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Abstract 

Hydrogen offers the prospect of a highly effective fuel for future sustainable energy, not only 

because of its intensive energy density per unit-mass but also because its combustion produces 

no environmentally damaging CO2 at its point-of-use. Hydrogen is presently manufactured on 

an industrial scale by steam reforming or partial oxidation of methane and to a lesser degree by 

gasification of coal. However, these processes also generate significant quantities of CO2, with 

obvious attendant environmental problems. The utilisation of solar energy now yields 

increasing amounts of hydrogen by the splitting of water, as does the harnessing of other 

sources of natural energy. But even if the photocatalytic or electrolytic breakdown of water 

could be greatly improved to produce the necessary huge quantities of hydrogen, the resulting 

challenge of its safe storage and rapid release for immediate use in fuel cells, for example, is 

problematic. An alternative platform is to utilise the high intrinsic hydrogen content of fossil 

fuel hydrocarbons but in such a way as to rapidly release only their constituent hydrogen 

without any CO2 production. Such CO2-free hydrogen production from hydrocarbons has been 

advanced through pioneering studies on the catalytic thermolysis of methane and petroleum-

range hydrocarbons. My doctoral research work centres on a method of rapidly liberating high-

purity hydrogen from hydrocarbons without CO2 emission. An innovative system combining 

microwave technology and heterogeneous catalysis is thus proposed. As a result, a H2 

production selectivity from all evolved gases of some 98%, is achieved with less than a fraction 

of a percent of adventitious CO and CO2 through the microwave-initiated catalytic 

dehydrogenation of liquid alkanes using Fe and Ni particles supported on silicon carbide. 

In this doctoral work, the complex interaction between the heterogeneous catalyst system 

and the induced microwave electric field was carefully studied by scanning a variety of metals 

and supports. Consequently, the optimised catalyst system was developed in effectively 

response to the microwave irradiation. Another enthusiastic and exciting part of the work is that 

a variety of actual, real petroleum products, ranging from heavy crude oil, crude oil through 

diesel, petrol to natural gas (methane) have been demonstrated that can be the vehicle for high-

purity hydrogen production through the microwave-initiated catalytic dehydrogenation.  

Based on this work, we showed that the undoubted attractive attributes of fossil fuels - 

relatively inexpensive, widely available and readily adaptable to applications large and small, 

simple and complex, - can significantly assist in the staged transition to a hydrogen-based, 

sustainable hydrogen energy economy. A new scientific and technological era of “Fossil fuel 

decarbonisation’’ can arise where we will not destroy naturally-occurring fossil fuels by 

combustion – with the attendant CO2 emissions, but rather utilise them to produce clean 
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hydrogen. Carbonaceous fossil fuels are thereby transformed from carbon-rich to hydrogen-

rich fuels for future energy. 
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Chapter 1 

Introduction 

No doubt, another century dominated by the combustion of fossil fuels is disastrous. 

Renewable energy is widely acknowledged as the long-term potential of the replacement of 

fossil energy. However, the truth is that the world energy supply will be still dominated by 

fossil fuels in the near and mid- term future. It is no exaggeration to say that our entire industrial 

society is based on the heat emitted from fossil fuels burnt. Therefore, compared to depletion 

threat, the CO2 emissions caused by fossil fuel combustion is the major problem for fossil fuels 

utilisation in the foreseeable future. 

The Paris Agreement has set the warming limit target for 1.5 °C. But with current 

technologies of Carbon Capture and Storage (CCS) and renewables, the decarbonisation is not 

compatible with continued increase of energy demand and population growth. Moreover, so far, 

existing policies are not likely to fix the gap. While we are still in the carbon economy, the 

development of new scientific and technological CO2-free routes for fossil fuels utilisation may 

be the best or the only environmentally safe alternative to CO2 sequestration. In another word, 

the future of fossil fuels is not to be burnt, but rather to be utilised in the way to produce 

hydrogen as the new and abundant renewable energy carrier1. 

If the energy provided by the combustion of hydrocarbons is divided into C and H 

contributions, the H part is ‘clean’ energy and the energy via C combustion is ‘dirty’, i.e., 

producing greenhouse gas. There is therefore, the fundament of the new scientific and 

technological era of ‘Fossil fuels decarbonisation’ is based on the simple idea of extracting 

only hydrogen compound from fossil fuels to produce high purity hydrogen fuel with recovery 

of solid carbon product to be utilised on various applications, rather than burning carbon. 
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Figure 1.1. A comment from Professor Peter Edwards on Oxford Magazine. (Adapted from Ref 

1). 

 

1.1  Overview of fossil fuels as primary energy sources 

Fossil fuels have been used as energy sources that drive the development of whole society 

for several decades2, 3. The fossil fuels are commonly known as coal, petroleum and natural gas. 

Other fossil fuels, such as shale oil, shale gas and tar sands are not yet in large-scale commercial 

use.  

Generally, fossil fuels refer to the substances that are derived from the remains of animals 

or plants from past millions of years ago and can be burned to generate heat. They consist 

principally of carbon (C) and hydrogen (H), and other important constituents are oxygen (O), 

nitrogen (N) and sulfur (S)4. They are naturally found as solids, liquids or gases – coal is a 
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brown or black solid, petroleum is a yellowish to black liquid, and natural gas (methane) is a 

colourless gas.   

Since James Watt discovered the steam engine in 1796, coal had powered Britain’s great 

economic growth and launched the industrial revolution. For the first time machines powered 

by coal, could carry out work formerly done by humans and animals. This revolution speeded 

up manufacturing and reduced the costs of operate, and subsequently boosted the economic 

growth. Later in the 1880s, coal was first been used to generate electricity for industry and 

domestic use. The coal fired power plants continue to be used to provide electricity and 

accounts for around 40% of the world electricity5. However, in 2016, the demand for coal fell 

by 231 million tons of oil equivalent (mtoe)6 as many countries switched away from coal 

generation to natural gas or renewables. This is because the burning of coal releases many 

pollutants, such as oxides of nitrogen (NOx) and sulfur (SOx) and particulate matter etc., and a 

large amount of CO2 emission. 

Unlike coal, which is a widespread resource and has been mined for over a 1000 years in 

China and Britain, petroleum and gas are geographically concentrated, mainly in reserves in 

the Middle East7. After World War II when cheap oil became available, the petroleum rapidly 

revolutionised the way we live. Petroleum is often referred to as ‘black gold’, and drove many 

of the dramatic changes in the twentieth century which is probably best characterised as the 

century of oil7. 

Petroleum is a fluid with the composition of 83 – 87% carbon, 11 – 16% hydrogen, 0 – 4% 

of oxygen and nitrogen, and 0 – 4% of sulfur8. Compared to coal, petroleum is much less 

variable and most of them contain more hydrogen. Despite the thousands of compounds present 

in petroleum, generally, they contain the hydrocarbons consisting of 5 to about 40 carbon atoms. 

The hydrocarbon molecules found are either straight or branched and are called paraffins. The 

paraffins are saturated hydrocarbons which every carbon atom is surrounded by hydrogen 

atoms and they can be depicted as the molecular formula of CnH2n+2. Another type of 

hydrocarbons found in petroleum are the aromatic compounds, which they have a ring structure 

such as benzene (C6H6). 
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Unlike coal and gas for which little processing or no processing is required before use, the 

petroleum cannot be simply utilised when they are extracted from Earth, and a complex 

petroleum refinery process is required to separate different compounds for the best use. Thus, 

the common petroleum - derived commodities of petrol (gasoline) and diesel fuels etc., are the 

products from petroleum refinery. Figure 1.2 illustrates the schematic representative pathway 

for petroleum utilisation through refinery process. In principal, approximately 40% of refinery 

products goes to petrol and diesel fuels, and other fuels (jet fuel, fuel oil etc.), gases and solid 

residuals are also produced and used in a variety of industrial areas.  

 

Figure 1.2. Pathway of petroleum utilisation from crude oil to petroleum derived fuels. 

(Adapted from Ref 6). 

 

Turning to natural gas, its lower carbon emission compared to coal and oil suggests it will 

play a significant role in the transition to a cleaner energy future9. Therefore, natural gas is the 

only fossil fuel whose share of the primary energy mix is expected to grow. Currently, natural 
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gas is the third most widely used fuel in global primary energy and the second energy source 

in power generation. These numbers may potentially grow in the future due to the recent 

technological breakthroughs in shale gas production. Nearly 60 % of the increase in natural gas 

supplies comes from shale gas production and it is predicted that the shale gas will account for 

around a quarter of total gas production by 203510.  

In summary, today the world’s ever-increasing energy demand is still based almost 

exclusively on fossil fuels, not only because of their unrivalled energy-carrying properties but 

also because of the demands of the world-wide energy infrastructure developed over the past 

century. Despite the highest growth rate of renewables was recorded in 2017, fossil fuels still 

account for over 85% of the global primary energy demand and are expected to remain the 

dominant in 2035 with more than 75% of total energy supplies. Thus, it is no exaggerated to 

say that our society is largely powered by the combustion of fossil fuels10. 

Over decades, fossil fuels are linked with two major problems of depletion threat11 and CO2 

emission. A peak for oil extraction has often been predicted11, 12, but it has continued to increase 

remarkably due to subsequent oil discoveries. The most famous prediction of oil peak is 

credited to geologist M. King Hubbert who successfully predicted the US peak oil production 

in 197013. However, his prediction that global oil production would peak near the year 2000 is 

now proved incorrect. Although the academic debate on the depletion threat of fossil fuels 

remain, the energy supply will still be dominated by fossil fuels in the near- and mid- term 

future11, 14. Thus, compared to the depletion threat, the CO2 emissions caused by fossil fuel 

combustion is the critical problem for fossil fuels utilisation in the foreseeable future. 

Over 100 years ago, the Nobel Prize-winning chemist Svante Arrhenius laid the foundations 

of modern climate change research1. The atmospheric concentration of CO2 has increased from 

280 ppm in the pre-industrial age to more than 400 ppm now and is expected to be above 

500 ppm by the end of this century. In 2017, the global energy related CO2 emissions reached 

a historic high of 32.5 Gt with an increase of 460 million tonnes (Mt) compared to 2016 15. The 

combustion of fossil fuels accounts for approximately 90% of annual global CO2 emissions16. 
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Moreover, electricity and heat generation and transportation accounted for nearly two-thirds of 

global CO2 emissions in 201516.  

 

Figure 1.3. Global energy-related CO2 emissions, 2000-2017. (Adapted from Ref 15; IEA, 

Global Energy & CO2 Status Report); World CO2 emissions from fuel combustion by sector, 

2015. (Adapted from Ref 16; IEA, CO2 emissions form fuel combustions) 

 

Thus, in order to develop a low-carbon world the historic Paris Agreement was signed in 

2015 and now has 195 countries in one agreement aiming to keep the increase in global average 

temperature to below 1.5 ºC above pre-industrial levels. In addition to the Paris Agreement, 

previous climate treaties such as the Kyoto Protocol, the Copenhagen Accord and the Cancun 

Agreements also aim to limit the global CO2 emissions. Efforts need to be made by cross 
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policymakers and scientists throughout all fields to achieve the goal set by Paris Agreement. 

Considering the fossil fuels account for majority of our primary energy supplies and will still 

dominant the upcoming decades, we believe in the near- and mid- future, the scientific and 

technological goal is set: ‘‘fossil fuels decarbonisation’’. 

 

1.2  Hydrogen Economy 

To solve the environmental problem caused by utilising hydrocarbon fuels (carbon economy), 

the concept of the ‘‘hydrogen economy’’ was advanced which advocated hydrogen as a 

potential fuel applies to the energetic, ecological, and economic aspects 17. In 1972, a paper 

entitled ‘‘A Hydrogen Economy’’17 was published in Science by John Bockris, which listed the 

advantages of a hydrogen economy. Firstly, water which is abundant and generously distributed 

throughout the world could be a source of hydrogen18. Hydrogen can also be produced from 

diverse other resources, both renewable (hydro, wind, solar, biomass, geothermal) and non-

renewable (coal, natural gas, nuclear). Second and importantly, through the combustion or 

oxidation reaction of hydrogen, energy is explosively released in heat and water is the only by-

product. Furthermore, the hydrogen would contribute to the transportations17, by means of fuel 

cell-battery combinations and electric motors, which would be not only non-polluting but also 

silent and cheaper because of the greater efficiency of fuel cells. Meanwhile, the use of 

hydrogen and fuel cells in transportation, heat generation and stationary electricity, could 

eventually eliminate CO2 and harmful gas emissions (such as NOx, unsaturated hydrocarbons 

and particular matters (PM) etc.) from the energy sector.  

However, one of the principal reasons why progress towards the hydrogen economy19-26 has 

been so slow, is that there is no readily available massive source of “natural” hydrogen. 

Furthermore, to date, no reliable means exists for storing hydrogen in such a manner that it can 

be rapidly released on demand for the appropriate fuel cell application. There are therefore, 

significant scientific, technological and socioeconomic barriers such as the cost of hydrogen 
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production and delivery, hydrogen storage systems, and the cost of hydrogen utilisation systems 

need to be overcome in order to achieve a successful transition from a carbon-based economy 

to a hydrogen economy19 27, 28. 

 

1.3 Methods of producing hydrogen 

Hydrogen as an abundant element, which can be naturally found in the substances such as 

fossil fuels, water and biomass etc. In order to produce hydrogen fuel, several methods have 

been designed and developed to extract hydrogen from these feedstocks using either thermal, 

electrical, photonic, or biochemical energy. The potential methods of hydrogen production 

using renewable and non-renewable sources have been previously reviewed by various 

authors29-33. 

Table 1.1 presents an overview and brief description of hydrogen production methods along 

with their primary energy input and substance sources29. In the early 1800s, based on the work 

of Volta and Davy, electrolysis of water was used to produce hydrogen, which is a method still 

in wide use (but still relatively inefficient). More esoteric methods of generating hydrogen were 

subsequently discovered, e.g., enzymatic decomposition of sugars and the reforming in aqueous 

solution of the components34 of biomass35. The thermal decomposition of appropriate inorganic 

compounds was also used, and the method gained popularity when solar furnaces (capable of 

reaching very elevated temperatures) became available. Thermolysis of alkanes has also been 

quite an effective method36. Nowadays, most of the industrial hydrogen production is based on 

the steam methane reforming (SMR) process, but thanks to the burgeoning use of renewable 

sources of energy –solar, wind, hydro and geothermal- an increasing quantity of hydrogen is 

generated by photoelectrochemical, electrocatalytic and photocatalytic means. 
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          Table 1.1: Overview of hydrogen production methods. (Modified from Ref. 29) 
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1.3.1 Use of Renewable Energy to Produce Hydrogen 

Extensive work involving principally solar radiation (as well as wind and other natural sources) has 

been done to produce hydrogen by splitting water either via a photo-assisted manner or by electrolysis37-

42. It is relevant to recall that, in May 2014, a hydrogen fuelling facility (HRS) was established in 

California State College, Los Angeles, and the hydrogen was produced from a renewable energy source 

by electrolysis34, 43. Most of these processes, irrespective of whether or not they utilize photovoltaics, 

photocatalysis, photoelectrochemistry (or by electrolysis) to produce hydrogen are rather inefficient34. 

Generally, in straightforward photocatalytic systems, an electrochemically appropriate inorganic 

photocatalyst (e.g. SrTiO3 or modified TiO2) is dispersed as a powder in aqueous solution, and hydrogen 

and oxygen are produced simultaneously34. When a photon hits the photocatalyst, electrons and holes 

are generated inside semiconductor photocatalyst particles by band-gap excitation. Photoexcited carriers 

are transferred to surface active sites and subsequently consumed by surface redox reactions44. The 

photoreduction and photo oxidation reactions can be generalised as follows29: 

𝑃ℎ𝑜𝑡𝑜 − 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛: 2𝐻2𝑂 + 2𝑒
−  
ℎ𝑣
→  𝐻2 + 2𝑂𝐻

−                        (1.1) 

𝑃ℎ𝑜𝑡𝑜 − 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛: 2𝐻2𝑂 
ℎ𝑣
→  𝑂2 + 4𝐻

+  + 4𝑒−                                (1.2) 

Since hydrogen and oxygen are simultaneously generated through photocatalytic water splitting, such 

arrangements require elaborate methods for separating these gases34. Thus, a novel photocatalytic 

system, called the Z-scheme, which mimics the well-known Z mechanism in natural photosynthesis of 

green plants, has been developed by Abe et al., 45 to generate hydrogen and oxygen simultaneously. 

The Z-scheme consists of a hydrogen photocatalyst and an oxygen photocatalyst to perform water 

splitting. Despite the huge progress has been made in photocatalytic water splitting over recent years, 

photocatalytic splitting is still at a very low technological readiness and has several challenges to 

overcome. Moreover, whilst the cost of hydrogen production from renewable energy has been 

continuously decreasing, the cost of these methods is still about 25 times higher than that of fossil fuel 

alternatives29, 34.  
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Figure 1.4. Photocatalytic system of water splitting. (a) Light absorption, (b) charge transfer, (c) redox 

reactions, (d) adsorption, desorption, and mass diffusion of chemical species, and (e) charge 

recombination. (Adapt from Ref. 44) 

 

1.3.2 Coal gasification 

The gasification of coal is a general option to produce hydrogen in large scale plants considering the 

current state of technology and worldwide coal reserves29. The gasification of coal is generally 

represented by the following two steps of reactions: 

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2  ⋯𝑆𝑡𝑒𝑝 1                                          (1.3) 

𝐶𝑂 + 𝐻20 → 𝐶𝑂2 + 𝐻2  ⋯ 𝑆𝑡𝑒𝑝 2                                          (1.4) 

In the first step of gasification, coal (elemental carbon) is reacted with steam which is partially 

oxidized to produce syngas in a high-temperature and high-pressure reactor. The second step in the 

process consists of a water gas shift (WGS) reaction, in which the CO reacts with steam to generate 

more H2 together with CO2 production. Finally, the H2 gas will be separated and cleaned by removing 

unwanted CO2 and other impurities such as sulfuric impurities etc.  

At present, the cost of hydrogen production from coal gasification is slightly higher than that of 

methane steam reforming. The major concern of using coal gasification is massive CO2 emissions from 
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the process. Moreover, despite the lower unit price of raw material (coal), the unit capital costs are 

higher for coal gasification plants29. 

 

1.3.3 Fossil fuel reforming 

Almost all the hydrogen that is produced worldwide nowadays for industrial purposes comes from 

the steam reforming of natural gas and, to a less degree, from the gasification of coal. In the fossil fuel 

reforming, three main techniques are used: steam reforming, partial oxidation (POX), and autothermal 

reforming (ATR)29, 32, 33, 36. The advantages and challenges of each of these processes are listed in Table 

1.2. In general, the related hydrocarbons reforming reactions are given below33: 

      Table 1.2: Summary of fossil fuel reforming technologies. (Modified from Ref. 29 and 33) 

Technology Advantages Disadvantages 

Steam 

reforming 

· Most extensive industrial 

experience 

· No oxygen requirement 

· Lowest process temperature 

· Best H2/CO ratio  

· Highest CO2 emissions 

Partial 

oxidation 

· Decreased desulfurization 

requirement 

· No catalyst required 

· Low methane slip 

· Low H2/CO ratio 

· High processing temperatures 

· Soot formation 

· Complex handling process 

Autothermal 

reforming 

· Lower process temperature than 

partial oxidation 

· Low methane slip 

· Limited commercial experience 

· Requires air or oxygen 

 

Steam reforming 

𝐶𝑚𝐻𝑛 +𝑚𝐻2𝑂 = 𝑚𝐶𝑂 + (𝑚 +
1

2
𝑛)𝐻2                                    (1.5) 

⋯∆𝐻 =  ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡, 𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐 

Partial oxidation 

𝐶𝑚𝐻𝑛 +
1

2
𝑚𝑂2 = 𝑚𝐶𝑂 +

1

2
𝐻2   ⋯ ∆𝐻 = ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡, 𝑒𝑥𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐       (1.6) 
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Autothermal reforming 

𝐶𝑚𝐻𝑛 +
1

2
𝑚𝐻2𝑂 +

1

4
𝑚𝑂2 = 𝑚𝐶𝑂 + (

1

2
𝑚+

1

2
𝑛)𝐻2                         (1.7) 

⋯ ∆𝐻 = ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡, 𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝑙𝑦 𝑛𝑒𝑢𝑡𝑟𝑎𝑙 

Water-gas-shift (WGS) 

𝐶𝑂 + 𝐻2𝑂 = 𝐶𝑂2 +𝐻2   ⋯ ∆𝐻 = −41.1 𝑘𝐽/𝑚𝑜𝑙                         (1.8) 

Reverse Water-gas-shift (RWGS) 

𝐶𝑂2 +𝐻2 = 𝐶𝑂 + 𝐻2𝑂  ⋯ ∆𝐻 = 41.1 𝑘𝐽/𝑚𝑜𝑙                         (1.9) 

Carbon (coke) formation 

𝐶𝑚𝐻𝑛 = 𝑥𝐶 + 𝐶𝑚−𝑥𝐻𝑛−2𝑥 + 𝑥𝐻2   ⋯ ∆𝐻 = ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡        (1.10) 

 

Through steam reforming hydrocarbons are partially oxidized via steam with external heat sources. 

No oxygen is required for the steam reforming and the process can be operated at a lower temperature 

than POX and ATR46, 47, with higher H2/CO ratio of ca. 3:1 which is beneficial for hydrogen production. 

Although steam reforming is commonly used in industry for the production of hydrogen from methane 

and achieves up to approximately 85% thermal efficiencies based on its higher heating values33, it does 

produce the highest CO2 emissions among these three processes.  

In partial oxidation, hydrocarbons are converted to hydrogen by partially oxidizing (combusting) 

with oxygen. There is no catalyst requirement in partial oxidation, and it has minimal methane slip and 

is more sulfur tolerant than the other processes. Due to the exothermic reactions of partial oxidation 

(combustion) reactions, partial oxidation does not need an external heat source. Typically, the partial 

oxidation occurs at the temperature of 1300 – 1500 ºC to ensure completion of the reactions and to 

reduce the formation of carbon and soot33. Thus, catalysts can be introduced to the process as catalytic 

partial oxidation (CPOX) to lower the operating temperature. At the beginning, partial oxidation and 

catalytic partial oxidation of hydrocarbons were proposed for use in hydrogen production for 
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automobile fuel cells48-50. However, it is hard to control the temperature of both processes because the 

exothermic nature of the reactions contributes to the coke and hot spot formation48, 51. In term of the 

thermal efficiencies of POX, the 60 -75% efficiencies are achieved with methane, based on the higher 

heating values33. 

Autothermal reforming, on the other hand, combines the partial oxidation and steam reforming which 

result in a thermally neutral process52-55. The POX or CPOX (thermal zone) generates the heat needed 

to drive the steam reforming reactions (catalytic zone). A sharp rise of temperature is a characteristic of 

the thermal zone, followed by the temperature steadily decreasing in the catalytic zone33, 56, 57. The heat 

generated from POX simplifies the system and decreases the start-up time which significantly improves 

the steam reforming process, and enables a rapid start and stop operating while producing a large 

quantity of hydrogen. However, they require an expensive and complex oxygen separation unit in order 

to feed pure oxygen to the reactor and the product gas is diluted with nitrogen33.  

Generally, significant amounts of carbon monoxides, about 5% or more33, 46, are produced during the 

reforming process. Therefore, the product gas is additionally treated through the water-gas-shift (WGS) 

reaction to decrease the carbon monoxide content whilst increasing the amount of hydrogen. Also, the 

carbon dioxide can react with the hydrogen via reverse water-gas-shift (RWGS), so it is important to 

carefully control the reaction conditions in order to minimize unnecessary consumption of hydrogen. 

Whilst the large-scale hydrogen production is through these methods from fossil fuels and substantial 

improvements have been made to these technologies32 the problem is a vast amount of carbon dioxide 

emitted. This means that it cannot contribute sustainably to the long-term hydrogen economy, even with 

development of technologies such carbon capture and storage (CCS) and/or carbon capture and 

utilisation (CCU). Thus, alternatively, the methods for CO2-free hydrogen production is necessary. 

 

1.3.4 Pyrolysis  

Pyrolysis as a CO2-free hydrogen producing technology is to decompose hydrocarbon (without water 

or oxygen present) into hydrogen and carbon33, 36, 58, 59. The reactions of pyrolysis can be written as 

follow: 
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𝐶𝑛𝐻𝑚  →  𝑛𝐶 +
1

2
𝑚𝐻2   ⋯ ∆𝐻 = ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡      (1.11) 

The pyrolysis is simple, and no carbon oxides are formed during the process, eliminating the need 

for secondary reactions such as WGS etc., which subsequently reduce the CO2 emissions compared to 

reforming processes. Generally, the pyrolysis process is fuel flexible and can be carried out with any 

organic materials. Oxygen is presented in the materials such as biomass, from which CO2 and CO can 

be also produced via pyrolysis32, 60, 61. 

One of the challenges with pyrolysis is the carbon formation during the process which will poison 

any catalysts used. However, it is claimed that this can be minimized by appropriate design or utilisation 

of clean carbon by-product directly. Since no CO2 and CO are formed during the pyrolysis of 

hydrocarbons, it has high potential to provide a suitable method for CO2-free hydrogen production. In 

addition, since solid carbon can be easily captured and much more easily sequestered than gaseous 

CO2
33, 59, 62, 63, pyrolysis may play a significant role in the future. 

 

1.3.5 Other methods 

Other methods such as plasma arc decomposition, microwave pyrolysis, water thermolysis etc., are 

also designed for generation hydrogen production in order to underpin the development of the hydrogen 

economy. Regarding the hydrogen production for fuel cells, there is one method so-called Hot Spot 

Technology that merits mention34. 

The Hot Spot Technology was invented by the Johnson Matthey Company64-66 and uses methanol as 

hydrogen carrier. In essence, the Hot Spot technology entails, first, the use of a base metal that 

dehydrogenates methanol: 

CH3OH → CO + 2H2      ∆𝐻𝜃 = +306 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙                  (1.12) 

This is an endothermic process, but the liberated carbon monoxide is then oxidized in air, catalysed 

by a noble metal, and this is an exothermic process: 

CO + 
1

2
 O2 → CO2           ∆𝐻𝜃 = −67.6 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙                  (1.13) 
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The heat released in this oxidation then sustains the production of hydrogen by dehydrogenating 

methanol. The advantages of the Hot Spot technology are, it requests no power to initiate its action, it 

needs no water and it is capable of rapid “stand up”, and it is ideally suited to feed hydrogen into a 

typical solid polymer type fuel cell (SPFC)34. However, it does produce CO2. 

 

1.4  CO2-free hydrogen production from hydrocarbons 

Since the large-scale hydrogen production technology of steam reforming currently emits large 

quantities of CO2, one of the greatest challenges for any future hydrogen economy is the necessity for 

large scale hydrogen production without involving concurrent CO2 production. The CO2-free hydrogen 

production from hydrocarbons via thermal, catalytic decomposition has been developed in pioneering 

work by Steinberg67, 68, Muradov59, 69-71 and co-workers. This was also achieved more recently through 

the use of microwave heterogeneous catalysis72-74, plasma processing 75, 76 and the use of catalytic 

molten metals for the direct conversion of methane to hydrogen and separable carbon58, 77 . Such 

methods for CO2-free hydrogen production from various hydrocarbon feedstocks has previously been 

reviewed by Muradov et al. 78 and Ahmed et al. 36 in general, thermo-catalytic methane cracking has 

been extensively studied. Table 1.3 summarised a literature review on previous studies on CO2-free 

hydrogen production from different hydrocarbons. 

Muradov et al. 85 investigated several routes to hydrogen production from natural gas (or methane) 

with carbon-based catalysts and several technological approaches were discussed based on 

thermocatalytic decomposition (or pyrolysis) of methane into hydrogen gas and elemental carbon. 

Huffman et al. 101  addressed the catalytic decomposition of cyclohexane using the (4.5 wt.% Fe–0.5 wt.% 

Pd)/Al2O3 catalyst. It was shown that H2, benzene, and un-reacted cyclohexane are the primary products 

obtained in the exit gas flow below 450 °C, but only H2, CH4, and carbon nanotubes (CNTs) above 

500 °C (see Figure 1.5). 
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      Table 1.3: A representative summary for CO2-free hydrogen production. 

Hydrocarbon Method and Technology References 

Methane (CH4) 

•Pyrolysis 

•Thermocatalytic cracking 

 

•Microwave  

•Plasma 

[68], [79], [70] 

[80], [81], [82], [62], [83], [84], [85], [86], 

[87], [88], [89], [90], [91], [92] 

[73] 

[75], [76], [93], [94], [95], [96], [97], [98] 

Ethane (C2H6) •Thermocatalytic cracking [99], [100] 

Propane (C3H8) 
•Thermocatalytic cracking 

•Plasma 

[62], [100], [101] 

[93] 

Hexane (C6H14) 
•Pyrolysis 

•Thermocatalytic cracking 

[79] 

[100], [101], [102], [103] 

Diesel 

•Pyrolysis 

•Thermocatalytic cracking 

•Plasma 

[79] 

[49] 

[98] 

Gasoline 

•Pyrolysis 

•Thermocatalytic cracking 

•Plasma 

[79], [70] 

[62] 

[98], [104], [105] 

Kerosene 
•Thermocatalytic cracking 

•Plasma 

[106], [107] 

[98] 

Wax •Microwave  [133] 

 

 

Figure 1.5. Product distribution of cyclohexane decomposition over (4.5 wt.% Fe–0.5 wt.% 

Pd)/Al2O3 catalyst vs. temperature. (Adapted from Ref. 101). 

 

Recently, Upham et al. 77 reported a catalytic pyrolysis of methane to hydrogen and separable carbon 

using molten metals. A molten metal alloy of 27% Ni- 73% Bi catalyst achieved 95% methane 

conversion at 1064 ºC and produced pure hydrogen with insoluble carbon floats to the surface which 
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can be skimmed off (see Figure 1.6). This offers potential practical use for direct CH4 pyrolysis with a 

practical process for carbon removal, because the carbon poisoning is the well acknowledged problem 

for direct CH4 pyrolysis. 

 

Figure 1.6. Hydrogen production with a Ni-Bi molten catalyst. (Adapted from Ref. 77). 

 

As for the dehydrogenation of heavier hydrocarbons, one scenario for fossil fuels decarbonisation 

would be achieved if hydrogen can be rapidly released from these heavier hydrocarbons. And this would 

subsequently facilitate the smooth transition from the current carbon economy to a hydrogen economy. 
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1.5 Catalysts overview for hydrogen production systems 

Irrespective of the hydrogen supply resources and hydrogen production systems applied, high-

efficiency, low-cost, and robust catalyst systems are critically needed. To develop efficient and robust 

catalysts, the design most occurs in accordance with the catalytic reaction and mechanism.  

In the steam methane reforming process (SMR), nickel catalysts are used almost universally in 

industry, although many researches have shown that noble metal-based catalysts, particularly Rh 33, 108, 

exhibit much higher specific activities than nickel catalysts32, 33. Similarly, the catalysts containing 

group 8, 9 and 10 metals (Ni, Co, Ru, Pt, Pd, Rh, etc.) are preferred for the steam reforming of liquid 

hydrocarbons 31. To minimise the coke formation during steam reforming, the tetra- and pentavalent p 

metals (Ge, Sn, and Pb or As, Sb, and Bi) are studied as dopants because the similar electronic structure 

of carbon32, 109. Trimm109 reported the dopant of tin (Sn) at a low level below 1.75%, significantly 

reducing the coke formation without any influence on the catalytic rate of steam reforming31. Moreover, 

modification of Ni catalysts by other metals such as Co, Mo, W, Re and Sr revealed a high resistance 

for coking32, 110, 111. Several supports have also been studied, such as the magnesia-supported and silica-

supported nickel catalysts where it was proposed that the enhanced adsorption of surface hydroxyl 

groups on the support surface react with the CHx fragments adsorbed on the nickel surface leading to 

improved catalytic lifetime112.  

For the catalytic partial oxidation (CPOX) and autothermal reforming (ATR), the active catalysts 

used are very similar to the steam reforming31 where the supported metals, generally the group 8， 9 

and 10 metals (Ni, Co, Ru, Pt, Pd, Rh, etc.) are used. In general, nickel, cobalt, and other noble metals 

(Ru, Rh, Pt) have been most studied for CPOX. Since the catalysts with a high thermal stability are 

required for ATR process when operating at the high temperature, a low level nickel containing catalyst 

supported on alumina (α-Al2O3) and magnesium alumina spinel (MgAl2O4) are preferred for ATR31. 

Other catalysts system such as bimetallic Ni-Pt catalysts also revealed an increased catalytic activity 

during methane ATR113. 

The water-gas-shift (WGS) reaction (Eq. 1.8) as an important step in steam reforming can enhance 

the hydrogen yield of the process. Also, the WGS reaction is a key step in fuel processing to generate 
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hydrogen and one of the oldest catalytic processes32 that applied in various chemical industries for 

ammonia synthesis and methanol production etc. Conventional catalysts used for the WGS reaction are 

Fe2O3-Cr2O3 and Cu-ZnO-Al2O3. However, the low activity of these catalysts at high temperature makes 

them unsuitable for use in small-scale re-formers32. Thus, the promoted Cu-ZnO catalyst systems with 

alkali are designed to overcome the limitation of former catalysts with better activity and durability32. 

Other catalyst systems such as cobalt-vanadium binary oxides32 and molybdenum carbide114 were 

discovered and displayed specific activities higher than that of Cu-ZnO catalyst systems. Other than 

non-precious metal catalysts which are found suitable for WGS reaction due to their low cost, new 

WGS catalysts were designed using Pt group metals or Au115 when activity and cost are balanced32. 

CeO2 supported Pt group metals have been reported to be more active and non-pyrophoric than 

conventional WGS catalysts and operate at mild reaction temperatures116. Due to the high oxygen 

storage capability of ceria, ceria-supported Pt, Pd, Rh, Ni, Fe and Co metals have been established for 

WGS reaction and showed a high catalytic activity32, 117. Besides, TiO2-supported catalyst systems118 

and gold catalysts119 supported by CeO2
120, TiO2

121 and Fe2O3
122 also display good performance in WGS 

reaction. 

The catalysts used for CO2-free hydrogen production reactions are generally metal catalysts such as 

Ni, Co, Fe and Pt etc., which cleave C – H bonds of the hydrocarbon molecules and sustain a high 

activity for a long time32. Among many of the transition metal catalysts, nickel and iron- based catalysts 

have been the most studied for methane decomposition as well as the catalytic decomposition of other 

hydrocarbons59, 88, 123-127. Because the CO2-free hydrogen production reactions generate only hydrogen 

and carbon, various carbon materials were investigated as possible catalysts for catalytic methane 

decomposition73, 83, 128, 129. Muradov et al. investigated the element carbon for thermal cracking of 

methane, which suggested the disordered forms of carbon (e.g. activated carbon and carbon black) are 

more catalytically active than the ordered carbon of graphite and diamond powder 128. One of primary 

issues hindering the commercial application of catalytic methane decomposition (CMD) as well as CO2-

free hydrogen production from various hydrocarbons is the carbon poisoning on catalysts. To address 

the carbon deposition problem of CMD, a new method using molten metals is proposed to easily 

separate carbon when insoluble carbon floats to the surface which can be skimmed off after cooling 
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down. In this process, low-melting-temperature metals such as In, Bi, Sn, Ga and Pb etc. were used as 

metal ‘‘solvents’’. Due to less catalytically activity is observed over these metals, the active metals like 

Ni and Pt etc. are added in the solvent. In a recent advance, Upham et al. 77 reported a molten metal 

alloy of 27% Ni- 73% Bi catalyst achieving high conversion of methane of 95% at 1064 ºC. 

In most cases of hydrogen production using renewable energy, noble metals (Pt, Pd, Ru, Rh etc.) are 

widely used. In the photocatalytic water-splitting hydrogen production, noble metals including Pt, Au, 

Pd, Rh, Ni, Cu and Ag, have been reported to be very effective for photocatalytic water-splitting when 

loaded on TiO2 catalysts130. With the noble metals, the possibility of electron-hole recombination is 

significantly reduced because the low Fermi levels of noble metals enables the photo-excited electrons 

transferred from conduction band (CB) to metal particles, while photo-generated valence band (VB) 

holes remain on the TiO2
130, 131. In the area of PEM fuel cells, use of Pt-based catalysts is still dominant 

which is largely responsible for the high price of PEM fuel cells. Although a variety of catalysts are 

being investigated to reduce the use of Pt, the catalysts used for PEM fuel cell are still Pt/C and Pt-

modified or alloyed catalysts. This is mainly because the low overpotential and high catalytic activity 

of Pt for the hydrogen oxidation reaction (HOR) and the oxygen reduction reaction (ORR)132. More 

importantly, Pt is rather stable in the harsh acidic environment inside a PEM fuel cell132. 

There is thus, it is not simply the question of cost that impels academics and industries these days to 

seek alternatives for platinum group metals (PGM) as catalysts, it is also because, given the expected 

future demands for fuel cells that the hydrogen economy requires, it is unlikely that there will be 

sufficient PMG, to satisfy future needs. Again, it is platitudinous to point out that there is a pressing 

need to replace PGM catalysts with more abundant but comparably effective ores. For the indefinite 

future, in the drive to arrive at the hydrogen economy, it is abundantly clear that inexpensive earth – 

abundant – heterogeneous catalyst will be in increasing demand. 

 

1.6 Fossil fuels as hydrogen storage materials 

Another crucial scientific and technological barrier to the widespread use of hydrogen is that there 

are no suitable hydrogen storage materials and methods that can be used for commercialisation in the 
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applications of transportation, portable power and stationary power18, 19, 27, 133. This is mainly because 

the hydrogen has a very low energy density value per unit volume, despite having the highest energy 

density per mass compared to other substances. To meet the critical requirement for commercialisation, 

the US department of Energy (U.S DoE) has set the targets of H2 gravimetric and volumetric densities 

of 7.5 kg-H2/ kg and 70 kg-H2/ m3, respectively134, 135. There are a variety of hydrogen storage methods 

proposed, where hydrogen can be physically stored as either a gas or liquid, or chemically stored in 

materials such as metal hydride and liquid organic etc. (Figure 1.7). 

 

Figure 1.7. Hydrogen storage materials and options with their gravimetric and volumetric density. 

(Modified from Ref. 136). 

 

Present hydrogen options for fuel cell vehicles involve the use of high-pressure (up to 700 bar) gas 

containers which a pressure of 70 MPa is required in operating137. Unfortunately, compressed hydrogen 

has a rather low gravimetric and volumetric hydrogen density that will never reach the performance 

targets required by the DoE. Another physical solution for hydrogen storage is cryogenically cooled 

liquid hydrogen. Despite the higher gravimetric and volumetric hydrogen density which are obtained 
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when hydrogen is liquified, the challenges are in its filling and transport requiring temperatures below 

-252.8 ºC. Hydrogen can be also physically stored on high surface solids (by adsorption) or within solids 

such as carbon nanotubes, metal-organic frameworks (MOFs) and other nanostructured materials27, 135, 

138, 139. 

In terms of chemical solutions, hydrogen can be stored either in hydride storage systems or liquid 

hydrogen carriers. Generally, metal hydride materials are interstitial compounds formed by hydrogen 

with metals. Remarkably, there are several classes of metal hydrides (for example, NaBH4) with higher 

energy densities than liquid hydrogen19, 134, 140. However, the danger in their use and the cost and time 

involved in their hydrogen absorption/desorption are too high, thus more research and development are 

required19. Liquid organic hydrogen carriers such as toluene, methanol and ethanol etc. are another 

option for storing hydrogen chemically. Similar to other methods of hydrogen storage, it is still in 

development.  

The possibility of using ammonia as a hydrogen carrier merits a mention as such technologies have 

drawn a great deal of attention due to the high hydrogen density of ammonia. The advantages of using 

ammonia are that the technologies for production and transportation are well developed and already in 

widespread use on an industrial scale141. Moreover, there is no CO2 emission at the end user. However, 

the toxic nature of ammonia and the unfavourable reaction conditions for the several imide and amide 

systems explored make it disfavoured141. 

It is worth noting that fossil fuels are themselves excellent hydrogen storage materials since they 

themselves exceed the targets of H2 gravimetric and volumetric densities set by the U.S DoE134, 135. 

Generally, hydrogen and carbon are the two major compounds that compose fossil fuels. As the result 

of combustion, hydrogen is transformed to water while carbon is converted to CO2 through the chemical 

reactions 2H2 + O2 = 2H2O and C + O2 = CO2 
14. Thus, instead of burning carbon, extracting only 

hydrogen gas from fossil fuels to produce high purity hydrogen with recovery of solid carbon product, 

will provide a new scientific and technological era of ‘Fossil fuels decarbonisation’ and the hydrogen 

economy. 

Recently, we have developed a method of rapidly liberating high purity hydrogen from various 

hydrocarbons as well as naturally occurring fossil fuels with the assistance of microwave technology 
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using metal catalysts133, 142. With the well-established distribution and transportation infrastructure for 

fossil fuels utilisation, we believe the fossil fuels are potentially ideal hydrogen carriers for fuel cell 

vehicles and may play a significant role for both the production and storage of hydrogen in the future. 

 

1.7 Hydrogen production involving microwave-initiated catalysis 

As briefly mentioned above, my DPhil research focuses on CO2-free hydrogen production from fossil 

fuels (hydrocarbons) via microwave-initiated heterogeneous catalysis. In this section, the basic of 

microwave catalysis as well as the previous work on microwave-initiated hydrogen production will be 

reviewed. 

 

1.7.1 Introduction to microwave chemistry and application 

The microwave radiation comprises electromagnetic waves which have no mass, move at the speed 

of light and possess significant energy. Microwave radiation falls between radio waves and infrared 

waves on the frequencies between 30 GHz and 300 MHz, and this corresponds to wavelengths of 1m 

to 1cm. In general, microwaves are widely used in communications and especially in heating process 

for food processing. Since the domestic microwave oven was first designed in the 1970s by Japanese 

scientists, microwave chemistry has been widely investigated in different fields for its applications such 

as sterilization and pasteurization, different drying processes, rubber vulcanization, polymerization or 

curing of resins and polymers by elimination of polar solvents, etc. 143-145. Microwave heating by high-

frequency electromagnetic radiation waves could interact with charged particles (catalysts, reactants or 

solvent) and cause these compounds heat up in the electric field of electromagnetic radiation. This 

selective heating can subsequently lead to less by-products and/or decomposition products146. 
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Figure 1.8. Fields of applications with microwave chemistry. (Reproduced from Ref. 147). 

 

One example where microwaves are used in organic synthesis is the Suzuki-Miyaura cross coupling 

reaction148, 149, where the reaction times are significantly reduced from days and hours to minutes and 

seconds when microwave heating is applied. This acceleration effect of microwave rapid heating in 

organic transformations has also been proven and reported in several other different organic reactions 

including selective Heck coupling150 and asymmetric substitutions etc.151. The use of microwaves in 

chemical synthesis is particularly attractive in the field of Green Chemistry in order to meet the 

increasing demand for environmentally benign chemical processes. Through the extensive research into 

such applications of microwave organic synthesis, microwave heating has now been able to move from 

the academic laboratory to the industrial level. 
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Another important application of microwave is materials synthesis. Specifically, recent studies have 

reported the calcination and sintering of ceramics, fabricating zeolites, mixed oxide and mesoporous 

molecular sieves by using microwave heating. The effective sintering of ceramic materials was 

developed via the fact that ceramics could be self-heated under microwave irradiation. Compared to the 

conventional sintering where the heat transfers by conduction, convection and radiation, the use of 

microwave enables the sintering to be carryied out at low temperature for a short time because the 

sample itself can generate heat under microwave irradiation152, 153. The microwave synthesis of zeolites 

has also been widely investigated and reported over the last decade154. It has also been claimed that the 

microwave synthesis of zeolites could provide relatively small crystals with higher rates of formation. 

Other synthesis of new materials, such as manganese oxides, nanoporous octahedral molecular sieves, 

mesoporous molecular sieves, perovskite and other nanoporous materials etc. have also shown that 

microwave heating can lead to faster preparations154.  

Recently, microwave pyrolysis of lignocellulosic biomass generates great interest in renewable 

biofuels and green materials60. Lignocellulosic biomass, which is derived from plant cell wall 

components comprised of mainly cellulose (30-50%), hemicelluloses (10-30%), and lignin (10-35%), 

is the most abundant renewable organic resource on the earth60. Microwave pyrolysis of different 

biomass feedstocks such as corn stover, rice straw, sugarcane bagasse, coffee grounds and bamboo etc. 

have been widely studied155. In general, a mixture of gas (syngas), liquid (bio-oil) and solid (bio-char) 

can be generated via microwave pyrolysis of biomass. The yields of the different phases of products are 

highly dependent on operating conditions such as temperature, processing time and microwave power 

levels. Compared with conventional pyrolysis, microwave pyrolysis is faster, and requires less energy. 

This is more substantial at lower temperatures because the occurring of a hot spot on the sample itself 

under microwave irradiation can enhance the energy efficiency of the whole pyrolysis process. However, 

like conventional pyrolysis of biomass, to upgrade the product quality particular a bio-oil, is a great 

challenge. Therefore, combining catalysis with microwave pyrolysis may make an important 

breakthrough for the next generation of bio-fuel production. 

When microwave is used in activating/initiating the heterogeneous catalysts for chemical reactions, 

the fundamental difference of microwave heating and traditional heating should be taken into account. 
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Unlike traditional heating where a wide spectrum of active centres can be generated on the catalysts’ 

surface, leading to various side reactions, the microwave heating selectively activates charged catalysts, 

and this is of the great importance to increase the activity and selectivity of catalytic processes. There 

is thus, a section of the basic principle of microwave as well as the phenomena of microwaves 

interaction with catalysts as described in the following section. 

 

1.7.2 Fundamental principle of microwave science 

The microwave radiation as describe above, is electromagnetic radiation spanning the frequency 

range from 0.3 – 300 GHz. In general, an operating frequency of 2.45 GHz is used in domestic 

microwaves corresponding to a wavelength of 12.24 cm and an energy of 1.02 × 10-5 eV. In industrial 

application, a frequency of 915 MHz is usually used in industrial microwave because it can provide up 

to 100 kW in larger scale heating applications147. It should be noted that only some specific frequencies 

in the range of microwave can be employed for the industrial, scientific, and medical (ISM) purposes 

to avoid any electromagnetic interference and disruption to radio communications. And the ISM bands 

which has been reserved globally are 2.45, 5.8 and 24 GHz, with other frequencies are established by 

each respective country147. 

Since atoms are made of a positively charged nucleus and negatively charged electrons, polarization 

phenomena are generated when an electric field is applied. This is also called the electric and atomic 

polarization and generally occurs at high frequencies, but for many dry solids, this is also the dominant 

polarization mechanisms at microwave frequencies156. Regardless of the polar or nonpolar nature of 

matter, the polarization always occurs. However, in terms of orientation polarization/alignment 

polarization, it occurs only when those polar molecules are affected by the oscillating electric field. In 

a microwave electric field, the electric field (E field) will exercise a torque (T) on the electric field 

(Figure 1.9), and the dipoles will rotate and re-align themselves with the oscillating electric field thus 

causing orientation polarization to occur. When the direction of the microwave electric field changes, 

the torque will also change in direction and result in the rotation and rearrangement of dipoles. However, 

the fast microwaves vibration (2450000000 times/s for general domestic microwave at the frequency 

of 2.45 GHz) will cause a time difference between the oscillating microwave electric field and the dipole 
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of molecules because a molecular cluster cannot follow this microwave vibration. This delay 

subsequently converts to heat energy (kinetic energy) as loss of the electromagnetic wave energy and 

the dipole rotation also contributes to the dielectric losses based upon the friction147. 

 

Figure 1.9. The dipole rotation of a polar molecule, showing the fluctuation in the dipole moment in a 

particular direction. (Modified from Ref. 156 and 157). 

 

In ionic materials (e.g. NaCl), the ionic polarisation is dominant when an electric field is applied. 

When a field acts, the anion and cation are displaced further in opposite direction and their 

inter ionic separation increases until bonding force stops the process thus increasing the dipole 

moment156. It should be noted that ionic crystal in general is natural dipoles with exactly zero 

polarization, and these dipoles cannot rotate because their direction is fixed. The applied microwave 

electric field induces a net dipole moment, and this causes the heating as a result of electric resistance.  

In metals, the conductivity arises from movement of free electrons on the presence of an electric 

field. The collections of free electrons on the metal’s surface cause a high concentration of electric field 

on the surface whereas 0 electric field is inside of the metal particles. These localised high fields could 

cause the formation of ‘hot spot’ which has been always acknowledged in microwave chemistry and 

linked to the enhanced selectivity and energy efficiency. The produced hotspot on metal particles is also 

considered as an important factor of the hydrocarbon conversion process selectivity enhancement 

towards the products of interest (hydrogen) in this thesis. 



29 

In essence, a material may have several dielectric mechanisms or polarization effects that contribute 

to its overall permittivity. The permittivity or dielectric constant of a material, by definition, is a non-

dimensional real quantity which is an important measure of the extent to which the electric charge 

distribution in the material can be distorted or polarized by application of an electric field156. The 

complex dielectric constant or dielectric permittivity (ε*) is given in Eq. 1.14 which consists of a real 

part ε’ and an imaginary part ε”. The real part of ε’ represents the ability of materials to store 

electromagnetic energy and the imaginary part of ε’’ represents the loss which determines the efficiency 

of converting electromagnetic energy to heat147.  

𝜀∗ = 𝜀′ + 𝜀′′                                                             (1.14) 

When complex permittivity is drawn as a simple vector diagram (Figure 1.10), the real and imaginary 

components are 90° out of phase. The vector sum forms an angle 𝛿 with the real axis (ε’) 147, 156. Thus, 

the loss tangent (tan𝛿) is given by Eq. 1.15, which is defined as the ratio of the imaginary part of the 

permittivity to the real part. The loss tangent of a material represents the ratio of the energy lost to the 

energy stored which importantly determines the ability of the materials to convert electromagnetic 

energy to heat. A material with high loss tangent enables the efficient conversion of microwave energy 

to thermal energy. The Q denoting quality factor which is also called as the ‘Q-factor’, is the reciprocal 

of the loss tangent. 

tan 𝛿 =
𝜀′′

𝜀′
=
1

𝑄
                                                             (1.15) 

 

 

Figure 1.10. Loss tangent vector diagram. (Reproduced from Ref. 156). 
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Other essential properties need to be considered for any materials when interacting with microwave 

irradiation are the relaxation time and the penetration depth of microwave. Relaxation time (𝜏) is a 

measure of the mobility of the molecules (dipoles) that exist in a material. In the absence of an external 

electric field, the electrons in substance move in random directions, and these electrons acquire a 

constant resultant velocity in the opposite direction to the applied electric field when an external electric 

field is applied. Thus, the relaxation time determines the time required for a displaced system aligned 

in an electric field to return to 1/e of its random equilibrium value when the external electric field is 

turned off, or the time required for dipoles to approach the final state of orientation polarization in an 

electric field. Materials that exhibit a single relaxation time constant (𝜏) can be modelled by the Debye 

relation (Eq. 1.16) which appears a characteristic response in permittivity as a function of relaxation 

frequency, where the relaxation frequency (fc) is inversely related to relaxation time constant (𝜏) (Eq. 

1.17) 156. 

 𝜀 ∗ (𝜔) = 𝜀∞ +
𝜀𝑠−𝜀∞

1+𝑖𝜔𝜏
                                                            (1.16) 

where, 

𝜀∞ is the permittivity at infinite frequency, or is the optical permittivity 

𝜀𝑠 is the measured permittivity at low frequency, or is the static permittivity 

𝜏 =
1

2𝜋𝑓𝑐
                                                                      (1.17) 

At frequencies below the relaxation (fc), the field variation is slow enough so that the dipoles can 

keep pace with the oscillating electric field, thus causing polarization to be fully developed. However, 

when the frequencies lie above the relaxation (fc), the orientation polarization disappears because the 

alternating electric field is too fast to enforce the dipole rotation. Take water as an example in Figure 

1.11, the dielectric constant (ε ') is above and below the relaxation with the transition occurring near the 

relaxation frequency (22 GHz). And for the dielectric loss (ε ''), it peaks in the transition region at the 

relaxation frequency156. 

The penetration depth (Dp) is the depth from the surface of material at which microwaves pervade 

into the material and the power level reduced to 1/e (≈ 37%) of its surface value. And the Dp can be 

estimated as follow (Eq. 1.18) 147, 158, 
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𝐷𝑝 =
𝜆

2√2𝜋
[𝜀′(√1 + (𝜀′′/𝜀′)2 − 1)]

−1/2
                                     (1.18) 

Where, λ is the wavelength of the radiation (λ(2.45 GHz) = 12.24 cm). As the dielectric constant and the 

dielectric loss are incorporated in this equation, the penetration depth depends on the applied frequency 

and temperature. For example, the penetration depth of water at 25 °C is about 1.8cm and it changes to 

3.1cm and 5.4 cm at the temperature of 50 °C and 90 °C, respectively147. However, the penetration 

depth of water becomes remarkably shallow and negligibly small to the temperature changes when ions 

are contained. Unlike polar materials, the penetration depth of nonpolar material is very deep and could 

be fully transparent for the materials such as plastics etc. Therefore, it is necessary to examine the 

penetration depth of microwaves into a substance to achieve high efficiency. 

 

Figure 1.11. Debye relaxation of water at 30°C. (Reproduced from Ref. 156). 

 

For microwave penetration in powders of small conducting particles (such as metals), the “skin depth” 

(δ) is in general used to describe the distance at which the microwave power decreases to 1/e of its 

power value at the surface. The skin depth is related to the electrical conductivity and the microwave 

frequency is defined as follow (Eq. 1.19)158,  

𝛿 =
1

(𝜐𝜋𝜇𝜎)1/2
                                                            (1.19) 

where, υ is the microwave frequency and σ is the electrical conductivity. In response of the size 

dependency on microwave absorption, Porch et al.159 calculated the electromagnetic absorption within 
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small conducting particles in microwave fields for a range of practical values of particle size and 

conductivity. As a result, the electromagnetic absorption is predominantly driven by a microwave 

electric field for particles of low conductivity, and for highly conducting particles, magnetic dipole 

absorption is dominant regardless of the particle radii, from <10nm to >1mm. As observed in Figure 

1.12, there are the regions of dominant electric (E-field) absorption and magnetic (H-field) absorption, 

with the optimal (size independent) electric absorption, given by σ≈ 3𝜔𝜀0, and the optimal magnetic 

absorption, given by a = 2.41δ.159 Also, a region of low electromagnetic absorption shown in blue is 

given, where sub-micron sized, conducting particles will heat poorly. Therefore, they concluded that 

for a metal of any given conductivity at a particular frequency, maximum magnetic absorption can be 

assured by simple selection of the mean particle radius159. 

 

Figure 1.12. Total electromagnetic absorption in non-magnetic particles as a function of conductivity 

and mean particle radius, for peak applied electric field 1 V m-1, satisfying the relationship E0 = η0H0 

oscillating at a frequency of 2.45 GHz. Optimal electric absorption and optimal magnetic absorption 

are marked in red. (Reproduced from Ref. 159). 
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1.7.3 Microwave Heating Phenomena 

There are three types of important heating phenomena caused by microwaves based upon the 

substances: conduction loss heating, dielectric loss heating and magnetic heating. As such the thermal 

energy P produced per unit volume originating from microwave radiation can be expressed by Eq. 

1.20147: 

𝑃 =
1

2
𝜎|𝐸|2 + 𝜋𝑓𝜀0𝜀𝑟′′|𝐸|

2 + 𝜋𝑓𝜇0𝜇𝑟′′|𝐻|
2                               (1.20) 

In this equation, E and H denote the strength of the electric and magnetic fields of the microwaves 

respectively; σ refers to electrical conductivity; f is the frequency of the microwaves; ε0 refers to the 

vacuum permittivity and ε’’ is the relative dielectric loss factor; µ0 is the magnetic permeability in a 

vacuum and µ’’ is the relative magnetic loss147. There are thus, the three important heating phenomena: 

the conduction loss (first term), dielectric loss (second term) and magnetic loss (third term) identified 

in this equation. Therefore, the electrical, dielectric and magnetic properties of materials are rather 

decisive for microwave heating, hence the change of electric or magnetic fields can affect the materials 

in response to the microwave irradiation. 

Conduction loss heating (the first term in Eq. 1.20), also known as Eddy current loss and Joule loss, 

occurs when the material contains mobile charge carriers such as electrons and fast ion conductors, and 

is dipolar characteristics. According to Faraday’s laws of induction, the oscillating microwave field 

gives rise to currents travelling in phase and the energy will dissipate in the form of heat by resistance. 

It is also worth to note that in solid materials like carbon black powder, conduction losses could be 

enhanced by defects in materials because these sharply reduce the energy needed to generate electrons 

and holes in the conduction and valence bands147. Such material is thus usually used as additive to solids 

with poor dielectric losses. 

Dielectric loss heating on the other hand, can heat nonconductive materials through the molecular 

rotation under the alternating microwave electric field. The molecular dipoles intend to re-align 

themselves with the changes of the electric field, and thereby generating heat as a result of friction 

between molecules. For polar compounds which possess a permanent dipole moment, microwave 
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heating is governed mostly by dielectric loss heating because the dipole rotation lags behind the field 

variation, thus result in the heating of the irradiated material147. 

Unlike Eddy current losses which are induced by domain wall and electron spin resonance, magnetic 

loss heating occurs in magnetic materials such as transition metal oxides (e.g., iron, nickel, and cobalt 

oxides) in the microwave region. Compared to non-magnetic materials, microwave heating is 

dramatically enhanced by magnetic losses within the magnetic materials because they have a lossy part 

to their complex permeability. For example, the magnetite (Fe3O4) can be rapidly heated in a 

microwaves magnetic field, whereas induction heating cannot occur on hematite (Fe2O3) because it is 

not a magnetic material147. 

It is worth to point out the microwave heating phenomena for small metal particles, where there is a 

common misconception that metals are heated when exposed to a microwave electric field. As with the 

simple physical explanation by Porch et. al. 159, the highly conducting particles is highly screened when 

exposed to a microwave electric field. There is therefore, the truth is the metal particles are not itself 

heated, rather there is a high concentration of electric field outside (on the surface of the metal particles) 

that can heat surrounding region (if filled with a lossy material), or could form a local plasma that will 

then drive heat into all of its surroundings via thermal conduction. Therefore, we could predict heating 

based on the microwave power absorbed by the sample and its heat capacity. 

𝑃 = 𝐶 ∙
∆𝑇

∆𝑡
 

where P is the microwave power delivered to the sample, C is the heat capacity of the material, T is the 

temperature and t is the time. 

 

1.7.4 Hydrogen Production through Microwave-initiated Catalysis 

Microwave heating has a number of advantages over conventional heating including non-contact and 

selective heating, rapid heating and quick start-up and shutdown etc. In addition, microwave can heat 

the interior of the catalysts bodies without heating the surrounding substances, and the energy can be 

transported from the source through a transparent quartz or a hollow, non-magnetic metal tube160. 

However, microwave heating effects on solid state compounds are complex and still not fully 
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understood. There are thus, only few prior works72-74, 161, 162 have reported using microwave for hydrogen 

production. And among the different hydrocarbons which have been used as feedstocks, methane is 

mostly investigated, because it is the simplest hydrocarbon with the highest H/C ratio.  

In recent years, the so-called microwave plasma has also been investigated since a very high reaction 

temperature can be achieved by plasma technology. By means, microwave plasma is generated using a 

microwave frequency which has been reported for diamond vapor deposition and IC manufacturing etc. 

The advantages of microwave plasma are easy operation, an electrodeless reactor, high plasma density 

and high electron mean energy160. Accordingly, the microwave plasma at atmospheric pressure can 

provide the electron temperature of 4000 – 10000 K, and the heavy particle temperature of 2000-6000 

K163. Jasinski et al. reported that microwave plasma is attractive for hydrogen production by methane 

decomposition because of the facts of high hydrogen production rate, low cost and effective164. However, 

the thermal plasma-assisted methane decomposition process requires intensive electric energy 

consumption which has been reported operating at temperatures in excess of 5000 °C. In comparison, 

the catalytic methane decomposition can be accomplished at temperatures comparable to that of the 

conventional SMR process, i.e., 850–900 °C, a temperature range about 400–500 °C lower than that for 

non-catalytic methane decomposition. Muradov et al. showed that non-thermal plasma-assisted 

methane decomposition can be achieved over catalytically active carbon aerosol particles at near-

ambient conditions165. 

Therefore, it appears to be of great importance to choose the catalyst for microwave-initiated catalytic 

hydrogen production process as it must meet some specific requirements in addition to the common 

demands of high activity, selectivity and stability. Such a catalyst must be a good microwave 

absorber/receptor and able to retain its structure and properties under intense microwave irradiation160, 

166. In general, metal- and carbon-based catalysts have been developed for microwave-initiated CO2-

free hydrogen production from hydrocarbons decomposition (mostly methane decomposition). The 

main problem of using metal-based catalysts is due to the carbon deposition that causes the deactivation 

of the catalysts by the blockage of catalytic active sites. The use of carbon-based catalysts offers certain 

advantages over metal catalysts due to their high durability and low cost165. Most importantly, the 
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carbon materials are the excellent microwave absorber/accepter which can efficiently convert the 

electromagnetic energy to heat.  

Domínguez et al. reported microwave-initiated decomposition of methane on activated carbon and 

illustrated a higher selectivity to H2 with higher conversions compared to electric heating (conventional 

heating)73 (Figure 1.13). This is considered due to the formation of hot spots inside the catalyst bed 

which favours CH4 decomposition. Through the reactions of hydrocarbons dehydrogenation, carbon-

forming processes involve chemisorption of different kinds of carbons or condensed hydrocarbons some 

of which may be active towards the catalytic reactions and others may act as catalyst poisons. Later 

study by Menéndez et al. have reviewed the microwave heating processes involving carbon materials167. 

In general, carbon materials are used as microwave acceptors/receptors to heat other materials indirectly, 

or directly act as a catalyst in different heterogeneous reactions due to their excellent ability to absorb 

microwaves. There is thus, a variety of carbon materials, such as activated carbons, metallurgical cokes, 

chars or anthracite, used for several microwave-enhanced heterogeneous catalytic reactions, in which 

carbons acted as catalyst and microwave receptor167. 

  

Figure 1.13. Effect of the reaction temperature on methane conversion, under microwave heating (solid 

symbol) or conventional heating (empty symbol). Runs A and B: 900 °C; runs C and D: 800 °C; and 

runs E and F: 700 °C. VHSV=0.160L/g h. (Reproduced from Ref. 73). 

 

Unlike methane decomposition, few works have been done on heavy hydrocarbons for hydrogen 

production via microwave-initiated catalytic processes72, 133, 162. Tanner et al. reported the microwave-
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initiated catalytic reactions of a variety of liquid hydrocarbons (straight chain, branched, aromatic, and 

functionalized) using millimetre-sized chars. Accordingly, a vigorous emission of sparks was generated 

over chars under microwave irradiation and result in molecular hydrogen, gaseous hydrocarbons (CH4, 

C2H2, C2H4, C2H6, C3H6, C4H8, C4H6), and a range of liquid olefins have been observed as products72, 

168. Especially for hexadecane pyrolysis, the researchers presented that microwave heating gave mainly 

hydrogen, ethylene and α-olefins in the liquid products, in which the content of α-olefins was more than 

an order of magnitude greater than the content of other products (mostly alkanes). They attributed the 

high α-olefins selectivity to the spark discharge arising on the carbon surface upon microwave 

irradiation, which caused C – C or C – H bond cleavage to form alkyl radicals and hydrogen atoms in 

a short reaction time72. However, Udalov et al. argued that the exclusive selectivity of hexadecane 

pyrolysis to hydrogen, ethylene and α-olefins might also be a consequence of the catalytic action of a 

variety of naturally occurring metals contained in the carbons because the metallic catalyst under 

microwave irradiation have been proposed to involve hot spots which promote the thermal reactions of 

methane, leading to the formation of gas-phase methyl radicals and hydrogen atoms162. There is thus, 

an expanding range of catalysts including Fe2O3 magnetic microspheres (coal combustion ash, 92.5% 

mass % Fe2O3 with major impurities: 4.9% CaO, 1.3% MgO, 1.3% SiO2), glass fibre supported 

palladium catalysts, metal-ceramic Al2O3/Al catalysts, ZSM-12 zeolite catalysts, and 70% ZSM-

5/Al2O3 (0.2-1.0 mm fraction) were investigated for microwave-initiated hexadecane pyrolysis. As a 

result, methane, ethylene, and propylene were found predominated in the gaseous reaction products, 

and similarly α-olefins were mostly observed in the liquid products of hexadecane pyrolysis on 

magnetic microspheres and metal-ceramics contain162. These again indicate the great importance to 

choose the catalyst for microwave-initiated catalysis in different heterogeneous catalysis. 

Prior work in the group by Gonzalez-Cortes et al.133 have proposed using the long chain alkanes -

paraffin wax (> C20 alkanes), as a benign hydrogen storage material with a demonstration of rapid 

liberating hydrogen from paraffin wax by microwave-initiated catalytic process. An activated carbon 

supported ruthenium (Ru/AC) catalyst was prepared and used for hydrogen production by paraffin wax 

(C26H54) decomposition. And a hydrogen concentration of 60 – 80 mol.% was obtained in the exit gas 

stream over Ru/AC catalysts (Figure 1.14). In contrast, only about 40 mol.% of hydrogen was produced 
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for microwave irradiation in only activated carbon (in the absence of ruthenium metal catalyst) (Figure 

1.15). This is presumably as a consequence of the large availability of surfaces of activated 

ruthenium metal nanoparticles133. 

In comparison of microwave heating and conventional heating, it was found that the average 

temperature for the system under dielectric heating (ca. 723 K) was significantly lower than that used 

in the thermal-treated sample (823 K). Despite of the temperature differences, compared to conventional 

heating, the gas composition of the 50 wt. % paraffin wax @ 5 wt. % Ru/AC under dielectric heating 

showed a slightly increase of the hydrogen production while the methane concentration was reduced 

(Figure 1.15). This finding highlights the remarkable effect of the selective heating of the microwave 

irradiation and hence the dual effect of the hot and cold spots over the overall gas distribution.  

 
Figure 1.14. Product distribution of paraffin wax (C26H54) decomposition over 5 wt.% Ru/AC catalyst 

for absorbed power between 80 and 60W. (Adapted from Ref. 133). 

 



39 

 
Figure 1.15. Comparisons of microwave and thermal treatment on the resulting evolved gas mixture 

composition. (Adapted from Ref. 133).   

 

Besides the linear alkanes, the aromatic hydrocarbons can be also used for hydrogen production 

through microwave heating and these features have been proposed as possible carriers of hydrogen147. 

Horikoshi and co-workers have reported the dehydrogenation of decalin and tetralin in gas-phase on Pt 

and activated carbon supported Pt catalysts74, 169. As a result, the tetralin conversion was significantly 

enhanced from 31% in conventional thermal heating to 56% under microwave conditions. The 

enhancement was explained by the heating ability of Pt/carbon particles causing a large-temperature 

gradient between the catalyst and the tetralin solution under microwave conditions. However, the 

naphthalene produced from tetralin and decalin dehydrogenation, has a melting point of 80 °C and are 

easily to solidify, thereby clogging the reactor or the pipes147. Therefore, the methylcyclohexane to 

toluene cycle was proposed by the same researchers, where the dehydrogenation of the organic hydride 

MCH (methylcyclohexane) was carried out in a continues flow over an activated carbon supported 

palladium (Pd/AC) catalyst with the assistance of microwave170. The advantages of microwave over 

conventional heating are observed in both MCH conversion (94%) and a considerable energy saving 

(ca. 75%) as the microwave heating led to hydrogen evolution in much shorter times. 

In a brief summary, pioneering researches have shown the possibility using microwave for hydrogen 

production from a variety of hydrogen containing feedstocks. And several demonstration works have 
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been done in comparison of microwave and conventional heating process. Although the advantages of 

microwave versus conventional heating are listed, there are still many challenges across the 

fundamental differences and the future applications for microwave, especially when it is combined with 

heterogeneous catalysis. In the study of microwave-initiated catalytic hydrogen production, it is still in 

its very early stage and more efforts are needed in both scientific and engineering aspects to achieve the 

real breakthrough on microwave towards high-purity hydrogen production. 

 

1.8 Thesis objective and research summary 

Hydrogen as an energy carrier promises a sustainable energy revolution. However, one of the greatest 

challenges for any future hydrogen economy is the necessity for large scale hydrogen production not 

involving concurrent CO2 production. The intrinsically high hydrogen content of liquid-range alkane 

hydrocarbons offers a potential route to CO2-free hydrogen production through their catalytic deep 

dehydrogenation. Pioneering work by Steinberg67, 68 and Muradov59, 69 has led to CO2-free hydrogen 

production from hydrocarbons, predominantly methane, via thermal pyrolysis. Hydrogen production 

through this route has then been studied through the use of microwaves72, 73, 133, 171, plasma’s75, 76 and 

molten metals 58, 77. My DPhil research work centres on a method of rapidly liberating high-purity 

hydrogen from hydrocarbons without CO2 emission. There is thus, an innovative system combining 

microwave technology and heterogeneous catalysis proposed. As a result, a H2 production selectivity 

from all evolved gases of some 98%, is achieved with less than a fraction of a percent of adventitious 

CO and CO2 through the microwave-initiated catalytic dehydrogenation of liquid alkanes using Fe and 

Ni particles supported on silicon carbide. 

The first part of my doctoral research explores the suitable catalyst systems for the proposed process. 

The challenge for this new developed catalytic system is to examine the catalyst materials interaction 

with microwave irradiation. Therefore, I conducted a series of catalyst preparation, characterization and 

evaluation for the CO2-free hydrogen production from prototype hydrocarbons through microwave-

initiated dehydrogenation. Consequently, I was able to develop the most effective catalysts system for 

rapid high-purity hydrogen fuel production from hydrocarbons under microwave irradiation.  
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A second strand of this work deals with a variety of actual, real petroleum products, ranging from 

heavy crude oil, crude oil through diesel, petrol to natural gas (methane). The enthusiasm and 

excitement at this part of work is that I demonstrated that real hydrocarbon fossil fuels (even crude oil) 

can be the vehicle for high-purity hydrogen production, so that we did not spell out solely for a single, 

model hydrocarbon; but from a variety of actual carbonaceous and petroleum products. Therefore, the 

undoubted attractive attributes of fossil fuels - relatively inexpensive, widely available and readily 

adaptable to applications large and small, simple and complex, - can significantly assist in the staged 

transition to a hydrogen-based, sustainable hydrogen energy economy. Based on these works, one patent 

has been filed and three papers142, 172, 173 are published.  

In addition, to get a better understanding of this new developed technique system and make it more 

efficient in order to provide the economic impetus for its uptake, the expanding work has been carried 

out continually and will last in my future research. Apart from the demonstration on the rapid and 

effective process of microwave-initiated fossil hydrocarbons dehydrogenation for high-purity hydrogen 

production, I have also showed that a very large positive net energy balance can, in principle, be 

obtained in microwave conditions, given high selectivity in this dehydrogenation process. Moreover, I 

have demonstrated that the microwave –initiated process is more energy efficient than conventional 

thermal catalytic processes in a small-scale experimental laboratory configuration.  

Another important study on by-product of solid carbon has also been carried out in my doctoral work 

which has partially done but not yet optimised. I have tested and characterised the resulting carbon 

residues for their morphologies and physical properties etc. In addition to the overall process of 

hydrogen production from fossil fuels dehydrogenation, several potential applications and recycle 

routes for the residual pure by-products, elemental solid carbon, are proposed. 

Therefore, in my DPhil study and research, I believe that a new scientific and technological era of 

“Fossil fuel decarbonisation’’ can arise where we will not destroy naturally-occurring fossil fuels by 

combustion – fire - conflagration174 – with the attendant CO2 emissions, but rather utilise them to 

produce clean hydrogen. Carbonaceous fossil fuels are thereby transformed from carbon - rich to 

hydrogen-rich fuels for future energy. 
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Chapter 2 

Experimental methods 

This chapter summarises the experimental techniques and procedures applied in this thesis. The 

design of microwave system, catalysts preparation and the evaluation of catalytic performance are 

described by sections. Moreover, a variety of characterisation techniques used in this work are also 

introduced. 

 

2.1 Experimental set-up 

Figure 2.1 shows the experimental setup used in this work. A microwave system which consists of a 

microwave generation system, a purpose-built microwave cavity and a control system is presented. The 

generated gases are collected by metrical cylinders with controlled valves, so that can separate the gases 

in different times for the study on a ‘time on stream’ basis. The collected gases are then analysed by 

Gas Chromatography (GC) using a Perkin-Elmer, Clarus 580 GC. The liquid products and/or the 

‘escaped’ feedstocks are trapped using two cold traps and the liquids are collected and analysed by Gas 

Chromatograph Mass Spectrometer (GC-MS) using a SHIMADZU, GCMS-QP2010 SE. 

 

2.1.1 Microwave system 

The microwave heating system chain prior to the applicator (cylindrical cavity) consisted of a power 

generator, microwave head, microwave circulator, dummy load, microwave power meters and tuneable 

waveguide sections which was designed and supplied by the French company Sairem Ltd. The system 

was computer controlled using the Labview software. The applicator section was fabricated in the 

Inorganic Chemistry Laboratory at the University of Oxford. 
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Figure 2.1. Reaction system configuration. 

 

The power generator is equipped with a magnetron as microwave source with a ripple rate of < 1% 

RMS from 10% to 100%. The operating frequency of the microwave system was 2450 MHz (± 25 

MHz) from 10% to 100% of nominal power. The maximum output power was 2000 W with 1% stability 

from 10% to 100% of maximum power after thirty minutes on. The power rise time is about 100 μs and 

the microwave output is via WR 340 waveguides. The power generator is a resonant switching converter 

with frequencies of 30 kHz up to 80 kHz and an efficiency of 93% at nominal power1, 2. The power 
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supply and microwave head are both water and air cooled. The cooling system requires a minimum 

water flow rate of 5L/min with a differential pressure of 1.9 bar. The power generator will automatically 

shut down when the water flow rate below 3L/min and 0.7 bar3. And the generator is controlled remotely 

via an RS232 MODBUS gateway using the Labview software.  

A rectangular waveguide is constructed to guide the microwave to the cavity. And a circulator and 

dummy load are equipped in the middle of the waveguide to protect the power generator from the 

damage by the reflected power which hasn’t been absorbed by either the samples or the system. To 

detect and calculate the amount of reflected energy, a reflected power measurement system which 

consists of a crystal detector, isolator load and level adapter box is also equipped in the microwave 

system (Figure 2.2). The reflected power R, was measured by a crystal detector mounted onto the 

isolator load, from which the power absorbed by the sample, P is determined. If the power transmitted 

to the applicator is W, then P = W − R − X, where X is the microwave power lost in the cavity walls and 

by minor applicator leakages. The applicator used in this work is a TM010 resonant cavity to enable a 

well-characterized field distribution and high nominal field strength1, 2. Thus, in this work electric field 

driven processes, with a high electric energy density in the sample region is investigated. 

 

Figure 2.2. The reflected power measurement system. (Reproduced from Ref.3) 
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The applicator designed for this work is a single-mode cavity which built up by aluminium, and only 

one possible field is created by the standing wave between the walls of the cylindrical cavity. The TM010 

mode used in this work is therefore, created as only a uniform electric field is presented in the centre of 

the cylindrical cavity. The cylindrical cavity is 18 cm in diameter and 10 cm in height. Two holes of 1 

cm in diameter are made in the centre of cavity on and under, so that a sample tube can be inserted and 

fully exposed to the microwave electric field (Figure 2.3). It should be noted that the holes have to be 

small enough to (a) avoid disturbing the electromagnetic fields and affecting the field distribution, and 

(b) avoid causing propagation of the microwaves through the holes and reduce the escape of microwaves. 

3 A square with sides of length 4 cm on the back of the cavity is connected to the waveguide. Opposite 

on the cavity wall, a viewing hole is made for the temperature measurement by IR pyrometer.  

 

Figure 2.3. The purpose built TM010 mode aluminium cavity. 1) The central hole where samples are 

inserted along the axis of the microwave electric field. 2) The viewing port for temperature 

measurement by IR pyrometer. 3) Rectangular connection to the wave guide. 

 

A quartz tube is used as the reactor because quartz is highly transparent to the induced microwave 

irradiation and can reduce exclusion of microwave samples from the field3. Sample are packed in the 
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quartz tube using quartz wools that seals both sides of the tube. Then it is placed into the cavity along 

the axis at the point of high field intensity. The height of the sample bed is usually 3.5 - 4 cm that ensure 

the sample is exposed to the axially polarised (TM010) uniform electric fields (Figure 2.1). 

Although, there are other modes operating in the cavity can vary the distribution fields, thereby affect 

the samples. In this design, we want to separate the magnetic fields and determine the heating 

phenomena caused by only the electric fields. It should be also noted that the presence of the sample in 

the microwave fields can also modify the field distribution, thus it is very important to take into account 

of the sample’s size, configuration, and permittivity when design the applicator in order to guarantee 

the fully-loaded cavity is still operating in the required field distribution3. 

 

2.1.2 Temperature control and measurements 

The sample temperature is measuring using an infrared (IR) pyrometer, which was also used to 

control the power to the generator. The pyrometer was positioned horizontally to face a side hole in the 

microwave cavity (Figure 2.3)1. Since the common temperature measurement techniques such as 

thermocouple or other sensing devices are not applicable to a microwave system, the IR thermometer 

is chosen to detect the temperature through the viewing port. However, the IR thermometer can only 

measure the external surface temperature of the catalyst and cannot detect the regions’ temperature. It 

is thus, difficult to precisely measure the exact temperatures occurring throughout the samples1, 3. 

Adjusting the input microwave power has been developed to control the process temperature and a 

Labview software is linked to control the microwave system. During the microwave experiment a 

temperature (T) versus time (t) of reaction profile was recorded via the Labview program and this 

method has been proved to be a reliable for this work.  

 

2.2 Catalysts preparation 

The catalysts used in this study are prepared using the so-called incipient wetness impregnation 

method. Metal nitrates, for example Fe(NO3)3·9H2O (Iron (III) nitrate nonahydrate, Sigma-Aldrich) and 

Ni(NO3)2·6H2O (Nickel (II) nitrate hexahydrate, Sigma-Aldrich) etc. are used as metal precursor. 
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Support material used for the catalyst preparation are SiC (silicon carbide, Fisher Scientific), AC 

(activated carbon, Sigma-Aldrich) and other types of carbons, SiO2 (silica mesoporous, Sigma-Aldrich) 

and Al2O3 (aluminium oxide, Sigma-Aldrich) etc.  

The powders of support material are first mixed with an aqueous solution of metal nitrate, which was 

calculated to produce a desired content of metal on the support and stirred at 150°C on a magnetic hot 

plate in a fume hood for 3h until it became a slurry. The slurry then is moved into the drying oven, for 

drying overnight. The resulting solid mixtures are calcined in a furnace at 350 °C for 3 h. Finally, the 

active catalysts were obtained by a reduction process in 10% H2 /Argon gases at 800 °C for 6h.  

Catalysts of various metal supported by different supports are prepared by the same method. For the 

preparation of binary metal catalyst, the supports were mixed with the aqueous solution of two or more 

metal nitrate precursors. Moreover, the catalysts with various metal loading ranging from 5 – 100 wt.% 

are synthesised using the same method.  

 

2.3 Evaluation of catalytic performance 

The catalyst is firstly placed in a quartz tube (inner diameter 6mm, outer diameter 9mm) because the 

quartz reduces exclusion of microwave from the field. The height of the catalyst bed exposed to the 

axially polarised (TM010) uniform electric fields is 4cm, with typically about 1.13 cm3 of catalysts. 0.5 

mL (or 30-50 wt.% of catalysts equivalent) liquid hydrocarbons (feedstocks), are then injected into tube 

and waiting 5-10 minutes until the aqueous hydrocarbon was well dispersed into catalysts bed. Then, 

the filled tube was placed axially in the centre of the TM010 microwave cavity in order to minimise 

depolarisation effects under microwave radiation. Before starting microwave irradiation, the samples 

were purged with an Ar flow rate of 1.67 mL · s−1 for a period of 15 minutes. Then, the sample was 

irradiated with microwaves for 30 min at microwave irradiation (typically 750 W is used). The 

microwave system is not impedance matched, thus the energy delivered to the sample cavity and the 

microwave power to which the sample was exposed significantly less than this value. The generated 

gases are collected and analysed by gas chromatography (GC) using a Perkin-Elmer, Clarus 580 GC. 
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The “escaped” hydrocarbon was analysed by gas chromatograph mass spectrometer (GC-MS) using a 

SHIMADZU, GCMS-QP2010 SE. 

For comparison purpose, the conventional thermal experiments are also carried out in an electric 

furnace. The experimental setup is shown in Figure 2.4. The heating rate of electric furnace used in 

these experiments were 10 °C/min. 

The conventional thermal process is in general carried out through two different procedures. For one 

thermal procedure, a hydrocarbons pre-loaded sample is subjected to a pre-heated furnace (550 °C), 

while in another procedure, the catalyst (without fuel) was pre-heated in the furnace to 550 °C and the 

diesel was then carefully introduced to the hot catalyst bed by a syringe. 

 

Figure 2.4. A conventional thermal system configuration, heating by an electric furnace. 

 

2.4 Products analysis 

2.4.1 Gas Chromatography (GC) 

Gas chromatography (GC) is a common analytic technique for separation and identification of 

compounds in a mixture. The technique allows for the detection of each compounds in a mixture 

qualitatively and quantitatively, and it enables to detect a compound with a very small quantity.  
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There are two basic phenomena for the chromatographic separation process: the separation of the 

substances and the broadening of the substance bands. The separation process is based on the distinct 

migration rates of the components caused by the different interactions with the stationary phase. During 

the transportation of a mixture through the column, each compound in the mixture is superimposed with 

mixing processes (dispersion), thus causing a broadening of the substance bands and counteract the 

separation4. Consequently, for detecting the different components, appropriate column dimensions and 

operating parameters is chosen to achieve the maximum of the differences in migration rates of the 

components4. The migration rate of a compound is the time that pass through the column or known as 

the retention time in the stationary phase, and each compound has a specific retention time. Thus, with 

a successful separation process of injected gas mixture, each component is detected and qualitatively 

and quantitatively analysed by detectors at the end of the separation column, therefore produces peaks 

at different times in a chromatogram. 

In this thesis, a Perkin-Elmer, Clarus 580 GC which equipped with two types of detectors is used. A 

flame ionization detector (FID) is commonly used to detect hydrocarbons such as methane, ethane, 

ethylene etc. and many carbon containing compounds. FID has several advantages including low noise 

level, linear response over a very wide range, high sensitivity and little affected by the operating factors 

such as detector temperature, flow rates of gas and other parameters, which make it the most widely 

and successfully used gas chromatographic detector5, 6. The FID passes sample and carrier gas from the 

column through a hydrogen-air flame and works by burning of carbon compounds to produce ions. 

When these ions pass between electrodes placed near the flame they are collected, and a current is 

produced which is proportional to the amount of compound being burned. This current is then sensed 

by an electrometer and gives a recordable digital signal5, 6.  

Another detector used in this thesis is the thermal conductivity detector (TCD) which can detect 

hydrogen, carbon monoxide, carbon dioxide, nitrogen, air, inorganic gases and other compounds. The 

TCD works based on the principle of comparing the thermal conductivities between pure carrier gas 

(the reference gas) and carrier gas plus sample components. A filament in detector is heated electrically 

and kept constant while reference flow and effluent flow (sample components in carrier gas) pass over 

it. There is thus, the difference in thermal conductivity between reference flow and effluent flow is 
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generated as a result of different power requirement for keeping the filament temperature constant 

changes. This difference produces a voltage signal which is proportional to the concentration of the 

sample components, thus a detectable signal is produced6, 7. 

For the Perkin-Elmer, Clarus 580 GC used in this thesis, a 50 m long GC column with 320 µm in 

diameter is equipped. The operating temperature of the oven is 200 °C with a heating rate of 25 °C /min 

from 80 °C to 200 °C. The carrier gas used for TCD is helium with a flow rate set as 40 mL/min, and 

the operating temperature is 200 °C. For FID, the flow rates of H2 and air are set to be 45 mL/min and 

450 mL/min, respectively and the running temperature is 250 °C3. The GC was carefully calibrated 

using standard gases and the error given is ±0.01 – 0.1%. 

 

2.4.2 Gas Chromatography-Mass Spectrometry (GC-MS) 

Gas Chromatography-Mass Spectrometry (GC-MS) is an apparatus that successfully combined gas 

chromatography (GC) and mass spectrometry (MS) techniques. The advantages of GC-MS are that GC 

can effectively separate volatile and semi-volatile mixture compounds into various components and MS 

provides specific detection on each component, whereas GC alone is not always able to selectively 

detect the compounds and MS is suffering on separation of mixtures. Therefore, GC-MS is widely used 

for qualitative and quantitative determination of volatile and semi-volatile organic compounds in a 

variety of fields8.  

In a GC-MS analyte process, a mixture will firstly separate into various components in GC and these 

heated gases pass through the column in carrier gas (normally helium) and then flow into the MS. MS 

works based on the principle of breaking the specimen molecules into charged fragments by electrically 

charging the specimen molecules, accelerating them through a magnetic field. Then, each compound is 

identified by detecting the difference in charges of fragments and the mass of each fragment is displayed 

via a spectral plot. Consequently, using these fragment masses together can give the mass of the original 

molecule and thus a compound’s mass spectrum enables for qualitative identification9.  

In this thesis, GC/MS analysis for liquid products is carried out using a SHIMADZU, GCMS-QP2010 

SE. A capillary column (SHIM-5MS) of 30 m in length and 0.25 mm in diameter is equipped. The 
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helium is used as carrier gas. The temperature of oven in GC is 50 °C and the injection temperature is 

set to be 250 °C. The ion source temperature of MS is 200 °C, with an interface temperature is set 250 

°C. 

 

2.5 Techniques used for characterisation of catalysts 

The catalysts are carefully characterised before and after experiments by powder X-ray diffraction 

(XRD, PANalytical X’Pert PRO diffractometer), scanning electron microscope (SEM, JEOL 840F and 

ZEISS EVO), energy-dispersive X-ray spectroscopy (EDS, ZEISS EVO), high-resolution transmission 

electron microscopy (HRTEM, JEM-3000F 300 kV), thermogravimetric analysis (TGA, TA Instrument, 

SDT Q-600), Laser-Raman spectroscopy (PerkinElmer RamanStationTM 400F spectrometer) and 

microwave cavity perturbation measurements. 

 

2.5.1 X-ray Diffraction (XRD) 

Diffraction occurs when the incident beams which generated by an electron gun, interacts with the 

periodic array of molecules in a crystal10. Among these, x-ray diffraction (XRD) is most widely used in 

solid state chemistry to identify the crystalline structure of a material, with other properties such as 

particle size etc. can also be measured.  

When a x-ray beam hits atom in a crystal, the scattering of x-rays from atoms produces constructive 

interference at specific angles, thereby producing a diffraction pattern which contains information about 

the atomic arrangement within the crystal11. The Bragg’s Law (Eq. 2.1) is used to determine constructive 

interference from x-ray scattered by parallel planes of atoms and calculate the angle (the position of the 

diffraction peaks) by the distance between parallel planes of atoms. 

nλ = 2d sin θ                                                            (2.1) 

where the variable d is the distance between atomic layers in a crystal, and θ is the certain angles of 

incidence by reflected x-ray beams. λ is the wavelength of the incident x-ray and n in the equation is an 

integer. 
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Figure 2.5. Schematic diagram of Bragg’s law. 

 

Theoretically, different kinds of crystal have their unique diffraction patterns and even with tiny 

changes of the crystal structure can lead to the change of XRD patterns which appeared by the shift of 

diffraction peak position. Furthermore, the size of particles can be estimated through Sherrer Equation 

(Eq. 2.2) by measuring the full width at half maximum (FWHM) of diffraction peaks in XRD patterns11, 

12. 

𝜏 =
𝐾𝜆

𝛽𝐶𝑂𝑆𝜃
                                                                 (2.2) 

In this equation (Eq.2.2), τ is the mean size of the ordered (crystalline) domains with a unit in nm. 

This could be smaller or equal to the grain size of the sample. λ is the wavelength of the incident x-ray 

and K is a dimensionless shape factor with a value close to unity and typically has a value of ca. 0.9. β 

is the width at half the maximum intensity (FWHM) and the θ is the angle of incidence. 

In this thesis, the catalysts are characterised by powder X-ray diffraction (XRD) using a Cu Kα X-

ray source (45 kV, 40 mA, 0.15418nm) on a PANalytical X’Pert PRO diffractometer. The specimen is 

prepared by filling a purpose-built sample holder with fine powders and make the surface of sample 

remain smooth and flat. In this study, the sample is in general scanning in a range (in 2θ) of 10° to 80°. 
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2.5.2 Scanning Electron Microscopy and Energy-dispersive X-ray spectroscopy (SEM-

EDS) 

Scanning electron microscopy (SEM) is a powerful and mature technique that has been applied 

widely in many scientific applications for the examination of materials. A normal scanning electron 

microscope consists of electron gun, condenser lenses, apertures, scanning system and specimen 

chamber (Figure 2.6)13, 14. The electron gun is located at the top of the electron column and generates 

the electron beam under a high vacuum. Typically, a tungsten filament is used to generate the free 

electrons by thermionic emission at ca. 2700K. The electron beam is then accelerated toward an anode 

through an adjustable high voltage from 200V to 30 kV, and pass through condenser lenses and a system 

of apertures to produce a convergent electron beam which is focused down to 1000 times its original 

size. Hence, the condenser lenses are primarily responsible for determining the intensity of the electron 

beam while the function of apertures is to reduce and exclude extraneous electrons in the lenses14. The 

images are finally formed by the beam scanning the surface of the specimen where electrons are emitted 

from the specimen by the action of the scanning beam and collected by a suitably-positioned detector13. 

The specimen chamber is located at the lower portion of the column where the secondary electron 

detector is mounted above the specimen stage and controls. The stage can be controlled by a goniometer 

which allows for x-y-z movement, 360 rotation and 90 tilt. 
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Figure 2.6. Scanning electron microscope column. (Reproduced from Ref. 13) 

 

Scanning electron microscopy utilise two types of signals by which secondary and backscattered 

electrons to visually inspect the surface of a specimen. Secondary and backscattered electrons are 

generated as a result of two separate types of interaction between the specimen and electron beam. The 

secondary electrons come from the inelastic collision and scattering of incident electrons with electrons 

around atoms in specimen. This signal is used to reveal the surface structure of a material with a 

resolution of about 10 nm or better14. With backscattered electrons which are a result of an elastic 

collision and scattering event between incident electrons and specimen nuclei or electrons14, we are able 

to resolve topographical contrast and atomic number contrast further from the surface of the material 

with a resolution of  >1 µm. Besides, an x-ray detector is mounted on the column to receive the x-ray 

signal that is generated from a specimen under an electron beam. The x-ray signal which is generated 

by the recombination interactions between free electrons and positive electron holes within the material, 
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allows for determination of elemental composition of the specimen through energy dispersive x-ray 

spectroscopy (EDS) analysis. 

EDS analysis can in principle detect all elements from atomic number 4 (Be) to 92 (U). And 

quantitative analysis is also possible to determine the concentration of the elements in the specimen 

sample surface. In a detector, x-ray photons cause ionization, thereby producing an electrical charge 

which is then amplified by a sensitive preamplifier. Based upon the energy characteristic of the elements, 

EDS employ pulse height analysis, by which an output pulses given by a detector is proportional in 

height to the x-ray photon energy and this is in conjunction with a pulse height analyser15.  

In this thesis, the scanning electron microscope (SEM-EDS, ZEISS EVO) is in general used to 

characterise the surface morphology of the catalysts before and after the reactions, and the surface 

elemental analysis is carried out with the equipped Energy-dispersive X-ray spectroscopy. Another 

scanning electron microscope (SEM-EDS, ZEISS MERLIN) is also proportional employed for some 

characterization.  

 

2.5.3 Transmission Electron Microscopy (TEM) 

Like scanning electron microscopy (SEM), transmission electron microscopy (TEM) is an electron 

microscopy which can be performed on chemical analysis, studying the growth of layers and the 

composition and defects in materials. A TEM can divided to several different forms such as high 

resolution transmission electron microscope (HRTEM), scanning transmission electron microscope 

(STEM) and analytical electron microscope (AEM). A HRTEM can be used to analyse the quality, 

shape, size and density of quantum wells, quires and dots. Unlike SEM, only thin samples which allow 

a fraction of the incident electron beam to go through the sample can be studied using TEM technique16. 

Figure 2.7 illustrates the electron column of the TEM which consists of the illumination system, the 

objective lens/stage, and the imaging system operating in vacuum. 

The role of the illumination system is to accelerate the electrons from the electron gun and transfer 

them to the specimen. Through set of condenser lenses, an electron beam of the accelerated electrons 

(with an energy in the range 20 – 1000 keV) is produced with a desired diameter. The electron beams 
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then impinge upon the specimen on the stage which is placed in front of the objective lens. The objective 

lens forms an image of the electron density distribution at the exit surface of the specimen based on the 

electron optical principles16. The creation of the various images and diffraction pattern are subsequently 

formed and magnified by the diffraction, projection, and intermediate lenses below the objective lens 

in the imaging system. These lenses magnify either the diffraction pattern or the image onto a 

fluorescent screen, which converts the electrons into visible light signal for viewing and recording via 

a detector such as CCD or TV camera. 

 

Figure 2.7. Transmission electron microscope column. (Reproduced from Ref. 13) 
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A variety of interactions that take place during the collision of the electron beam and the sample, 

including directly transmitted electrons, backscattered electrons, secondary electrons, coherent elastic 

scattered electrons, incoherent inelastic electrons, incoherent elastic forward scattered electrons, 

characteristic, and continuum x-rays, Auger electrons, long-wavelength radiation in the visible, 

ultraviolet, and infrared regions of the spectrum, lattice vibrations (phonons), electron oscillations in 

metals (plasmons), electron-hole pair generation, electrical current, in principle can be used to derive 

information on the nature of the specimen16. 

In this thesis, the catalysts are examined by high-resolution transmission electron microscopy 

(HRTEM) before and after microwave treatment using JEM-3000F microscope (300 kV). The specimen 

is prepared by dispersing the catalyst powder in ethanol in an ultra-sonic bath for 15 min. The solution 

is then drop cast onto a 300-mesh copper TEM holey carbon grid on a filter paper and allowed to 

evaporate. An oriented gold crystal grid is used to calibrate scale bars for all the TEM images. 

I would like to thank Dr Jiale Wang from Oxford Materials for helping conduct the HRTEM analysis 

for this work. 

 

2.5.4 Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis (TGA) is primarily used to determine the thermal properties of materials 

and to estimate the composition of materials. The technique can measure the weight change and the rate 

of weight change as a function of temperature in a certain open atmosphere17. The weight loss of a 

sample is corresponding to decomposition, evaporation, reduction (reducing atmosphere) or desorption 

while the weight gain is a result of oxidation (oxidizing atmosphere) or absorption. There is thus, a so-

called TGA curve produced by the measurement can tell the thermal stability and oxidative stability of 

materials, the composition of multi-component systems, decomposition kinetics of materials, moisture 

and volatiles content of materials and the effect of reactive or corrosive atmospheres on materials.  

In addition, a differential scanning calorimetry (DSC) analyser is usually incorporated with TGA to 

measure the energy changes that occur as a sample is heated, cooled or held isothermally17. The energy 

changes enable to find and measure the transitions that occur in the materials quantitatively, and to note 

the temperature where they occur, so that to characterise a material for melting processes and to 
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determine the chemical reactions of endothermic or exothermic. The heat flow is measured by DSC 

which the energy into or out of the materials is shown in a heat flow curve in units of mW (TGA-DSC 

curve on the right y-axis, Figure 2.8) as a function of temperature17.  

 

Figure 2.8. A representative TGA-DSC curve of activated carbon oxidation under air atmosphere. 

 

In this thesis, a TA Instrument, SDT Q-600 is employed for TGA-DSC measurement. The technique 

is mainly used to characterise the liquid hydrocarbons (feedstocks) left in spent samples and to 

determine the amount and types of resulting carbon residues. Therefore, a program is set up to measure 

the remaining fuels and the produced carbons, as which the first ramp of TGA on spent catalysts are 

heated under N2 atmosphere with a heating rate of 10 °C/min to 1000 °C, then followed by a continues 

ramp when the sample cooled down to room temperature by switching the atmosphere to air, and again 

heat the sample to 1000 °C at a heating rate of 10 °C/min. 

 

2.5.5 Laser- Raman Spectroscopy 

Raman spectroscopy is a scattering technique based on inelastic scattering of monochromatic light 

which is produced by a laser source. When sample is interacted with a monochromatic laser beam, 

photons of the laser are absorbed by the sample and then reemitted (scattered radiation). Among these 

scattered radiations, much of them have a same frequency with the incident radiation which forms 
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Rayleigh scattering. Hence, a small fraction of these scattered radiations has a frequency different from 

that of incident light and therefore constitutes Raman scattering which is used to construct a Raman 

spectrum. In Raman spectrum, Stokes lines depict the scattered radiation which has a lower frequency 

than that of incident radiation, and anti-Stokes lines appear in Raman spectrum when the frequency of 

scattered radiation is higher than the frequency of incident radiation18. 

 

Figure 2.9. Principles of Raman spectroscopy. (Modified from Ref. 19) 

 

Raman spectroscopy has a wide variety of applications in chemistry, biology, medicine, geology and 

mineralogy20. And it has been historically used in the study and characterisation of graphitic materials, 

being widely used over the last four decades to characterize pyrolytic graphite, carbon fibers, glassy 

carbon, carbon nanotubes, and graphene etc.21, 22. In this study, Raman spectroscopy plays an important 

role in investigation and determination of main by-product residue carbons. 

From a Raman spectrum of sp2 nanocarbons such as graphene and carbon nanotubes, a variety of 

information such as crystallite size, clustering of the sp2 phase, the presence of sp2−sp3 hybridization 

and the introduction of chemical impurities etc. is given21. The disorder-induced D-band at position of 

about 1345 cm-1 in a Raman spectrum indicates disorder in sp2-hybridized carbon systems. The presence 
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of disorder leads to rich and intriguing phenomena in their resonance Raman spectrum, thus making 

Raman spectroscopy enable to identify disorder in the sp2 network of different carbon structures, such 

as diamond-like carbon, amorphous carbon, nanostructured carbon, as well as carbon nanofibers and 

nanotubes21. 

The so-called G-band Raman feature at the position of about 1582 cm-1 is commonly observed to all 

sp2 carbon system which is given rise by the stretching of the C-C bond in graphitic materials. Due to 

the high sensitivity to strain effects in sp2 carbons, the G-band in a Raman spectrum can be ued to probe 

any modification to the flat geometric structure of graphene21. Together with the G-band, another G’-

band which appears in the rage 2500-2800 cm-1 indicates a Raman-allowed mode for sp2 carbons. The 

G’-band is a second-order two-phonon process and, it exhibits a strong frequency dependence on the 

excitation laser energy Elaser
21. 

In this thesis, the characterisation of resulting carbon residues via Raman spectroscopy is operated 

on a PerkinElmer RamanStationTM 400F spectrometer, with laser excitation at 785nm. For comparison 

purpose, a variety of model carbon materials which is mainly sp2 bonded carbons such as activated 

carbons (ACs), carbon black (CB), graphite, and multi-wall carbon nanotubes (MWCNTs) etc., is 

investigated by Raman spectroscopy.  

 

2.5.6 Microwave Cavity Perturbation Measurements 

The cavity perturbation measurements are usually used to characterise the materials’ complex 

permittivity and permeability. The advantages of cavity perturbation technique are simple, accurate and 

easy for data interpreting. Measuring dielectric properties of a material using perturbation technique is 

based on the change of frequency curve of the resonance and the Q factor of the cavity3, 23.  

The perturbation cavity (shown in Figure 2.10) used in this thesis uses the Transverse Magnetic 

TM010 mode. The TM010 mode within a waveguide has a highly uniform electric field that only varies 

radially within the cavity. The microwaves are coupled to the cavity using coaxial cables placed at Port 

1 and Port 2 and terminated with an open circuit extended centre conductor oriented to provide 

capacitive coupling to the electric fields of the TM010 mode at radial positions 3 cm from the axis. A 

quartz tube (inner diameter 2mm, outer diameter 4mm) is used as a container due to its high microwave 
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transparency. And the sample is placed into the quartz tube and placed in the centre of the cavity, at the 

maximum of a standing wave. All microwave measurements are performed using an Agilent E5071B 

network analyser. Measurements are performed of the transmitted microwave power |S21|2 in the 

frequency domain. The effects of cavity couplings are removed by converting the loaded quality factor 

QL into the unloaded quality factor Q in each case. The cavity couplings are adjusted so that they are 

equal (i.e., symmetric) and so the conversion is made using the simple formula Q = QL(1 – 10–IL/20), 

where IL is the insertion loss (i.e., transmitted power) at resonance, measured in dB 1, 24, 25. 

 

Figure 2.10. Microwave cavity perturbation measurement set up A) Quarter section of a perturbation 

cavity, cut to show the location of the sample tube. B) Finite element model of TM010 electric field 

distribution in the cylindrical cavity. High fields are shown in red. C) Experimental setup for high 

temperature dielectric measurement: (1) Agilent E5071B network analyser, (2) Tubular furnace, (3) 

Coaxial cables, (4) Stainless steel rigid coaxial cables, and (5) Copper TM010 cavity. (Adapt from Ref. 

1 and 25). 
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In this thesis, two TM010 cavities which made of aluminium and copper respectively are used for the 

measurement. The measurement at room temperature is carried out in the aluminium TM010 cavity. For 

the measurement at higher temperature, a copper TM010 cavity is applied due to the limitation of the 

aluminium TM010 cavity. The copper TM010 cavity was set up in a tubular furnace and carefully 

calibrated before the measurement. In order to avoid the temperature gradient during the measurement, 

the sample is pre-heat to the due temperature in another tubular furnace. The measurement is carried 

out in a similar approach at both room temperature and high temperature conditions which the filled 

quartz tube is placed in the centre of the cavity and measured using an Agilent E5071B network 

analyser1. 

The calibration had been carried out by measuring the permittivity of model basic n-alkanes including 

hexane, octane, dodecane and hexadecane with which their permittivity is well-known. The maximum 

error obtained is less than 5% 3. 

 

Figure 2.11. Example of microwave cavity perturbation measurement. 

 

Figure 2.11 illustrates the example of microwave cavity perturbation measurement. When a material 

is placed inside the resonator, both resonant frequency and bandwidth shift according to the intrinsic 

dielectric properties of the sample. In the cavity perturbation measurement, the bandwidth is defined as 
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the correct 3 dB bandwidth as labelled in Figure 2.11. The dielectric property of the sample then can be 

calculated from the change in the resonant frequency Δf and bandwidth ΔBW by Eq. 2.3 and Eq. 2.4, 

respectively 26, 27. The dielectric constant (𝜀′) in Eq. 2.3 represents the ability of the catalysts to store 

electrical potential energy under the microwave irradiation. The dielectric loss (𝜀′′) quantifies the 

efficiency with which the absorbed energy is converted into heat. The loss tangent (tan 𝛿) defines the 

ability of the catalysts to convert electromagnetic energy into heat energy at a given frequency and 

temperature, which expressed as an equation in Eq. 2.5 1, 28, 29. 

∆𝑓

𝑓0
= (𝜀′ − 1)𝐴𝑉𝑆                                                             (2.3) 

∆𝐵𝑊

𝑓0
= 2𝜀′′𝐴𝑉𝑆                                                                    (2.4) 

tan 𝛿 = 𝜀′′/𝜀′                                                                       (2.5) 

where A is a constant determined by the size and geometry of the cavity and Vs is the effective volume 

of the sample in the cavity. Here in this thesis, the value of A is approximately 7.554×10-3 and Vs is 

about 0.12564 cm3 for the measurement carried out in the aluminium cavity and for the measurement 

carried out in the copper cavity, the value of A is approximately 7.114×10-3 and Vs is about 0.0314 cm3 

for the measurement1.  
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Chapter 3 

Microwave-initiated Dehydrogenation of 

Hexadecane for High-purity Hydrogen Production 

Overview 

This chapter1 describes the discovery of using microwave-initiated catalysis for high-purity hydrogen 

production through hexadecane (C16H34) dehydrogenation1. An earth abundant Fe and Ni catalyst 

supported on silicon carbide was designed for this process. As a result, a H2 production selectivity from 

all evolved gases of some 98%, is achieved with less than a fraction of a percent of adventitious CO 

and CO2. The major co-product is solid, elemental carbon. 

 

3.1  Introduction 

It is important to remark that there is a presumed need to phase out fossil-derived fuels and equally 

to phase-in low carbon energy sources, including hydrogen2-10. One of the principal reasons why 

progress towards the hydrogen economy3, 11, 12 has been so slow is due to the fact that there is no readily 

available large scale source of “natural” hydrogen. Furthermore, to date, no reliable means exists for 

storing hydrogen so that it can be rapidly released on demand for a fuel cell application. 

Almost all the hydrogen that is produced nowadays worldwide, for industrial purposes comes from 

the steam reforming, partial oxidation and autothermal reforming of natural gas and, to a lesser degree, 

from the gasification of coal. All generate a vast amount of carbon dioxide13-18 in the technological 

 
 

1 The work described in this chapter is reproduced and modified from my publications in 2017, in Angewandte 

Chemie entitled ‘‘Rapid Production of High-Purity Hydrogen Fuel through Microwave-Promoted Catalytic 

Dehydrogenation of Liquid Alkanes with Abundant Metals’’; and in 2018, in Energy & Environmental Science 

entitled ‘‘The decarbonisation of petroleum and fossil hydrocarbon fuels for the production and storage of 

hydrogen’’. 
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chain of the process. In relation to so-called green hydrogen production methods, extensive work 

involving principally solar radiation (as well as wind and other natural renewable energy sources) has 

been carried out to produce hydrogen by splitting water either via photo-assisted processes or by 

electrolysis19-22, Unfortunately, these important methods suffer from relatively low efficiency and 

durability as compared to, say,  the steam reforming of methane23, 24. These are, therefore, inhibiting 

grand challenges central to the decarbonization basis of future hydrogen energy economy. 

CO2-free hydrogen production from hydrocarbons via thermal, catalytic decomposition has been 

developed in pioneering work by Steinberg13, 14 and Muradov15, 16and co-workers. More recently, this 

was also achieved through the use of microwave pyrolysis25-27, plasma processing 28, 29 and the use of 

catalytic molten metals30, 31 for the direct conversion of methane to hydrogen and separable carbon. 

Here, we demonstrate that microwave–initiated deep dehydrogenation of hexadecane (C16H34) using the 

earth-abundant, inexpensive metal catalysts iron or nickel, on alloys of these metals, supported on 

silicon carbide, provides a highly effective and rapid route to the production of high-purity hydrogen. 

 

3.2 Experimental 

The catalysts used in this study were based on iron and nickel as the cheap and earth abundant 

materials and are more likely to meet economic and environmental constraints. The catalyst was 

prepared by an incipient wetness impregnation method, where Fe(NO3)3·9H2O (Iron (III) nitrate 

nonahydrate, Sigma-Aldrich) and Ni(NO3)2·6H2O (Nickel (II) nitrate hexahydrate, Sigma-Aldrich) 

were used as metal precursor and SiC (Silicon Carbide, Fisher Scientific) was used as the support 

material. Catalysts with 5 wt.% metal content were prepared. 

The microwave-initiated catalytic dehydrogenation of hexadecane was investigated using a purpose-

built microwave cavity system embedded within a trickle-column reactor containing the supported 

metal catalysts. The resulting products were analysed quantitatively by gas chromatography (GC).  

The pre- and post- reaction catalysts were carefully characterised via a variety of techniques including 

x-ray diffraction (XRD), scanning electron microscopy (SEM) and high-resolution transmission 

electron microscopy (HRTEM). The dielectric properties of prepared iron and nickel catalysts 
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supported on SiC were measured in both room temperature and high temperature via microwave cavity 

perturbation measurements. 

The complete experimental process is outlined in Chapter 2 in details. 

 

3.3 Results and discussion 

3.3.1 Microwave-initiated catalytic dehydrogenation of hexadecane 

Upon exposure to microwaves, the liquid hexadecane feedstock was rapidly and deeply 

dehydrogenated to H2, solid carbon and minor products (Figure 3.1). The results were described in terms 

of the volume % (or selectivity) of the product composition in the exit gases. We selected hexadecane 

(C16H34) as the prototypical alkane for our detailed study, because of its close similarity to hydrocarbon 

components of diesel. A high purity H2 stream was obtained for the microwave initiated Fe catalysed 

dehydrogenation of hexadecane. Using Ni catalysts or an alloy of Fe and Ni showed even higher H2 

selectivity. The highest H2 selectivity was observed with a Fe-Ni alloy catalyst, reaching levels of ca. 

98 vol.%. Near zero levels of COx were produced (detected by GC at only ca. 0.5 vol.%).  

 

Figure 3.1. Evolved gas composition of representative catalysts for microwave-promoted 

dehydrogenation of hexadecane (C16H34). The results showed three catalysts of 5 wt.% Fe/SiC, 5 wt.% 

Ni/SiC and 5 wt.%-Fe, 5 wt.%-Ni FeNi/SiC. The catalyst was mixed with 0.5 mL of hexadecane and 

the sample was subjected to microwave irradiation for 30 minutes. 
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The data for a representative ‘time-on-stream’ experiment for Fe/SiC catalyst mixed with 

hexadecane are illustrated in Figure 3.2. High-purity hydrogen was rapidly evolved from the onset of 

the microwave–initiated catalytic dehydrogenation. The hydrogen concentration rapidly increased 

over a period of ca. 90 seconds to reach 96 vol. % in the evolved gases. Such a rapid evolution of 

hydrogen could help solve the challenge of slow start-up found for on-board steam reforming or partial 

oxidation of methane, for example, and enable an instant H2 supply for fuel cell vehicles. We note that 

although, the reactions were immediately taken place from the start of microwave, it still took few 

minutes to reach the optimal conditions (over 95 vol% hydrogen selectivity) due to the heated up of 

catalyst (microwave receptors) in interaction with induced microwave electric field. 

 

Figure 3.2. A representative experiment with 0.5 mL hexadecane @ 5 wt.% Fe/SiC catalyst for ‘time-

on-stream’ evaluation. Each microwave irradiation experiment was carried out for 30 minutes and 

the gaseous products were collected and analysed after 1, 1.5, 3, 5 and 10 minutes. 

 

Importantly, the catalyst system can also function efficiently in the deep dehydrogenation of 

hexadecane for several catalytic cycles through successive additions of fresh aliquots of substrate to the 

reactor system; a typical sequence is shown in Figure 3.3. Through successive cycles of the catalytic 

reaction, both the amount of evolved hydrogen and its selectivity gradually decreased, whilst 

corresponding methane and ethylene concentrations gradually increased. We attribute this to advancing 
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carbon deposition on the metal catalyst active sites, as will be evident in our electron microscopy studies. 

Importantly, although less hydrogen was produced in the later cycles, the catalyst still remained active 

through the 5 cycles of substrate additions. 

 

Figure 3.3. Recharging catalytic cycles for 0.5 mL hexadecane @ 5 wt.% Fe/SiC catalyst. 0.5 mL 

hexadecane was added for each successive cycle (30 min irradiation) 

 

3.3.2 Microwave heating vs. conventional thermal heating 

At the outset it is important to establish the key differences between conventional and microwave 

(MW) heating. In a conventional heating process, thermal energy is transferred through convection, 

conduction and radiation of heat from the outer surfaces of a container and into the material itself, in 

the present case, hexadecane. In contrast, microwave energy is delivered directly to the (microwave) 

absorbing component through molecular and in the case of metallic catalyst particles – conduction 

electron interactions with the electromagnetic field. In heat transfer, energy is transferred due to thermal 

gradients by conventional heating. However, in microwave heating, electromagnetic energy is 

transferred, and heat is instead generated within the sample by electromagnetic coupling through a 

variety of charge-dynamical processes. This fundamental and difference results in important advantages 

in using microwaves to initiate the catalytic dehydrogenation of hydrocarbon fuels.  
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Figure 3.4. Comparison of microwave and thermal system. (a) conventional thermal system (b) 

microwave system.  

 

Compared to the conventional heating process in which the iron catalyst is gradually heated up by 

convection heating, the microwave irradiation interacts directly with the iron catalysts without 

significantly heating up the bulk of the hydrocarbon feedstock (Figure 3.4). This causes a rapid heating 

of the catalyst particles and potentially increases the resulting product selectivity. In addition, the 

applied microwave field can induce a temperature gradient over the metal catalyst’s surface that 

enhances molecular diffusion and improves the transport of the active species in a reaction system32, 33, 

which subsequently changes the overall reaction rate under microwave conditions as compared with 

conventional heating. 

The difference in the microwave and thermal heating process is also evident in heat transfer33. Under 

microwave irradiation, the iron catalyst particle heats rapidly and transfers such heat from the iron 

catalyst itself to the surrounding support and substances. In contrast, in a conventional thermal process, 

the heat transfer is initiated from the surroundings then ultimately to the metal catalyst based purely on 

convection heating. This heat transfer through the medium finally raises the temperature of an iron 

catalyst particle above that of its surroundings to the appropriate catalytic reaction temperature. Under 

MW irradiation, it will be demonstrated that this initiation process minimises the catalytic side reactions 
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whilst increasing the hydrogen selectivity. In contrast, under classical convection heating, the 

temperature of the surroundings is higher than the catalyst as the process begins. Thus, the host 

substance (here the hydrocarbon) could either self-decompose or decompose over the catalyst/ support 

and leads to different products. This important aspect was demonstrated by comparing microwave 

method and conventional thermal method for hexadecane dehydrogenation (Figure 3.5). 

 

Figure 3.5. Comparison of microwave and conventional thermal method. For the microwave method, 

the average and the highest temperature recorded were 462 °C and 617 °C, respectively. For the thermal-

1 method, A hexadecane pre-loaded Fe/SiC sample was subjected to a pre-heated furnace (550 °C), 

while in the thermal-2 method, the Fe/SiC catalyst (without fuel) was pre-heated in the furnace to 550 °C 

and the liquid hexadecane was then carefully introduced to the hot catalyst bed by a syringe. ‘N/R’ 

means no reaction was observed under these conditions. The number in parentheses after catalyst shows 

the iron content, wt. %. 

 

    Compared to the microwave-initiated catalytic dehydrogenation of hexadecane experiments, a set of 

thermal dehydrogenation reactions were investigated through two different procedures (Figure 3.5). 

Labelled Thermal-1, an hexadecane pre-loaded Fe/SiC sample was subjected to a pre-heated furnace 

(550 °C), while in the Thermal-2 procedure, the Fe/SiC catalyst (without fuel) was pre-heated in the 

furnace to 550 °C and the hexadecane was then carefully introduced to the hot catalyst bed by a syringe. 

The lack of H2 formation over the hexadecane pre-loaded Fe/SiC catalyst under conventional thermal 

reaction conditions (Thermal-1), but very high yield of H2 under microwave irradiation illustrates that 
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the high H2 selectivity obtained over metal/SiC catalyst is strongly dependent on the use of microwaves. 

The reactions may be catalysed by microwaves at the temperature below the (bulk) boiling point of the 

fuel, while the thermal process necessarily gives rise to fuel vaporization before any dehydrogenation 

on the catalyst surface. A second hypothesis could be that the rapid heating of microwave energy 

converts part of the hydrocarbons before losing the liquid by vaporisation, suggesting that two main 

processes are taking place simultaneously: vaporization and chemical reactions. Vaporization 

predominates in the thermal experiment because of slow heating of the catalyst particle, whilst the 

microwave-promoted catalysis proceeds rapidly, probably as a consequence of the rapid heating of the 

particles by microwave radiation. Although, the Fe/SiC catalyst can clearly catalyse the 

dehydrogenation of hexadecane when pre-heated (Thermal-2), the hydrogen selectivity is noticeably 

different. However, it should be noted also that the temperature of ‘hot spots’ formed on catalysts’ 

surface could be much higher than 550 °C and products distribution could be varied with higher 

temperature in conventional thermal conditions. Future studies that take into account the thermal 

heating at different higher temperature are planned in order to make a more realistic comparison with 

microwave and especially for the local temperatures over ‘hot spots’. 

    Unlike conventional thermal Fluid Catalytic Cracking (FCC), the results show that the cleavage of 

C-H bonds is preferred upon microwave irradiation or promotion. Our previous studies suggested that 

the scission of C-H bonds during dehydrogenation could take place through a consecutive mechanism34. 

Dehydrogenation steps occur on the metal catalyst surface to give adsorbed intermediates before the 

cleavage of C-H. Adsorbed species with metal-C bonds and subsequent cleavage of C-H leads to the 

formation of H2 and carbon. Meanwhile, the minor products of small hydrocarbons may be generated 

through the hydrogenation of developing carbon residues or directly via a cracking process35, 36. Clearly, 

further studies are needed to ascertain the precise catalytic processes. 

The presence of high frequency electromagnetic fields makes microwave systems more complex and 

challenging to understand37. It is considered that the extremely high hydrogen selectivity obtained in 

these studies may be a direct result of the intrinsic response of the metal catalysts under microwave 

irradiation. Furthermore, the applied microwave electric field causes highly non-uniform field 

distributions in the catalyst bed, leading to regions of high electric field on the surfaces of metal particles 
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on the SiC, consequently, both an (induced) electron-rich and strong polar medium can be created that 

could enhance the polarisation of, for example, a C-H bond and subsequently the hydrogen formation. 

The complete cleavage of C-H via two mechanisms of oxidative addition and electrophilic substitution 

are accelerated by microwave irradiation which leads to the high hydrogen selectivity 38. The high 

thermal conductivity and mechanical strength of SiC, together with a clearly reduced tendency to yield 

oxygenated products, are also considered important. These factors contribute by restricting the 

formation of by-products under microwave irradiation by avoiding any thermal degradation to the 

support during the reactions and quickly achieving a thermal balance in the system 39. 

 

3.3.3 Dielectric properties of prepared catalysts 

The intrinsic dielectric properties of individual metal particle catalysts are clearly a critical factor 

affecting its response to incident microwave irradiation. These properties have been carefully 

characterised by cavity perturbation measurements under both room temperature and high temperature 

conditions (Table 3.1 and Figure 3.7).  

In the study, the measurements were carried out in TM010 mode at 2.494 GHz (in practice)40. An 

aluminium cavity was used for measurement performed at room temperature while a copper cavity was 

built for high temperature measurements. The measurements of each catalyst sample before and after 

reactions were tested and recorded for a minimum of five times and the average values were presented. 

Figure 3.6 illustrates the resulting curve obtained via microwave cavity perturbation measurement of 

pre- and post- reaction 5 wt.% Fe/SiC catalysts. When the sample is applied into the cavity, the shift in 

resonant frequency and the change of bandwidth were observed as compared to the empty sample tube 

(reference). The dielectric constant (𝜀′), dielectric loss (𝜀′′) and loss tangent (tan δ) of the catalyst can 

be then calculated based on the following Eq. 3.1-3.341-44: 

∆𝑓

𝑓0
= (𝜀′ − 1)𝐴𝑉𝑆                                                       (3.1) 

∆𝐵𝑊

𝑓0
= 2𝜀′′𝐴𝑉𝑆                                                              (3.2) 

tan 𝛿 = 𝜀′′/𝜀′                                                                 (3.3) 
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where A is a constant determined by the size and geometry of the cavity and Vs is the effective volume 

of the sample in the cavity. Here, the value of A is approximately 7.554×10-3 and Vs is about 0.12564 

cm3 for the measurement carried out in the aluminium cavity and for the measurement carried out in 

the copper cavity, the value of A is approximately 7.114×10-3 and Vs is about 0.0314 cm3 for the 

measurement. 

 
Figure 3.6. Microwave cavity perturbation measurement curve of pre- and post- reaction 5 wt.% Fe/SiC 

catalysts. 

 

Table 3.1: Dielectric properties of catalysts. *: The number in parentheses after catalyst shows the metal 

content, wt. %. The values given show an average of at least 5 times individual tests. 

Catalyst* 

Dielectric constant 

(𝜺′) 

Dielectric loss 

(𝜺′′) 

Loss tangent 

(tan δ) 

Fe/SiC (5) 12.86 1.47 0.11 

Ni/SiC (5) 8.95 0.49 0.06 

FeNi/SiC (5,5) 10.83 0.62 0.06 

Spent-Fe/SiC (5) 17.34 7.99 0.46 

Spent-Ni/SiC (5) 11.94 5.02 0.42 

Spent-FeNi/SiC (5,5) 14.01 8.8 0.63 
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Figure 3.7. High-temperature microwave cavity perturbation measurement. (a) Delectric constant and 

(b) Loss tangent of representative 5 wt.% Fe/SiC, 5 wt.% Ni/SiC, 5 wt.%- 5 wt.% FeNi/SiC and SiC 

catalyst for the microwave cavity perturbation measurement at high temperature. The experiments were 

recorded every 100 °C and up to 600 °C. Error bars given show the standard deviations across different 

samples. 

 

Although no simple dependency has been found between the so-called loss tangent and the product 

distributions, microwave irradiation clearly gives higher product selectivity as compared to 

conventional thermal reactions (Figure 3.5). However, the dielectric properties of the catalysts are also 
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temperature dependent, which could alter any trend observed at a single temperature. It was found that 

the dielectric property of metal catalysts showed a similar trend with increasing temperature. A higher 

loss tangent (tan𝛿) was obtained at higher temperatures, but no clear differences were observed for the 

dielectric constant (𝜀′) (Figure 3.7). Unlike carbon based catalyst materials which can be highly efficient 

absorbers of electromagnetic energy, for metal/SiC catalysts, various polarisation and dissipation 

mechanisms clearly contribute to drive the reactions under microwave irradiation which lead to the high 

hydrogen selectivity45. 

 

3.3.4 Pre- and post- reaction analysis of catalysts 

    The catalyst particles were examined by X-ray Diffraction, scanning electron microscopy and high-

resolution transmission electron microscopy both before and after microwave treatment. Metallic iron, 

nickel and iron-nickel alloy particles, having typical particle diameters less than 150 nm, have been 

identified in fresh samples (Figure 3.8, Figure 3.12 and Figure 3.13). 

Following the microwave-initiated catalytic dehydrogenation of hexadecane, multi-walled carbon 

nanotubes that encapsulate some of the metal nanoparticles were found (Figure 3.12 and Figure 

3.13). Iron carbide was observed in spent Fe/SiC catalyst but not in FeNi/SiC catalyst, which suggests 

-importantly- that the presence of Ni can suppress the formation of iron carbide. These results are 

consistent with data obtained from XRD (Figure 3.9). 

 

3.3.4.1 X-ray diffraction (XRD) 

The catalysts of Fe/SiC, Ni/SiC, and FeNi/SiC were examined by X-ray diffraction (XRD) before 

(Figure 3.8) and after (Figure 3.9) the dehydrogenation of hexadecane with the assistance of 

microwaves. The peaks for iron at 44.79° and 65.11° were detected and corresponds to the 110 and 200 

lattice planes of iron metal, respectively. The XRD pattern of the catalysts, which the catalysts were 

obtained via the hydrogen-thermal reduction, indicates that the iron particles are pure α-Fe phase with 

a cubic structure (JCPDS No. 05-0696) 46. The peaks at 2θ = 45.50°, 53.05° corresponds to the Ni (111) 

and Ni (200) reflections 46, 47. No characteristic peaks can be detected indicating metallic iron and nickel 
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separates on FeNi/SiC catalyst. The specific diffraction peaks of FeNi/SiC have shown a clear negative 

shift which indicates a formation of Fe-Ni alloy.  

 

Figure 3.8. XRD pattern comparison of 5 wt.% Fe/SiC, 5 wt.% Ni/SiC, and 5 wt.%-Fe, 1 wt.%-Ni Fe-

Ni/SiC catalysts before the microwave-initiated catalytic dehydrogenation of hexadecane, 2θ= 40°-50°. 

 

 

Figure 3.9. XRD pattern comparison of 5 wt.% Fe/SiC, 5 wt.% Ni/SiC, and 5 wt.%-Fe, 1 wt.%-Ni Fe-

Ni/SiC catalysts before and after the microwave-promoted catalytic decomposition of hexadecane, 2θ= 

40°-50°. 
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Figure 3.9 compared the pre- and post-reaction catalysts used for microwave-initiated catalytic 

dehydrogenation of hexadecane. The formation of Fe3C was observed on Fe/SiC catalyst. The 

diffraction peak of iron carbide at 2θ = 42.92°, 43.82°, 44.72°, 45.04°, 45.9°, and 49.18° was detected. 

Meanwhile, no clear changes have been found on both Ni/SiC and FeNi/SiC catalyst.  

 

3.3.4.2 Scanning electron microscopy (SEM) 

The surface morphology of catalysts was pictured by scanning electron microscope (SEM). Figure 

3.10 shows the SEM images comparing the Fe/SiC, Ni/SiC, and FeNi/SiC catalysts before and after the 

experiments. The metal particles were found uniformly dispersed on the SiC surface with a nano-scale 

particle size in the pre-reaction samples. The SiC is not a porous structure material and has a particle 

size of ca. 20-40 μm. 

The images of spent catalysts show the carbon deposition on the catalysts’ surface and a clear 

agglomeration can be observed in the spent samples. It should be noted that less agglomeration and few 

carbons were found in the FeNi/SiC catalysts which indicates the Fe-Ni alloy catalysts may play an 

important role in suppressing carbon formation as well as reducing the possibility of iron carbide 

formation. This has also been demonstrated in our XRD study (Figure 3.9).  

In addition, the SEM images also shows the nano-scale metal particles were successfully 

synthesised on the SiC’s surface when zoomed in to the metal particles (Figure 3.11). Moreover, Fe-

Ni alloy catalysts presented a higher dispersion and smaller particle sizes than that of Fe particles 

observed on SiC’s surface.  

In the study of surface carbons obtained from hexadecane dehydrogenation, both spherical and 

filamentous carbons were observed in the clusters (Figure 3.11). The metal particle catalysts that 

were encapsulated in some multi-walled carbon nanotubes, were identified and further studied by 

high resolution transmission electron microscopy (HRTEM) (Figure 3.12).  
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Figure 3.10. The scanning electron microscopy (SEM) images of (a, b) 5 wt.% Fe/SiC catalyst, (c, d) 

5 wt.% Ni/SiC, (e, f) 5 wt.%-Fe, 5 wt.%-Ni Fe-Ni/SiC catalysts before and after the microwave-initiated 

catalytic dehydrogenation of hexadecane. 
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Figure 3.11. The scanning electron microscopy (SEM) images of (a) fresh Fe particle catalysts on SiC 

of 5 wt.% Fe/SiC catalyst; (b) fresh Fe-Ni alloy particle catalysts on SiC of 5 wt.%-Fe, 5 wt.%-Ni Fe-

Ni/SiC catalysts; (c, d) resulting carbon residues observed after the dehydrogenation of hexadecane 

under microwave irradiation. 

 

3.3.4.3 High resolution transmission electron microscopy (HRTEM) 

Figure 3.12-3.14 presented the images of representative Fe/SiC, FeNi/SiC and Ni/SiC catalysts 

studied by high-resolution transmission electron microscope (HRTEM) before and after microwave 

treatment. As a result, metallic iron and iron-nickel alloy particles were identified in fresh samples, 

having particle diameters less than 150 nm. This is corresponding to the study of SEM and the XRD 

characterisation as which the crystalline size of metal particles was estimated by Sherrer Equation (Eq. 

2.2).  

The presence of Fe3O4 has also been detected by HRTEM (Figure 3.12b) in fresh Fe/SiC sample and 

is considered due to the aerial oxidation of iron. Energy-dispersive X-ray spectroscopy (EDS) mapping 

also detected the presence of oxygen on some of the iron particle surfaces which could be the source of 
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CO. However, importantly, adding nickel as a promoter reduced the amounts of CO found in the 

exit gases (Figure 3.1). 

 

Figure 3.12. High Resolution Transmission Electron Microscopy (HRTEM) images of 5 wt.% Fe/SiC 

before (a, b) and after (c, d) microwave-initiated catalytic dehydrogenation of hexadecane. (a) Low 

magnification Transmission Electron Microscopy (TEM) images of unreacted Fe/SiC catalyst. (b) 

HRTEM images of unreacted catalyst recorded along a <011> zone axis of a Fe3O4 particle and In 

Figure 3.12a, the presence of Fe3O4 is due to the oxidation of Fe by exposure to air. (a2) Diffraction 

pattern calculated from images of Fe3O4 particles of 5 wt. % Fe/SiC, before microwave-initiated 

catalytic reactions. (c) Low magnification TEM images of 5 wt.% Fe/SiC after microwave treatment. 

(d) The HRTEM images of 5 wt.% Fe/SiC after microwave treatment. Magnified inset (f1) recorded 

along a <120> zone axis of a Fe3C particle that is encapsulated in a multi-walled carbon nanotube. The 

power spectrum (f2) calculated from (f) shows characteristic reflections from graphite (002) plane and 

Fe3C along <120> zone axis. 
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Figure 3.13. High Resolution Transmission Electron Microscopy (HRTEM) images of 5 wt.%-Fe, 1 

wt.%-Ni FeNi/SiC before (a, b) and after (c, d) microwave-initiated catalytic dehydrogenation of 

hexadecane. (a, c) Low magnification Transmission Electron Microscopy (TEM) images of FeNi/SiC 

before and after microwave treatment, respectively. (b, d) HRTEM images and magnified insets (b1, 

d1) recorded along <1̅11> zone axes of α-(Fe, Ni) alloy particles. The one in (d) is embedded in a 

carbon nanotube. The power spectra (b2, d2) calculated from (b, d) show characteristic reflections from 

α-(Fe, Ni) along <1̅11> zone axes.  

 

At the completion of microwave initiation experiments, HRTEM revealed turbostratic graphitic 

sheets and multi-walled carbon nanotubes (MWCNTs) that encapsulate both iron and iron carbide 

nanoparticles. The generation of iron carbide suggested that the supported iron particles react with 

the hydrocarbon during the catalytic reactions under microwave initiation (Figure 3.12d). In 
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comparison, there was no iron carbide was observed in spent FeNi/SiC catalyst (Figure 3.13). This 

importantly illustrate the effect of adding Ni can possibly avoid the formation of iron carbide and 

the alloy can stabilise the iron under this process. 

 
Figure 3.14. Low magnification Transmission Electron Microscopy (TEM) images of Ni/SiC (a) before 

and (b) after microwave treatment. 

 

3.3.4.4 Energy-dispersive X-ray spectroscopy (EDS) 

Figure 3.15 below presented the analysis of surface elemental for representative Fe/SiC catalyst by 

Energy-dispersive X-ray spectroscopy (EDS). As a general observation, some of the metallic iron 

particles were oxidised and the presence of oxygen on the surface of iron particles was detected. There 

is thus, providing oxygen source for CO formation that obtained through hexadecane dehydrogenation 

under microwave irradiation. It should be noted that the iron is very sensitive to oxygen and it is easy 

to be oxidised when exposed to the air. Therefore, the tiny amount of CO produced in the process cannot 

be avoid using metallic iron catalysts. 
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Figure 3.15. Scanning electron microscope (SEM) and Energy-dispersive X-ray spectroscopy (EDS) 

mapping of the elemental species on the surface of 5 wt.% Fe/SiC catalysts before microwave initiation. 

(a) SEM (backscattered electron) morphology, (b) Si map, (c) C map, (d) Fe map, and (e) O map. 

 

3.3.5 Possible mechanisms for the microwave-initiated deep dehydrogenation using 

iron catalysts  

A consecutive mechanism for the scission of the C-H bonds through deep dehydrogenation under 

microwave initiation is proposed in Figure 3.16. The applied microwave electric field induces highly 
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non-uniform field distributions both in the catalyst and the support material. This rapidly fluctuating 

incoming electric field creates an (induced) highly polar catalytic reaction within the iron particles that 

enhances the polarisation of, for example, a C-H bond and subsequently facilitate the cleavage of the 

C-H bond34.  

 

Figure 3.16. Proposed reaction pathways and selective C-H bond cleavage mechanisms for high-purity 

hydrogen production through microwave-initiated iron catalysed dehydrogenation of fossil fuels. (* 

corresponds to a surface active site of Fe).  

 

The complete cleavage of C-H via two mechanisms of oxidative addition and electrophilic 

substitution are considered to be accelerated by microwave initiation which leads to the high hydrogen 

selectivity34. Oxidative addition is the most common mechanism which is typical for electron-rich, low-

valent complexes of the late transition metals (Fe, Ru, Pt), by which a C – H bond cleaves and a M – C 

bond and a M – H bond are formed. The electrophilic substitution is usually observed for late- or post-

transition metals, usually in a strongly polar medium where the hydrogen atom of the substrate has been 
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formally substituted by the metal centre acting as a Lewis acid34. Moreover, the high thermal 

conductivity and mechanical strength of SiC, together with a clearly reduced tendency to yield 

oxygenated products are also considered important. These factors contribute by restricting the formation 

of by-products under microwave irradiation by quickly achieving a thermal balance in the system35, and 

avoiding any thermal degradation to the support during the reactions. 

 

3.4 Conclusion 

Thus, the key challenge of rapid production of, and high selectivity towards, H2 production has been 

demonstrated using resonant microwave-electric field irradiation applied in a laboratory device, 

typically achieving >98% H2 purity. Such a rapid and selective production of hydrogen from liquid 

hydrocarbon alkanes reveals a powerful new platform for hydrogen production. We believe these 

findings represent a new and attractive path towards a decarbonised fossil fuels economy: Thus, fluid 

hydrocarbon fuels are not consumed by aerial combustion as in the conventional use of fossil 

hydrocarbon fuel -with attendant problems of CO2 emission. Rather these valuable hydrocarbon 

resources are utilised through microwave-promoted catalytic deep hydrogenation as an abundant, 

widespread source for the rapid production of high purity hydrogen for use in fuel cell vehicles. In this 

approach –suitably optimised - CO2 would never enter the atmosphere- as in a conventional combustion 

process. The utilisation process yields elemental hydrogen and elemental carbon; the latter can then be 

readily subjected to recycling through a range of established chemical routes. 
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Chapter 4 

Optimisation of Catalyst Performance 

Overview 

In the previous chapter, the innovative microwave-initiated catalysis has been shown to offer unique 

advantages in the rapid production of hydrogen from hexadecane. This chapter 2  presents the 

investigation and optimisation of catalyst system for high-purity hydrogen production through 

microwave-initiated catalytic dehydrogenation of hexadecane (C16H34) 1, 2. Various metal catalysts 

supported by SiC were prepared and their performance towards H2 production from hexadecane 

dehydrogenation were evaluated using the same experimental set-up under same conditions. 

Furthermore, iron-based catalysts were synthesised using a series of support materials including 

activated carbon (AC), silica (SiO2) and aluminium oxide (Al2O3) etc.; and SiC supported iron catalysts 

with different iron content was tested.  

 

4.1  Introduction 

In the previous chapter, it has been demonstrated that hydrogen can be rapidly and efficiently released 

from hexadecane and through microwave-initiated catalytic dehydrogenation1, 3, 4. However, the 

microwave is a rather complex system and is more challenging to understand when combined with 

heterogeneous catalysis. 

 
 

2 The work described in this chapter is reproduced and modified from my publications in 2018, in Catalysis 

Today entitled ‘‘On the performance optimisation of Fe catalysts in the microwave-initiated H2 production by 

the dehydrogenation of hexadecane’’; and in 2017, in Angewandte Chemie entitled ‘‘Rapid Production of High-

Purity Hydrogen Fuel through Microwave-Promoted Catalytic Dehydrogenation of Liquid Alkanes with 

Abundant Metals’’. 
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Dielectric heating by high-frequency electromagnetic radiation waves could interact with only 

charged particles (catalysts, reactants or solvent) and cause these compounds heat up in the electric field 

of electromagnetic radiation. In the dielectric heating, selective heating can lead to less by-products 5. 

Two different mechanisms are associated to the resulting heating from the interaction between materials 

and electric field of electromagnetic radiation. Polarisation of the polar molecules such as water etc. 

results in these molecules are trying to align themselves under an alternating electric field. This 

movement and friction between the rotating molecules subsequently causes heat. For the solid materials, 

interfacial or Maxwell-Wagner polarisation effect causes the heat because of charged particles6-8. The 

microwave irradiating of dielectric materials, can efficiently convert electromagnetic energy into heat 

and offers many advantages over conventional heating, such as selective and rapid heating, quick start-

up and stopping, non-contact heat, energy transfer of as opposed contact heat transfer and heating from 

the interior of the material with purely thermal methods.  

Therefore, it is rather important to scan suitable catalysts and optimise the catalyst system for the 

hydrogen production process under microwave irradiation. The catalysts studied for hydrogen 

production system are generally transition metals. The catalysts containing group 8, 9 and 10 metals 

(Ni, Co, Ru, Pt, Pd, Rh, etc.) are reported preferred for the steam reforming of liquid hydrocarbons31. 

And the tetra- and pentavalent p metals (Ge, Sn, and Pb or As, Sb, and Bi) have been studied as 

promotors to suppress coke formation during steam reforming9, 10. In the steam methane process (SMR) 

for example, nickel catalysts are selected as the most effective and economic catalysts in industry. 

Moreover, in terms of the studies on support materials, the magnesia- and silica-supported nickel 

catalysts improved catalytic lifetime11. 

The catalyst for microwave-initiated catalytic hydrogen production process must be a good 

microwave absorber/receptor and able to retain its structure and properties under intense microwave 

irradiation12, 13. In general, metal- and carbon-based catalysts have been developed for microwave-

initiated CO2-free hydrogen production from hydrocarbons decomposition (mostly methane 

decomposition). The use of carbon-based catalysts offers certain advantages due to their excellent 

ability to efficiently convert the electromagnetic energy to heat 14. Thus, in few prior works15-19 using 

microwave for hydrogen production carbon-based catalysts were predominated. 
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In this chapter, the investigation of various metal catalysts including Fe, Ni, Co, Cu, Pt, Ru etc. were 

discussed for hydrogen production through microwave-initiated hexadecane dehydrogenation. Among 

all the metals examined, we found that Fe and Ni are the most effective catalysts for high-purity 

hydrogen production. In addition, the optimisation of catalysts system was achieved by varying the iron 

content of the Fe/SiC catalysts, and a variety of support materials were investigated. In summary, iron-

based catalysts supported by SiC with low iron loading levels (<10 wt.%) are preferred for high-purity 

H2 production from hydrocarbons (hexadecane) using microwave catalysis. 

 

4.2 Experimental 

4.2.1 Preparation of catalysts 

The catalysts were prepared using the so-called incipient wetness impregnation method. Metal 

nitrates such as iron nitrate nonahydrate (Fe(NO3)3·9H2O) bought from Sigma-Aldrich, were used as 

catalyst precursors whilst SiC (silicon carbide, Fisher Scientific) was used as support. The support 

material was mixed with an aqueous solution of metal nitrate, the concentration of which was calculated 

to produce the desired metal loading. The mixture was then stirred at 150°C on a magnetic hot plate for 

3h until it became a slurry, which was moved into the drying oven and left overnight. The resulting 

solid mixtures were calcined in a furnace at 350 °C for 3 h under air. Finally, the active catalysts were 

obtained by a reduction process in 10% H2/Ar gases at 800 °C for 6h. 

Using same preparation methods, iron-based catalysts on different supports including SiC (silicon 

carbide, Fisher Scientific), AC (activated carbon, Sigma-Aldrich), SiO2 (silica mesoporous, Sigma-

Aldrich) and Al2O3 (aluminium oxide, Sigma-Aldrich) were synthesised with the iron content of 5 wt.%. 

Furthermore, Fe/SiC catalysts with a different iron contents from 0 – 100 wt.% were prepared 

 

4.2.2 Characterisation of catalysts 

The catalysts were carefully characterised before and after experiments by powder X-ray diffraction 

(XRD, PANalytical X’Pert PRO diffractometer), thermogravimetric analysis (TGA, TA Instrument, 
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SDT Q-600), Laser-Raman spectroscopy (PerkinElmer RamanStationTM 400F spectrometer), and 

scanning electron microscope (SEM, ZEISS EVO). 

The powder X-ray diffraction (XRD) used a Cu Kα X-ray source (45 kV, 40 mA). The scanning 

range (in 2θ) in this study was 20° to 80°. Thermogravimetric analysis (TGA) was used to characterise 

the feedstocks remaining and the resulting carbon residue in spent samples. The TGA of spent catalysts 

was first carried out in an N2 atmosphere to measure the hexadecane remaining, the atmosphere was 

then changed to air to analyse the carbon residue. Moreover, the resulting carbon residues were also 

studied via Laser-Raman spectroscopy, with laser excitation is at 785nm. The scanning electron 

microscope (SEM, ZEISS EVO) was used to characterise the surface morphology of the Fe/SiC 

catalysts. The catalysts before and after microwave treatment were also examined by high-resolution 

transmission electron microscopy (HRTEM) using a JEM-3000F microscope (300 kV).  

 

4.2.3 Evaluation of catalysts’ performance 

The experimental setup was outlined in detail in Chapter 2 (Figure 2.1) which consists of a microwave 

generation system, a purpose-built microwave cavity and a control system 3, 4. The catalyst with a 

volume typically about 1.13 cm3 was first placed in a quartz tube (inner diameter 6mm, outer diameter 

9mm). The height of the catalyst bed exposed to the axially polarised (TM010) uniform electric fields is 

4cm. 0.5 mL hexadecane (about 30 wt.% of catalyst) was then injected into tube and after a time of 5-

10 minutes to wait the liquid hexadecane was well dispersed throughout the catalyst bed. Then, the 

filled tube was placed axially in the centre of the TM010 microwave cavity to minimise depolarisation 

effects under microwave radiation. Before starting microwave activation, the samples were purged with 

an Ar flow rate of 1.67 mL · s−1 for a period of 15 minutes. Then, the sample was irradiated with 

microwaves for 30 min at 750 W. The generated gases were collected and analysed by gas 

chromatography (GC) using a Perkin-Elmer, Clarus 580 GC. The ‘unreacted’ hydrocarbon was also 

analysed by gas chromatograph mass spectrometer (GC-MS) using a SHIMADZU, GCMS-QP2010 SE. 

    All the experiments were carried out over a “Trickle-Bed” liquid-solid system, with a focus on the 

volume of gaseous products produced from the dehydrogenation process. The selectivity toward 

different gaseous products was evaluated in terms of the volume % of the product composition in the 
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exit gases. In terms of the conversion and yields, it should be noted that unlike gaseous feedstocks, the 

“Trickle-Bed” liquid-solid heterogenous catalyst system is a more challenging system to estimate the 

quantitative % of product yields when the catalytic system is exposed to microwaves, which itself is a 

super-fast heating process. Thus, it is difficult to precisely determine the total conversion and total 

product yields due to a large amount of hexadecane reactant which is rapidly volatised upon entry into 

the reaction chamber and subsequently collected in a cold trap. The “unreacted” hydrocarbons was 

confirmed by gas chromatograph - mass spectrometer (GC-MS) that the substances remain unreacted. 

Thus, for simplicity, the conversion and H2 yields evaluated in this study are defined as follow (Eq. 4.1 

and Eq. 4.2), where only the reacted hexadecane is considered. 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
𝐹𝑢𝑒𝑙𝑖𝑛𝑝𝑢𝑡−𝐹𝑢𝑒𝑙𝑟𝑒−𝑐𝑜𝑙𝑙𝑒𝑐𝑡

𝐹𝑢𝑒𝑙𝑖𝑛𝑝𝑢𝑡
 × 100%                              (4.1) * 

 

𝐻2 𝑌𝑖𝑒𝑙𝑑𝑠 (%) =  
𝑀𝑜𝑙𝑒 𝑜𝑓 𝐻2 𝑔𝑎𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑚𝑜𝑙𝑒 𝑜𝑓 𝐻2 𝑖𝑛 ℎ𝑒𝑥𝑎𝑑𝑒𝑐𝑎𝑛𝑒 (𝑟𝑒𝑎𝑐𝑡𝑒𝑑)
 × 100%     (4.2) ** 

 

* Fuel input: is the weight of the aliquot of hexadecane injected into the catalyst bed before microwave 

activation. 

    Fuel re-collected: represents the “escaped” (unreacted) hexadecane that is collected in the outlet by a cold 

trap. The resulting condensed liquid was analysed by GCMS and showed only unreacted hexadecane. 

No other liquid products had been detected.  

** Moles of H2 gas collected: represents the moles of H2 in the evolved gas products, suitably 

standardised from GC. 

Calculated moles of H2 in hexadecane (reacted): represents the theoretical moles of H2 in 

hexadecane that had been dehydrogenated during the microwave activation. 
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4.3 Results and discussion 

4.3.1 Studies on different metal catalysts supported by SiC 

Different metals supported by SiC exhibited various levels of performance under microwave 

irradiation with somewhat different product distributions. However, elemental hydrogen always 

remained the dominant product (Figure 4.1). Iron or nickel catalysts showed extremely high hydrogen 

selectivity (ca. 93 vol. % and 96 vol. %, respectively), while other metals (Co, Cu, Pt and Ru) had 

noticeably reduced values. Lighter hydrocarbons (methane and olefins) were observed in the effluent 

gases over Co, Cu and Pt, whereas no reaction was produced through this microwave-initiated 

dehydrogenation of hexadecane on Ru. It should be noted that Fe/SiC catalysts produced more CO than 

Ni and Co which is attributed to the formation of FeOx on the Fe surface. This could be significantly 

improved by adding Ni and Co etc. as promoters, and the Fe-based alloy catalysts will be described in 

detail in a later section. 

 

Figure 4.1. Comparison of different metals operating under same conditions of one cycle of substrate 

and products analysed after 10 minutes. 750W microwave power was used for each experiment and 

the gaseous products from hexadecane dehydrogenation were collected and analysed by GC. ‘N/R’ 

means no reaction was observed under these conditions. The number in parentheses after catalyst shows 

the metal content, wt. %. 
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In Table 4.1, the H2 conversion and yields obtained over various metal catalysts is presented. The 

overall conversion obtained on each experiment was ca. 30 – 40%. This is because experiments were 

carried out over a batch liquid-solid system which caused the hexadecane to be rapidly volatised due to 

a super-fast heating process when exposed to microwaves. The unreacted hydrocarbon was 

subsequently collected in a cold trap. Both Fe and Ni gave a high H2 yields of 61% and 50%, 

respectively while others only produced a H2 yields at low levels (10-30%). In a brief summary, Fe and 

Ni presented a superb catalytic activity towards hydrogen production from hydrocarbons (hexadecane) 

dehydrogenation when interact with induced microwaves. 

 

Table 4.1: Summary of H2 conversion and yields of different metal catalysts supported by SiC through 

microwave-initiated dehydrogenation of hexadecane. Reactions were conducted at 750 W input power 

for 10 min with an aliquot of 5 mL (ca. 30 wt. % of catalysts) hexadecane impregnated. All the catalysts 

were synthesised with 5 wt.% metal loading. 

Metals Volume of H2 gas [mL] Conversion* [%] H2 Yields** [%] 

Fe 158 39 61 

Ni 150 43 50 

Co 128 32 34 

Cu 70 30 15 

Pt 80 30 16 

Ru (-) (-) (-) 

* Defined in Eq. 4.1. ** Defined in Eq. 4.2. 

 

In addition, iron based bimetallic metal catalysts supported by SiC (Fe-X/SiC, X = Ni, Co, Cu and 

Ru) were investigated, aiming to optimise the iron catalysts for higher H2 selectivity and suppress the 

formation of carbon monoxide (CO). As a general observation, all the bimetallic metal alloy catalysts 

gave an extremely high hydrogen selectivity of over 95 vol.%. Nearly 98% of hydrogen selectivity was 

observed over the Fe-Ni/SiC catalyst and less than 0.5 vol.% of CO was produced. Hence, the CO2 

emission is close to zero. It was found that the presence of nickel improves the dispersion of metal 

particles on the SiC surface and appears to suppress the formation of iron carbides, implicated in the 



108 

gradual reduction in catalytic activity (Further information is outlined in Chapter 3). Furthermore, the 

Fe-Ni/SiC catalysts were prepared by varying the Ni contents. Although, no obvious difference was 

noticed in terms of hydrogen selectivity among these catalysts; Ni contents below the weight ratio of 1 

(wiron/ wnickel < 1) was preferred and gave higher hydrogen selectivity and less CO. This demonstrates 

the effects of nickel as a promoter can optimise the performance of Fe-based catalyst under microwave 

conditions for higher hydrogen production and suppress the formation of CO. Other metals like Co, Ru 

and Cu in combination with Fe also produced less COx in the effluent gases.  

 

Figure 4.2. Evolved gas composition of iron based bimetallic metal (Fe-X/SiC, X = Ni, Co, Cu and Ru) 

through microwave-initiated dehydrogenation of hexadecane. Each experiment was carried out for 10 

minutes with 750W input power and the gaseous products were collected and analysed by GC. The 

number in parentheses after catalyst shows the metal content, wt. %. 

 

The H2 conversion and yields of different iron-based alloy metal catalysts are summarised in Table 

4.2. Like metallic iron catalysts, the conversion of hexadecane over these alloy catalysts was around 

40% due to the volatilisation causing by the super-fast heating process under a batch system. However, 

importantly the H2 yields were significantly increased and the Fe-5wt.%, Ni-1 wt.% Fe-Ni/SiC catalysts 

gave a very high H2 yields of 87%. Other metal alloy catalysts were also showed a higher H2 yields than 
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that of mono-metallic metal catalysts. Overall, H2 yields of over 60% were achieved among these metal 

alloys. Therefore, it demonstrates that iron-based metal alloys supported by SiC can improve the 

catalytic activity in terms of hydrogen selectivity and yields when comparing with simple metallic iron 

catalysts system for hydrogen production using microwave. 

 

Table 4.2. Summary of H2 conversion and yields of various iron-based bimetallic metal alloy catalysts 

supported by SiC through microwave-initiated dehydrogenation of hexadecane. Reactions were 

conducted at 750 W input power for 10 min with an aliquot of 5 mL (ca. 30 wt. % of catalysts) 

hexadecane impregnated.  

Metals┼ Volume of H2 gas [mL] Conversion* [%] H2 Yields** [%] 

Fe-Ni/SiC (1, 5) 188 34 63 

Fe-Ni/SiC (5, 5) 192 40 68 

Fe-Ni/SiC (5, 1) 250 34 87 

Fe-Ni/SiC (4.5, 0.5) 250 44 85 

Fe-Co/SiC (4.5, 0.5) 232 38 77 

Fe-Ru/SiC (4.5, 0.5) 110 32 36 

Fe-Cu/SiC (4.5, 0.5) 150 41 50 

┼ The number in parentheses after catalyst shows the metal content, wt. %; * Defined in Eq. 4.1; ** 

Defined in Eq. 4.2. 

 

4.3.2 Study of the effect of support materials 

The effect of the support materials was investigated by preparing 5 wt.% Fe catalysts on different 

supports. The supports used in the study included silicon carbide (SiC), activated carbon (AC), silica 

(SiO2), and aluminium oxide (Al2O3). SiC is itself an excellent microwave absorber and has an 

exceptionally high thermal conductivity and is mechanically very strong. These properties appear to 

contribute significantly to the observed high selectivity to H2 production. AC is well known as an 

efficient microwave absorber and receptor that has been widely used in microwave catalysis 9, 15, 20, 21. 

Moreover, AC is a cheap material with porous structure and has a very high surface area. SiO2 and 

Al2O3 in contrast, are not efficient microwave absorbers but have often been used as supports for 
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hydrocarbon decomposition via conventional thermal catalytic process 22-25.  Fe nano particles are also 

very good microwave absorbers. For comparison purposes, pure “free-standing” Fe nano particles were 

synthesised by hydrogen reduction of the iron precursor and subjected to the microwave activation 

towards hexadecane dehydrogenation.  

It was found that hexadecane undergoes rapid, deep dehydrogenation to predominantly H2, solid 

carbon and small alkanes (methane, ethylene and propylene etc.) for all the examined Fe catalysts on 

these support materials. However, differences in the evolved gas composition were observed over 

different support materials (Figure 4.3). Clearly, Fe on SiC performed the best among all the supports 

towards H2 selectivity, and a remarkable hydrogen selectivity of ca. 93 vol. % was obtained in the 

effluent gas stream. 

 

Figure 4.3. Evolved gas composition for catalysts on different support materials in the microwave–

assisted dehydrogenation of hexadecane. ‘N/R’ indicates no observable reaction under microwave 

treatment.  

 

In comparison, the H2 selectivity of Fe/AC, Fe/SiO2 and Fe/Al2O3 catalysts were 56, 60 and 83 vol.%, 

respectively. The Fe/AC catalysts for hexadecane dehydrogenation produced nearly19 vol.% of CH4 

and 10 vol.% of C2H4, while high levels of CO were obtained over Fe/SiO2 and Fe/Al2O3 catalysts (17 

and 13 vol.%, respectively). It should be noted that SiO2 could react with any produced carbon residue 

which leads to the formation of CO and SiC. The Fe nano particles act as a catalyst for this reaction 
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under microwave irradiation 26. In addition, differences were clearly found over pure supports i.e. 

without Fe, towards the catalytic hexadecane dehydrogenation under microwave activation. AC was the 

only support material that alone catalysed the reactions under the influence of microwaves. Importantly, 

the SiC, SiO2, and Al2O3 supports only produced any measurable catalytic activity under microwave 

activation when the Fe particles were added.  

    In Table 4.3 the H2 conversion and yields of Fe catalysts on various supports is given. Both Fe nano 

particles and Fe catalysts on SiC have a comparable low conversion of ca. 40%, but both gave a high 

H2 yields (ca. 60%) compared to Fe containing catalysts. AC and Fe/SiC have conversions of over 55 %, 

only ca. 20% H2 yields were obtained. Similarly, the H2 yields of Fe/SiO2 and Fe/Al2O3 are 43%.  

 

Table 4.3: Summary of H2 conversion and yields of Fe catalysts on different support materials under 

microwave-initiated dehydrogenation of hexadecane. Reactions were conducted at 750 W input power 

for 10 min with an aliquot of 5 mL (ca. 30 wt. %) hexadecane deposited on the various supported 

catalyst systems. All the catalysts were synthesised with 5 wt.% Fe loading. 

Catalysts Volume of H2 gas [mL] Conversion* [%] H2 Yields** [%] 

Pure Fe 130 35 57 

Fe/SiC 158 39 61 

AC 78 56 21 

Fe/AC 114 65 25 

Fe/SiO2 163 57 43 

Fe/Al2O3 128 46 43 

* Defined in Eq. 4.1. ** Defined in Eq. 4.2. 

 

Many prior works have studied the effect of supports in hydrogen production systems. Like silica 

which has been demonstrated that the enhanced adsorption of surface hydroxyl groups on its surface 

can react with the CHx fragments adsorbed on the nickel surface and subsequently improves 

performance of catalysts for SMR11. Other supports such as TiO2
27, CeO2

28 and Fe2O3
29 were also 

reported for optimising catalysts system for hydrogen production. Under microwave conditions 

however, it is essential that a support can retain its structure and properties under intense microwave 
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irradiation. Therefore, herein the SiC is selected as a superb support for this process due to its high 

mechanical strength and thermal conductivity. Moreover, the chemical inertness of SiC minimises the 

tendency to produce oxygenated products. 

 

4.3.3 Fe/SiC catalysts with various Fe loading 

A series of Fe/SiC catalysts were synthesised with increasing Fe loadings of 2, 5, 10, and 20 wt.% 

and a sample of “free-standing” Fe nano particles was also prepared. As a general observation, Fe 

loading at low levels (< 10 wt.%) is always preferred for high levels of hydrogen production. The Fe 

catalysts with 2, 5 and 10 wt.% Fe loading exhibited over 92 % selectivity for H2 over other gases 

(Figure 4.4). The hydrogen amount decreased with increasing Fe contents above 10 % loading and only 

85 % and 72 % selectivity are obtained over the sample with 20 wt.% Fe loading and pure Fe, 

respectively. It was found that more CO was produced at higher Fe contents and nearly 10 vol.% of CO 

was obtained with pure Fe. Presumably, this is because iron oxide is formed by the oxidation of iron 

through air present in the operating system and/or the insufficient reduction of the Fe precursor. 

Moreover, a clear increase in ethylene formation was found for pure Fe without a support material. As 

Fe is active in the C – C coupling reaction during CO hydrogenation, it is understandable that more 

minor products such as methane and ethylene etc. were produced at the higher Fe loading levels 30-32.  

In terms of conversion and the H2 yields (Table 4.4), no obvious difference was observed over Fe 

catalysts with various Fe loadings. The overall conversion of hexadecane to gaseous products over 

Fe/SiC catalyst is ca. 40%, and the H2 yields is ca. 60%. We attribute the comparable low yield of H2 

to the very low surface area of SiC and the inevitable rapid vaporisation of hexadecane with the 

“Trickle-Bed” liquid-solid configuration used here under rapid microwave dielectric heating. 
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Figure 4.4. Evolved gas composition for Fe/SiC catalysts at different Fe loadings under microwave–

initiated dehydrogenation of hexadecane. The number in parentheses for each catalyst shows the metal 

content, in wt. %. ‘N/R’ indicates no reaction was found under microwave treatment.  

 

Table 4.4: Summary of H2 conversion and yields of Fe catalysts with various Fe loadings in the 

microwave-initiated dehydrogenation of hexadecane. Reaction conducted at 750 W incident power for 

10 min with 5 mL (ca. 30 wt. %) hexadecane deposited on catalyst.  

Catalysts┼ Volume of H2 gas [mL] Conversion* [%] H2 Yields** [%] 

Fe/SiC (2) 149 41 57 

Fe/SiC (5) 158 39 61 

Fe/SiC (10) 174 42 63 

Fe/SiC (20) 162 38 62 

Pure Fe 130 35 57 

┼ The number in parentheses for each catalyst shows the metal content, wt. %; * Defined in Eq. 4.1; ** 

Defined in Eq. 4.2. 

 

In addition, the Fe/SiC catalysts with various Fe contents were carefully examined by X-ray 

diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and 

Raman spectroscopy.  
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Figure 4.5 illustrates the XRD patterns of Fe/SiC catalysts with Fe contents of 2, 5, 10, and 20 wt.%. 

The characteristic peaks of Fe and SiC were observed. SiC peaks were detected at 2θ = 34.22°, 35.73°, 

38.25°, 41.51°, 45.4°, 54.73°, 60.12°, 65.73°, 70.94°, 71.86°, 73.45° and 75.49°. The peaks for Fe metal 

at 44.79° and 65.11° were also detected. These last two peaks correspond to the 110 and 200 lattice 

planes of Fe, respectively. The diffraction pattern for the catalysts obtained via the hydrogen-thermal 

reduction indicate that the iron particles were pure α-Fe phase with a cubic structure (JCPDS No. 05-

0696)33. No other Fe species were detected by XRD. Clearly, the peak intensity of metallic iron became 

stronger when the Fe loading increased from 2 to 20 wt.% (Figure 4.5a). After microwave treatment, 

the peak for Fe at 44.79° and 65.11° dramatically decreased or disappeared. Instead, the characteristic 

peaks of iron carbide at 2θ = 42.92°, 43.82°, 44.72°, 45.04°, 45.9°, and 49.18° were detected. No clear 

changes were observed for the diffraction peaks of SiC, which suggest that it was largely stable under 

the reaction conditions.  

    Although, no clear diffraction peaks for carbon were detected in the XRD, the presence of carbon 

residues has been confirmed through Raman scattering, thermogravimetric analysis (TGA) and 

scanning electron microscopy (SEM) studies. Figure 4.6 compares the Raman spectrum of Fe/SiC 

samples before and after the microwave treatment. Three prominent features in the Raman spectra of 

carbon were appeared in the spent sample. The so-called D-band, G-band and G’-band were observed 

at 1312 cm-1, 1584 cm-1 and 2624 cm-1, respectively. The higher intensity found in the D-band indicates 

the resulting carbon residues contain disordered sp2-hybridized carbons. The presence of a G’-band 

suggests the formation of graphitic sp2-hybridized carbon which is also confirmed by our high-

resolution transmission electron microscopy (HRTEM) studies in the previous Chapter. Moreover, very 

small Raman peaks associated with SiC are observed in the spent samples with high Fe contents (i.e., 

5, 10 and 20 wt. %) which is considered as being due to the surface coverage of SiC with coke. The 

thermogravimetric analysis (TGA) showed that the combustion temperatures of the carbon residues are 

similar, at about 593 °C (Figure 4.7), while the weight gain at lower temperatures is due to the oxidation 

of iron/iron carbide. 
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Figure 4.5. X-Ray Diffraction patterns of Fe/SiC with various Fe loadings. (a) Before; and (b) After 

microwave-initiated catalytic dehydrogenation of hexadecane. The number in parentheses shows the Fe 

loading, in wt. %.  
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Figure 4.6. Raman spectra of Fe/SiC catalysts with various Fe loading after the microwave-initiated 

dehydrogenation of hexadecane. The number in parentheses shows the Fe loading, in wt. %. 

 

 

Figure 4.7. Thermogravimetric analysis (TGA) of Fe/SiC catalysts with various Fe loading through 

microwave-initiated dehydrogenation of hexadecane. The TGA was heated in air. The number in 

parentheses shows the Fe loading, in wt. %. 

 

    Figure 4.8 shows the SEM images of Fe/SiC catalysts with different Fe loading before and after 

microwave treatment. In the fresh samples, it was found that SiC particles are 20-40 μm and Fe particles 
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are ca. 10 – 100 nm, which corresponds to the XRD analysis. In addition, more Fe particles can be 

observed at higher Fe loading but have larger particle sizes. After the microwave treatment, some carbon 

clusters were found on the SiC surface with the size of 10 μm. Some filamentous carbon was also 

observed in these carbon clusters.  

 

Figure 4.8. Scanning electron microscopy (SEM) of Fe/SiC catalysts with various Fe loading, (a, c and 

e) before and (b, d and f) after microwave-initiated catalytic hexadecane dehydrogenation. The number 

in parentheses shows the Fe loading, in wt. %. 
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4.3.4 Power absorption and temperature considerations 

Changes of absorption power and the surface temperature of representative 5 wt.% Fe/SiC samples 

were carefully investigated via hexadecane (fuel) dehydrogenation. For reference, Fe/SiC catalytic 

systems both with, and without hexadecane are presented. Here, the changes of temperature (°C) and 

microwave absorption power (watts) as the functions of the reaction time (in seconds) are given in 

Figure 4.9. 

 

Figure 4.9. The changes of microwave absorption power (Watts) and temperature (°C) for 5 wt. % 

Fe/SiC catalyst under 750 W microwave power (a) with and without hexadecane fuel during exposure 

of the system to microwaves (b) Comparison of fresh and spent sample without fuel. 
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A noticeable increase in the absorption of microwave power was observed at the onset of microwave 

promotion or activation, but it rapidly decreased after the system attained the maximum absorption of 

about 230 watts. Meanwhile, the surface temperature rapidly increased during this short period of ca. 

90 seconds. One notes that the behaviour of the temperature changes was noticeably different for 

samples with and without hexadecane. The temperature of the sample with hexadecane showed a 

noticeable decrease of temperature of nearly 150 °C from the maximum temperature (ca. 610 °C). For 

the sample without hexadecane, however, the temperature reached the maximum (ca. 740 °C) and 

remained at that value to the end of experiment. A temperature difference of nearly 280 °C is observed 

between samples with and without hexadecane. A similar difference was also observed on absorption 

power.  

Considering both the microwave and temperature variations under microwave operating 

conditions, it was found that the sample with the hexadecane fuel exhibited a slower temperature 

increase. This behaviour is attributed to the major deep dehydrogenation reaction being highly 

endothermic and thus the heat is absorbed in these dehydrogenation reactions at the very onset of 

microwave activation.  

In addition, the system temperature was found to decrease after reaching the maximum temperature 

of 610 °C. This is considered due to the developing deposition of carbon residues and the formation of 

iron carbide that affects the dielectric properties and thermal conductivities of the original Fe/SiC 

samples, which has been demonstrated by comparing the temperature profile and absorption power 

between the fresh and spent Fe/SiC sample without fuel (Figure 4.9b).  

 

4.3.5 Dielectric properties of investigated catalysts 

The dielectric properties of catalysts were measured via microwave cavity perturbation measurement 

at room temperature using a TM010 resonant cavity. It should be noted that the dielectric properties 

of the catalysts are temperature dependent, which could alter any trend observed at low temperature. 

The high temperature measurement of representative Fe/SiC, Ni/SiC and FeNi/SiC catalysts was 

outlined in detail in Chapter 3. 
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Figure 4.10. Dielectric properties of catalysts, (a, b and c) before and (d, e and f) after microwave-

initiated catalytic dehydrogenation of hexadecane. The number in parentheses shows the metal loading, 

in wt. %. The values given show an average of at least 5 times individual tests. 

 

Figure 4.10 summarised the dielectric constant, dielectric loss and loss tangent of catalysts before and 

after microwave treatment. The dielectric constant represents the ability of the material to store 

electrical potential energy under the microwave irradiation and the loss tangent defines the ability of 

the material to convert electromagnetic energy into heat energy at a given frequency and temperature 5, 
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7. As a general observation, the SiC, AC and Fe particles have a comparable dielectric constant while 

the loss tangent of AC is several times larger than that of SiC and Fe particles. The loss tangent of Fe, 

SiC, SiO2 and metal/SiC catalysts is low at the range of 0.03 – 0.1. In comparison, the loss tangent of 

ca. 1.8 and 6.3 were measured for AC and Fe/AC sample respectively. Moreover, both dielectric loss 

and loss tangent of metal/SiC catalysts were significantly increased after the reactions as a result of 

carbon deposition. This is because the carbons are excellent microwave absorbers which can efficiently 

convert electromagnetic energy to heat. In contrast, there was nearly no change of AC before and after 

microwave treatment. 

 

Figure 4.11. The plots summarised the relation between dielectric properties of catalysts and hydrogen 

selectivity. The number in parentheses shows the metal loading, in wt. %.  

 

In relation to the hydrogen selectivity, no simple dependency has been found between the dielectric 

properties of catalysts and their product distributions (Figure 4.11). However, the catalytic activity of 
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different catalysts is still related to their dielectric properties. In the study of microwave-initiated 

dehydrogenation of hexadecane, materials with low loss tangent and dielectric constant such as SiO2, 

have shown no catalytic activity under microwave irradiation because such catalysts are unable to 

achieve the required temperature for reactions. The metal/SiC catalysts by contrast, have a similar 

dielectric property to SiO2, but showed a remarkable hydrogen selectivity under microwave irradiation. 

Unlike carbon-based catalysts which the driving force is considered to be dominanted by the heat that 

has been efficiently converted from electromagnetic energy, the SiC supported metal catalysts rely on 

various polarisation and dissipation mechanisms that contribute to drive the reactions under microwave 

irradiation which subsequently lead to the high hydrogen selectivity34. 

It is concluded that the dielectric property of a material is important for designing a catalyst for 

microwave catalysis; however, it is not a decisive parameter affecting the catalytic performance under 

microwave irradiation. The dielectric property of materials only reflects the efficiency in term of 

converting electromagnetic energy to heat; and the catalytic properties of a catalyst are rather important 

for specific reactions. Moreover, it is more complex in a heterogeneous catalyst system and various 

polarisation and dissipation mechanisms may enhanced under microwave irradiation. 

 

4.3.6 Summary of catalyst characterisation 

The pre- and post-reaction catalysts were carefully characterised via a variety of surface techniques 

including X-ray Diffraction (XRD), thermogravimetric analysis (TGA), Raman spectroscopy, and 

scanning electron microscopy (SEM). The selective Fe/SiC, Fe-Ni/SiC and Ni/SiC catalysts before and 

after microwave treatment has been detailed studied and discussed in Chapter 3, thus in this section a 

brief summary on characterisation of other catalysts is given. 

 

4.3.6.1 X-ray diffraction (XRD) 

Figure 4.12 summarised the XRD patterns of different metals and iron-based bimetallic alloys. The 

characteristic peaks of metals and SiC were observed. The diffraction peaks of SiC were detected at 2θ 

= 34.22°, 35.73°, 38.25°, 41.51°, 45.4°, 54.73°, 60.12°, 65.73°, 70.94°, 71.86°, 73.45° and 75.49°, and 

there are no obvious changes were found after microwave treatment which suggest the stable properties 
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of SiC under the intensive microwave irradiation. In contrast, the difference is always observed on 

metals after reactions; for example, the characteristic peaks of iron carbide were detected on iron 

catalysts. 

 

Figure 4.12. XRD patterns of various metal catalysts and metal alloys before and after the microwave-

initiated catalytic dehydrogenation of hexadecane, 2θ= 20°-80°. The number in parentheses shows the 

metal loading, in wt. %. The ‘‘-F’’ and ‘‘-S’’ after the parentheses refer to the fresh and spent sample 

respectively. 

 

4.3.6.2 Scanning electron microscopy (SEM) 

Figure 4.13 and Figure 4.14 presented the SEM images of prepared catalysts with different supports 

and various metal catalysts supported by SiC, respectively. The different surface morphology has been 

observed among different catalysts. This may also relate to the various catalytic performance under 

microwaves. 
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Figure 4.13. The scanning electron microscopy (SEM) images of (a) Fe particle obtained by hydro-

reduction from iron nitrate, (b) 5 wt.% Fe/AC catalyst, (c) 5 wt.% Fe/SiO2 catalyst, (c) 5 wt.% Fe/Al2O3 

catalyst. 
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Figure 4.14. The scanning electron microscopy (SEM) images of (a) 5 wt.% Fe/SiC catalyst, (b) 5 wt.% 

Ni/SiC catalyst, (c, d) 5 wt.% Pt /SiC catalysts, (e) 5 wt.% Ru/SiC catalyst and (f) 5 wt.% Cu/SiC 

catalyst. 

 

4.3.6.3 Raman spectroscopy 

The resulting carbon residues are further confirmed and studied by Raman spectroscopy. The so-

called D-band, G-band and G’-band were obviously appearted at about 1312 cm-1, 1584 cm-1 and 2624 

cm-1, respectively in spent samples (Figure 4.16). There are thus, both disordered and graphitic sp2-
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hybridized carbons were formed during the process. And a more comprehensive study on these carbons 

will be given in Chapter 6. 

 

Figure 4.15. Raman spectra of spent catalysts from hexadecane dehydrogenation under microwave 

treatment. The number in parentheses shows the Fe loading, in wt. %. 

 

4.4 Conclusion 

The microwave process is a rather complex process and system when combined with heterogeneous 

catalysis. The catalyst system was investigated and optimised by scanning various metal catalysts, 

supports and varying the metal contents. The catalytic performance of prepared catalysts was studied 

through microwave-initiated catalytic dehydrogenation of hexadecane. In summary, Fe and Ni showed 

a superb catalytic activity among other metals (Co, Cu, Pt and Ru) for this catalytic process under 

microwaves and high hydrogen selectivities and yields were produced. Moreover, the study on iron-

based metal alloy catalysts showed that all the bimetallic metal alloy catalysts gave an extremely high 

hydrogen selectivity and nearly 98% of hydrogen selectivity was obtained over the Fe-Ni/SiC catalyst 

with the production of COx close to zero. It is therefore concluded that the presence of a second metal 

(such as Ni and Co) in an iron-based metal alloy can improve the catalytic activity in terms of hydrogen 

selectivity and yields for high-purity hydrogen under microwave condition. 
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In the study of support material, SiC is selected for the process as it is an excellent microwave 

absorber/acceptor and is mechanically strength with exceptionally high thermal conductivity. These 

properties make SiC an excellent support for metal catalysts using under the intense microwave 

irradiation for high-purity hydrogen production. Furthermore, it has been demonstrated that Fe/SiC 

catalysts with low Fe loading level (< 10 wt.%) is preferred for high purity hydrogen production under 

microwave. 
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Chapter 5 

The Decarbonisation of Petroleum and Other Fossil 

Hydrocarbon Fuels for the Facile Production and 

Safe Storage of Hydrogen 

Overview 

The process of microwave-initiated catalytic dehydrogenation has been described in the previous 

chapters where only one model fluid hydrocarbon – namely hexadecane – was studied. In this chapter3, 

a variety of actual, real petroleum products, ranging from heavy crude oil, crude oil through diesel, 

petrol through to methane, was investigated through microwave-initiated catalytic dehydrogenation 

process for high-purity hydrogen production. The results have demonstrated that real hydrocarbon fossil 

fuels (even crude oil) can be the vehicle for high-purity hydrogen production. Based on these advances, 

we are of the view that this can set the scene for the natural bridge between the current fossil fuel 

economy and a decarbonised hydrogen economy. 

 

5.1  Introduction 

The importance of petroleum and extracted and refined fossil carbonaceous fuels (petroleum, diesel 

etc.) to the development of human society cannot be overestimated. These natural resources have 

improved billions of lives, worldwide, in providing accessible, relatively inexpensive energy at nearly 

every scale. Notwithstanding the credible advances in renewable energy production over the past decade 

 
 

3 The work described in this chapter is reproduced and modified from my publications in 2018, in Energy & 

Environmental Science entitled ‘‘The decarbonisation of petroleum and fossil hydrocarbon fuels for the 

production and storage of hydrogen’’. 
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or so, the aerial combustion of coal, natural gas and liquid fossil fuels, given humankinds’ insatiable 

demand for power, will continue to be the ready source of more than 85% of the world’s energy in the 

foreseeable and possibly the distant future.  

The extracted and refined hydrocarbon fossil fuels, petrol and diesel are quite simply unrivalled in 

terms of their energy density and widespread ease of use and storage. These hydrocarbon energy sources 

are easily be burned in air to produce copious amounts of easily-controlled heat1. Indeed, our whole 

industrial society is based upon their oxidation/ combustion reactions These naturally occurring 

carbonaceous fuels have increased our comfort, longevity, and affluence. However, it is now recognised 

that their usage may come at a cost; the aerial combustion of these fuels leads to significant emissions 

of CO2 to the atmosphere, estimated at 32.5 giga-tons (Gt) of CO2 in 2017 alone2. Therefore, it is 

perhaps unnecessary to remark that there may be a clear need to shift to alternative fuels, which provide 

energy without adding CO2 to the atmosphere3-5. One of the principal reasons why progress has been so 

slow towards what is recognised as the ultimate of such an sustainable energy transition – the hydrogen 

economy6-13- devolves to the fact that there is no readily available, massive source of “natural” hydrogen. 

Furthermore, to date, no reliable means exists for storing hydrogen so that it can be rapidly released – 

safely, and on demand- for fuel cell and other applications6, 14-16. 

Paradoxically, we report here the required production of high volumes of high-purity hydrogen 

through the catalytic dehydrogenation of a range of fossil fuel sources including petroleum, crude and 

heavy crude oil, petrol, diesel and methane through microwave -initiated catalysis, using microwave-

receptive fine iron particles. The co-product of this dehydrogenation process, solid carbon, can be safely 

stored underground in perpetuity or converted in future to valuable hydrocarbons and other materials. 

Through their catalytic dehydrogenation to yield carbon-free hydrogen - rather than through their aerial 

combustion to produce carbon dioxide - petroleum and other fossil fuels can now serve as an energy 

pathway to stabilising global mean temperatures. 
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5.2 Experimental 

The complete experimental process is outlined in Chapter 2 in details. Briefly, the experimental 

methods are summarised below by sections. 

 

5.2.1  Preparation of catalysts 

The catalysts used in this study were iron based catalysts and prepared by an incipient wetness 

impregnation method. Iron nitrates, Fe(NO3)3·9H2O (Iron (III) nitrate nonahydrate, Sigma-Aldrich), 

was used as catalyst precursors whilst SiC (silicon carbide, Fisher Scientific) and AC (activated carbon, 

Sigma-Aldrich) were used as supports. The supports were mixed with an aqueous solution of iron nitrate, 

the concentration of which was calculated to produce a desired Fe loading. The mixture was then stirred 

at 150°C on a magnetic hot plate for 3h until it became a slurry, which was moved into the drying oven 

and left overnight. The resulting solid mixtures were calcined in a furnace at 350 °C for 3 h. Finally, 

the active catalysts were obtained by a reduction process in a 10% H2/Ar gas mixture at 800 °C for 6h. 

 

5.2.2 Characterisation of catalysts 

The pre- and post- reaction catalysts were carefully characterised by x-ray diffraction (XRD), 

thermogravimetric analysis (TGA), Laser-Raman spectroscopy, scanning electron microscopy (SEM), 

Energy-dispersive X-ray spectroscopy (EDS) and high-resolution transmission electron microscopy 

(HRTEM). The operating procedure and full details related to these techniques were given previously 

in Chapter 2. 

 

5.2.3 Microwave initiated dehydrogenation process 

The experimental setup is shown in Figure 2.1. The microwave system consists of a microwave 

generation system, a purpose-built microwave cavity and a control system.  

Typically, the catalyst filled quartz tube was impregnated with aqueous hydrocarbon fuels, then the 

tube was exposed to microwave irradiation. Before starting microwave irradiation, the samples were 

purged with an Ar flow rate of 1.67 mL·s−1 for a period of 15 minutes. Then, the sample was irradiated 
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with microwaves for 10-30 min at a microwave input power of 750 W. The generated gases were 

collected and analysed by gas chromatography (GC). And the liquid products or unreacted 

hydrocarbons were analysed with a gas chromatograph mass spectrometer (GC-MS). 

The sample temperature was measured using an infrared (IR) pyrometer, which was also used to 

control the power to the generator. The reflected power was measured by a crystal detector, from which 

the power absorbed by the sample is determined. During the microwave experiment a temperature (T) 

and power dissipation (W) versus time (t) of reaction profile was recorded17, 18. It should be noted that 

the microwave system is not impedance matched, thus the energy delivered to the sample cavity and 

the microwave power to which the sample was exposed was less than this value. 

 

5.2.4 Conventional thermal dehydrogenation process 

The conventional thermal experiments for diesel dehydrogenation were carried out in an electric 

furnace for comparison purpose with microwave-initiated experiments. The experimental setup is 

shown in Figure 2.4. The heating rate of electric furnace used in these experiments were 10 °C/min. 

The conventional thermal dehydrogenation of diesel was investigated through two different 

procedures. For one thermal procedure, a diesel pre-loaded Fe/SiC sample was subjected to a pre-heated 

furnace (550 °C), while in another procedure, the Fe/SiC catalyst (without fuel) was pre-heated in the 

furnace to 550 °C and the diesel was then carefully introduced to the hot catalyst bed via a syringe 

 

5.2.5 Compositional analysis of petroleum samples 

The detailed composition of extra-heavy crude oil and crude oil were determined via elemental 

analysis. The composition of petroleum samples including diesel and petrol were analysed by a GC-

MS. All the petroleum samples used in this study were supplied by Saudi Aramco.  

The GC-MS analysis on these petroleum samples are given in Figure 5.1. The detailed chemical 

compositions for diesel, petrol, extra-heavy crude oil and crude oil are given in Appendix Table A1-A4, 

respectively. 
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Figure 5.1. Gas chromatography-mass spectrometry (GCMS) analysis on extra-heavy crude oil, crude 

oil and diesel. 

 

5.3 Results and discussion 

5.3.1 Model fluid n-alkanes and aromatics 

In addition to hexadecane (C16H34), liquid saturated alkanes (CnH2n+2) from C7 to C17 were also 

investigated over 5 wt.% Fe/SiC catalysts and 5 wt.%-Fe, 5 wt.%-Ni FeNi/SiC catalysts respectively.  

It was demonstrated on Fe/SiC catalyst that hydrogen selectivity of over or close to 90% were produced 

from these saturated hydrocarbons (Figure 5.2a). Similarly, FeNi/SiC catalysts gave higher hydrogen 

selectivity than that of Fe/SiC catalysts.  
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Figure 5.2. Microwave initiated dehydrogenation of saturated alkanes (C7 to C17) and aromatics over 5 

wt.% Fe/SiC catalysts under 750W microwave irradiation. (a) Selectivity of H2 and small alkanes; (b) 

Comparison on theoretical and experimental H2 density of these aliphatics via microwave initiated 

heterogenous catalysis. 

 

It should be noted that at current experimental set-up, only 10- 40 % of feedstocks were converted 

during this rapid catalytic process and the rest of the feedstock was vaporised and remained unreacted 

but can be recycled and again decomposed via this system. Although, the experimental gravimetric H2 

density and volumetric H2 density of these alkanes were lower than their theoretical values due to the 

low conversion (Figure 5.2b), but these experimental H2 density obtained was still higher than the target 

of hydrogen storage techniques set by U.S. DoE. 
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Figure 5.3. Comparison of microwave-initiated dehydrogenation of selective aliphatics and aromatics 

using a 5 wt.% Fe/SiC catalyst. (a) Selectivity of H2 and small alkanes; (b) Evolved gas volume obtained 

through aromatics dehydrogenation. 

 

The heptane and octane were compared with toluene and 3 isomers of dimethylbenzene and 

ethylbenzene to study on the difference between aliphatics and aromatics via microwave-initiated 

catalytic dehydrogenation (Figure 5.3). Each of the toluene, m, p, o- xylene and ethylbenzene produced 
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a hydrogen selectivity of over 95 % over Fe/SiC catalysts. The hydrogen selectivity obtained among 

aromatics dehydrogenation was higher than that of aliphatics (heptane and octane). This is ascribed to 

more stable C-C bond in aromatics 19 which is more difficult to break than a C-C bond in aliphatics. As 

a result, less light hydrocarbons such as methane, ethane and ethylene etc. were produced from 

aromatics. 

Furthermore, when compared of aliphatics, less hydrogen was produced from aromatics, but higher 

H2 selectivity was observed (Figure 5.3). This is considered due to the presence of benzene rings in 

aromatics are rather stable, thus causing lower H2 yields whilst prohibiting the side reactions for small 

alkanes production (methane etc.). 

 

5.3.2 Hydrogen production characteristics from petroleum and fossil hydrocarbons 

Figure 5.4 shows the time-dependent hydrogen evolution arising from the microwave-initiated 

dehydrogenation of both crude and heavy crude oils and various fossil fuels using fine iron catalyst 

particles (typically 100 nm diameter) on the support materials of either activated carbon (AC) or silicon 

carbide (SiC). For the simplest comparisons, comparable weight % loading levels of the liquid fossil 

feedstocks on the same support was used.  

Activated carbon is established as an excellent microwave absorber or receptor whilst silicon carbide 

is characterised by its superior mechanical thermal and dielectric properties which, coupled to 

exceptional chemical inertness, avoids any complicating issues that may arise with activated carbon 

support materials. 

Immediately at the very initiation of microwave irradiation of the samples, a considerable volume of 

high-purity hydrogen was readily extracted from the petroleum and heavy liquid feedstocks, and that 

typically in periods of about 3 minutes. A selectivity of over 90 % for hydrogen in the exiting gas stream 

following this dehydrogenation of methane, petrol and diesel was obtained (Figure 5.5). The selectivity 

is defined here as the volume % of the particular product within the total volume of gaseous products.  
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Figure 5.4. Cumulative evolved H2 volume through the microwave-initiated iron catalysed 

dehydrogenation of fossil fuels. Samples are, black: 30 wt.% petrol @ Fe/SiC, red: 30 wt.% diesel @ 

Fe/SiC, blue: 40 wt.% diesel @ Fe/AC, magenta: 40 wt.% crude oil @ Fe/AC, olive: 40 wt.% extra-

heavy crude oil @ Fe/AC 

 

 

 

Figure 5.5. Evolved gas composition of various fossil fuel feedstocks over iron catalysts on silicon 

carbide (SiC) and activated carbon (AC) under microwave initiation.  
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For the heavier, and obviously inherently more complex crude and heavy crude oil, the selectivity of 

evolved hydrogen is decreased to ca. 75-85 %. Although less hydrogen is produced from these heavy 

feedstocks, microwave-initiated catalytic dehydrogenation is clearly still highly effective. Due to the 

inevitable extraneous or residual oxygen contained in the fuel feedstocks (see below), the catalysts and 

also their supports, the production of CO and CO2 in very low concentrations cannot be avoided under 

our present experimental conditions17, 18.  

The dehydrogenation of methane to hydrogen and solid elemental carbon reached values of 90% 

conversion through this microwave-initiated catalytic dehydrogenation process (Figure 5.6). 

Corresponding quantitative conversion estimates for petroleum or crude oils are obviously more 

difficult since they are complex, multicomponent mixtures20. For example, petroleum (or crude oil) is 

a naturally occurring liquid mixture containing mostly hydrocarbons, but also containing some 

compounds of oxygen, nitrogen and sulphur.  

 

Figure 5.6. Methane conversion and hydrogen selectivity over 5 wt.% Fe/SiC catalysts under 

microwave. Reaction conditions; the reaction was conducted at microwave power of 750 W. Pure 

methane (>99.99%) was fed in a flow rate of 8.5 mL/min. The space velocity (SV) was 5.7 L/gcat·h. 

 

Notwithstanding, we report that hydrogen masses of 0.04, 0.051, and 0.065 kg were extracted from 

1 kg of crude oil, extra-heavy crude oil and diesel, respectively, over Fe/AC catalysts (Figure 5.7), 

illustrating the efficacy of the microwave-initiated catalytic dehydrogenation process. Higher levels of 

hydrogen production, 0.086 and 0.093 kg of hydrogen were liberated from 1 kg of diesel and petrol, 
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respectively, over Fe/SiC catalysts, thus these hydrocarbons are themselves natural hydrogen storage 

materials. 

 

Figure 5.7. H2 production per volumetric and gravimetric fuel consumption. Samples are, black: 30 

wt.% petrol @ Fe/SiC, red: 30 wt.% diesel @ Fe/SiC, blue: 40 wt.% diesel @ Fe/AC, magenta: 40 wt.% 

crude oil @ Fe/AC, olive: 40 wt.% extra-heavy crude oil @ Fe/AC. 

 

5.3.3 Parametric studies of the microwave-initiated dehydrogenation of diesel fuel 

For detailed studies, the diesel was chosen as a well- characterised hydrocarbon fuel product derived 

from petroleum. The fuel consisted of mainly n-alkanes from C12 to C21 (89%) with some oxygen 

containing compounds (11%) such as dodecanol and methyl octadecenoate etc.; all constituents 

identified by gas chromatography-mass spectrometry (GCMS).  

Under the microwave-initiated process, diesel fuel was rapidly dehydrogenated over the Fe/SiC 

catalyst. Hydrogen selectivity exceeded 91% in the evolved gases with less than a fraction of a percent 

of adventitious CO2. Small alkanes, mainly methane, comprised ca. 7 vol. % of the remainder of the 

exit gases (Figure 5.5).  

In Figure 5.8a, b and c, it shows data for “time-on-stream” experiments for diesel fuel on a Fe/SiC 

catalyst initiated under various microwave absorbed powers. It can be seen that whilst hydrogen 
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production rates are strongly dependent upon the incident microwave power levels, hydrogen 

selectivity itself is not significantly affected by the levels of incident and absorbed microwave power.  

 

Figure 5.8. Study of hydrogen production from diesel over 5 wt.% Fe/SiC catalyst under microwave 

initiation. (a) Cumulative evolved H2 volume determined by ‘time on stream’ with different absorbed 

power. (b) The effect of absorbed power on the gas distribution and (c) reaction rate of hydrogen 

production with different absorbed power.  

 

Importantly, as with our earlier studies on wax17, it should be noted that  hydrogen evolution also 

ceases instantly upon the cessation of microwave irradiation. This is in direct contrast to any 

conventional thermal heating process, where hydrogen evolution continues to proceed even upon 

the loss of input (external) heat, as both the catalyst particle and the surrounding “bath” of 

hydrocarbons slowly cool. Further studies are underway to investigate this important aspect relating 

to the electromagnetic microwave energy – induced catalyst metal particle- host hydrocarbon ‘‘bath’’ 

interaction. This is a clear illustration that electromagnetic energy from the incident microwaves is 
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being directly – and highly effectively- transmitted to the metal catalyst particles themselves to 

catalyse hydrogen production from the fossil fuels.  

 

Figure 5.9. Comparison of product distribution from diesel @ 5 wt.% Fe/SiC sample under (a) 

microwave initiation and (b, c) thermal reactions. (b), a diesel pre-loaded Fe/SiC sample was subjected 

to a pre-heated furnace (550 °C), while in the (c), the Fe/SiC catalyst (without fuel) was pre-heated in 

the furnace to 550 °C and the diesel was then carefully introduced to the hot catalyst bed by a syringe. 

The average and the highest temperature recorded under microwave initiation were 416 °C and 568 °C, 

respectively. ‘N/R’ indicates no reaction was observed. 

 

As shown in Figure 5.9, the microwave-initiated catalytic dehydrogenation of diesel produced 

different levels both of catalytic activity and the (resulting) product selectivities, as compared to the 

conventional thermal catalytic processes. A stand-out observation, actually common to all the various 

hydrocarbon feedstocks, is the recurring high selectivity to hydrogen formation under the microwave-

initiated catalytic process, as compared to the conventional thermal catalytic dehydrogenation process. 

We attribute this behaviour once again to the incident microwave electromagnetic energy being 

selectively, effectively and preferentially absorbed by the iron fine particles as the active catalytic centre, 

with only modest heating of the surrounding bulk hydrocarbon fuel by the incoming microwaves. Thus, 
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pure hydrogen is rapidly extracted from the reactant hydrocarbon fuel through the microwave-initiated 

catalytic reaction at the iron particle surface; this process occurring faster than either the vaporisation 

of fuel from the heated particle (in our trickle-feed catalyst bed configuration) or the alternative 

catalytic- cracking to various hydrocarbons. In contrast, for the corresponding thermal process (Figure 

5.9b), rapid vaporisation of the fuel at elevated temperatures predominates before significant catalytic 

dehydrogenation can occur, with attendant changes also in the resulting product distribution.  

In the absence of microwave-initiation of the catalytic process, the hydrogen concentration was 

significantly decreased when the catalyst bed was preheated (using an electrical furnace) before 

carefully introducing the diesel fuel (Figure 5.9c); under these conditions, higher concentrations of light 

alkane products were obtained in the evolved gases, suggesting that (conventional) thermal cracking 

was dominant21, 22.  

In contrast, under microwave initiation, the iron particles themselves are rapidly heated to initiate 

the catalytic dehydrogenation process. This probably arises since a conventional thermally -heated 

catalytic process produces a multitude of active constituents at the high temperatures of the catalytic 

process – these active constituents would include the metal catalyst particles, the support material 

itself and the hydrocarbon bath. 

In view of the complex nature of the microwave-initiated heterogeneous catalytic processes involved 

in this process, at present it is not possible to formulate a complete detailed mechanism for the highly 

selective dehydrogenation we observe. Further detailed studies that take into account the nature, and 

amount, of selective microwave absorption during catalytic turnover are now planned. However, what 

is clear is that this heterogeneous system - hydrocarbon fuel + catalyst - under microwave initiation can 

lead to non-equilibrium conditions at the catalyst that appear to accelerate specific endothermic 

reactions. In particular, the primary products of the catalytic transformation on the (microwave) heated 

metal particle surface are quenched rapidly as they diffuse away from the metal particle and move into 

the bulk of the colder hydrocarbon reaction mixture surrounding the catalyst, (of course, that 

hydrocarbon fluid does not itself significantly absorb the microwave energy). It may be the case that 

products such as hydrogen, an atypical product for the conventional (uniform) heating of the catalytic 

system, can be formed and stabilised. Furthermore, hydrogen corresponds to the stabilised product that 
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very high “local” temperatures – i.e. at the catalyst particle itself - can be rapidly generated under non-

equilibrium pyrolytic conditions. 

 

5.3.4 Post- reaction analysis of catalysts 

5.3.4.1 High resolution transmission electron microscopy (HRTEM) 

At the completion of microwave initiation experiments, high-resolution transmission electron 

microscopy (HRTEM) revealed turbostratic graphitic sheets and multi-walled carbon nanotubes 

(MWCNTs) that encapsulate both iron and iron carbide nanoparticles. The generation of iron carbide 

suggested that the supported iron particles react with the hydrocarbon during the catalytic reactions 

under microwave initiation (Figure 5.10b, c).  

The presence of Fe3O4 has also been detected by HRTEM (Figure 5.10a) in the unreacted catalyst 

and is considered to form due to the aerial oxidation of nanoparticulate iron. Energy-dispersive X-ray 

spectroscopy (EDS) mapping also detected the presence of oxygen on some of the iron particle surfaces 

which could be the source of CO (Figure 3.15). 
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Figure 5.10. Characterisation of 5 wt.% Fe/SiC catalyst before and after microwave-initiated 

dehydrogenation of diesel. HRTEM images of (a) unreacted catalyst recorded along a <011> zone axis 

of a Fe3O4 particle and (b) spent catalyst recorded along a <120> zone axis of a Fe3C particle. In Figure 

5.10a, the presence of Fe3O4 is due to the oxidation of Fe by exposure to air. (a2) Diffraction pattern 

calculated from images of Fe3O4 particles of 5 wt. % Fe/SiC, before; and (b2) after microwave-

initiated catalytic reactions, showing characteristic reflections from graphite (002) plane and Fe3C 

along <120> zone axis. (c) Low magnification TEM images of produced carbon nanotubes and iron 

carbide particles in a spent sample. 

 

5.3.4.2 X-ray diffraction (XRD), Raman spectroscopy, thermogravimetric analysis (TGA) and 

scanning electron microscopy (SEM) 

The formation of iron carbide was also confirmed by X-ray diffraction (XRD) (Figure 5.11a). The 

peak of iron at 44.79° was detected in the fresh sample but disappeared after microwave reaction after 
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which the diffraction peaks of Fe3C detected in spent samples at the angles (2θ) of 42.92°, 43.82°, 

44.72°, 45.04°, 45.9°, and 49.18° 23. Although no single diffraction peak of carbon was observed in the 

spent samples, the formation of graphitic carbon and MWCNTs were evident in our HRTEM studies, 

as well as the Raman spectra, thermogravimetric analysis (TGA) and scanning electron microscope 

(SEM) (Figure 5.12). 

 

 

Figure 5.11. Pre- and Post- reaction characterisation of 5 wt.% Fe/SiC catalyst. (a) X-ray diffraction 

(XRD) patterns and (b) Raman spectra of 5 wt.% Fe/SiC catalyst. before and after microwave-initiated 

dehydrogenation of diesel; (c) Thermogravimetric analysis (TGA) of spent sample after microwave 

treatment, the sample was first characterised under nitrogen, and followed by a temperature 

programmed oxidation; (d) Derivative plots of temperature programmed oxidation of spent sample 

reference to the model carbons. 

 

Raman spectroscopy reveals characteristic D-band, G-band and G’-band of solid carbon (Figure 

5.11b) in the spent samples. The D-band observed at around wavelength of 1350 cm-1 is characteristic 

of amorphous or disordered carbon, while the peak at about 1580 cm-1 (G-band) is ascribed to the 

vibration of sp2-bonded carbon atoms in a graphite layer corresponding to ordered graphite carbons. 
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The G’-band peak at around 2700 cm-1 is associated with the process of two-photon elastic scattering. 

The peak intensity ratio of IG/ID and IG’/IG of the spent samples are 0.9 and 0.79, respectively, which 

suggests the deposited carbon has high carbon nanotubes content24. This is also evident in our 

thermogravimetric analysis (TGA) when compared to various model carbons.  

The TGA study under N2 atmosphere shows that no intermediates and/or unreacted feedstock were 

stored in the spent catalysts (Figure 5.11c). The following temperature programmed oxidation (TPO) 

illustrated the yield of carbon after single batch test, which is about 2 wt.%. The catalysts can be 

effectively used for several catalytic cycles through successive additions of fresh feedstock to the 

reactor system with the growing carbon instantly accumulated on the metal catalyst particle. The 

oxidation temperature of resulting carbon was referenced to a range of selected model sp2-bonded 

carbons (Figure 5.11d), including activated carbons (ACs), carbon black (CB), graphite, carbon 

nanofibers (CNFs) and MWCNTs etc. Among these 8 different carbons, the resulting carbon in the 

spent catalyst has a similar oxidation temperature to MWCNTs at about 593 °C, which also strongly 

suggests that the majority of carbon produced through this catalytic dehydrogenation is carbon 

nanotubes. A secondary peak at ca. 700 °C is considered caused by the oxidation of other types of 

carbon with high content of structural defects. 
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Figure 5.12. The scanning electron microscope (SEM) of 5 wt.% Fe/SiC catalyst, (a), (b) before and (c), 

(d) and (e) after microwave-initiated dehydrogenation of diesel. 

 

5.3.5 Fossil fuels as hydrogen storage materials 

    Fossil hydrocarbon fuels are themselves excellent natural hydrogen storage materials since they 

potentially exceed the targets of H2 gravimetric and volumetric densities set by the U.S DoE15, 25. 

Through the microwave-initiated catalytic dehydrogenation of various fossil fuels over Fe catalysts, the 
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fuels were rapidly and deeply decomposed to hydrogen and solid carbon. The experimental hydrogen 

density of gravimetric value and volumetric value was then calculated by the equations showing below: 

𝐺𝑟𝑎𝑣𝑖𝑚𝑒𝑡𝑟𝑖𝑐 𝐻2 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐻2 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑

𝐹𝑢𝑒𝑙𝑖𝑛𝑝𝑢𝑡−𝐹𝑢𝑒𝑙𝑟𝑒−𝑐𝑜𝑙𝑙𝑒𝑐𝑡
 × 100%                         (5.1) 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐻2 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐻2 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑

(𝐹𝑢𝑒𝑙𝑖𝑛𝑝𝑢𝑡−𝐹𝑢𝑒𝑙𝑟𝑒−𝑐𝑜𝑙𝑙𝑒𝑐𝑡)×𝐷𝑓𝑢𝑒𝑙
                             (5.2) 

where, the mass of H2 is calculated from the collected gas volume and the H2 selectivity obtained by 

GC. Dfuel refers to the density of fuel. 

 

Figure 5.13. Comparison of theoretical hydrogen density of fossil hydrocarbons with the experimental 

hydrogen density obtained via microwave-initiated catalytic dehydrogenation of diesel and petrol over 

5 wt.% Fe/SiC catalyst. 

 

The results for the microwave-initiated iron -catalysed dehydrogenation of diesel, has shown H2 

gravimetric and volumetric densities of 8.6 kg-H2/ kg and 71 kg-H2/ m3, respectively, exceeding the 

target of 7.5 kg-H2/ kg and 70 kg-H2/ m3 set by the U.S DoE (Figure 5.13). Microwave-initiated catalytic 

dehydrogenation of fossil fuels could therefore become potentially viable for fuel cell vehicles because 

of three attractive features: First; the rapid production of high-purity hydrogen, highlighted in this study; 

Second; the necessity for only a small – scale microwave source and reactor system easily attainable 

for modern high power, small microwave devices for either localized or distributed distribution; and 
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Third; the well-established distribution infrastructure for fossil fuels. Clearly, further scale-up and other 

studies are needed in both engineering aspects and the optimisation of the entire catalytic process for 

future applications. Nevertheless, this work clearly highlights the possible advantages of microwave to 

assist in  the instant generation of high purity hydrogen, not only from untreated petroleum products 

(crude oil etc.) but also from a variety of  fossil-derived liquid fuels.  

 

5.3.6 Net Energy Balance (NEB) considerations 

Turning to the important consideration of energy balance, the microwave system is a rather complex 

system, particularly when combined with absorption of a dispersed heterogeneous catalysis in a host 

hydrocarbon medium. Thus, it is difficult to evaluate accurately the efficiency, particularly in a general-

use laboratory microwave cavity device without, for example, impedance matching. Notwithstanding, 

this section attempts to look at the ultimate effectiveness of these hydrogen production processes 

through evaluation of the “Net Energy Balance (NEB)” 17, 26.  

In its simplest and most transparent form, the NEB simply reflects the ratio of energy derived (i.e. 

the Energy Out) from the exiting chemical feedstock (here taken solely as hydrogen and neglecting the 

chemical energy of co-product solid carbon) to the energy invested (i.e. the Energy In) for the particular 

process.  

Therefore, it takes the NEB here to be the ratio of chemical energy (Energy Out) as the enthalpy 

of combustion of only the hydrogen produced from the fossil fuels, to the energy invested (Energy 

In) as the electricity power consumption in both the microwave system or the electric furnace.   

𝑁𝐸𝐵 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑂𝑢𝑡

𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛
=
𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
 × 100% 

 

5.3.6.1 Thermodynamic analysis 

As a preliminary investigation, a detailed thermodynamic analysis was also carried out on the process 

of the complete dehydrogenation of diesel as a representative hydrocarbon fuel, via Eq. 5.3.  

CnHm
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→      nC +

m

2
H2                                                    (5.3) 
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    Petroleum-derived diesel is usually composed of about 75% of saturated hydrocarbons (primarily 

paraffin, including n, iso, and cycloparaffin) and 25% aromatic hydrocarbons (including naphthalene 

and alkyl benzene). However, different contents for diesel are found in the literature 27-29. For simplicity, 

a specific diesel content was chosen for the calculation as follow: 

 

Normal paraffin (60%): n-pentadecane (n-C15H32, 20%), n-hexadecane (n-C16H34, 20%) and n-

heptadecane (n-C17H36, 20%) 

Cyclo-paraffin (15%): Decylcyclopentane (c-C15H30, 5%), Decylcyclohexane (c-C16H32, 5%) and 

Undecylcyclohexane (c-C17H34, 5%) 

Alkylbenzeners (15%): 1,3,5-trimethyl benzene (C9H12, 7%), and Diphenyl (C12H10, 8%) 

Indane: indane (C9H10, 5%) 

Naphthalenes: Naphthalene (C10H8, 5%) 

 

Below in Figure 5.14, the n-hexadecane is taken as an example to show the calculation of energy 

required for the cracking process. The energy requirement for the deep dehydrogenation of diesel was 

then calculated separately among different compounds following the various proportions shown above. 

As a result, the energy requirement for the complete dehydrogenation of the diesel described above is 

1.40 MJ/kg, whilst 1.43 Nm3 H2 gas can be obtained per kg diesel. The energy output is then calculated 

as the enthalpy of combustion of the hydrogen produced, and thus for the 1.43 Nm3 H2 gas/ kg the 

energy out is 18.25 MJ/kg. In addition, same thermodynamics analysis on tested diesel (based on its 

constitution obtained by GCMS) showed that the energy requirement of complete dehydrogenation is 

2.04 MJ/kg and with the amount of H2 gas produced the energy output is 20.97 MJ/kg. 



153 

 

Figure 5.14. Energy input of n-hexadecane cracking in atmospheric pressure. 

 

Therefore, it concludes that the theoretical minimum energy required for complete dehydrogenation 

of diesel to elemental hydrogen and solid carbon is ~1.4 MJ/kg-Diesel and the produced hydrogen has 

an enthalpy of combustion of ~18.25 MJ/kg-Diesel. Thus, a very large positive net energy balance can, 

in principle, be obtained, given a high selectivity in the dehydrogenation process. 

 

5.3.6.2 NEB comparison of microwave and conventional thermal methods in lab scale 

However, the NEB ratio is of course critically dependent on the absorbed microwave power (i.e. 

the delivered power), Thus, the delivery of microwave power to the entire catalytic system and the 

subsequent conversion need to be further optimised and integrated in order to achieve these theoretical 

values.  

Unfortunately, at present nearly 75 – 90% of the microwave energy used in our small-scale 

experimental laboratory configuration is lost (Figure 5.15), quite simply because the high-power 

microwave device is presently configured only for our very small sample volume (ca.  1.13 cm3). 

However, future larger-scale microwave systems would be designed to achieve 99.9% efficient 

absorbed power and, most important, renewable sources of primary electricity can be used for the 
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generation of microwaves30-32. Such technology optimisation can lead to significant energy savings 

towards this process.  

Notwithstanding these present laboratory limitations, it can be seen that the microwave –initiated 

process is energy efficient, as compared to conventional thermal catalytic processes (Table 5.1 and 

Figure 5.16). In this comparison, the corresponding conventional thermal catalytic dehydrogenation 

process was carried out in an electric furnace. Both processes (microwave + thermal) were controlled 

at a comparable reaction temperature with close to identical amounts of diesel input.  

 

 

 

Figure 5.15. Comparison of microwave process and conventional thermal process for diesel 

dehydrogenation over 5 wt.% Fe/SiC catalyst. Note the differences in time for the two processes with 

the maximum yield of H2 in the microwave process occurring after ca. 10min as compared to ca. 60 

min for the conventional thermal process (a1). 
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Table 5.1: Comparison of the energy balance of microwave and conventional thermal methods. 

 Microwave method* Thermal method 

Input power (W) 750 (126) 1200 

Pre-heating (min)** 0 52.5 

Experimental time (min) 10 10 

Energy In (J) 450000 (75600) 4500000 

Produced H2 (mL) 182 90 

Energy Out (J)*** 2323 1149 

Net Energy Balance (NEB) 0.516 (3.072) 0.026 

* The number in parentheses shows the absorbed microwave power with corresponding NEB. ** The 

furnace used in the thermal method are pre-heated from room temperature (25 °C) to 550 °C by the 

heating rate of 10 °C /min. *** The energy out is calculated as the enthalpy of combustion of the 

produced hydrogen. 

 

Figure 5.15 presents the profile of the two processes in terms of the electric input power and 

temperature. We note again the very short times for hydrogen evolution under microwave-initiation17, 

and this highly effective energy transfer process in comparison to the conventional thermal process for 

heating catalyst particles and the subsequent dehydrogenation process is at the very heart of the 

enhanced efficiencies. 

In relation to the Net Energy Balance (NEB) considerations, the Energy Out is taken as the enthalpy 

of combustion of the produced hydrogen from the two dehydrogenation processes, whereas, the Energy 

In refers to the electricity power consumption of the two different systems, which are calculated from 

their tabulated electric power rating and the experiment time of two processes. In the microwave-

initiated process, the delivered (absorbed) microwave power has also been presented to give an outlook 

for a future optimised microwave system (Figure 5.16). 
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Figure 5.16. Energy balance evaluation between microwave process and conventional thermal 

processes. * The Energy Out is calculated as the enthalpy of combustion of the produced hydrogen.  

 

It was found that the energy balance of both microwave and thermal processes were very low at the 

laboratory scale set-up, typically, less than 3%. However, the microwave initiation points to about 20 

times higher NEB values as compared to values obtained under conventional thermal process, when 

one takes into account the time axis of both processes (Figure 5.16).  

The superior Net Energy Balance of using microwaves for hydrogen production is due primarily 

to the rapid heating and the high activity and selectivity of the fine iron catalyst. Again, it should be 

noted that in our laboratory configuration, only about 17% of microwave input power was absorbed 

at the catalyst system used for the dehydrogenation process. The energy balance of the microwave could 

reach nearly 120 times higher than the thermal process if one considers only the level of directly 

absorbed microwave power. 

 

5.3.7 The regeneration of metal catalysts and carbon by-product conversion 

The Figure 5.17 below presents the results of a study to regenerate the iron catalyst activity by 

removing, through combustion, the build-up of carbon residues following a successive of 10 

catalytic cycles. The high initial dehydrogenation rate in catalytic activity gradually diminished and 
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finally transitioned to at a low quasi-steady reaction rate. Following removal of elemental carbon on 

the catalyst particle by simple combustion after 10 cycles, the catalyst’s activity was recovered and 

remained for several cycles of dehydrogenation. It should be noted that the activity of the catalyst 

was not fully recovered because of iron oxide presented after the combustion process.   

Furthermore, the metal catalysts and indeed the carbon co-product could also be regenerated 

through gasification with steam to produce H2 and CO. Then the syngas can be either separated or 

used directly as a Fischer- Tropsch feedstock and subsequently recycled back to high-value 

hydrocarbons. In this process, more H2 can be produced and importantly, the carbon product itself 

could now also act as a “microwave receptor” catalyst under microwave irradiation.  

 

Figure 5.17. Successive tests on diesel dehydrogenation under microwave irradiation over 5 wt.% 

Fe/SiC catalysts. 0.5 mL of diesel was refuelled between each cycle and every cycle of tests were run 

for 10 minutes. The catalyst was recovered by combustion at 550 °C between cycle 10 and 11 in order 

to remove resulting carbon residues; the catalyst didn’t reduce further, and the iron retained as oxides 

after cycle 11. 

 

5.3.8 The storage and possible utilisation of carbon by-product residues 

It is important to compare the present approach with conventional carbon capture and storage (CCS) 

to prevent the increasing CO2 level in atmosphere by capturing and storing gaseous CO2 under the ocean 

or into geologic formations (e.g. depleted oil and gas reservoirs, etc.)33-35. CCS remains an expensive 
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and ecologically uncertain solution; the capture, transportation and disposal of CO2 remain costly and 

the potential hazards associated with underground and oceanic CO2 sequestration are still uncertain33, 

36, 37. Thus, an alternative route for CCS, could be achieved by extracting and storing solid carbon itself 

from our microwave-initiated catalytic dehydrogenation of fossil fuels, whilst also providing the formed 

hydrogen to be utilised as clean fuel. As Muradov33 has noted, it is more attractive -from both a technical 

and indeed an ecological (and societal) viewpoint to store elemental carbon underground rather than 

gaseous CO2. To contrast and reflect on the levels of both capture processes; taking diesel as an example, 

the complete dehydrogenation of 1 kg diesel to hydrogen and carbon would generate around 0.861 kg 

of elemental carbon. The complete aerial combustion of this same 1 kg of diesel will lead to 3.155 kg 

of CO2 emission, corresponding to 1.606 m3 of CO2 released to the atmosphere. 

Efficient catalytic dehydrogenation of the various hydrocarbon sources and fuels clearly leads to 

the production of pure by-product, elemental, solid carbon. It should be noted also that the resulting 

carbon nanotubes produced from this process potentially have high value whilst the iron catalysts 

are both inexpensive and abundant. The recycling of the pure co-product carbon for other 

applications is attractive and a key point that has been outlined elsewhere by Muradov, Steinberg 

and co-workers33, 38, 39. In Figure 5.18, potential utilisation routes were listed for the solid carbon product 

generated by microwave-initiated fossil fuels dehydrogenation. One possible application is that the 

carbon can be used as catalysts for other processes (e.g. electrochemistry) and carbon electrodes for 

industrial scale electrolyisis. In addition, given the fact that the majority of carbon produced during the 

process are CNTs. Deng et al. previously synthesised a catalyst with iron nanoparticles inside the 

CNTs40, that exhibits a high activity and stability towards oxygen reduction reaction (ORR) in polymer 

electrolyte membrane fuel cells (PEMFC). Moreover, it has been estimated that the direct carbon 

utilisation by other areas (e.g. building construction materials and soil amendment) could potentially 

consume very considerable amounts of the solid carbon by-product33. Besides, it should be 

importantly noted that the carbon has a great host of uses such as manufacturing graphite anodes for 

the isolation of metals like aluminium, as well as producing syngas for valuable chemicals’ synthesis. 
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Figure 5.18. Representative storage and various utilisation routes for elemental carbon produced 

from fossil fuel dehydrogenation, where the hydrogen component of fossil fuels is used as a clean 

fuel and the remaining solid carbon ends up as either stored underground or other uses.  

 

In the following chapter, the further investigation on carbons will be reported. 

 

5.4 Conclusions 

The work described in this chapter illustrates that the microwave-initiated catalytic dehydrogenation 

of naturally - occurring, crude oils, and the resulting hydrocarbon fossil fuels allows for the rapid 

production of large volumes of hydrogen using inexpensive and abundant fine iron catalysts.  

Through their aerial combustion fossil fuels produce potentially climate – damaging CO2. 

Alternatively, these same fossil fuels could be used to rapidly produce clean, carbon-free hydrogen 

through microwave –initiated catalytic dehydrogenation. Based on the advances reported here, it is our 

belief that the undoubted attributes of fossil fuels, being relatively inexpensive, widely available and 

readily adaptable to applications large and small, simple and complex, can significantly catalyse the 

staged transition to a hydrogen-based, sustainable energy economy.  
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Chapter 6 

Study of Carbonaceous Materials for Their Catalytic 

Performance under Microwave Irradiation 

Overview 

The catalytic hydrocarbons dehydrogenation over Fe catalysts is a green and economic route to 

produce H2 without CO2 emission. However, these processes have a rather short running period 

compare to reforming process due to the catalyst’s deactivation by carbon deposition. The carbon has 

been widely used as microwave acceptor for transforming electromagnetic energy to heat. Thus, the 

resulting carbons may catalytic active towards hydrocarbons dehydrogenation under microwave 

irradiation. Following the end section of last Chapter which has briefly made a discussion on resulting 

carbons, an important by-product produced through this microwave-initiated dehydrogenation of 

hydrocarbons, this chapter will continually display the further study on these carbon residues as well as 

a variety of carbon nano-materials for their properties and catalytic activity under microwaves.  

 

6.1  Introduction 

    Hydrogen is a promising vector for clean energy, but most of it is currently obtained from the steam 

reforming of fossil fuels which emits a huge amount of CO2 
1. In comparison, catalytic hydrocarbons 

dehydrogenation is an ideal process to produce pure hydrogen without CO2 contamination 2-11. 

Moreover, the energy input requirements for catalytic hydrocarbons dehydrogenation to produce same 

amount of H2 is significantly less than that of steam reforming. This makes catalytic hydrocarbons 

dehydrogenation an more economic route than steam reforming to produce H2 9, 12. 

    However, the carbon deposition is the major challenge for catalytic hydrocarbons dehydrogenation 

that will quickly deactivate catalysts by block the catalyst pores and the reactor and/or completely 
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encapsulated the metal catalysts13, 14. Carbon materials have been widely used in microwave catalysis 

due to their highly efficient ability to absorb microwaves. Dielectric heating by high-frequency 

electromagnetic radiation waves could interact with only carbon particles (catalysts) and cause them 

heat up in the electric field of electromagnetic radiation 15. Thus, the life time of catalytic hydrocarbons 

dehydrogenation may be extented with the assistance of microwave initiation. 

    In terms of the dielectric heating, two different mechanisms are associated to the resulting heating 

from the interaction between materials and electric field of electromagnetic radiation 16-18. Dipolar 

polarisation effect responds to the polar molecules such as water etc. which these molecules are trying 

to align themselves under an alternating electric field. This movement and friction between the rotating 

molecules subsequently causes heat. For the solid materials, interfacial or Maxwell-Wagner polarisation 

effect causes the heat because of charged particles16-18. For the dehydrogenation of hydrocarbons, 

unfortunately, hydrocarbons are not able to absorb microwave and turn it into heat. Thus, dielectric 

materials are required for the energy converting and importantly drive the hydrocarbons 

dehydrogenation as a catalyst. Among many of the dielectric materials, carbon materials are, in general, 

excellent microwave absorbers which can be used as microwave receptors to indirectly heat for non-

polar materials and/ or act as direct catalysts. Thus, carbon based catalysts have been investigated for 

microwave-initiated catalytic reactions such as the decomposition of methane 19, 20, carbon dioxide 

reforming 21 and the pyrolysis of biomass and organic wastes etc 22, 23.  

Domínguez et al. reported microwave-initiated decomposition of methane on activated carbon and 

illustrated a higher selectivity to H2 with higher conversions compared to electric heating 19. Through 

the reactions of hydrocarbon dehydrogenation, carbon-forming processes involve chemisorption of 

different kinds of carbons or condensed hydrocarbons of which some may active towards the catalytic 

reactions and others may act as catalyst poisons. Muradov et al. previously investigated the catalytic 

decomposition of methane over element carbon by thermal cracking, which suggested the disordered 

forms of carbon (e.g. activated carbon and carbon black) are more catalytically active than the ordered 

carbon of graphite and diamond powder 2, 11, 24. Moliner et al. later studied the deactivation mechanism 

of carbon blacks for methane dehydrogenation which reported the carbon crystallites formed from 

methane dehydrogenation may create new active sites13.  



165 

In relation to our microwave-initiated dehydrogenation, the resulting carbon residues as well as the 

selective model sp2 bonded carbons were carefully studied in this chapter, in terms of their catalytic 

activity for hydrogen production and their response to microwave irradiation. This will not only present 

a broader view of this microwave-initiated dehydrogenation process but also give a fundamental study 

of the behaviour of different carbon materials under microwave irradiation, and their catalytic properties. 

 

6.2 Experimental 

6.2.1 Preparation of catalysts 

Iron catalyst supported by silicon carbide was prepared by an incipient wetness impregnation method. 

Iron nitrate, Fe(NO3)3·9H2O (Iron (III) nitrate nonahydrate, Sigma-Aldrich), was used as the metal 

precursor and SiC (silicon carbide, Fisher Scientific) is used as the support material. All the model 

carbon materials were used as purchased without further purification. Activated carbon, carbon 

nanofiber and carbon nanotubes (multi-walled) were purchased from Sigama Aldrich and the carbon 

black was purchased from Alfa Aesar. The details of catalyst preparation have been described in 

Chapter 2. 

 

6.2.2 Apparatus and method used for catalytic activity evaluation 

In accordance with previous study, the process of dehydrogenation of hexadecane over Fe/SiC 

catalyst was chosen as a prototype for the study of carbons under microwave irradiation. The 

experiments were conducted for a successive cycle of tests using a purpose-built microwave cavity and 

a control system (Please refer to Chapter 2 for more details)25, 26. A quartz tube (inner diameter 6mm, 

outer diameter 9mm) was filled with about 1.13 cm3 catalyst and 4cm high, to allow the sample was 

fully exposed to the axially polarised (TM010) electric fields. 0.5 mL hexadecane was then injected into 

the tube at each cycle of tests. The sample was hold for 5-10 minutes in order to get a fully dispersion 

of the hexadecane in catalysts bed. All experiments were conducted at atmospheric pressure and the 

samples were purged with an Ar flow rate of 1.67 mL · s−1 for a period of 15 minutes before the starting 
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of microwave activation. Typically, the sample was irradiated under microwave for 10 minutes at 750 

W in each cycle. And a fresh 0.5 mL of hexadecane was refuelled between each cycle of test. The 

generated gases were collected and analysed by gas chromatography (GC) using a Perkin-Elmer, Clarus 

580 GC. The catalytic performance of model carbon samples was tested following the same methods. 

All references to the catalytic activity of catalysts relate to the gas generation rate per unit of catalyst 

weight (in mL/min-g). The selectivity to different gaseous products was described in terms of the 

volume % of the product composition in the exit gases 

 

6.2.3 Characterisation of catalysts 

The Fe/SiC catalysts as well as a variety of model carbons were carefully studied before and after 

reactions by several characterisation techniques including x-ray diffraction (XRD), Raman 

spectroscopy, thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and high-

resolution transmission electron microscopy (HRTEM). In addition, the changes of dielectric properties 

of Fe/SiC catalysts and some model carbons through the successive cycles of dehydrogenation test were 

measured via microwave cavity perturbation measurement (Transverse Magnetic TM010 mode).  

 

6.3 Results and discussion 

6.3.1 Successive cycles of hexadecane dehydrogenation using Fe/SiC catalysts 

At the outset, the Fe/SiC catalysts were tested based on a successive cycle of dehydrogenation of 

hexadecane. As a general observation, hexadecane was rapidly and dehydrogenated to mainly H2 and 

solid carbon with the minor small alkanes (methane, ethylene and C2-C5 alkanes) were produced. 

However, it has been found that the Fe/SiC catalysts were gradually deactivated after 10 cycles of 

successive tests under microwave (Figure 6.1). The 5 wt. % Fe/SiC catalyst started to deactivate after 

3 cycles and nearly lost the catalytic activity fully after 10 cycles (Figure 6.1a).  
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Figure 6.1. Successive 10 cycles of hexadecane dehydrogenation over 5 wt. % Fe/SiC catalyst. (a) 

C16H34 dehydrogenation rate; (b) evolved gas composition in the exit gas. 0.5 mL hexadecane (only) 

was additionally added into the sample between every cycles of test. 
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Figure 6.2. The effect of carbon residue removal and regeneration of Fe2O3/SiC sample for hexadecane 

dehydrogenation. (a) C16H34 dehydrogenation rate; (b) evolved gas composition in the exit gas. The 

carbon residues were removed by calcination between each cycle. 

 

In these successive cycles of test, we refuelled the sample with 0.5 mL of hexadecane between each 

cycle and every cycle of tests were run for 10 minutes. High initial dehydrogenation rate in catalytic 

activity was gradually dropped and finally kept at a quasi-steady reaction rate. Evolved gas selectivity 

to hydrogen gradually decreased, whilst corresponding methane and ethylene concentrations gradually 

increased (Figure 6.1b). This decrease of both reaction rate and the hydrogen selectivity is considered 
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due to the formation of carbon that deposited on the iron catalyst active sites, as will be evident in our 

recovery test and the electron microscopy studies. 

Figure 6.2 shows a recovery test of spent Fe/SiC catalysts after 10 cycles of test described above. 

Here, the carbon residues were removed simply by calcination at a temperature of 550 °C. Then, 

Fe2O3/SiC samples, without further hydro-reduction, were tested for dehydrogenation of hexadecane 

under microwave irradiation. For the successive 10 cycles of test, the Fe2O3/SiC samples were refuelled 

with 0.5 mL of fresh hexadecane and repeatedly calcined between each cycle in order to remove the 

resulting carbons. 

In general, the recovered Fe2O3/SiC samples were highly effective for hexadecane dehydrogenation. 

Although, both the reaction rate and hydrogen selectivity were lower than original Fe/SiC catalyst, but 

this clearly depicts the effect of resulting carbon residues which obviously responsible for the catalyst 

deactivation. Furthermore, it can be seen that both the reaction rate and the products distribution were 

retained at a quasi-steady level throughout the 10 cycles of test when the carbons were removed. 

It should be also noted that the gradually decreased hydrogen selectivity on Fe/SiC catalysts (Figure 

6.1a) could imply that some of the resulting carbons were catalytically active and participated in the 

reactions under microwave irradiation. And the loss of catalytic activity is considered due to the 

formation of non-active carbon species (presumably carbon nanotubes etc.) that covered the active sites 

on the iron and active carbon species.  

 

6.3.2 Catalytic activity of model carbons for microwave-initiated dehydrogenation of 

hexadecane 

In comparison, a variety of model carbon materials with different origin and structure was 

investigated under same conditions. The model carbons studied here are mainly consisted of sp2 bonded 

carbon, such as activated carbons (ACs), carbon black (CB), graphite, and multi-wall carbon nanotubes 

(MWCNTs) etc. Among 9 different kinds of model carbon, only activated carbons (ACs) and graphene 

nanoplatelets showed the catalytic activity for the hexadecane dehydrogenation under microwave 

irradiation (Figure 6.3a).  
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Figure 6.3. Hexadecane dehydrogenation over model carbon materials, of activated carbons (ACs), 

carbon black (CB), mesoporous carbon (MC), graphene nanoplatelets, multi-wall carbon nanotubes 

(MWCNT), carbon nanofibers (CNF), graphite, and glassy carbon. (a) C16H34 dehydrogenation rate; (b) 

evolved gas composition in the exit gas. 

 

Different products distribution was also observed between these two kinds of carbon materials. For 

carbon nanoplatelets, small alkanes consisted of nearly 70 vol.% of the produced gases, while only ca. 

50 vol.% small alkanes were obtained over activated carbons. Moreover, the hydrogen selectivity of 

activated carbons was nearly twice as that of carbon nanoplatelets (Figure 6.3b). Interestingly, although 

these carbon materials are excellent microwave absorbers/acceptors and can catalyse the 

dehydrogenation reactions under microwave irradiation 19, 26, 27, the carbons were quickly deactivated 
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after only few cycles of test when compared to Fe/SiC catalyst. There is thus, the special properties or 

structure are required for carbons when they perform as a catalyst. Another hypothesis is that the active 

sites on carbon were covered by deposited carbons which do not have any catalytic activity under 

microwave irradiation. 

 

6.3.3 Reaction temperature and absorption power 

Figure 6.4 and Figure 6.5 compared the microwave (MW) absorption power and the reaction 

temperature respectively, recorded during hexadecane dehydrogenation under microwave irradiation. 

In terms of model carbon materials, higher temperature was observed on those carbons who displayed 

catalytic activity under microwaves and ACs were found to be able absorb more microwave power than 

other carbon materials. Moreover, it was found that absorption power was very high on carbons just 

when the microwave was turned on, but the power rapidly dropped over a period of ca. 10s, and then 

stablised at a quasi-steady level. It assumes that a thermal balance was quickly built over a short period 

of 10s on these carbons. Interestingly, the Fe/SiC and Fe2O3/SiC catalysts which have exceptional 

catalytic activity and produced a high-purity hydrogen from hexadecane dehydrogenation, absorbed 

less microwave power than that of Fe and SiC particles and model carbons (Figure 6.4b).  

In relation to the reaction temperature, the highly active Fe/SiC and Fe2O3/SiC samples showed a 

temperature of about 450 °C, whereas a higher reaction temperature of about 500 – 600 °C was observed 

on ACs and graphene nanoplates, the carbons who showed the catalytic activity. Other carbons such as 

carbon black, carbon nanotubes and fibres etc. which were found inactive under microwave irradiation, 

were heated to only 350 °C or below. It thus concluded that a temperature of over 500 °C may required 

for carbons in order to drive the dehydrogenation under microwaves. Furthermore, the active Fe 

particles are obviously essential for high-purity hydrogen production under microwave by providing 

effective active sites which can efficiently extract H from -CH3 groups by dissociating C-H bonds. 
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Figure 6.4. Absorbed (dissipated) power as a function of time. (a) model carbon materials. (b) Fe/SiC, 

Fe2O3/SiC, SiC, and Fe.  
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Figure 6.5. Reaction temperature recorded as a function of time. (a) model carbon materials. (b) Fe/SiC, 

Fe2O3/SiC, SiC, and Fe. 

 

6.3.4 Characterisation of carbon residues and comparison with model carbon 

materials 

6.3.4.1 Thermogravimetric analysis (TGA) 

The spent Fe/SiC samples and model carbons were studied by thermogravimetric analysis (TGA). 

Through successive cycles of catalytic reactions, carbon residues were constantly accumulated (Figure 

6.6), and the oxidation temperatures of resulting carbons from each cycle are similar at about 600 °C. 

However, the oxidation temperatures were found shifted to the lower temperature at later cycles (Table 
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6.1). In comparison, various oxidation temperatures were observed on model carbons from 590 °C to 

800 °C (Figure 6.7). Interestingly, in Figure 6.7 where the spent Fe/SiC catalyst was compared with the 

selected model carbons in temperature programmed oxidation (TPO), the carbon produced at early 

cycles had a similar oxidation temperature to activated carbons (ACs) at 650 °C; whereas after 10 cycles, 

the oxidation temperature of carbon residues in spent catalysts shifted to about 590 °C, which is 

corresponding to the model multi-walled carbon nanotubes (MWCNTs). Moreover, a secondary peak 

at ca. 810 °C was also observed and this was ascribed to the formation of carbon nanofibers (CNF) 

and/or graphite. 

 

Figure 6.6. Thermogravimetric analysis (TGA). 
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Figure 6.7. Derivative plots of temperature programmed oxidation (TPO) of spent Fe/SiC sample 

reference to the model carbons. 

 

Table 6.1: Oxidation temperatures of Model Carbon Materials and Fe/SiC sample. 

Fe/SiC catalyst Temperature (°C) Model carbon Materials Temperature (°C) 

Cycle1 640 Activated carbon 653 

Cycle2 625 Carbon black 745 

Cycle3 619 Mesoporous Carbon 668 

Cycle4 608 Graphene nanoplatelets 671 

Cycle5 605 MWCNT 591 

Cycle6 599 CNF 807 

Cycle7 596 Graphite 853 

Cycle8 603 Glassy carbon 808 

Cycle9 596   

Cycle10 598   
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Figure 6.8. Reaction rate (a) and Evolved gas composition (b) as a function of the weight of carbon 

deposition 

 

Finally, Figure 6.8 illustrated the reaction rate and products distribution as a function of carbon 

contents in the spent Fe/SiC samples. As a general observation, the carbon produced was not only cause 

the blockage of active sites on iron surface, but also catalysed the hexadecane dehydrogenation under 

the influence of microwave-electric fields. This is evident in the decreased H2 concentration in the 

evolved gases, whilst the concentration of methane, ethylene and other small alkanes increased; 

otherwise, the products distribution should remain same if the carbon produce was fully inactive. After 
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several cycles of test that the samples were continually reacted with freshly added hexadecane, the 

catalysts were deactivated finally by the accumulation of inactive carbons. This therefore suggests that 

not only the active sites on iron surface were covered by inactive carbons, the original active carbons 

were also transformed into or covered by these inactive carbons. The changes of carbon morphology 

on the catalyst’s surface are also evident in our scanning electron microscope (SEM) studies. 

 

6.3.4.2 Scanning electron microscopy (SEM), Transmission electron microscopy (TEM) and 

Energy-dispersive x-ray spectroscopy (EDS) 

Figure 6.9 shows the scanning electron microscopy (SEM) studies on spent Fe/SiC catalysts 

throughout the cycles of hexadecane dehydrogenation under microwave initiation. The obvious changes 

over Fe/SiC catalysts were observed with the carbon residues that being transformed/produced from 

dis-ordered carbon clusters to the filamentous carbons throughout the successive cycles of test. It can 

be seen that only very few clusters of carbon residues were found after cycle 1 (Figure 6.9a), and these 

carbon clusters were significantly grown and accumulated on the catalyst’s surface after 5 cycles. Some 

filamentous carbon was also observed in these carbon clusters. Interestingly, after 10 cycles of tests, 

these large clusters of carbon residues were “disappeared”, instead the needle-liked fibres were 

observed on the SiC surface.  

In addition, Figure 6.10 summarised the SEM images of model carbons, showing the different 

morphologies and structures of these various kinds of sp2 bonded carbons. 

Further studies on spent Fe/SiC samples by transmission electron microscopy (TEM) and energy-

dispersive X-ray spectroscopy (EDS) were shown in Figure 6.11. Similarly, little carbons was observed 

deposited on iron nanoparticles after cycle 1, and therefore, many fresh Fe active sites were exposed 

and remained active for new added hexadecane. Following the continued reactions, more carbons were 

deposited, and the carbon nanotubes were formed. Similarly, it was found that iron/ iron carbide 

nanoparticles were encapsulated by multi-walled carbon nanotubes and as discussed in the previous 

chapters, the formation of iron carbides suggests the iron particles reacted with produced carbon during 

the reactions25. Moreover, it concluded that not only more carbons were accumulated on the catalysts’ 
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surface, the carbons were transformed/ produced into other kinds of carbons which were catalytically 

inactive. These changes and transformation are assumed responsible to the deactivation of catalysts. 

 

 

Figure 6.9. The Scanning Electron Microscope (SEM) of Fe/SiC samples through successive cycles of 

hexadecane dehydrogenation under microwave. 
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Figure 6.10. The Scanning Electron Microscope (SEM) of model carbon materials. 

 

The energy-dispersive X-ray spectroscopy (EDS) mapping has illustrated the presence of oxygen on 

Fe nanoparticles, which is considered originally from the oxidation of Fe on exposure in the air (Figure 

6.11). However, throughout the successive cycles of dehydrogenation of hexadecane under microwaves, 

the presence of these oxygen compounds may lead the formation of various materials (such as the 

needle-liked fibres on SiC).  

Figure 6.12 shows the EDS mapping of needle-like fibres on the surface of SiC after 10 cycles. The 

fibres have a core-shell like structure. The top head was consisted of mainly Fe, and the Si was detected 

in the core. The O and C were observed throughout the whole filaments and the C formed the shell of 

the fibres. Like the formation of carbon whiskers, it was considered that this core-shell structure was 

form by Si and C diffusion. Both C and Si were diffused and/or dissolved into Fe nanoparticles due to 

the temperature and concentration gradient between Fe nanoparticles and SiC supports 28-30. Clearly, 
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further studies are needed to ascertain these compounds and their formation mechanism under 

microwave irradiation. 

 

Figure 6.11. Transmission electron microscopy (TEM) and Energy-dispersive X-ray spectroscopy 

(EDS) mapping on spent Fe/SiC samples. (a) Cycle 1, (b) Cycle 5 and (c) Cycle 10. (a1, b1, b2, c1, c2, 

c3) TEM (backscattered electron) morphology. (a2, b3, c4) C map, (a3, b4, c5) Si map, (a4, b5, c6) Fe 

map, and (a5, b6, c7) O map.  

 

 

Figure 6.12. EDS mapping of needle-liked fibres that observed on the surface of SiC. (a) backscattered 

electron morphology (b) C map, (c) Si map, (d) Fe map, and (e) O map 

 

6.3.4.3 Raman spectroscopy, x-ray diffraction (XRD) and BET analysis 

The Raman Spectrum illustrated that the G-band and D-band of carbon residues at each cycle were 

at nearly same position of 1598 cm-1 and 1313 cm-1, respectively (Figure 6.13a). The intensities of G-
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band and D-band were observed to be stronger at the later cycles, but no clear shift can be found for the 

identification of carbon species. When reference to the Raman spectrum of model carbons (Figure 

6.13b), the MWCNTs has the G-band and D-band at the position of 1600 cm-1 and 1312 cm-1, 

respectively which are close to the carbons observed over spent Fe/SiC samples.  

    In addition, The XRD studies on spent Fe/SiC catalyst and the model carbons are given in Figure 

6.14. Through the successive cycles of hexadecane dehydrogenation, an increasing intensity of the 

reflexion was observed at 11.7° and 28° on Fe/SiC catalysts, typical of amorphous and crystalline 

silicon (Figure 6.14c). No peaks were found for carbon at spent Fe/SiC samples. Additionally, the peak 

for iron at 44.79° was detected in the fresh sample and disappeared in spent samples where the 

diffraction peaks of Fe3C were detected at the angles (2θ) of 42.92°, 43.82°, 44.72°, 45.04°, 45.9°, and 

49.18° (Figure 6.14d) 31. 

The XRD patterns of model carbon materials were presented in Figure 6.14b. The strongest 

diffraction peak at the angle (2θ) of 26.7° can be indexed as the C (002) reflection of the hexagonal 

graphite structure 32. The sharpness of the peak at the angle (2θ) of 26.7° indicates that in the model 

carbon materials are highly crystalline. The XRD peak of MWCNTs at 2θ = 26.7° is broader and shifted 

towards lower angles which indicates the decrease in the order of crystallinity. The other characteristic 

diffraction peaks of graphite at 2θ of about 43° and 53° are associated with C (100) and C (004) 

diffractions of graphite, respectively32.  
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Figure 6.13. Raman Spectrum. (a) samples of Fe/SiC through 10 successive cycles of catalytic reaction. 

(b) samples of different model carbon materials.  

 

There are two reasons hypothesised for not detecting carbons in XRD; one could be the carbon 

residues in spent Fe/SiC catalysts were dominated by amorphous carbon, and another is the carbons 

were not highly crystallised like MWCNTs and such diffraction peaks overlapped with other peaks. 

Although, the Raman and XRD analysis did not show the clear evidence of the producing/transforming 

of resulting carbons during the experiments, and no single diffraction peak of carbons was detected in 
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spent Fe/SiC samples, but the change of both Fe particles and the constantly accumulated carbon 

residues are clearly observed.  

 

 

Figure 6.14. XRD patterns. (a) The change of the XRD pattern of 5 wt.% Fe/SiC sample during the 

successive cycles of hexadecane dehydrogenation under microwaves. (b) The XRD pattern of model 

carbon materials. (c) XRD pattern comparison of fresh Fe/SiC sample and after 1, 5, and 10 cycles, 2θ= 

5°-80°, and (d) 2θ= 40°-50°. 

 

Table 6.2 summarised the physical properties of surface area and porosity of model carbons and 

Fe/SiC catalysts before and after reactions. It can be seen that the active carbon species of ACs and 

graphene nanoplatelets, have very high surface area together with comparable small pore sizes. The AC 

has nearly 870 m2/g surface area with average pore size of 4 nm and the graphene nanoplatelets has the 

surface area and pore size of 460 m2/g and 7 nm, respectively. Other carbon materials, however, have 

less than 80 m2/g surface area (excluding MWCNTs, 255 m2/g) with the pore size of nearly 17 nm. 

Thus, the carbons with higher surface area and small pore size are considered preferred for this process 
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under microwaves. However, Muradov reported that there is no apparent correlation between the 

surface area of carbons and their catalytic activity for methane decomposition via conventional thermal 

process2. The studies by Moliner et al. also showed despite of the decreased surface area and the 

porosity of carbon black, a quasi-steady state in the activity towards methane dehydrogenation was 

observed 13.  

 

Table 6.2: BET Surface and Porosity of Model Carbon Materials and Fe/SiC sample. 

Materials* 

BET Surface 

Area 

[m2/g] 

Micropore 

Area 

[m2/g] 

External 

Surface Area 

[m2/g] 

Pore Volume 

[m3/g] 

Pore Size 

[nm] 

Activated 

Charcoal 

875 418 457 0.841 3.8 

AC (Norit) 864 424 440.1 0.831 3.8 

Graphene 

Nanoplatelets 

460 79.3 381 0.775 6.7 

Mesoporous 

Carbon 

734 12.0 61.3 0.321 17.5 

Glassy Carbon 1.8 0 2.2 0.003 7.6 

Carbon Black 65.1 6.5 58.6 0.269 16.5 

CNF 14.7 0.6 14.1 0.066 17.8 

MWCNT 255 32.4 223.1 1.310 20.5 

SiC 0.3 0.1 0.2 0 6.2 

5 wt.% Fe/SiC 

(Fresh) 

0.9 0.2 0.6 0.003 11.9 

5 wt.% Fe/SiC 

(Spent) 

1.3 0 1.4 0.006 17.2 
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The Fe/SiC samples, on the other hand, have very low surface area (i.e., 0.9 m2/g) but are highly 

active for hexadecane dehydrogenation under microwaves. The surface area of Fe/SiC samples was 

increased after reactions to 1.3 m2/g which is ascribed to the carbon deposition.  

 

6.3.4.4 Microwave cavity perturbation measurements 

A prior work by Cuenca et al.33 reported using microwave cavity perturbation technique to determine 

sp2 carbon fraction in nanodiamond powders. And previous work in the group has also shown the 

microwave cavity perturbation analysis is an effective method to examine the cokes formed over zeolite 

catalysts34. This technique can offer a rapid and non-intrusive measurement of catalytically coked 

catalysts based on the detection of the changes of their dielectric properties. Here, the cavity 

perturbation measurements were carried out to monitor the change of Fe/SiC samples under microwave 

irradiation through the successive cycles of dehydrogenation of hexadecane. The dielectric properties 

of various model carbons were also measured. 

The dielectric properties of model carbon materials have been found various (Figure 6.15). Although 

few changes have been found in the dielectric properties with increasing temperature among all the 

tested carbons, the different carbons still present various values on both dielectric constant (𝜀′) and  loss 

tangent (𝜀′′). The dielectric constant of graphite at 300 °C is about 89, which is nearly 16 times higher 

than that of graphene nanoplatelets at the same temperature. Similarly, the loss tangent of MWCNTs is 

about 6 times higher than ACs at room temperature. Interestingly, the active carbon species of ACs and 

graphene nanoplatelets have comparable low dielectric constant. Moreover, the AC displayed the lowest 

value of loss tangent but their recorded reaction temperature was higher than other inactive carbons.  
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Figure 6.15. Dielectric constant and Loss tangent of 9 different kinds of model carbon materials. Error 

bars indicate the standard deviations across different samples. 

 

Figure 6.16 compared the ACs and graphene nanoplatelets before and after reactions. The dielectric 

constant of deactivated ACs decreased slightly after the microwave treatment, while the value of 

deactivated graphene nanoplatelets has a clear increase. The loss tangent of spent graphene 

nanoplatelets was decreased and the spent ACs has a nearly same loss tangent as the fresh samples. It 

therefore suggested that no simple dependency on dielectric properties of carbon materials for the 

deactivation.  

    Figure 6.17 presents the changes of dielectric properties of Fe/SiC samples through the successive 

cycles of test under microwaves. Both dielectric constant and the loss tangent were increased 

significantly after reactions due to the deposition of resulting carbon residues. Compared to model 

carbon materials, the dielectric constant (𝜀′) and the loss tangent (𝜀′′) of Fe/SiC sample was more 

sensitive with increasing temperature. This may be attributed to the mixtures of carbon, iron carbide 

and silicon carbide that enhanced the polarisation between each particle. It should be noted that the loss 

tangent (tan 𝛿) given in Figure 6.17 defines the ability of the catalysts to convert electromagnetic energy 

into heat energy that expressed as tan 𝛿 = 𝜀′/𝜀′′. Thus, the change of loss (𝜀′′) can be more apparent 

than that of loss tangent (tan 𝛿). 
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Figure 6.16. Microwave cavity perturbation measurement of activated carbon and graphene 

nanoplatelets, before and after catalytic reactions under microwave irradiation. (a) Dielectric constant 

and (b) Loss tangent. Error bars indicate the standard deviations across different samples. 
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Figure 6.17. (a) Dielectric constant and (b) Loss tangent of 5 wt.% Fe/SiC sample measured at different 

temperature, before and after successive cycles of catalytic reactions. Error bars indicate the standard 

deviations across different samples. 

 

Figure 6.18 displays the changes in dielectric properties of Fe/SiC samples throughout the successive 

cycles of test that has been detected by cavity perturbation measurements33. Obviously, 3 steps of 

noticeable changes of dielectric properties of Fe/SiC sample were measured during the reactions. Both 

the dielectric constant and loss tangent of Fe/SiC samples were significantly increased between the 

cycle 1 to cycle 4 (1st step), which ascribed to the deposition of carbons. Then, both values were 

fluctuated during the experiments of cycle 4 to cycle 7 (2nd step) followed by a decrease to half of the 
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maximum values after 10 cycles of test (3rd step). This is hypothesised be due to the formation/ 

transformation of inactive carbons which were deposited on both iron and active carbon surface. The 

changes of dielectric properties during the tests were also presented as a function of amount of carbons 

in spent samples (Figure 6.18b).  

 

Figure 6.18. (a) The change of dielectric constant and loss tangent of 5 wt.% Fe/SiC samples through 

successive cycles of catalytic reactions under microwave activation. (b) Dielectric constant and Loss 

tangent of 5 wt.% Fe/SiC samples as a function of the weight of carbon residues. The results shown 

above were measured at room temperature. Error bars indicate the standard deviations across different 

samples. 

 

In a brief summary, the dielectric properties of model carbons varied considerably; and the dielectric 

properties of model carbons and the Fe/SiC samples are negligibly affected by increased temperature. 
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However, based on the cavity perturbation measurements of evolved Fe/SiC samples, there is no single 

kind of carbon can be adapted to the produced carbon residues. This suggests the produced carbons are 

a mixture of different kinds of carbons. 

 

6.3.5 Evolved carbon deposition and the proposed deactivation Mechanisms 

Figure 6.19 depicts a proposed representative diagram of carbon formation/ transformation on iron 

particle surface during the microwave-initiated dehydrogenation of hexadecane. At the beginning, 

catalysts remained active at an initial level despite of some carbons being deposited on the surface of 

iron. The iron remained active and the active sites on iron were still dominant. However, the continuous 

accumulation of carbons on iron led to the C atom from the C-H bonds dissociation is chemisorbed 

strongly as a monolayer or physically adsorb in multilayers on the iron metals to form Cα, where the Cα 

is an adsorbed atomic carbon or surface carbide (Eq. 6.1)14. The Cα can either react with following C 

atoms to form Cβ (Eq. 6.2), a polymeric carbon film, or penetrate into Fe to form iron carbides. Moreover, 

some of the C atoms could be dissolved in Fe as vermicular carbon14. Obviously, the active amorphous 

α-carbon and β-carbon were formed at the early cycles of test. 

At the 2nd step, the iron reacted with produced carbons to form iron carbides (Eq. 6.4) and more 

carbons were produced and deposited on the catalysts’ surface. These carbons were assumed to be 

catalytically active and dominant in the reactions later stages of the cycles whilst the iron lost most of 

its active sites. This was reflected by the decreased reaction rates and the changed products distribution 

of the catalysts observed between cycle 4 and cycle 7.  

Finally, these active carbons were also deactivated as a result of the active sites or the so-called 

defects on the active carbons were blocked/covered by C produced later. Therefore, the active 

amorphous α-carbon and β-carbon that formed at the early cycles are converted to inactive polymeric 

platelets, films or filaments (Eq. 6.3). Consequently, the iron particles as well as the active carbons were 

encapsulated/ covered by the inactive polymeric carbons and thereby deactivated.  
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Figure 6.19. A representative diagram of carbon deposition and transformation through microwave-

initiated hexadecane dehydrogenation over Fe/SiC catalysts. 

 

CnH2n+2 (a)
∗ → nCα (a) + (2n + 2) H (a)                                   (6.1) 

Cα (a) + Cα (a)  → Cβ (a) →  Carbon (s)
∗ (amorphous and graphitic carbons)   (6.2) 

Cβ (a) + Cβ (a)  →  Carbon (s) (Polymeric, graphitic platelets, films or filaments)   (6.3) 

Cα (a) + Fe →  Iron  Carbides (s)                                                (6.4) 

Cα (a) + 4H (a)  →  CH4 (g)                                                     (6.5) 

2H (a) + H2 (a)  →  H2 (g)
∗                                                     (6.6) 

* (a), (g) and (s) refer to adsorbed, gaseous and solid states, respectively. 
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6.4 Conclusion 

Catalytic hydrocarbon dehydrogenation is an ideal process to produce pure hydrogen without CO2 

contamination. The challenge of carbon produced during the process can be instigated potentially by 

their action as catalysts for further dehydrogenation in an applied microwave-electric field due to its 

highly efficient ability for microwave absorption. Among the many carbon allotropes studied, only 

some types of carbon are catalytically active for hydrocarbon dehydrogenation in a microwave-electric 

field. It has been demonstrated that activated carbon and graphene nanoplatelets are catalytically active 

while the filamentous carbon (MWCNTs and CNFs), graphite and glassy carbon were inactive. 

The Fe/SiC catalysts can effectively catalyse the dehydrogenation of hexadecane under microwave 

irradiation for several cycles. The deactivation of catalysts was attributed to the carbon residues. 

However, it has been found that some types of carbons produced in the early cycles of test were 

themselves catalytically active for the reactions. An obvious change of morphology and the properties 

of catalysts were observed by SEM and the cavity perturbation measurements throughout the successive 

cycles of hexadecane dehydrogenation. It was found that the formation of inactive polymeric carbons 

such as MWCNTs, CNFs and graphite etc. can finally deactivate the catalysts. 

Thus, the active carbon materials for hydrocarbons dehydrogenation in the microwave-electric field 

have been distinguished by the specific structure and properties. Theoretically, control of the types of 

carbon produced during the process could potentially extend the lifetime of catalysts or make the 

catalysts remain active longer in an induced microwave-electric field. Based upon their unique origin 

and structures, the carbon-based catalysts could be used as a variety of catalyst with different 

selectivities in microwave-initiated catalysis.  
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Chapter 7 

Conclusion, Challenges and Perspectives 

7.1  Concluding remarks 

My doctoral work aimed at further developing a new, innovative catalytic process for carbon 

emission-free hydrogen production from fossil fuels. It is based on a novel catalyst system initiated by 

microwave energy, achieving the rapid release of high-purity hydrogen directly from hydrocarbon fuels, 

with the co-product of solid carbon being recycled into value-added materials or otherwise sequestered 

in perpetuity.  

Hydrogen has long been acknowledged as a promising vector for future clean energy. However, the 

large-scale production of hydrogen is predominantly through the steam reforming of fossil fuels 

(methane), a process which emits large quantities of CO2. The vision of CO2-free hydrogen production 

from hydrocarbons via thermal, catalytic decomposition was developed in pioneering work and also 

achieved more recently through the use of microwave pyrolysis, plasma processing and molten metals. 

However, these approaches still face significant technological challenges, often operate at very high 

temperatures/require high energy input and scale up/down poorly across applications.   

My doctoral research, which has generated a patent and three scientific articles in internationally 

leading journals, has demonstrated that high purity hydrogen can be rapidly produced through 

microwave-initiated catalytic dehydrogenation using earth abundant iron and nickel particle catalysts. 

Remarkably, this process can be directly applied to all natural occruing fossil fuels, ranging from extra-

heavy crude oil and crude oil through diesel, and finally to methane. This advance offers the possibility 

of extracting clean hydrogen at large scale and at a relatively low energy input directly from fossil fuels 

through distributed or dispersed production units, with the concept of CCS now being applied by storing 

carbon as a solid form instead of as aerial CO2. In addition, the co-product solid carbon, can be 
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converted for numerous high-value applications (graphite, carbon black, carbon nanotubes, high surface 

area carbon, etc.).  

Fossil hydrocarbon fuels are themselves excellent natural hydrogen storage materials since they 

potentially exceed the targets of H2 gravimetric and volumetric densities set by the U.S Department of 

Energy (DoE). The results for the microwave-initiated dehydrogenation of diesel, for example, have 

shown higher H2 gravimetric and volumetric densities than those targets. Microwave-initiated catalytic 

dehydrogenation of fossil fuels could therefore become transformative for hydrogen production 

applications (refuelling station, methane reforming alternative, fuel cells in stationary and automotive 

sectors, etc.) because of three attractive features: First; the rapid production of high-purity hydrogen; 

Second; the requirement of only a small–scale microwave source and reactor system for either localized 

or distributed applications; and Third; the well-established infrastructure for fossil fuels, leading to 

distributed or dispersed hydrogen production units – effectively negating the need for a dedicated 

hydrogen pipeline system.  

In summary, we offer here a solution for carbon free hydrogen production and hydrogen storage for 

fuel cells application. There is thus, a new scientific and technological era of “Fossil fuel 

decarbonisation’’ can arise where we would not destroy naturally-occurring fossil fuels by combustion 

with attendant CO2 emissions, but rather utilise them to produce clean hydrogen. Thus, through this 

process, carbonaceous fossil fuels are thereby transformed from carbon-rich to hydrogen-rich fuels for 

our future energy needs.  

 

7.2 The challenges and future works 

    The technique must now be upgraded in order to provide the economic impetus for its uptake. There 

are several necessary steps of research needed to integrate chemistry with engineering design in order 

to scale-up the technology: 

i. Pilot-scale device 

Typical benchtop devices (lab-scale devices) are relatively inefficient and magnetron-based; in 

particular the power transfer to the sample is often only a fraction of the microwave power 
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generated. Therefore, to upgrade the devices to meet pilot scale requirements, the devices need 

to have correct impedance matching and efficient solid-state microwave sources. Currently, the 

magnetron-based device operates at <20% efficiency for power transfer and a solid-state 

microwave sources-based device can theoretically bring the power transfer efficient up to >99%. 

This will significantly reduce the energy consumption of process.   

 

ii. The catalyst system optimisation for a pilot-scale device 

The important engineering questions of microwave field penetration and uniformity dictate the 

electromagnetic conditions in the catalyst bed. Therefore, it is essential to optimise the whole 

catalyst system to integrate with a larger scale device for any given input energy and 

consequently to produce the desirable conversion and selectivity. The effective use of 

microwave energy and balance of plant will be the key tasks to improve the efficiency and also 

the hydrogen purity.   

 

iii. Continuous flow study for methane decomposition and liquid fuels (diesel and petrol etc.). 

Methane has the highest hydrogen-to carbon (H/C) ratio and is the simplest aliphatic among all 

hydrocarbons. Importantly, the infrastructure for methane transportation and distribution is 

well-developed. Therefore, it will be key to further investigate methane decomposition to 

hydrogen in various flow feed scenarios.  This would demonstrate the possibility to replace the 

current SMR process for hydrogen production. Like the methane, the investigation on liquid 

fuels dehydrogenation at various flow feed scenarios would provide an important step forwards 

towards the end user in transportation and stationary hydrogen production using microwave.  

 

iv. The catalytic sites 

Perhaps most importantly, knowledge of the required local environment at catalytic sites in 

operation and a better understanding of the dehydrogenation process under microwave 

irradiation will lead to further optimisation of the technique. In situ probes for simultaneous 
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microwave heating and measurement using neutrons, x-rays and electron paramagnetic 

resonance studies are under development in order to elucidate the processes 

 

v. Kinetics/ Artificial neural network study and system optimisation 

It will be important to study the kinetics such as temperature, pressure and flow feed, etc. of 

the whole system and make it optimised to meet the requirements of operation at large scale. 

Due to the complexities of the microwave systems, it will involve applying an artificial neural 

network to help optimise the whole system before the process is fully commercialised. 

 

vi. Carbon separation technology and catalysts regeneration 

A high volume of carbon, in general carbon nano-tubes (CNT) are produced during this process. 

The separation of these carbon materials can produce high quality carbons with significant 

commercial value depending on their characteristics. This would consequently reduce the 

overall cost of hydrogen production. Regeneration of catalysts is highly dependent on the size 

capacity of the system and the end user. The in-situ regeneration of catalysts is currently a 

significant challenge, but catalysts may be regenerated on a centralised basis.  Solutions to both 

will be explored and developed. 

 

vii. High value CNTs applications 

The harvesting of CNTs for use in applications, such as lithium-ion batteries offers a separate 

unique opportunity. Initial development on the best means of downstream processing to recover 

these, whilst producing industrial-grade high-purity hydrogen. 

 

In summary, the applicability and sustainability credentials of this approach for scale up will 

obviously be the next step for any practical utilisation. The challenges listed above summarised the key 

points in both chemistry and engineering aspects that need to be studied towards potential industrial 

application.  

 



199 

7.3 Perspectives  

It is a clichéd and overused remark that there is now a presumed need to phase out fossil-derived 

fuels due to increasingly CO2 emission and equally to phase-in hydrogen and hydrogen-containing 

materials so as to accelerate the arrival of the so-called hydrogen economy. Indeed, one of the principal 

reasons why progress towards the most advocated hydrogen economy has been so slow devolves to the 

fact that there is no readily available large-scale source of “natural” hydrogen. Another is the fact that, 

to date, no reliable means exists for storing hydrogen in such a manner that it can be rapidly released -

on demand- for the appropriate fuel cell application. 

Almost all the hydrogen that is nowadays used, worldwide, for industrial purposes comes from the 

steam reforming of natural gas and, to a lesser degree, from the gasification of coal. These processes, 

however, generate a vast amount of carbon dioxide1-4. Although, extensive work involving principally 

solar radiation (as well as wind and other natural renewable energy sources) has been done to produce 

hydrogen by splitting water either via photo-assisted manner or by electrolysis, these technologies suffer 

from low efficiency, durability and safety – and require further research and development. Another 

related question is how to utilise fossil–based fuel resources so as not to liberate CO2 and associated 

unwanted products.  

    The intrinsically high hydrogen content of hydrocarbons offers a potential route to CO2-free hydrogen 

production through their catalytic deep dehydrogenation. The proposed hydrogen supply demonstration 

centres on a method of rapidly liberating high-purity hydrogen from hydrocarbons without CO2 

emissions. There is thus an innovative system combining microwave technology and heterogeneous 

catalysis has been developed. Laboratory demonstration has shown high-purity hydrogen production 

through microwave-initiated catalytic dehydrogenation of liquid alkanes using cheap and abundant iron 

(Fe) and nickel (Ni) catalysts. The results show nearly pure hydrogen with selectivity from all evolved 

gases of some 98%, achieved with less than a fraction of a percent of adventitious CO and CO2. The 

major co-product is solid, elemental carbon. The advantages of this technology are the following: 

a. High H2 selectivity of some 98% (efficiency)/ extremely low concentration of by-products (i.e., 

light hydrocarbons) and less than 1% CO and CO2. 
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b. Processing of hydrogen production with Fe and Ni catalysts will significantly reduce the cost; 

in addition, ability to construct SiC monoliths as support with decorated non-noble-metal 

catalysts is technologically and commercially attractive. 

c. Rapid heating and high heat conductivity (high-energy efficiency) of the process. 

d. Close-to zero CO2 emission (environmental-friendly) 

e. Rapid reaction system allows it to be applied to diverse applications. 

f. Scalability of the system components offers the potential to design a portable device for use in 

transportation or scaled up for industrial applications. 

g. Solid carbon produced has further potential high value applications 

 

Based on these key advantages, this technology has potential to be applied to centralised hydrogen 

production such as in hydrogen refuelling stations as well as on-board hydrogen production for larger 

vehicles (trucks, maritime vessels, etc.). There is thus, a model of microwave-initiated fuel cell vehicle 

for which a microwave system is accommodated on board to produce high purity hydrogen for fuel cell 

was proposed based on our experimental demonstration (Figure 7.1). Here, we compared the CO2 

emission as well as the mileage of this microwave-initiated fuel cell vehicle to the conventional diesel 

and petrol vehicles. The result shows that the microwave-initiated fuel cell vehicle could possibly 

achieve 80% and 65% mileages of conventional petrol and diesel vehicles, respectively. Importantly, 

no CO2 emission and hot air are generated and no after treatment is required as the only product is pure 

water. It should be noted that the microwave-initiated fuel cell vehicle could achieve longer mileages 

with the improvement of efficiency of electric motor, fuel cell and microwave system. All the matrices 

used in the calculation is based on current efficiency of electric motor and fuel cell 5-8, and a comparable 

low efficiency of microwave system (19%) that estimated based on our experiments 9, 10. Clearly, the 

model of microwave-initiated fuel cell vehicle is highly attractive for the future application. But further 

studies are needed in many aspects such as catalyst optimisation and the engineering problem, etc., for 

its application. 
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Figure 7.1. Schematic representation of one approach to mitigate CO2 emission in transportation. 

Comparison of the mileage and CO2 emission for a microwave-initiated fuel cell with conventional 

diesel and gasoline propelled vehicles assuming each consumes fuel equivalent to 1 million Btu. 

 

Similarly, it could provide centralised hydrogen production into the natural gas grid, or decentralised 

units as part of industrial processes and power generation or even in domestic combined heat and power 

units. Obviously, the various applications would require further development in terms of engineering 

design and system optimisation, but the microwave reactors themselves can be designed from the 

portable to industrial scale. Moreover, the cheap and abundant nature of the catalysts employed allows 

this to be a commercially scalable solution. 

Furthermore, this proposed hydrogen supply solution provides a new method for safe hydrogen 

production and hydrogen storage whilst also offering a solution for decarbonising fossil fuels. Moreover, 

the well-established distribution infrastructure for fossil fuels would significantly reduce any initial 

capital investment for hydrogen transportation and distribution and thus catalyse and accelerate the 

smooth transition to a hydrogen economy. 
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Appendix A 

The detailed composition analysis of petroleum 

samples 

Table A1: The composition of diesel determined by GCMS. (The percentage is the area% obtained from 

GCMS) 

Compounds Formula Percentage (%) 

Nonane C9H20 0.97 

1-Octanol, 2-butyl- C12H26O 1.43 

Decane C10H22 2.39 

Benzene, 1,2,3-trimethyl- C9H12 1.00 

Decane, 4-methyl- C11H24 0.82 

1-Iodo-2-methylnonane C10H21 1.15 

Undecane C11H24 3.48 

Octane, 2,3,6,7-tetramethyl- C12H26 1.81 

Undecane, 2-methyl- C12H26 0.95 

Dodecane C12H26 4.49 

Tridecane C13H28 5.92 

Tetradecane C14H30 7.22 

Hexadecane C16H34 17.56 

Octadecane C18H38 13.06 

Heptadecane C17H36 6.75 

Nonadecane C19H40 5.26 
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9-Octadecenoic acid, methyl 

ester, (E)- 

C19H36O2 8.01 

Octadecanoic acid, methyl 

ester 

C19H38O2 1.84 

Heneicosane C21H44 12.30 

Eicosane C20H42 2.26 

Tetracosane C24H50 1.32 

Sum ( - ) 100 

 

 

Table A2: The composition of petrol determined by GCMS. (The percentage is the area% obtained from 

GCMS) 

Compounds Percentage (%) 

Isobutane 2.14 

Butane, 2-methyl- 13.22 

Pentane, 3-methyl- 4.55 

Hexane 4.11 

(2,2-Dimethylcyclopropyl)-methanol 1.15 

Cyclopentane, methyl- 2.16 

Hexane, 2-methyl- 2.1 

Hexane, 3-methyl- 3.7 

Benzene 0.87 

Pentane, 2,2,3,4-tetramethyl- 1.15 

Heptane 2 

Cyclohexane, methyl- 1.69 

Cyclopentane, propyl- 0.39 

1-Heptene, 4-methyl- 0.47 
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Heptane, 3-ethyl-5-methylene- 0.56 

Heptane, 2-methyl- 1.31 

Heptane, 3-methyl- 1.1 

Toluene 19.86 

Octane 0.93 

Ethylbenzene 3.35 

o-Xylene 13.12 

o-Xylene 4.83 

Benzene, propyl- 0.88 

Benzene, 1-ethyl-3-methyl- 2.99 

Benzene, 1-ethyl-2-methyl- 1.18 

Benzene, 1,2,4-trimethyl- 1.21 

Benzene, 1-ethyl-2-methyl- 0.86 

Benzene, 1,2,3-trimethyl- 4.92 

Benzene, 1,2,4-trimethyl- 0.69 

2,4-Dimethylstyrene 0.18 

Azulene 0.13 

n-Hexadecanoic acid 0.43 

Octadecanoic acid 0.12 

Sum 98.35 
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Table A3: The chemical compounds analysis on extra-heavy crude oil. 

Analysis of light fractions wt.% 

C 84.020 

H 11.220 

S 4.750 

S/C 0.04 

H/C 1.60 

Density 0.913 

 

 

Table A 4: The chemical compounds analysis on crude oil. 

Analysis of light fractions wt.% 

C 84.160 

H 12.700 

S 3.140 

S/C 0.03 

H/C 1.81 

Density 0.86 
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Appendix B 

The detailed composition analysis of product 

distribution by GC 

Table B1: Evolved gas composition of the prepared catalysts assessed by GC analysis. Conditions: 

hexadecane (ca. 0.5ml) was well mixed with catalysts. The samples were irradiated under 750 W power 

microwave for 30 min. The error for GC is ±0.01 – 0.1%. 

Sample* 

H2 

[Vol%] 

Methane 

[Vol%] 

Ethylene 

[Vol%] 

Small Alkanes 

(C2-C5) 

[Vol%] 

CO2 

[Vol%] 

CO 

[Vol%] 

Fe 72.21 4.66 7.99 3.54 1.51 10.10 

SiC N/R 

Fe/SiC (5) 93.13 2.16 0.68 0.61 0.2 3.2 

Ni/SiC (5) 96.60 1.39 0.13 0.07 0.1 1.7 

Co/SiC (5) 73.85 11.15 9.67 4.81 0.0 0.5 

Cu/SiC (5) 58.94 20.78 14.32 4.89 0.48 0.58 

Pt/SiC (5) 56.97 20.56 13.98 3.59 0.70 4.20 

Ru/SiC (5) N/R 

Fe/SiC (2) 92.14 3.07 1.37 1.16 0.07 2.21 

Fe/SiC (10) 92.41 2.56 0.67 0.56 0.14 3.66 

Fe/SiC (20) 85.35 4.69 2.64 1.79 0.19 5.34 

Ni/SiC (10) 94.52 4.32 0.28 0.57 0.1 0.2 

Fe-Ni/SiC 

(4.5,0.5) 

96.00 3.15 0.14 0.31 0.0 0.4 
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Fe-Co/SiC 

(4.5,0.5) 

93.18 4.72 0.54 0.97 0.0 0.6 

Fe-Ru/SiC 

(4.5,0.5) 

93.02 3.48 0.81 0.80 0.1 1.8 

Fe-Cu/SiC 

(4.5,0.5) 

93.53 2.95 0.76 0.87 0.0 1.9 

Fe/SiC (10) 92.41 2.56 0.67 0.56 0.1 3.7 

Fe-Ni/SiC 

(5,1) 

97.47 1.80 0.10 0.15 0.2 0.3 

Fe-Ni/SiC 

(5,5) 

97.72 1.63 0.05 0.05 0.0 0.5 

Fe-Ni/SiC 

(1,5) 

94.45 3.34 0.22 0.13 0.1 1.8 

Activated 

carbon 

58.66 24.14 10.37 5.17 0.58 1.09 

Fe/AC (5) 56.03 18.62 10.25 7.05 0.26 7.80 

SiO2 N/R 

Fe/SiO2 (5) 60.70 11.58 8.75 1.74 0.30 16.93 

Al2O3 N/R 

Fe/Al2O3 (5) 82.55 3.91 0.31 0.48 0.00 12.75 

Graphene 

nanoplatelet 

24.78 24.97 23.79 21.31 3.50 1.66 

*: The number in parentheses after catalyst shows the metal content, wt. %. ‘N/R’ means no reaction 

was found on pointed catalyst during the experiment. 
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Table B2: Evolved gas composition of 5 wt.% Fe/SiC assessed by GC analysis from various liquid 

alkanes and aromatics. Conditions: feedstock (ca. 0.5ml) was first well mixed with catalyst. The sample 

was then irradiated under 750 W power microwave for 30 min. The error for GC is ±0.01 – 0.1%. 

Sample 

H2 

[Vol%] 

Methane 

[Vol%] 

Ethylene 

[Vol%] 

Small Alkanes 

(C2-C5) 

[Vol%] 

CO2 

[Vol%] 

CO 

[Vol%] 

C17H36 87.35 6.37 0.90 1.41 0.10 3.87 

C16H34 93.13 2.16 0.68 0.61 0.18 3.24 

C15H32 91.66 2.87 1.29 0.71 0.08 3.39 

C14H30 85.03 6.50 3.96 2.40 0.07 2.03 

C13H28 86.46 7.13 1.84 1.74 0.05 2.79 

C12H26 92.66 1.31 0.68 0.41 0.11 4.82 

C11H24 91.40 3.61 0.27 0.29 0.06 4.37 

C10H22 94.11 2.57 0.39 0.37 0.07 2.49 

C9H20 92.79 4.00 0.17 0.41 0.05 2.57 

C8H18 88.25 1.45 0.84 1.02 0.42 8.02 

C7H16 86.17 7.82 1.10 1.17 0.26 3.47 

Toluene 91.78 2.31 0.04 0.08 0.10 5.70 

p-Xylene 84.39 1.84 0.07 0.12 0.64 12.93 

o-Xylene 87.48 1.78 0.03 0.04 0.61 10.07 

m-Xylene 92.85 2.05 0.10 0.03 0.36 4.60 

Ethyl-

benzene 

83.64 1.83 0.17 0.05 0.46 13.86 
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Table B3: Evolved gas composition of 5 wt.%-Fe, 5 wt.%-Ni FeNi/SiC assessed by GC analysis from 

various liquid alkanes and aromatics. Conditions: feedstock (ca. 0.5ml) was first well mixed with 

catalyst. The sample was then irradiated under 750 W power microwave for 30 min. The error for GC 

is ±0.01 – 0.1%. 

Sample 

H2 

[Vol%] 

Methane 

[Vol%] 

Ethylene 

[Vol%] 

Small Alkanes 

(C2-C5) 

[Vol%] 

CO2 

[Vol%] 

CO 

[Vol%] 

C17H36 85.00 6.37 4.65 3.43 0.07 0.49 

C16H34 97.72 1.63 0.05 0.05 0.00 0.50 

C15H32 93.96 3.59 0.69 0.40 0.05 1.31 

C14H30 95.95 3.10 0.25 0.27 0.05 0.38 

C13H28 95.29 3.20 0.26 0.53 0.05 0.66 

C12H26 90.85 5.25 1.54 1.73 0.04 0.61 

C11H24 96.37 2.59 0.14 0.47 0.04 0.39 

C10H22 93.46 2.62 0.88 0.32 0.14 2.58 

C9H20 94.80 2.00 0.31 0.19 0.07 2.63 

C8H18 83.27 1.52 1.17 0.45 3.46 10.13 

C7H16 96.41 1.85 0.06 0.03 0.07 1.59 

Toluene 95.59 1.21 0.03 0.01 0.08 3.09 

p-Xylene 94.04 0.74 0.15 0.18 0.10 4.79 

o-Xylene 84.01 0.79 0.58 0.24 0.59 13.79 

m-Xylene 96.87 1.22 0.05 0.02 0.06 1.78 

Ethyl-

benzene 

93.89 1.12 0.06 0.03 0.06 4.84 

Propyl-

cyclohexane 

88.50 0.95 0.15 0.14 0.09 10.17 
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Appendix C 

Theoretical and Experimental Hydrogen Density of 

Hydrocarbons 

Table C1: Theoretical hydrogen densities of various hydrogen storage materials. 

Materials Gravimetric Density (kg-H2/kg) Volumetric Density (kg-H2/m3) 

DoE target 7.5 70 

Petrol 14.84 109.29 

diesel 16.35 124.69 

CH4 (liq.) 25 107.30 

C4H10 (liq.) 17.3 98.40 

CH4 25 0.179 

C2H6 20 0.268 

C3H8 18.18 0.357 

C4H10 17.24 0.446 

C5H12 16.67 104.33 

C6H14 16.28 107.28 

C7H16 16 109.44 

C8H18 15.79 111.00 

C9H20 15.63 112.19 

C10H22 15.49 113.10 

C11H24 15.38 113.85 

C12H26 15.29 114.55 

C13H28 15.22 115.04 
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C14H30 15.15 115.76 

C15H32 15.09 116.08 

C16H34 15.04 116.29 

C17H36 15 116.55 

CH3OH 12.9 93.80 

NaBH4 10.7 114 

 

 

Table C2: Experimental hydrogen densities of diesel, petrol and hexadecane obtained over 5 wt.% 

Fe/SiC catalysts. 

Materials Gravimetric Density (kg-H2/kg) Volumetric Density (kg-H2/m3) 

DoE target 7.5 70 

Diesel 8.57 71.28 

Petrol 9.27 71.39 

Hexadecane 9.75 75.36 
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Appendix D 

Theoretical and Experimental Hydrogen Density of 

Hydrocarbons 

Table D1: The energy requirement and energy output for the combustion of H2 produced via the diesel 

cracking 

Compounds Formula 

Percentage 

(%) 

Energy 

requirement 

MJ/kg 

H2 product* 

Nm3/kg 

Energy 

output 

MJ/kg 

Pentadecane C15H32 20 2.02 1.69 21.53 

Hexadecane C16H34 20 2.01 1.68 21.46 

Heptadecane C17H36 20 2.00 1.49 19.02 

Decylcyclopentane C15H30 5 1.73 1.60 20.38 

Decylcyclohexane C16H32 5 1.85 1.60 20.38 

Undecylcyclohexane C17H34 5 1.74 1.60 20.38 

1,3,5-trimethyl 

benzene 

C9H12 7 0.51 1.12 14.27 

Diphenyl C12H10 8 -0.76 0.73 9.27 

Indane C9H10 5 -0.09 0.95 12.09 

Naphthalene C10H8 5 -0.76 0.70 8.92 

Sum ( - ) 100 1.40 1.43 18.25 
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Table D2: The energy requirement and energy output for the combustion of H2 produced via the diesel 

cracking 

Compounds Formula 

Percentage 

(%) 

Energy 

requirement 

MJ/kg 

H2 product* 

Nm3/kg 

Energy 

output 

MJ/kg 

Nonane C9H20 0.97 2.15 1.75 22.24 

1-Octanol, 2-

butyl-** 

C12H26O 1.43 2.86 1.56 19.90 

Decane C10H22 2.39 2.12 1.73 22.06 

Benzene, 1,2,3-

trimethyl- 

C9H12 1 0.46 1.14 14.48 

Decane, 4-methyl- C11H24 0.82 2.11 1.72 21.90 

1-Iodo-2-

methylnonane*** 

C10H21 1.15 2.12 1.73 22.06 

Undecane C11H24 3.48 2.09 1.72 21.90 

Octane, 2,3,6,7-

tetramethyl- 

C12H26 1.81 2.12 1.71 21.77 

Undecane, 2-

methyl- 

C12H26 0.95 2.10 1.71 21.77 

Dodecane C12H26 4.49 2.07 1.71 21.77 

Tridecane C13H28 5.92 2.05 1.70 21.67 

Tetradecane C14H30 7.22 2.04 1.69 21.57 
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Hexadecane C16H34 17.56 2.01 1.68 21.42 

Octadecane C18H38 13.06 1.99 1.67 21.30 

Heptadecane C17H36 6.75 2.00 1.68 21.36 

Nonadecane C19H40 5.26 1.98 1.67 21.25 

9-Octadecenoic 

acid, methyl ester, 

(E)- **** 

C19H36O2 8.01 2.11 1.36 17.32 

Octadecanoic acid, 

methyl ester 

C19H38O2 1.84 2.83 1.43 18.16 

Heneicosane***** C21H44 12.3 2.02 1.66 21.16 

Eicosane C20H42 2.26 1.98 1.66 21.20 

Tetracosane C24H50 1.32 1.95 1.65 21.06 

Sum ( - ) 99.99 2.04 1.65 20.97 

Notes: * Assumption that there is no water formation during the diesel cracking; ** data of 1-dodecanol; 

*** data of n-decane; **** data of gas state; ***** data of 2,6,10,14-Tetramethylheptadecane  
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Appendix E 

Representative Profiles of Microwave Absorption 

and Temperature during the Reactions 

 

Figure E1. Microwave-initiated dehydrogenation of diesel on 5 wt.% Fe/SiC catalysts. (a) Original 

microwave input power and absorbed power (delivery power); (b) Record reaction temperature and 

absorbed power (delivery power). Conditions: fuels (ca. 0.5ml) was first well mixed with catalyst. The 

sample was then irradiated under 750 W power microwave for 10 min. 
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Figure E2. Microwave-initiated dehydrogenation of petrol on 5 wt.% Fe/SiC catalysts. (a) Original 

microwave input power and absorbed power (delivery power); (b) Record reaction temperature and 

absorbed power (delivery power). Conditions: fuels (ca. 0.5ml) was first well mixed with catalyst. The 

sample was then irradiated under 750 W power microwave for 10 min. 
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Figure E3. Microwave-initiated dehydrogenation of diesel on 5 wt.% Fe/AC catalysts. (a) Original 

microwave input power and absorbed power (delivery power); (b) Record reaction temperature and 

absorbed power (delivery power). Conditions: fuels (ca. 0.5ml) was first well mixed with catalyst. The 

sample was then irradiated under 750 W power microwave for 10 min. 
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Figure E4. Microwave-initiated dehydrogenation of crude oil on 5 wt.% Fe/AC catalysts. (a) Original 

microwave input power and absorbed power (delivery power); (b) Record reaction temperature and 

absorbed power (delivery power). Conditions: fuels (ca. 0.5ml) was first well mixed with catalyst. The 

sample was then irradiated under 750 W power microwave for 10 min. 
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• Should any provision of this Agreement be held by a court of competent jurisdiction to be 

illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as 

nearly as possible the same economic effect as the original provision, and the legality, 

validity and enforceability of the remaining provisions of this Agreement shall not be 

affected or impaired thereby.  

• The failure of either party to enforce any term or condition of this Agreement shall not 

constitute a waiver of either party's right to enforce each and every term and condition of 

this Agreement. No breach under this agreement shall be deemed waived or excused by 

either party unless such waiver or consent is in writing signed by the party granting such 

waiver or consent. The waiver by or consent of a party to a breach of any provision of this 

Agreement shall not operate or be construed as a waiver of or consent to any other or 

subsequent breach by such other party.  

• This Agreement may not be assigned (including by operation of law or otherwise) by you 

without WILEY's prior written consent. 

• Any fee required for this permission shall be non-refundable after thirty (30) days from 

receipt by the CCC. 

• These terms and conditions together with CCC's Billing and Payment terms and 

conditions (which are incorporated herein) form the entire agreement between you and 

WILEY concerning this licensing transaction and (in the absence of fraud) supersedes all 

prior agreements and representations of the parties, oral or written. This Agreement may 

not be amended except in writing signed by both parties. This Agreement shall be binding 

upon and inure to the benefit of the parties' successors, legal representatives, and 

authorized assigns.  

• In the event of any conflict between your obligations established by these terms and 

conditions and those established by CCC's Billing and Payment terms and conditions, 

these terms and conditions shall prevail. 

• WILEY expressly reserves all rights not specifically granted in the combination of (i) the 

license details provided by you and accepted in the course of this licensing transaction, (ii) 

these terms and conditions and (iii) CCC's Billing and Payment terms and conditions. 

• This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type 

was misrepresented during the licensing process. 

• This Agreement shall be governed by and construed in accordance with the laws of the 

State of New York, USA, without regards to such state's conflict of law rules. Any legal 

action, suit or proceeding arising out of or relating to these Terms and Conditions or the 

breach thereof shall be instituted in a court of competent jurisdiction in New York County 

in the State of New York in the United States of America and each party hereby consents 

and submits to the personal jurisdiction of such court, waives any objection to venue in 

such court and consents to service of process by registered or certified mail, return receipt 

requested, at the last known address of such party. 

WILEY OPEN ACCESS TERMS AND CONDITIONS 

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription journals 

offering Online Open. Although most of the fully Open Access journals publish open access 

articles under the terms of the Creative Commons Attribution (CC BY) License only, the 
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subscription journals and a few of the Open Access Journals offer a choice of Creative Commons 

Licenses. The license type is clearly identified on the article. 

The Creative Commons Attribution License 

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and transmit 

an article, adapt the article and make commercial use of the article. The CC-BY license permits 

commercial and non- 

Creative Commons Attribution Non-Commercial License 

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, 

distribution and reproduction in any medium, provided the original work is properly cited and is 

not used for commercial purposes.(see below) 

Creative Commons Attribution-Non-Commercial-NoDerivs License 

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) 

permits use, distribution and reproduction in any medium, provided the original work is properly 

cited, is not used for commercial purposes and no modifications or adaptations are made. (see 

below) 

Use by commercial "for-profit" organizations 

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires 

further explicit permission from Wiley and will be subject to a fee. 

Further details can be found on Wiley Online 

Library http://olabout.wiley.com/WileyCDA/Section/id-410895.html 
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Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-

646-2777. 
  

 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
mailto:customercare@copyright.com

