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Abstract

The world is under increasing pressure to develop new, more energy-efficient
technologies that enable the production of less waste and are more sustainable.
Material processing through microwave energy has received academic attention in the
past few years for potentially delivering environmental benefits for a number of
different applications including, food, fine and bulk chemicals, oil and gas, minerals
and metals extraction. Despite the potential to deliver a step change in overall process
efficiency across a diverse range of sectors, the true economic value of microwave

technology has generally not being realised.

My work in microwave processing commenced in 1996 with my PhD at the University
of Birmingham where | began investigations into the interaction of microwave energy
with metal ores in order to reduce grinding energy and improve liberation of valuable
minerals. Even at this early stage it became apparent that despite a strong body of
literature reporting laboratory studies there was very little knowledge supporting the
scale up of microwave technologies for application in industrial processing. Further
investigation into other potential application areas such as chemistry, materials
processing, drying and food processing demonstrated that similar barriers existed with

few if any commercial implementations of basic research realised.

| have sought to identify the reasons why scale up of microwave heating is a challenge,
to identify solutions to some of the major technical barriers and to develop generic
methodologies which can be applied to different material systems across multiple
industries. Such barriers relate to a lack of understanding of the interaction of
microwaves with materials at a molecular level, lack of a multi-disciplinary approach
to scale up, poorly understood value propositions for the use of microwave technology,
and a lack of a trained workforce to support technology implementation in industry.
Ultimately, it is also true that due to the high capital cost of microwave technology the
ability to identify process benefits that can only be delivered through microwave
heating alone, rather through cheaper conventional heating technologies is critical for

successful commercialisation.

Addressing these barriers has led me to develop, in collaboration with colleagues from
across the globe, methodologies for the scale up of microwave technology.
Identification of the interaction mechanism with the material to be processed, be it bulk



or selective heating exemplified through the use of dielectric property measurements
at both extremes of temperature and pressure has been reported as has modelling of
the impact of rapid heating on material matrices. Studies which have proven the
mechanism by which microwaves deliver value through multiple interactions have
been reported for numerous different material classes and systems often at the highest
power inputs ever reported. Scale up of systems through collaboration with experts in
microwave design, materials handling and chemical reaction engineering have been
reported for different applications, each providing a basis for the scale up of the
technology. In several cases including rock fracture and sorting, oil and drilling waste
processing and vermiculite exfoliation this has led to the development of unique
microwave technologies. In the case of mineral sorting and fracture this work has

directly underpinned the highest throughput microwave processing systems ever built.



Opsomming

Die wéreld is onder toenemende druk om nuwe, energiedoeltreffender tegnologieé te
ontwikkel wat sal help om afvalproduksie te verminder en wat meer volhoubaar is.
Materiaalverwerking deur mikrogolfenergie het in die afgelope paar jaar aandag op
akademiese gebied geniet vanweé die moontlike omgewingsvoordele wat dit vir
verskillende toepassings, onder meer die onttrekking van voedsel, fyn en growwe
chemikalieg, olie en gas, minerale en metale, inhou. Afgesien van die potensiaal om
'n faseverandering in oorhoofse prosesdoeltreffendheid oor ’'n uiteenlopende
verskeidenheid sektore te kan lewer, word die werklike ekonomiese waarde van

mikrogolftegnologie oor die algemeen nog nie besef nie.

My werk in mikrogolfverwerking het tydens my PhD-studie in 1995 aan die Universiteit
van Birmingham begin met ondersoeke na die interaksie tussen mikrogolfenergie en
mataalertse ten einde slypenergie te verminder en die loslating van kosbare minerale
te verbeter. Selfs in daardie vroeé stadium was dit duidelik dat ondanks ’'n uitgebreide
korpus literatuur wat oor laboratoriumondersoeke berig, daar baie min kennis bestaan
ter ondersteuning van die opskaling van mikrogolftegnologieé vir toepassing in
bedryfsverwerking. Verdere ondersoeke na ander potensiéle toepassingsareas soos
chemie, materiaalverwerking, droging en voedselverwerking, het bevind dat daar
soortgelyke struikelblokke is en dat min, indien enige, kommersiéle toepassings vir

basiese bewese navorsing gerealiseer het.

Ek het ondersoek ingestel na die redes waarom die opskaling van mikrogolfverhitting
uitdagings stel ten einde oplossings te vind vir van die belangrikste tegniese
struikelblokke, asook om generiese metodologieé te ontwikkel wat op verskillende
materiaalsisteme oor verskeie industrieé heen toegepas kan word. Hierdie
struikelblokke het te make met 'n gebrek aan insig rakende die interaksie tussen
mikrogolwe en materiale op 'n molekulére viak, die gebrek aan 'n multidissiplinére
benadering tot opskaling, onvoldoende insig in waardevoorstelle vir die gebruik van
mikrogolftegnologie, en 'n gebrek aan ’'n opgeleide werksmag om tegnologie-
implementering in die bedryf te ondersteun. Uiteindelik moet daar in gedagte gehou
word dat vanweé die hoé kapitaalkoste van mikrogolftegnologie, die vermoé om
prosesvoordele te identifiseer wat slegs deur mikrogolfverhitting gelewer kan word —
in plaas van deur goedkoper, konvensionele verhittingstegnologieé — krities vir

suksesvolle kommersialisering is.



Tydens die aanpak van hierdie struikelblokke het ek metodologieé vir die opskaling
van mikrogolftegnologie in samewerking met kollegas oor die hele wéreld ontwikkel.
Identifisering van die interaksiemeganisme met die materiaal wat verwerk moet word,
hetsy massa- of selektiewe verhitting, toegelig deur die gebruik van diélektriese
eienskapmetings teen sowel temperatuur- as drukuiterstes, is aangemeld, asook die
modellering van die impak van snelverhitting op materiaalmatrikse. Studies is
aangemeld ter stawing van die meganisme waarvolgens mikrogolwe deur veelvoudige
interaksies vir 'n verskeidenheid materiaalklasse en -sisteme waarde lewer, dikwels
teen die hoogste kraginsette wat tot dusver gerapporteer is. Stelselopskaling deur
medewerking met kundiges in mikrogolfontwerp, materiaalhantering en
chemiesereaksie-ingenieurswese is vir verskillende toepassings aangemeld, wat
elkeen 'n basis vir die opskaling van die tegnologie bied. In verskeie gevalle,
waaronder rotsbreking en -sortering, olie- en boorafval-verwerking en
vermikulietafskilfering, het dit tot die ontwikkeling van unieke mikrogolftegnologieé
gelei. In die geval van mineraalsortering en -breking het hierdie werk die direkte
motivering verskaf vir die bou van mikrogolfverwerkingstelsels met die hoogste

verwerkingskapasiteit tot op hede.

Vi



Acknowledgements

One of my early conclusions as | worked to scale up industrial microwave processing
systems was the need for multi-disciplinary collaboration. Therefore, in almost all of
the work presented here | wish to acknowledge a number of extensive and highly
valuable collaborations without which the work would not have been completed. |
appreciate this opportunity to thank a significant number of colleagues, collaborators,
funders and supporters who have, in their own way, contributed to the outcomes

presented.

e Professor Neil Rowson of the University of Birmingham, who gave me the
opportunity to start working in microwave processing

e Dr Chris Cross previously of Rio Tinto who noticed the work on microwave
processing of minerals at a very early stage and had faith to support it when
others said that it would never work

e The Engineering and Physical Sciences Research Council who supported so
much of the early work.

e Key University of Nottingham collaborators who enabled a plethora of new
applications of microwave technology through their own expertise; Dr John
Robinson, Dr George Dimitrakis, Professor Derek Irvine and Prof Ed Lester

e Professor Howard Reader from Stellenbosch University, from whom 1 learnt
some of the key fundamentals of microwave heating

e Industrial project funders without whom much of this work would have been
delivered, BP, Shell, Teledyne-e2v, Rio Tinto, BHP, Anglo American, AMIRA
International, NOV Brandt and others

e Colleagues and collaborators from organisations with whom | have worked
including University of Queensland, Imperial College London, University of
Manchester, Rio Tinto Technology Development, NOV Brandt, Teledyne e2v,
BP and British Gas

e Colleagues and collaborators from the High Power RF Faraday Partnership
from where for the first time | was able to identify supply chain partners who
were able to make my technology vison an industrial reality

e All of my postdoctoral researchers and students with special mention to Drs
Chris Dodds, Aled Jones, Juliano Katrib, Andrew Batchelor and Adam Buttress

Vil



| would also like to thank Stellenbosch University for the opportunity to write this thesis.
| also wish to thank my promoter Professor Steven Bradshaw, not just for his support
and encouragement in the submission of this thesis, but for the collaboration and

discussions which underpinned much of the early work it contains.

This thesis is dedicated to my wife Ann, in recognition of her unfailing support and her
patience for coping with numerous lonely weeks and weekends over multiple years as
| travelled the world looking for funding to support the development of microwave

processing systems.

viii



Contents

D =Tod F=T = U1 o] o WP PPPPPPPPPPPPPPP ii
ADSIIACT ... et a e e i
(@01 Y010 11 011 oV [T SUPPPPPRPRRRN v
ACKNOWIEAGEMENLS ... i e e e e e e e e e e et e e e e e e e e e e e aananna s Vil
INEFOAUCTION ... 1
1.1 Research Themes and Background ..............cooiiiiiiiiiiiiiiiiiie e 1
Barrier 1: Need for a Stronger Fundamental Science Requirement ....................... 3
Barrier 2: Lack of a Multi-Disciplinary Approach ..........cooouviiiiiiiieiiiiieeciee e 3
Barrier 3: Poorly Defined and Understood Value Proposition...........cccccccceeeeeeeeenn. 4
Barrier 4: Lack of Demonstration at the Appropriate Scale............ccccovvvviiiinnneeenee. 4
Barrier 5: Requirement for a Trained Workforce to SUPpOrt ..........coovvviiiiiiiinneeenee. 5
1.2 Impact of Research in the Engineering INAUStIy ............cceeiiiiieiiiieeicieee e 5
2.0 Background to PUDIICAtIONS..........ccooiiiiiiiiiie e e e e e 11
2.1 Microwave Applications in Mining and Minerals Processing............cccecvvvvvvvnn. 11
P20 0t R [ 1 o o 11 o 1o ] [P URPUUPPPPPUPPRR 11
2.1.2 Towards Economic Feasibility of Microwave Comminution ......................... 12
2.1.3 Hydrometallurgical Applications of Microwave Heating ............cc.cccevvvvvvnnnnns 14
2.1.4 Microwave Processing Of Coal...........coeiiiiiiiiiiiiiiiiiie e 14
2.1.5 Microwave Sorting Of OFES.......cccuiiiiuiiiiiiee e eeeeeeeeeees 15
2.1.6 Microwave Expansion of Vermiculite ... 17
2.2 Microwave Applications iN ENEIQY ........coiiieeeieieiiiiiie e e e e e eeeeananes 18
2.2.1 Microwave Processing of Oil Contaminated Drill Cuttings ...........ccccvvvvvvnnnens 18
2.2.2 MICIOWAVE PYIOIYSIS ...ovviiiiiii e e e eeeaanes 19
2.3 Other Applications of Microwave Heating Technology.........c.cccccceeviiiiiiiiinnnnnns 20
3.0 Summary of Most Significant Research Contributions ............ccccccceeeiiiiiiiiieinnns 22

Appendix 1: Lists of Publications included in this Submission and Referred to in

Chapters TWO and TRICE........coo e 25
Appendix 2: List of Journal Papers not included in this Submission......................... 35
Appendix 3: Patents on which I am an INVeNtor ..........cccoeevvviviiiiiiciiee e 38
Appendix 4: Postdoctoral Researchers and PhD Students Supervised ................... 46
Postdoctoral and Other Researchers Employed............ooouiiiiiiiiiiiiiiiiiiiii e 46
Postdoctoral RESEArCNErs ... 46
Supervisor of Graduated Doctoral Students ..............uveciiiiee i 46



Appendix 5: Prizes, Awards and Distinctions Related to Research in this Thesis.... 48

Appendix 6: Research Sponsors who have supported Research Activities ............. 49



Introduction

1.1 Research Themes and Background

| have been involved in the microwave processing of materials since 1996 when |
started my PhD under the supervision of Professor Neil Rowson at the University of
Birmingham, UK. Throughout this time | have been fascinated by the interaction of
electromagnetic waves with materials, the impact of ultra-rapid heating on the physical
and chemical properties of matter, the ability to heat selectively and volumetrically and
the impact that these phenomena can have on the economics of a process, be that
chemical, metallurgical, or biological. Of course, the study of microwave interactions
with materials is not new and there are literally thousands of reports of the interaction
of electromagnetic waves with materials across almost all subject areas studied by
researchers. Perhaps in a different way to many of the other researchers, my interests
lie not just in the interaction of electromagnetic energy with the materials within a
laboratory environment, but crucially how to translate these benefits to an industrial
setting; a setting where the true benefits of volumetric and selective heating can be
realised in terms of energy saving, increased product quality, reduced plant footprint
and ultimately cost reduction can be realised. | started my academic career as a
lecturer at Nottingham University in September 2000. From a literature search on
Scopus! it is interesting to note that there were 421 papers recorded that year which
could be found through using the search terms “Microwave and Heating”. Figure 1
below shows a plot of the total number of publications produced each year since 2007

for the same search terms.

1 www.scopus.com
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Figure 1. Total number of publications produced each year from 2008 — 2017 from a
Scopus Search for “Microwaves and Heating”

From just 421 outputs in 2000, the number of publications reporting the results of work
in microwave heating has grown significantly, with over 1500 papers a year now being
produced. A detailed study of this literature shows almost exclusively laboratory
studies, a few grams of material often being heated in generic multimode cavities,
indeed often still based around the somewhat ubiquitous kitchen microwave oven.
Whilst this is quite remarkable growth in activity, very little of the work is actually
translated to industrial scale and much unfortunately remains an academic curiosity
despite most having admirable vision in terms of reducing energy consumption,
producing new products or processes, or improving the efficiency of existing
processes.

I have spent a significant proportion of my research career attempting to understand
the barriers to commercialisation of microwave processing. Trying to understand why
thousands of publications are produced by researchers all over the globe but yet so
few processes ever reach commercial scale. The themes identified here will be
referred to throughout this thesis as | detail the work done by myself and my
collaborators.

There are very few if any published accounts of failure to scale up microwave
technology (for obvious reasons!). Therefore, my views of why microwave technology
has traditionally been hard to scale up are founded upon discussions with those who
have tried and failed, microwave equipment manufacturers from around the world,

process engineers involved in unsuccessful and successful projects and from my own



experiences working with industry. As such | have identified the following barriers to

commercialisation of microwave processing technology.

Barrier 1: Need for a Stronger Fundamental Science Requirement

The vast majority of studies into microwave heating of a particular material follow a
similar pattern. The material in question is characterised to a greater or lesser extent,
heated at a range of powers and residence times and the impact of the heating is then
determined through some sort of characterisation of the product. Few studies consider
the design of the microwave cavity, the electric field structure supported and how this
couples with the material in question. Few studies consider the efficiency of coupling,
i.e. how much energy is actually adsorbed by the material under treatment. Few
consider how the dielectric properties of the materials to be processed change with
temperature, frequency or the local environment (with some notable exceptions). In
short, there is in many cases, little understanding of the interaction of microwave
energy with the material in question. All of these data are crucial when scale up of a
process is considered as will be shown in Chapter 2, Background to the Publications.

Failure to determine these factors is the first barrier to scale up.

Barrier 2: Lack of a Multi-Disciplinary Approach

Work reported in this thesis shows for many different materials the steps required for
successful scale up. A key facet of this methodology is the need for multi-disciplinarity.
A core requirement is a robust understanding of microwave engineering, dielectric
properties of the material to be processed, and microwave applicator design for
example. However, how such technologies interact with chemical engineering,
particularly heat and mass transfer and for liquid systems reactor design; materials
handling technology for solids systems is also crucial with movement of a controlled
flow of material into and out of the applicator far more important in many cases than
the design of the microwave cavity itself. In many of the published papers in the
literature there is a lack of a multi-disciplinary approach, to the point where this is an
exception rather than a rule. This lack of a multi-disciplinary approach leads to
compromise in terms of understanding which ultimately is the second barrier to scale

up of industrial microwave technology.



Barrier 3: Poorly Defined and Understood Value Proposition

It is true that several of the publications reporting the interaction of microwave energy
with materials are using microwaves simply as a heat source and there is no interest
in the interaction of the electromagnetic waves with the structure of the materials.
However, in many, the authors report the proposed technology as a potential solution
to a key industrial problem. Primarily, these relate to energy saving or reduction,
development of new materials with enhanced properties, faster more efficient
reactions, overcoming mass and heat transfer limitations in conventional processing,
reduced plant footprint or some other benefit realised through selective or volumetric
heating. Whilst there is no doubt that many studies report the potential for substantial
technical benefits, very few consider the value proposition for that process at any level,
even though a simple energy balance. This, however, is not surprising as even a
simple energy balance is difficult to achieve without an optimised applicator and in
many cases the energy added to the process will be orders of magnitude higher in a
generic “off the shelf” applicator than one that has been designed specifically for the
application. Given Barrier 2 above, the lack of multi-disciplinarity shown in previous
work, it is unsurprising that few papers report the use of optimised microwave
applicators leading to uneconomic processes being reported. It is likely, therefore, that
the reason for the lack of scale up in many processes reported relates to the fact that
the use of microwaves is simply uneconomic or that the economics of the process are
unknown. For industry, this is a major barrier as industry will not invest in research and
development where the economic case is poorly defined. In the case of microwaves
this is particularly relevant as the cost of microwave energy is significantly higher than

conventional heating technologies such as gas.

Barrier 4: Lack of Demonstration at the Appropriate Scale

Certainly it was true in the earlier days of microwave processing research that the
majority of studies were reported in domestic microwave ovens modified in some way
for the purposes of the experiment. Over the past 10 years, more specialised
microwave systems have been built for microwave heated chemical reactions in
particular which allow measurement of power (forward and reflected), bulk
temperature and allow in some cases the positioning of the sample to be heated in the
zone of highest field intensity. Despite this, however, the majority of work reported
outside of chemical reactions still uses generic multimode or occasionally single mode

cavities. Use of such equipment does not support the required understanding to move

4



towards large scale technology demonstration and can only really be used to
determine if a material heats to a greater or lesser extent. Again, this is not a surprise
because a domestic microwave oven can be easily purchased for US$50 from many
electrical outlets whilst even modest power levels produced by specialist microwave
equipment may cost >US$5000, out of the reach of many researchers. If large scale
processing with microwave is to be considered then the costs of the process system
can be exorbitant, several of the systems reported in the papers in this thesis had a
capital cost for the microwave system alone of over US$750,000. Demonstration of
the technology at different scales is, therefore, hard to achieve with very few facilities
available around the world to do so. This in many cases has led to scale up disasters
where small lab scale experiments have been scaled up to either pilot or industrial
scale with no intermediate steps. Unfortunately, in most cases this leads to failure and
a bad name being developed for microwave technology. Lack of availability of
equipment for demonstration of technology at scale is the fourth barrier to scale up of

microwave technology.

Barrier 5: Requirement for a Trained Workforce to Support

Without the required skill sets a process will never move out from the laboratory to the
factory floor. For microwave processes which are often technically complex there are
a myriad of skills required to underpin this journey; microwave and process
engineering, materials science and process design and control for example. As the
scale up journey continues the skill sets required will change with the need to raise
investment, protect and secure IP, develop and maintain value propositions becoming
crucial. Further skills are then required to develop a supply chain that has all of the
correct partners able and willing to work together in a commercial framework. Process
skills are then required for the operators, able to understand a new process and make
it deliver the outcomes required from the value proposition in a safe and consistent
manner. For new technologies pulling together all of these different skills is highly
challenging and therefore, a fifth barrier to scale up of microwave technology is the
requirement of a trained workforce to support. Of course this barrier relates to all

technology not just microwave heating.

1.2 Impact of Research in the Engineering Industry
The previous section of this thesis describes in some detail the barriers to the scale

up of microwave technology for industrial processing. Throughout my career | have

5



developed solutions to these barriers which have enabled step change microwave

processes to be developed to the point of commercialisation.

These processes are as follows:

1. Microwave induced fracture of ore to reduce energy consumption in
comminution;

2. Microwave-infra-red sorting of copper ores to enhance throughput of mineral
processing plants;

3. Microwave processing of oil and gas wastes to reduce the environment impact
of off-shore drilling;

4. Microwave expansion of vermiculite mineral.

As previously identified in this thesis, one of the major barriers to scale up is lack of
appropriate partnerships between academic and industry. This is true not just in terms
of partnership with end users but also and probably more importantly with the supply
chain. In 2003 it became clear that it would not be possible to transfer my developing
technology from the laboratory to industry without a credible supply chain partner for
production of microwave equipment and hardware. Many of the world’'s OEMs in this
area are small companies with turnovers less than US$10M, with negligible research
budgets and a product portfolio which has not seen significant development over many
years. Typically, these organisations are supplying hardware to local, well established
applications of microwave technology in defrosting, bacon cooking, rubber curing,
starch drying and expansion etc. Given the scale of some of the applications being
worked on at the time, it is was vital that | was able to find a partner who was able to
invest in new products, was able to be commercially attractive to the big blue chip
multi-national organisations and crucially able to supply equipment at the appropriate
cost, and with global technical support. It should also be noted that for the mining
applications even pilot demonstration of the technology required the use of microwave
power at unprecedented scales. Such a company was e2v technologies (now
Teledyne-e2v) based in Chelmsford, Essex. The company began in the early 1940s
as part of the Marconi group manufacturing magnetrons for defence radar systems
and is now one of the largest producers of high power microwave tubes in the world.

In 2005, | formed a strategic collaboration with e2v which still exists today and which



crucially underpins all scale-up activities though providing a route to market for IP

developed at the University of Nottingham

In Chapter 2 of this thesis | will discuss the research which relates to the 4 applications
above. These applications are all very different, however, development of a generic
scale up route for microwave technology underpins them all. A significant contribution
to this work has been the development, jointly with e2v and Dr Chris Dodds at
Nottingham, of generic methodologies for the scale up of microwave processes and

these are reproduced in Figure 2a, 2b and 2c.

These flowsheets demonstrate the generic steps required to scale a microwave
process and help address many of the barriers presented in the previous section of
these thesis. Of course they massively simplify the challenges involved, both
technologically and commercially, but hopefully provide a useful framework for the
reader. It will be noted from Figure 2c that often an exploitation partner is required,
and this is particularly true where the scale of the process engineering challenges of
the project are greater than the those of the microwave part of the process. In this
case other third party engineering companies need to be identified and this has been

the case in each of the projects listed above.

The value to e2v of collaboration to me and my group was the subject of an impact
case study submitted to the Higher Education Funding Council of England (HEFCE)
Research Excellence Framework in 20142, Here it was evidenced that since 2008, e2v
had seen a multi-million pound increase in new business as a result of my research.
The company had invested over £8M in development of its own industrial microwave
business and had grown as a direct result of the opportunities offered through their
collaboration with the University of Nottingham from 3 to 50 people. In April 2012, e2v
received a £6.3M award from the UK Government Department of Business, Innovation
and Skills (as was). This directly related to the research, development, manufacturing
and marketing activities around the industrial microwave processing business, with the

expectation that it will create approximately 200 jobs at e2v and close collaborators.

2 www.ref2014.ac.uk (although this case study was redacted for confidentiality reasons)
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Figure 2b: Stage 2 of Application Development Process
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2.0 Background to Publications

2.1 Microwave Applications in Mining and Minerals Processing

2.1.1 Introduction

My first published paper was a review of the early research in microwave treatment of
minerals [1]. This work concluded that although the amount of activity in the field was
relatively limited, that which was published did show promise for the mineral industry
in terms of reducing energy consumption. However, this work also showed that all of
the studies to this point were exploratory in nature and performed at lab scale. Finally,
recommendations were made which suggested that in order to develop microwave

processing of minerals to a commercial scale several key pieces of research were

required:
1. Minimisation of energy input into the ore samples
2. Frequency optimisation for maximum heating efficiency
3. Data concerning the effects of sample temperature on dielectric properties
4. Scale up to tonne/hr systems

This review was produced in 1998 and it is interesting to note that in a further review
in 2006 [17] there was double the number of cited references showing a growing body
of work, however the conclusions remained broadly the same in that the major
challenge for industrial implementation of microwaves in minerals processing was the
minimisation of energy input to the samples. It was also clear from both reviews that
microwave enhanced comminution was the greatest area of activity and possibly the

most important in terms of potential industrial impact.

Of course it is important to demonstrate the impact of microwave treatment on the
comminution behaviour of ores and a number of publications were produced which
demonstrated this [2, 3, 4, 82, 83, 84]. It was clear from this work that texture and
mineralogy were controlling factors in the degree of damage induced in the ore and,
therefore, energy required to damage the ore. Ores that exhibited a coarse and
consistent mineralogy containing a good heater in a transparent matrix were generally
shown to give the greatest degree of fracture as determined by relative Bond work

index.
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2.1.2 Towards Economic Feasibility of Microwave Comminution

It was clear from the early reviews that the energy input into the sample would drive
the techno-economic assessment of microwave assisted comminution. The early work
published showed microwave energy inputs of significantly greater than 10 kWhtt,
values which were actually higher than the values of energy they potentially saved.
Modelling work that | performed with colleagues Dr Dave Whittles and Dr Dave
Reddish (deceased) was to provide the breakthrough for all of the work to come and
ultimate pave the way for scale of microwave assisted comminution for the first time
[5]. Through simulation it was shown if that the power density (energy per unit volume
in the heated phase) was increased but the residence time decreased then heat
transfer into the bulk would be minimised leading to significant localised stress across
and around the grain boundaries. This work showed that residence times in the
microwave field as low as 0.05 seconds could give extensive fracture (shear planes at
least) if power densities of 1x10** W/m? could be achieved. This result was particularly
significant as it was shown for the first time that very short residence times could give
rise to energy inputs of less than 1 kWh/t, a tenth of what was demonstrated

experimentally at the time.

Further work with my first PhD student Antonio Cumbane and Professor Steven
Bradshaw at Stellenbosch University validated this modelling and showed that
significant economic value in terms of grindability and liberation enhancements could
be achieved at microwave energy inputs of less than 1 kWh/t as predicted by the
models [7 8]. Further modelling work carried out with my PhD student Aled Jones was
then used to determine the impacts of different ore textures and to identify that pulsed
as opposed to continuous wave microwave energy delivery would deliver the best

outcomes in terms of thermal stress generation at grain boundaries [13, 19].

With the work now beginning to catch the attention of industry, the first techno-
economic analyses were published through collaboration with colleagues both from
Nottingham and from Stellenbosch University [14, 18]. It was around this time in 2007,

that serious industrial investment was realised to develop the concept of microwave
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assisted comminution. AMIRA International supported 2 projects, P879 and P879a3.
These were a four year multi-partner, multi-disciplinary research programmes to treat
different ores at pilot scale (20-100 tph) at economical microwave energy inputs and
provide the scientific and engineering basis for industrial scale up. The use of pulsed
microwave technology was shown to offer significant potential benefits compared to
continuous wave equipment, including much reduced energy consumption and

increased operating flexibility [27, 29].

Almost 20 years after the first review paper was published, in 2017, 2 papers reported
for the first time a methodology, process and results which demonstrated the
microwave treatment of ores at economic energy inputs continuously and at a
throughput of >150 t/hr [33. 34]. These papers, the result of collaborations led by
myself with colleagues from Jenike and Johansson in the USA and JKTech in Australia
and funded by Rio Tinto Technology and Innovation reported the design, construction
and commissioning of a scaleable (from 150-3000 t/hr) plant (the highest throughput

microwave processing plant ever built) and shown in Figure 3.

Figure 3. Microwave Applicator Showing 2 Microwave Feeds for the Treatment of
Ore at 150 t/hr
The work also showed that the damage induced in the samples after treatment could
lead to upto 24% reductions in total energy requirement with a subsequent 30%
increase in mass throughput for a typical copper grinding circuit and at a microwave

3

http://www.amirainternational.com/web/site.asp?section=projects&page=projectdetails&ProjectLink=2
694&Source_ID=1
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energy input of less than 0.7 kWh/t. Subsequent work by my PhD student Alex Ure
showed that such benefits could be realised at a microwave energy input of 0.3 kWhtt,

very close to that suggested by the modelling in 20024

2.1.3 Hydrometallurgical Applications of Microwave Heating

As well as comminution, the early review papers identified applications of microwave
treatment to enhance the performance of hydrometallurgical processes. Through
collaboration with my PhD student Mohammad Al-Harahsheh and Professor Steven
Bradshaw at Stellenbosch University this subject was examined in detail over a period
of several years including a well cited review published in 2003 [6]. A number of papers
in the literature claimed the presence of so called non- thermal microwave effects,
observations which could not be explained by temperature measurement alone.
Together with Steven Bradshaw and Wilhelm Louw from Stellenbosch Mohammad,
myself and other colleagues from Nottingham demonstrated for the first time these
non- thermal effects were actually explained by selective heating of the mineral
particles due to their having a higher conductivity than the leaching solution. Thus,
their temperature was higher than the bulk solution leading to more rapid dissolution
[12]. Further work was performed to determine the impact of microwave assistance on
other leaching systems, including making clear recommendations for the scale up of
the technology [15, 16, 20].

2.1.4 Microwave Processing of Coal

Nottingham University has a long history of coal research going back over 100 years®.
Given the large energy consumption associated with production of pulverised fuel (PF)
for power generation it was a logical step to consider applying some of the knowledge
gained in microwave fracture of metal ores to coal. A collaboration with Prof Edward
Lester and our joint PhD student Chris Dodds demonstrated for the first time that the
energy required for PF production could be significant reduced at microwave energy
inputs significantly less than 1 kWh/t [9] and also the impacts of different coal ranks

on the outcome of the treatment [11]. Further work carried out with colleagues from

4 see PhD thesis Alex Ure for details, currently unpublished
5

https://nottingham.ac.uk/manuscriptsandspecialcollections/collectionsindepth/businessrecords/mining.
aspx
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Nottingham and from Penn State university in the USA showed that even under high
pressure microwaves could create significant structural damage in coal offering the

opportunity for enhanced CO:2 storage [21].

Microwaves have also been shown to be an excellent way of making coke from non-
coking coals through ultra-rapid graphitisation of the coal macerals through thermal

runaway or the exponential increase in dielectric loss with temperature [71].

2.1.5 Microwave Sorting of Ores

It is well established that grinding ores is highly energy intensive; as well as using
microwave energy to fracture ores it is also possible to use microwaves to identify
which rock particles have valuable metal phases (hot sulphides) in them and which
are totally transparent (transparent gangue). Subsequently, the use of thermal
cameras can distinguish the hot from the cold rocks and provide the basis for a
separation. Although unpublished I first identified this concept in the mid-1990s as part
of work on microwave induced fracture. However, it was work at the University of
Queensland which identified that in a typical porphyry copper ore crushed to less than
100 mm, only 30-40% of particles had copper sulphide phases in them with the rest
being barren®. When these 2 ideas were combined the concept of microwave sorting
was introduced. As would be expected the impact of ore texture and mineralogy will
impact the outcome of microwave sorting and this was investigated by one of my PhD

students, Becca John and through collaboration with Imperial College, London [26].

Through funding from Rio Tinto, the concept of microwave enhanced sorting was
developed into one of the largest throughput microwave processing plants ever built
at Kennecott Copper Mine, USA where the concept of microwave induced sorting was
demonstrated on over 15,500 tonnes of ore at 150 t/hr. Work also performed showed
how the performance of the industrial scale system could be predicted through lab
scale tests [30, 31, 32]. Images of the plant at Kennecott are shown in Figure 4. This
project was a multi-disciplinary collaboration between a team at Nottingham led by me,

Jenike and Johansson USA, materials handling experts, e2v, microwave engineers,

6 N. Djordjevic, Recovery of Copper Sulphide Mineral Grains at Coarse Rock Fragment Size, Minerals
Engineering, Vol, 64, PP 131-138.
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Stellenbosch University https://scholar.sun.ac.za

and Tomra Sorting, ore sorting experts. The total investment in the plant shown in

Figure 4 was over US$30m.

Sorting

Microwve
Applicator

l.m 'l", -
W..l' i n_;

Il [l

Figure 4: Microwave based sorting system showing (a) microwave applicator designed
by Kingman, Dimitrakis and Dodds’, (b) the principle of separation showing cold and
hot rock after microwave heating and (c) the impact of the process on downstream

plant feed with waste rock no longer being transported to the grinding circuit.

7 See USD738943S for details.
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2.1.6 Microwave Expansion of Vermiculite

Vermiculite is the name given to a group of minerals which contain layers of hydrated
sheet silicates which contain layers of water in their internal structure. The main uses
of vermiculite, in the expanded form, are horticulture, construction and in friction
products as it is highly insulating. These insulating properties lead to extremely high
energy consumptions for the expansion, often over 1500 kWh/t of material. Together
with Ola Folorunso a PhD student supervised by Chris Dodds, Georgios Dimitrakis
and myself, we demonstrated that vermiculite could be efficiently and controllably
expanded through microwave heating [23], that the process was sensitive to the
mineralogy of the vermiculite minerals (further collaboration with Ofonime Udoudo and
Alex Ure) [24] and that the dielectric properties of the system influenced the overall
design of the industrial processing system [25]. The IP developed in the project was
protected in the form of a patent® which was subsequently licenced to e2v who built a
production machine at Sinclair’s in Gainsborough, Lincolnshire, UK. An image of the
first sack of vermiculite produced from this machine is shown in Figure 5.
Unfortunately, no further machines were sold due to capital cost issues.

Figure 5: First commercially Produced Sack of Microwave Exfoliated Vermiculite
Manufactured at Sinclair's, Gainsborough, UK in 2012.

8 US2012088950A for more details
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2.2 Microwave Applications in Energy

2.2.1 Microwave Processing of Oil Contaminated Drill Cuttings

Oil contaminated drill cuttings arise from drilling and exploration activities. The drill bits
use drilling fluid to lubricate the bit and transport the cuttings back to the surface. Drill
fluids can be either water based or oil based, oil based often being preferred due to
superior properties. UK Environmental legislation stipulates that for off shore disposal
in the North Sea (UK’s main production fields are found in the North Sea) the oil
content of the discharged cuttings needs to be less than 1% oil. In 2003, in
collaboration with Colin Snape at Nottingham, a researcher (now academic) John
Robinson and our PhD student Hui Shang we investigated the use of microwave
treatment to thermally desorb or steam strip the oil from the cuttings through highly
selective heating of the water within the shale structure [57]. Following further funding
won from BP, Shell and British Gas a continuous process was developed protected by
a patent® where Steven Bradshaw from Stellenbosch University and Michael Bradley
from Greenwich University were also joint inventors. The development and details of
the system and its operation are given in [58, 59, 22, 60, 61, and 67]. In addition,
through the work of several PhD students, Abdul Saeid and Chenbo Yi (jointly
supervised by myself with John Robinson) the same system was applied to the
treatment of low boiling point hydrocarbon contaminated soils [68, 74].

In 2008 funding and engineering support was found from NOV Brandt to
commercialise the technology and images of the first incarnation of the system
operating in a drill cuttings treatment plant in the UK are in Figure 6.

Unfortunately, after significant process trials and treatment of many tonnes of material
the concept had to be re-developed as this belt based system was too sensitive to
water content of the feed with water contents of over 20% leading to incomplete
treatment. The belt based system was also susceptible to arcing which is highly
undesirable in an area that contains hydrocarbon vapours. Subsequently a new
technology was developed which relies on extrusion and this is protected by a patent?°
and this continues to be developed to this day.

9 US2010200300A
10 US2014332366A
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untreated

(c)
Figure 6 (a) First Industrial Incarnation of Microwave Based System for Processing

Oil Contaminated Drilling Wastes, (b), the process control mimic and (c) treated and
untreated material.

2.2.2 Microwave Pyrolysis

According to Scopus one of the largest areas of microwave publication in 2017 is in

microwave pyrolysistl. Early work in this area was performed at Nottingham through

a PhD student I jointly supervised with John Robinson and Colin Snape, Hassan Al-

11 www.scopus.com
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Sayeghy [66]. Further work with other Nottingham collaborators showed that
microwave pyrolysis was potentially more controllable than conventional heated
systems [73]. Further work with another PhD student Mohammad Adam, again jointly
supervised by John Robinson showed that fluidised beds may offer a useful route to
scale up [75, 76].

Related collaborative studies are reported on Jordanian oil shales and other oil bearing
oil sands [64, 72] and also pyrolysis of pecan nutshells for waste water treatment [81].

2.3 Other Applications of Microwave Heating Technology

One of the true advantages of microwave technology is flexibility, with significant
heating possible in any material that has some degree of conductivity or dielectric loss.
So far this summary has focused on my major areas of activity in minerals and mining
and energy applications. However, | have also made significant contributions to a
number of other studies across numerous application areas. In every case these are
collaborative and my contribution was typically related to understanding the interaction
of the electromagnetic waves with the material, how this effect could be optimised and

where appropriate how it could be scaled up.

Applications are detailed below, with collaborators listed as co-authors on each of the
papers.

Separation of oil-water emulsions [69, 70]

Recycling of carbon fibre composites [10]

Ultra-rapid synthesis of refractory carbides [35, 44, 46, 63]

A\

Dielectric spectroscopy for determination of water co-ordination in ionic
liquids [37], systems to measure the dielectric properties of water at high
temperature and pressure [38], dielectric properties of free radical initiators
in polymer synthesis [45], dielectric properties of nano-particles [47], AFM
based electrical description of materials [56], dielectric properties of plants
[78]

Understanding microwave heating for chemical synthesis [40, 44]
Microwave enhanced polymer processing [48, 50, 51, 53]

Processing of electric arc furnace dusts [52, 85]

Ultra-rapid synthesis of metal organic frameworks [54,55]

© 0 N o O

Microwave applications in solid-state inorganic synthesis [49]
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10. Microwave applications in energy efficient treatment of wastes [77]

11.Microwave processing of concrete [79, 80]
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3.0 Summary of Most Significant Research Contributions
The common theme of my research relates to understanding the interaction of
microwave energy with materials and how this understanding relates to the

development of large scale industrial microwave processing systems.

Critical is an understanding of the dielectric properties of the heated materials and how
they change with the local conditions, how this impacts the process on a micro-scale
(selective heating) and also the design of heating cavities for processing (macro-
scale). These advances have been driven through collaboration, in every case my
work alone would not have been enough to scale up microwave technology, but it was
my realisation (which now seems obvious) 15 or more years ago that multi-
disciplinarity was essential to the successful scale up of this technology. | have also
contributed significantly in proof of concept studies, but studies which are unlike the
majority published by other workers in that the role of microwave heating is well
understood, the materials are carefully and correctly characterised and where
consideration is given at all times to the techno-economic analysis of the processes
concerned. Studies where the cavities for heating are well understood and where the
energy transfer to the sample can be calculated reliably.

More specifically, the contribution of my work can be determined through my
leadership of the development of four microwave processes towards commercial
scale, including two of the largest (if not the largest) throughput industrial microwave
processes ever built. In any industry sector other than mining, these would be

considered as huge.

Many organisations have benefited commercially from these projects, with jobs
created and maintained, and major capital equipment sales across the globe. |
estimate (conservatively) that approximately US$150M has been invested in projects

relating to research led by me.

e Microwave Assisted Comminution: Undoubtedly my most important work
has been in microwave assisted comminution and along with the work on
sorting has delivered possibly the only two technologies globally with potential
to make significant and step change impacts on comminution energy reduction.
My role here was not just technical but also commercial and | was responsible
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for driving investment of over $50M into the project by the sponsor as well as
the creation of key parts of the supply chain in microwave engineering (e2v)
and bulk solids handling (Jenike and Johansson). The work produced a number
of great PhD graduates who now go on to develop their own careers and a
significant amount of IP. At the point of writing, work is underway to enable pilot
demonstration for the technology on an industrial mine site, however, ultimately
the work also produced a plant able to process 150-175 t/hr or material or
around 50 Kg/s.

Microwave Enhanced Sorting: This research shares many similarities with
the work on microwave assisted comminution. It had roots which grew from a
fundamental understanding of the interaction of microwave energy with rocks
and ores, the scale up methodologies employed were similar and they shared
commonality. The investments made by the sponsor were very large
(>>US$75M) and they both delivered step change in the efficiency of a mineral
processing flowsheet efficiency. The mineralogy and texture of the ore was
fundamental to the successful application of the technology. However, the way
that microwave energy was used to create the desired effect was quite different
with slow, controlled heating being required compared to the rapidly induced
thermal stress and strain required for comminution. It is this controllability and
the knowledge of how to design controllability into microwave heating
processes (and at very large scale) which is the key achievement here as the
technology only works if every particle receives exactly the same dose of

energy.

Microwave Processing of Drill Cuttings: There is no doubt that this project
again has roots in my work in mining, with many of the requirements of
developing process for oil and gas are similar to mining; the need for 24/7
reliability, inherent process safety and maintainability, flexible (to some degree)
in terms of feed properties. The supply chain developed, the licence of the
technology and the development of further design concepts following field
evaluation were all key parts of the research and development process but in
each case the success was based on the earlier research led by myself and the
process was developed based on the methodologies shown in Figures 2a-c

again developed by myself, Chris Dodds and e2v
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Microwave Exfoliation of Vermiculite: Possibly on paper the easiest of the
applications as the feed material was most consistent and the throughputs the
smallest, however, this project was the first to operate commercially in a factory
environment. Possibly, the most important aspect of the work, however, is the
value it has served as a case study presented at numerous industrial
workshops around the world of where the value proposition for microwave

technology can be, how it can be developed and what is required to realise it.
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