample

introduction (i.e., batch or continuous), and how this affects residence time and product

composition via reaction kinetics. Characterising the influence of these parameters

could help to tailor future processes to target particular products (e.g., enhancing

aromatic formation by engineering a longer residence time).

This work also presents the most complete account so far of the use of activ-

ated carbon to pyrolyse long-chain hydrocarbons, with the catalytic and deactivation

mechanisms married to the carbon’s structural and physical properties (e.g., porosity

correlating to catalytic ability), with these mechanisms and the product profile (e.g.,

lack of branched compounds) suggesting a different catalytic mechanism to that of

traditional cracking acid catalysts. Aside from its rapid deactivation, which may or may

not pose a surmountable issue in future reactor designs, the knowledge of the output

products, including the ability to produce a very high proportion of aromatics, even at

low reaction temperatures, provides a potential opportunity for future researchers to

capitalise on, while the possibilities described in the future work section of this chapter

indicate potential paths towards several other avenues of future exploration.

7.4 Closing Remarks

As with any doctoral thesis, the ultimate goal of this study was to make a contribution

to the total sum of human knowledge. The development of any chemical process

necessarily starts out small, and proceeds in incremental steps, each of which introduce

new complexities and issues that must be overcome. While the deactivation of activated

carbon prevents its use as a catalyst in the pyrolysis of long-chain hydrocarbons,

at least in the configuration used in this work, it cannot be argued that this study

did not produce valuable knowledge. Not only has this study provided an important

contribution to the understanding of the use of activated carbon as a cracking catalyst,

using the microwave-assisted pyrolysis of HDPE as an informative case study, but the

knowledge from this study has also indicated where the future prospects of activated

carbon catalysis may lie. It is hoped that out of the knowledge contained in this study,

a future economically beneficial process will be developed that will help to maximise
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the utilisation of hydrocarbons such as plastics, and contribute to an improvement in

the efficiency with which humanity uses its increasingly scarce and difficult to obtain

resources.
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