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Hydrogen Production from Crude Oil using
Microwaveinitiated Catalytic Technology

Saud A Al dr ees, St Hi | daods

A thesis submitted to the Department of Chemistry, University of Oxford for the Degree of Doctor of
Philosophy in Inorganic Chemistry

Abstract

The current target of limiting global warming 26C above prendustrial levels is recog-
nised as a demanding task. Should renewable technologies, for example, wind and solar, be not
able to decarbonise the energy industry sufficiently in the futare, other approaches are

needed to generate energy without the emission massive amounts of CO

Hydrogen as an energy vector or fuel of the future has many advantageous properties
compared to the current fuels. At the present, hydrogen groduelies on fossil fuels and
this trend will continue in the foreseeable future. As a result, hydrogen plants are and will
remain a major source of G@missions to theatmosphereDecarbonisation is rapidly

becoming a pressing but attragtichallenge for worldwide fossil fuel utilization.

Here, wepresentn application of this new approach to the ddepydrogenation of Saudi
Arabian light crude oil (LCO} a liquid petroleum that has a low density and fldvely-.
Hydrogen from foss LCO - without significant CQ production - is realized through
microwaveinitiated catalysis on activatezhrbonsupported inexpensive Fe catalysts. Further
optimisation can make the new process potentially competitive with curseptoduction
technologies, typically involving the steam reforming of methane, whidriably involves

the release of significant amounts of 4@ the atmosphere.

This environmentally acceptable approachto clean hydrogen production directly from
fossil fuels and having neato - zero CQ production can make this new process poadly
competitive with the current hydrogen production technologies, particularly through the portal
of a carbon tax on energy producerstherefore ushers in a new eé& . The decarbonization
of fossil fuels.

XiX



Chapterl

Introduction

Fossil fuels stildl accounted for more than
in 2019 and remain one of the major sources of energy for humanity and will continue to do so
for the foreseeable futuf@-4. Thi s i s due to fossil ener gy o0
large resource base, its general availabilitya aeasonable cost, and the large investment in
accessibléechnology and infrastructure which utilize fossil fuels.

With thecontinuityrapid increase in fossil fuel consumption @scenvironmental impact,
developing clean and renewable energyfihe highest priorityHydrogen offers the prospect
of a highly effective fuel for future sustainable enefgnr]. The ParisAgreement paved the
way for the use of hydrogen as an energy source to keep global warming below the expected
2 degrees Celsius above neustrial levels. To reach this target, the world will need to cut
energyrelated CQ emissions by 60% by 2090]. Considering this, a clear commitment to
hydrogen and a circular carbon economy has been made on the global level. There is
unprecedented momentum for hydrogen as new strategies, policies, and incentive=ehave
put in place by different countries to push toward realizing the hydrogen economy.

Hydrogenis most commonlysedin petroleum refining and fertilizer production. It can be
produced using several different processes and a range of primary enermps smatuding
renewable and nerenewable sources. 95% of the global production of hydrogen is from fossil
fuels, with the most significant contemporary technologies being the steam reforming of

hydrocarbons (e.g., natural gés)10].



1.1 Global Greenhouse Gas Emissions

Greenhouse gases (or GHG as acronym) are found in the atmosphere, and they are
characterised by their ability to absorb the infrared radiation entijtélde earth and raise the
temperature of the air, thus reducing heat loss from the earth to space, which makes it contribute
to heating the earth's atmosphere, and ldading toglobal warming. The main challenge lies
in the increase of greenhouse gaslkee most important of which 8O, resulting from the
combustion of fossil fuels, whether from industrial facilities, power stations or means of
transportation, and more than twenty Dbilli ol
atmosphere.

Prior to the Industrial Revolution, the proportions of greenhouse gases in the atmosphere
remained more or less constant. Human activity since the beginning of the Industrial
Revolution around 1750 has led to a 45% increase in the concentratio@.oin the
atmosphere; From 280 ppm to 419 ppm in 20P1, 12] with global energyelated CQ

emissions around 31.5t@igure 1.1).

40
=)
&
5 20
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1990 1995 2000 2005 2010 2015 2021

Figure 1.1 The global change in G@missions (290-2021).(Adapted fromRef.[13]).



In the lastfew decades, climate change and global warming have received a lot of attention
from policymakers and scientific researchers. Today, the effects of global warming are
becoming noticeable to ewdrody, and greenhouse gases have been identified as one of the
strongest influencing factors in these processes. The warming of the climate system is
unequivocal, and since the 1950s, many of the observed changes are unprecedented. The
atmosphere and ocehave warmed, the amounts of snow and ice have diminished, sea level
has risen, the concentrations of greenhouse gases have increased, mostly due to human
activities. The four major GHGs tied to human activities and their sources are listed in

Table 1.1 [14-16].

Table 1.1 The major greenhouse gases tied to human actijli#e$6].

GHG Sources
Carbon dioxide (Cg) - Combustion of fossil fuels, wood, and solid was
(76 %) - Landuse changes, such @aforestation, road

construction, and mining.
- Industrial processes.

Methane (CHl) - Combustion of fossil fuels.
(16 %) - Livestock and agricultural practices.
- Landfills.
Nitrous oxide (NO) - Agricultural and industrial activities.
(6 %) - Combustion ofossil fuels and solid waste.

Fluorinated gases {ases)
(HFCs, PFCs, S - Industrial processes.
(2 %)

The main culprit of global warming 8O, which is emitted from the combustion of fossil
fuels like coal, oil, and gas. Coalireredibly polluting and the single biggest source of global
temperature rise, and responsible for 46% of global €ssions.

In 2019, CQ accounted for about 80% of all U.S. greenhouse emisEidhsand also it is

globally the most abundant greenhouse gas emitted through human actigie® (.2).



Burning fossil fuels is a major source of greenhouse gases, and it is included in most economic

activities, from the industry sector and transportation to electricity production.

(@) (b)

Nitrous oxide

Fluorinated gases
6%

2%

Electricity and
Heat Production
25%

Industry
Agriculture 21%
and other Land Use
24%

Carbon Dioxide
76%

Figure 1.2 The global greenhouse gases emission by (a) economic sector and (b gkgeed
from Ref. [17]).

In recent decades, climate change has become one of the most important challenge afflicting
societies at the internationatational, and local levelsiVhere scientists are unanimously
agreed is that increasing temperatures and sudden climatic changes will generate immediate
and longterm risks to societies. The world needs to focus now on the scientific fundamentals
of climate change and on the actions otherwise the risks we rupewileversible.

The Paris Agreement charted a new course in the effort to combat global climate change,
requiring countries to make commitments to decarbonise and progressively strengthen any
action taken. 194 countries signed the Paris Climate Agreement, which was adopted in Paris

on 12 December 2019]. It aims to reduce global greenhouse gas emission significantly and



limit the increase in global temperature to below 2° C. Considering:teas, commitments to
hydrogen and the circular carbon economy have been made. There is no doubt that we are
living in an era of unprecedented momentum for implementing a hydrogen economy as new

strategies, policies, and incentives are put in place globally

1.2 The Circular Carbon Economy (CCE)

The circular economy (CE) is defingtdi asbdbian
concept with reducing, alternatively reusing, recycling, or recovering materials in
production/distribution and consumption pre s §18]s This concept is not new, the roots
of the circular economy arose toward the end of the 1960s, and it has since evolved through
several stagesFigure 1.3). In 1965, the US economist Kenneth Boulding developed the
concept of resource fAcircul ationo, when he
where there were no limitations in the w$eesources or waste disposal, to a "Space economy"
where everything must be recycled continuously. Going through th& 97ids, Walter Stahel
sketched the vision of AEconomy in | oopso,
competitiveness, resourcevsgys and waste prevention. The CE concept has been described
in extensive research and reports, and since 2010 the concept has been increasingly referred to

by policymakers and businesg&8-21].
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Figure 1.3 The key milestones of the circular economy. (Adapted from R8f2[1]).

In the current dominant linear economy, considerable amounts pa@Oeleased to the
atmosphere by burning fossil fuels for energy production. This is contrary to the international
efforts on climate change and the increase of resource usage effi@2n2g] Therefore, the
transformation from a linear to a circular carbooremmy has become an urgent necessity.

Unl i ke the I inear econoumyedowhpatet eorrmo,dutch e ¢
economy (CCE) is about closing the loop for managing and reducing emissions (i.e.waste) of
carbon from all sectors involving 4Rsamely,reducereuseyecycle andemove.

The CCE framewor k shows usdrhiags iwen sc,a nii RieRues
captured CQas usef ul product s, 2 liyRansforroirigeat into neve c ap
product s, and:tiaRsemited o the atnogphe® Osing technology to capture

and storeKigure 1.4) [24-27].
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Figure 1.4 Schematic of CCE elements. (Adapted from R&k, p4).



1.3 Introduction to Crude Oil

Crude oil is considered one of the most importantmem@wable energy sources, on which
all aspects obur moden life are based. It was formed from decaying dead animals and plants

as a result of geological conditions that have persisted for millions of [2&ag9].
1.3.1 Chemical Composition of Crude Ol

Crudeoii s defined as fa mixture of hydrocarbon
underground reservoirs and remains liquid at atmospheric pressure after passing through
surface separating faciliti e3QFigurge ), largelyAPI1 , A
of the general formula #El2n+2, containing paraffins, naphthenémd aromatic compounds,
with a composition of 887% carbon, 114% hydrogen, 0.6%.5% oxygen, 0-2% nitrogen,
and 0.056% sulphur[29, 31-33]. Therefore, crude oils are classified as: paraffin dyase

naphthene badeor aromatic base

Figure 1.5 A sample of crude oil[Wikipedial.



Paraffins, also known as alkanes, are saturated compounds characterised by the rule that the
carbon atoms are connected with another carbon or hydrogen atoms through single bonds.

Figure 1.6 shows some examples of paraffins which occur abundantly in cruis® o84]

Hexadecane (CisHs4)

L

Isobutane (C,H,;) Neopentane (Cs;H,,)

Figure 1.6 Paraffins in crude oil, the general formula igden+> wheren is the number of carbons.

NaphthenesQycloparafins) are the second major group of hydrocarbons found in crude

oil, in which all of the carbon atom bonds are saturated with hydrégguré 1.7) [30, 35]

Cyclohexane (C¢H,,) Methylcyclohexane (C-H,,)

Figure 1.7 Naphthenes in crude oil, the general formulanid£wheren is the number of carbons.



Aromatic compounds are the third major group of hydrocarbons commonly found in crude
oil. Depending upon the number of fused benzene rings presence in their molecules, they can
be basically classified into three main groupsjudimg monocycliaromatichydrocarbons
(MAHSs), polycyclic aromatic hydrocarbons (PAHs), and linear fusion of aromatic rings

(Figure 1.8) [30, 34.

Stilbene (C,,H;,)

Toluene (C,Hj)

Anthracene (C,H;;)

Figure 1.8 Aromatics in crude oil, the general formula isHz.sm Wheren is the number of
carbon atoms anahis the number of rings.

Based on the composition of crude oil, there are several tyfpasalysis to determine
composition33, 37}

- PONA (paraffins,olefins, naphthenes, anatomatics).

- PNA (paraffins,naphthenes, anaromatics).

- PIONA (paraffins,isoparaffinsplefins, naphthenes, anaromatics).

- SARA (saturatesaromaticsresins, an@sphalthenes).

- Elemental analysis (C, H, S, N, O).
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1.3.2 Physical Properties of Crude Oil

The physical properties of crude oil reflect its chemical composition and can vary widely
depending on where the oil is found, and depend on reservoir temperatures and pressures
[38, 39]

1.3.2.1Density

Crude oil is referred to as either light, medium, aavye based on its density. Two
density related properties of crude oil are used in industry to assess its quality: Specific
gravity (SG), and American Petroleum Institute (API) gravity. Specific gravity (or
relative density) is the ratio, at specified tergiure, of the oil density to the density
of the pure watef33, 3942]. The API gravity is a commonly used &dof how light
or heavy a crude oil compared to watéggation 1.1) [32, 43] Figure 1.9 indicate

the most common ranges used.

\\\\\\\ 8 .
! O(}‘OAO\EOblijzp od Equation 1.1
1.1 -
Heavy oil
1.0 -
b
o
L]
% 094
Fy i Mediurngil
>
S 08 . \
o Light oi
2 .
=
S 07- \
o Condensate
7] ; N~
0.6 LNG

0.5 I B I e e L S
0 10 20 30 40 50 60 70 80 90 100
API gravity (°)

Figure 1.9 Different classes of crude oil based on the density.
[API Gravity, www.engineeringtoolbox.com]
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1.3.2.2Sulphur Content

Crude oil can also be referred to as sour or sweet, based on the sulphur content.
Sweet crude oil contains less than 0.5 wt.% sulphur. Sour crude oil has a total sulphur
content greater than 0.5 wt.%. Determining the sulphur content in crude oil is an
important assessment of quality. Sulphur must be removed via hydroprocessing when
refining crude. If it is not, when released into the atmosphere, it can cause pollution and

acid rain, and harm some of the chemical equipment in the refweri2,44-46].

1.3.2.3Pour Point

The pour point is the minimum temperature in which the oil is able to pour down
(still behaves as a fluid). The pour point of crude oils relates to their paraffin content:
If the paraffin molecules are 18 carbon atoms or longer in length, they are waixes th
are solid at surface temperature. A crude oil that contains a significant amount of wax
is called avaxy crude oilthe higher the paraffin content, the higher the pour gt
42, 46]
1.3.2.4Colour

The colour of crude oils camry from nearly colourless through greenrysilow,
reddish, and brown to blacepending upon the hydrocarbon compositiomgeneral,

the darker the crude oil, the lower the °API grayty, 48]

The properties of crude oil determine its quality and price commercially. Crude oils that are

higher API and lower sulphur content (sweet) are usually priced higher than heavy, sour crude

oils. Crude quality classes are classifiedable 1.2 andFigure 1.10[34, 49, 50]
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Table 1.2 Crude quality classd50].

API (°) Sulphur content (wt. %)
Light sweet O 35 <05
Light sour O 35 O 0.5
Medium sweet 26 O API <0.5
Medium sour 26 O API O 0.5
Heavy sweet <26 <05
Heavy sour <26 O 0.5
S 4_
£ ;
o H H
v 1 ‘Maya (Mexico)
- Arab Heavy (Saudi)
S \ o
:'E' | BC217 (Vene?uela) | .Kuwait(deait)
.8 Bow River (Canada) :
c ‘ * ~ @Dubai (UAE)
S =24 0t O
o Mars (US) - ¢ Arab Light (Saudi)
‘5 | ‘ : : :
fn. Orienté (Ecuador) * : :
B Oman (Oman)
a 1_ ANS(US).’
Q : Brent (UK)
g 1 Bonny Lt. @ : QW" (Us)
A ‘ ‘ (Nigéria)
0 . | . | [faqing (IChina) ’ ?’Minas (Indonesia)
15 20 25 30 35 40 45

Heavy (———— API (°)——) Light

Figure 1.10 API gravity and sulphur content of selected crude (lldapted from Ref.[49])
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Crude oil refining is one of the important processes that can be used to treat crude oil, extract
the desired products, and convert it into a number of useful hydrocarbon products for use as
fuels for transportation, heating, generating electricity anteedstocks for petrochemical
industries. All refineries have three basic steps: Separation, conversion and trstinent

Petroleum refining starts with crude oil distillation to separate crude oil in atmospheric and
vacuum distillatiorcolumn towers into different products based on their boiling points, called
Afractionso or fAcutso. Crude oil is first de
heated to around 600 °C and then the heated crude is injected into to the aistithétimn.

Lighter fractions (lesslense), such as butane and otlaygrid petroleum gasg&.PG), gasoline
blending componentandnaphtha are recoered at higher points in the distillation column.
Mid-range products includet fuel kerosenge anddistillates The heaviest products such
asresidual fuel oilare recovered at temperatures sometimes over 5@g@¢ 1.11) [42, 48,

51, 52]
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Figure 1.11 Crude oil distillation column and produc{Reproduced from Ref. [52])

After distillation, large hydrocarbon fractions such as residual oils, fuel oils, and light ends
can be processed further and converted intodighighesvalue products such as gasoline, jet
fuel, and diesel fuel. Cracking, coking, and visbreaking processes (a mild form of thermal
cracking) are used to crack heavy hydrocarbon molecules into lighter ones. Polymerization and
alkylation processes@used to combine small hydrocarbon molecules into large{58s
Isomerization and reforming processes are applied to rearrange the structure of hydrocarbon

molecules to produce highealue molecules of a similar molecular sjaé&, 54]

15



The third step is the treatment (purification) process, which involves reducing and removing
undesirable elements such as sulphur, nitrogen, and oxygen by hydrodesulfurization,
hydrotreating, chemical sweetening, and acid gas renfie#ab5] Table 1.3 summarises the

most common physical and chemical processes used in oil refineries.

Table 1.3 Physical and chemical processes used in oilegBs[54].

Physical Chemical
Thermal Catalytic
Distillation Visbreaking Hydrotreating
Solvent extraction Delayed coking Catalytic reforming
Propane deasphaltin Flexicoking Catalytic cracking
Solvent dewaxing Hydrocracking
Blending Catalyticdewaxing
Alkylation
Polymerization
Isomerization

1.4 Hydrogen Production

Hydrogen is the simplest and most abundant elemehe universeand is also possesses
the highest energy content per unit of weight compared to any othef\Viithishe exception
of nuclear fuel)(Table 1.4). Looking to a future clean energy source, it has long been
recognised thatydrogenoffers the prospect of a highly effective fuel or energy source for
humanki ndds f ut uifhesissndeed refléctediimd bargeening interest.in the
use ofhydrogenas a clean energy vectddnlike fossil fuels, hydrogen gas burns cleanly,

without emitting any environmental pollutanisdure 1.12) [56, 57]
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Table 1.4 Heat values of hydrogen and common fossil fifss.

Fuel type Heat value (MJ/kg)
Hydrogen (H) 120142
Methane (CHl) 50-55

Gasoline fuel 44-46

Diesel fuel 42-46

Crude oll 42-47

Liquefied petroleum gas (LPG) 46-51
Natural gas 42-55
Coal 17.425

*The amount of heat released during the combustion of a spe
amount of the fuel.

2.5+

2.0+ [ |

=
o
1

C/H Raio
o

i .\
0.0 T T T T T T #
Coal Crude oil Natural gas Hydrogen

Figure 1.12 Variation of carbon/hydrogen ratio for various fuels. (Adapted from Ref.[59]).
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Hydrogen can be produced by various technical processieg renewable or nen
renewable sources and used in important industrial processes. Thgdirogenis a
fundamenthbuilding block in the largescale manufacture of ammonia, and hence fertilizers,
and of methanol, used in the manufacture of many polymers. Refineries myjtEogen
participates in the processing of intermediate oil products, are another area of eedasge
[60, 61] Nowadays, over 70 million metric tons of hydrogen are produced and consumed
worldwide [9]. The largest volumes are consumed in the ammonia productiéh),(4
petroleum refining (27%), methanol production (18%), synthesis of other chemicals (3%), steel
(0.5%) and other uses (4.59%%2, 63] Hydrogen consumption is forecasted to grow
exponentially in the coming period and its uses to diversify acresgdiver generation,
transportation, industrgndbuilding heatingsectors,in addition to its current use as a chemical
feedstoc63]. Figure 1.13 shows the forecasted hydrogen consumption breakdown through

year 2050 from the Hydrogen Couni@#].

78 (EJ: exajoule, or 10'® joules)

M Hydrogen Demand Projection _
_ ; Power generation,
Source: Hydrogen Council . buffering

Transportation

Industrial energy

Building heat
and power

8 10 ; E—— n New feedstock
1= Existing feedstock
2015 20 30 40 2050

Figure 1.13 Hydrogen demandrpjection (Reproduced from Ref. [64]). Original units in EJ
converted to tonneszH1 EJ = 7,000,000 tonnes.H
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1.4.1 Hydrogen Production from Non-Renewable Sources (Fossil Fuel
Based)

Fossil hydrocarbons still remaione of the major sources of energy for hydrogen gas
producti on. AGreyo hydrogen is produced fro
methane reforming (SMR) or coal gasification. This also produces huge amounts of CO
contributing to more than 2%f global CQ emissiong65-69]. It is called nABI
when CQ is captured, sted, and utilized (CCUS). BotBrey andBlue (including CCUS)
technologies are mature and weatbven technologies. Over 96% of hydrogen produced today

is Greyhydrogen65] (Figure 1.14).

Renewable

Fossil-based
Production

70M

metric tons of H,
produced annually

M Renewable m Natural Gas m Oil Coal Gasification

Figure 1.14 Hydrogen production and resources in % of total metric torfAdaptedfrom Ref. [65]).
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1.4.1.1Hydrogen Reforming

Steam reforming (SR), partial oxidation (POX), and autothermal reforming (ATR) are the
three main processes used to produce hydrogen from hydrocarbon fuels. In the reforming
process, hydrogen is produced on an industrial scale by generating a gas sinpamsedo
primarily of hydrogen, carbon monoxide a@@®,. The reaction is endothermic and thermal
energy is required to extract hydrogen from the hydrocarbon fuels (i.e. natural gas, methane,
or naphtha) Equation 1.2). Subsequently, the watgas shift reacbn takes place and the
stream react with carbon monoxide to prod@@ and more hydrogen. In the purification
processCO, and other impurities are removed from the gas stré&aguie 1.15) [69-74].
# ( a(/ EAAMAGa#! a -&( Equation 1.2

adH= Hydrocarbon dependent, endothermic

For stam reforming of methane (SRM)
#( (/7 P #I1 of Equation 1.3
aH 298k = + 206.8 kJ mot

COz
Steam

CO +H0 - CO;+H;

Hvd b . . CO+H_ | waterG CO +H o Hydrogen
4 r:::lr 0, |Desulphurisation | Reforming |2, asiriﬁas 1| Purification —v> ¢

Figure 1.15 Hydrogen production by steam reforming process.

Partial oxidation (POX) and catalytic partial oxidation (CPOX) are an alternative process
for hydrogen production with reduced energy cost, since the reaction is exotfiegoation
1.4), the hydrocarbon fuels react with a stbichiometric amount of oxygen, producing a

syngas streant{gure 1.16) [69, 7578].
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# ( -al/ O a#/l - Equation 1.4

aH= Hydrocarbon dependent, exothermic

For Partial oxidation of methane (POM); the syngas product hafC®Hnolar ratio of 2,
according tdequation 1.5, which is then increased thought the waterygater shift reaction.
#( -1 O #/ Equation 1.5

aH 298k = - 35.6 kJ mot

CC’2
C0+H20‘>C02+H2 I
Hydrocarbon ificati CO+H, Water Gas |CO,*H, Purificati Hydrogen
Fuel Gasification |~ Desulphurisation —»|  ghift __* % |Purification
Oxygen

Figure 1.16 Hydrogen production by the partial oxidation process.

Autothermal reforming (ATR) is a combination of both steam reforming (endothermic) and
partial oxidation (exothermic) reactionSduation 1.6), where steam is added in the partial
oxidation process to form syngdsdqure 1.17) [79-81].

# ( -a( / -al O -¢g( a#/ Equation 1.6

adH= Hydrocarbon dependent, thermally neutral.

For Autothermal reforming of methane (ATRM):

T # ¢(/ [/ O9Spt TH#HI/ Equation 1.7
aH 208k = 0
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Figure 1.17 Hydrogen production bgutothermal reformingrocess.

1.4.1.2Hydrogen Pyrolysis

Pyrolysis (or decomposition) is an alternative processlucted in inert atmosphere able to
convert hydrocarbon fuels into hydrogen and carbon without the presence of steam or oxygen,
and as a result, no carbon oxides are formed during the pr@mpsstion 1.8). One of the

challenges with pyrolysis processthe fouling or coking by the carbon formé&dgire 1.18)

[69, 82, 83]
# ( O a# -¢&( Equation 1.8
&eH= Hydrocarbon dependent, endother mic

For methane pyrolysis:

# O # Equation 1.9
aH 208k = + 74.91 kJ mot

Energy Carbon powder

]

Hydrocarbon C+H, . Gas Hydrogen
Fuel Reactor ———»| Filter | Separator |—T1—*
Oxygen

Figure 1.18 Hydrogen production by pyrolysis process.
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1.4.1.3 Coal Gasification
In the gasification procesBi@ure 1.19), coal feedstock is converted thermochemically into
mainly syngas (hydrogen and carbon monoxide) in the presence of steam and oxygen (or air)

at high temperatures and pressures through w®gs seactionfs9, 70];

# (19 ( #/ Equation 1.10
#1 (109 #1/ Equation 1.11
Energy
l CO +H20 - CO2+ H;
Coal CO+H, | waterGas |CO,*H, Hydrogen

——— Reactor — »| Purification

Shift

|

Steam

Figure 1.19 Hydrogen production by coal gasification process.

Table 1.5 summarises the different processes used to produce hydrogen at a commercial
level. Notethat among these technologies, the gasification is a particular energy intensive

process that produces larger amount of €Qissions compared to the other processes.
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Table 1.5 Comparison of hydrogen production technologies from fossil fuels/[§9,

Technology Feedstock Operation conditions Pros Cons

1 Most extensivendustrial experience Highest air emissions
1 Oxygen not required. particularly CQ.

1 Lowest process temperature.
9 Best H/CO ratio.

Steam reforming| Light hydrocarbons 800 1000°C

Hydrocarbons, heavy 1 Eesulfu:ization .unci;[ not required. E I\_/(;\;\;/ IjilgCr:]Op rrséigésing
i o catalystequired.
Partial oxidation fuel oil, and coal ! Ve

Reforming >1000°C 1 Low methane slip. temperatures. _
1 Soot formation/handling.

1 Lower process temperature than |  Limited commercial

Autothermal Light hydrocarbons >1000°C POX. experience.
reforming 1 Low methane slip. 9 Requires air or oxygen.
1 Oxygen not required. Fouling by the carbon
Per|ySIS HydrOC&l’bOnS 500 8000C ﬂ NO Carbon OXIdeS formed formed

9 Reduce harmful emissions.

Gasification Coal 7001 1200°C T Very highprocessing
9 Lower feedstock costs. conditions.

1 Highest CQ emissions.
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1.4.2 Hydrogen Production from Renewable Sources

As previously mention in this chaptegn-renewable sources (fossiised fuels) have been
widely used for hydrogen production and are projected to remain the dominant energy sources
until at least 205084, 85] (Figure 1.20). Nowadays, the renewable sources only contribute

4%to the total hydrogen productiofigure 1.14).

quadrillion Btu

300 -
history = projections
renewables
250 + -
200 H - natural gas
/\ coal
150 4
100 -
50 4
nuclear
0 I 1 1 |
2010 2020 2030 2040 2050

Figure 1.20 World primary energy consumption by energy soufdeapted from Ref. [84]).

Although most hydrogen is produced from fossil fuels, renewable resourceattraceed
the attentiGoeetho pyddagen fietatedlCQrerissions.dntiesner gy
context, hydrogen could also be produced from water (e.g. electrolysis, thermolysis, and photo

electrolysis) or biomasderived compounds (e.g. thermocheahiand biological)6, 85, 86]
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1.4.2.1Hydrogen Production from Water

Water is the most sustainable and abundant resource for hydrogen production, and it can be
split into hydrogen and oxygen to produce hydrogen gas if enough energy is ¢i8vides]
In the electrolysis process, an electrical current is passed between two electrodes to break water
into hydrogen and oxygen. The alkalinectielyser is the most common technology to convert
electrical energy to chemical energy and form hydrogen. Proton exchange membrane (PEM)
and solid oxide electrolysis cells (SOES) technologies are still under research and development
[69]. In an alkaline cell ifrigure 1.21, direct current is passed through and the water which is
decomposed into hydrogen and Ofhe OHtravels to the anode where @ formed. The
hydrogen is left in the alkaline solution and then separated from the wagegasliquid

separation unit66].

Anode: Tt/ oS¢/ | CcA Equation 1.12
Cathode: ¢(/ chA o ¢/ Equation 1.13
Overall process: ( / © ( -/ Equation 1.14

aH 208k = - 288 kJ mot

hydrogen
H2

oxygen
02

Figure 1.21 Schematic illustration of alkaline water electrolygslapted from Refg]).
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Green hydrogen is produced when power is supplied from renewable saercesd or
solar PV. However, thermal energy (thermolysis) can also be applied to split water using heat
as energy source, photonic energy (photoelectrolyse)d biophotolysis sing

microorganisms; these processes are summariZEabile 1.6.

Table 1.6 Summary of hydrogen production technologies from war89]

Technology Energy source Operation conditions Maturity

Electrolysis Electricity Up to 30bars Commercial

50i 900°C (depending upon the methog
used)

Thermolysis Heat Temperature of >250C R&D
(<1000°C for thermochemical cycles)

Photoelectrolysis Solar Ambient conditions R&D
Biophotolysis Microorganism Ambient conditions R&D
metabolism

1.4.2.2Hydrogen Production from Biomass

Biomass is a renewable resource of fuels and chemical feedstocks derived from agricultural
and marine residues, and forest and animgprioglucts[90, 91] Hydrogen production from
biomass is economically viable with current technolodtdsas been stated that biomass will
cover by up to 25% of thenergy demand by 205902]. Unlike fossil fuels, hydrogen green
production processes reduce £#missions, leading to an apparent neutral carbon emission
scenario. There are two essential processes to produce hydrogen from biomass, namely,
biological, and thermochemical. The thermochemicatess is usually much faster than the

biological process and offers a higher hydrogen yield.
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Table 1.7summarses the main technologies for both processes, which will be
subsequently developed, along with the kind of biomass used, the operational conditions, and

theirtechnological maturity.

Table 1.7 Summary of hydrogen production technologies from bion2@s [

Technology Principle Energy source Operation Maturity
conditions
Pyrolysis Thermochemical| Driedbiomass | 30011000°C in Commercial
the absence of
oxygen
Gasification Thermochemical| Dried biomass 8001 900°C Commercial
Steam reforming | Thermochemical| Biomassderived 800 1000°C Commercial
liquids
Hydrothermal Thermochemical| Wetbiomass 2501370°C R&D
liquefaction 4i 22 MPa.
Dark fermentative Biological Carbohydrateich Anoxic R&D
substrates conditions
Photofermentative Biological Small organic Anaerobic R&D
molecules conditions

1.4.3 The Hydrogen Economyfrom a Global Perspective

The concept of hydrogen economy is using hydrogen to decarlommsesstic andchdustrial
sectors in order to limit global warming. The vision of the hydrogen economy is based on two
perspectivesFirst, hydrogen can be produced from &e&nergy sources in an affordable and
environmentally friendly manneAnd second,ts technologies could gain market share in
competition with alternativel®3].

Hydrogenproduction can be decarbonized through different renewable technologies, which
have different C@emissions and technology readiness le¢ERL). Low-carbon hydrogen

can be produced through electrolysis, splitting biomass using steam methane reforching, an

28



gasification technologies. Importantly, hydrogen production from biomass, also known as bio
hydrogen, is the only hydrogen production route that can generategeive CQemissions
when coupled with CC§94-96]. Table 1.8 give an outline of the C£emission intensities of
different hydrogen production routes estimateaht life cycle analyses of hydrogen supply

chains.

Table 1.8 CO; emission intensity of hydrogen production roJ&4.

Technology TRL" Emissions (kgCQ/kgH>)
Low High
Fossil methane with SMR 9 10.09 17.21
Fossil methane with SMR and CCS 7-8 2.97 9.16
Coal gasification 9 14.72 30.9
Coal gasification with CCS 6-7 2.11 10.35
Electrolysis (with wind and solar) 9 0.47 25
Biomass gasification 5-6 0.31 8.63
Biomass gasification and CCS 35 -17.5 -11.66
Bio-methane with SMR 9 1.2 8.6
Bio-methane with SMR and CCS 7-8 -11.6 -8.84

* TRL: Technology Readiness Level. TRLs are based on a scale from 1 to 9, with 9 being the most mature
technology.

According to the IEA study to the 2019 G20 summit in Japan, there is unprecedented
momentum for hydrogen, with a common belief worldwide that the time is right to tap into
hydrogendés potenti al to play a key twal e in
According to Dr. Fatih Birol, Executive Director of EAIHy dr ogen i s today
unprecedented momentum. The world should not miss this unique chance to make hydrogen an

i mportant part of our [l ean and secure energ
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Grey andBlue hydrogen are currently cheaper to produce. However, it is expectdigethat
cost ofGreenhydrogen will catch up by 2030. The target cosGoeen hydrogen is 1 $/Kg to
be competitive wittBlue hydrogen97]. For that reason, Blue hydrogen is considered by many
countries, particularly Europe, as a bridge between the current sitaatiaie ultimate goal
of renewable energgasedGreen hydrogen98]. By 2030, the European Commission
esti mat e-%5 br doadd be iindiested in electrolysers across the EU, in addition to
U 5-160bn for a dedicated wind and solar capacity of B GW[99]. Japan has established
a 30year plan for gradual shift to hydrogen/ammonia use as energy source autting
extensive efforts to develop technales) for hydrogen/ammonia use in gas turbines, marine
engines, fuel cells, and industrial furnag¢#60]. Sa u d i Arabia has announ
largestGreen hydrogen project in NEOKSaudi new city) a partnership with Air Products
and ACWAPower to build a $5 Billion green ammonia production facility aiming to convert
it to hydrogen fuel at the engser destination. This will Supply 650 tons per day of carbon
free hydrogen for transportation globally and save the world 3 MT per year.oT @&project
is set to start operation by 2025 with Air Products as the solaksdf/exporter of green
ammonig101, 102]

There are several challenges facing the hydrogen economy, including hightjgmodost,
low efficiency, high water consumption, difficulty to handle and transport, and finally, the
threat it poseso fossil fuels deman{lLl03]. For Green hydrogen, larggcale projects require
huge areas of flat, sunny, and windy spaces near the sea. Femsnegrldwide meet all these
requirements. Hydrogen production by electrolysis consumes at least 9 tons of water per ton of
hydrogen. Brine discharge from desalination will be returned to the sea, which is an
environmental concerfi04]. Electrolysis cost is expected tagrsignificantly (up to 50% in
some estimates) in the future due to technology advancement, producticupscaled

government regulatory support leading it to eventually being comparable tolbassd
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hydrogen[105]. In conclusion, technology advances, cost decrease, and strong government
support are pushing toward making the hydrogen economy a reality.
The SWOT analysis (strengths, weaknesses, opportunities and thredts) fiydrogen

economyis listed as follows irFigure 1.22.

Hydrogenavailability in infinite quantities.
Broad range oépplications.
Enabler to renewable energy.

Efficiency of hydrogen drops significantly throughout the process.

High CQO» emission using the most economic production method.

Falling costs of productio

Green hydrogen zemet CQ emissions.

Effect on fossil fuel demand.

Renewable energy used in hydrogen production could be better utilised

to decarbonise the electricity grid.

Figure 1.22 SWOT analysis of the hydrogen econortddapted from Ref106, 107).
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1.5 Microwave Energy

1.5.1 Background

The production of thermal energy by the burning of wood and fossil fuels unavoidably
generates greenhouse gases such as@sponsible in part for global warming. One of the
promising solutions to sustain life and preserving the environment is to rely on the energy from
electromagnetic wave€verthe past decades, microwave radiation has been used as a heat
source in variositechnological and scientific fields, such as: food processing, drying processes,
waste water purification, activated carbon regeneration; sintering of metals and ceramics,
pyrolysis processes and many other chemical and physicgllid&:4.09] The advantages of
microwave heating compared to conventional processing methods include-sanangyrapid
heating rates and short processing times, deep penetration of the microwave energy,
instantaneous and precise electronic control, clean heating processes, and no generation of
secondary waste. Microwave technologies have become an attractiviatamiseveral fields
of chemistry including organic, inorganic, catalysis, and synthesis. It has been also claimed
that microwave could become very efficient in producing innovations in oil processing
applicationg108, 110, 111]

Microwave radiation is part of the electromagnetic spectrum situated between the radio and
infrared frequencies with frequency that ranges from approximately Bz to 300GHz,
which corresponds to wavelength ranging from 1m down to 1lFiguie 1.23). Due to
legislation, the commercially available magnetrons for chemical processing operate at one of
the following frequencies: 915 MHz, 2.45 GHz and 5.85 GHz, in order to avoid any
interference with broadcast and communications b8 112, 113]The heating behaviour
of any reacting materials under microwave radiation is mainly influencedeydielectric

properties.
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Figure 1.23 Regions of the electromagnetic spectrum with the resonance phenomenon of a dielectric.
(Reproduced from Ref.[108])

15.2 Interaction of Microwaves with Matter

In general, the interaction of microwave irradiation with matter is characterized by three
different processes: absorption, transmission, and reflectiogufe 1.24). Whilst high
dielectric materials, like polar organic solvents, lead to strongrptien of microwaves and
consequently to a rapid heating of the medium -palar (microwave transparent) materials
show only small interactions with microwaves (transmission). Microwaves pass through such
materials. This makes them ideally suitable astroiction materials for reactors. If microwave
radiation is reflected by the material surface, there is almost no introduction of energy into the

system[108, 114116].
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Figure 1.24 A schematic representation of the interaction of different materials with microwaves:
(a) absorbing materials (e.g. silicaarbide), (b)electrical conductors (e.g. metals), and (c)
insulation materials (e.g. Teflon, glass, quartz). (Adapted from R&j)[1

(V/m)

Electric field intensity

Microwave

The conventional method of heating a reaction mixture (particularly with low thermal
conductivity such as hydrocarboisyomparatively slow and energy inefficient, since first the
heat energy is transferred from the outsidehe containeto the bulk of the material. In
contrast, microwave irradiation results in energy efficient internal heating by direct coupling
of microwave energy with dipoles and/or ions that are preséhin the reaction mixture.
Microwaves pass through the (almost) microwtramsparent vessel wall and heat the reaction
mixture by direct interaction with the molecules catalyst particlesThis important and
fundamental difference with conventional heating arises from the fact that microwave

irradiation results in inverted temperature gradients as compared to a conventionally heated

system Figure 1.25) [111, 117]
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Figure 1.25 Schematic representation of heat introduction and temperature distribution:
(a) conventional heating and (b) microwave heatiwgi@ntonpaar.con.

For example, water is a polar molecule with a partial positive charge at one end and negative
at the ¢her, and the electromagnetic waves create energy in the water molecules. By definition,
the waves have electrical and magnetic fields that change direction rapidly, for the domestic
microwave ovenZ.45 GHz) the direction of the fields change 2,450,000,6mes per second.

The water molecules will try to align with
the water molecules back and forth rapidly and molecular friction from this generates heat as
the motion disrupts the hydrogen bondsaeen neighbouring water moleculésgure 1.26)

[108, 110.
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Figure 1.26 Electromagnetic wave (left) and the structure of water molecules (right)
(Adapted from Ref{110])

By definition, the dielectric constant or permittivity of a material is a measure of the extent
to whichthe electric charge distribution in the material can be distorted or polarized by the
application of an electric field. The electric susceptibility and permittivity arediraensional
real quantities. The complex dielectric constant or dielectric pevityitt{-“) is given in
Equation 1.15 which consists of a real part { and an imaginary part (). The real part of
the relative permittivity { ) (i.e. dielectric constant) measures the ability of a molecule
(or assembly of molecules) to be polarised by an electric field, and the imaginary part (
(i.e. dielectriclosg represents the ability of a medium to convert dielectric energy into
molecular rotation, and hence hgkt9, 120]

z

- - - Equation 1.15

The loss tangent (t4n defined as the ratio of the imaginary part of the permittivity to the
real part and is commonly used to measure the interaction of a dielectric with the microwaves
and describe the ability of a material to convert electromageeégy into heat energy. The
loss tangent depends on the dielectric properties of the material and is defined by

Equation 1.16[119, 120]
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T — Equation 1.16

The value oftan] ) of a system or mixturdepends on several factors: the frequency of the
electromagnetic waves, the temperature and the physical state and composition of the mixture.
A material that has tan = 0 is completely transparent to microwave irradiation, toed
incident irradiationpasses through with its path unchangedd naterials with tari
approaching 1 are very strong microwave absorbers. For instance, ethdnei @241) is an

exceptional absorbers of microwave irradiation at 2.45 Qidblé 1.9) [111, 118]

Table 1.9 Dielectric constantly ' dielectric loss\{ ' dnd lgss tangent (tar) for selected solvesat
a frequency o2.45 GHz[113].

Solvent Di el ectric Di el ectri Loss tangent (tar{ )
Water 80.4 9.89 0.123
Ethanol 24.3 22.9 0.941
Acetone 20.7 1.11 0.054
Toluene 2.4 0.096 0.04
Hexane 1.9 0.038 0.02
Acetonitrile 37.5 2.32 0.062

Other important term in microwave interaction with materials is the relaxation time (
which is define as the time required after the removal of an externally applied electric field for

the polarization of a dielectric to fall to 1/e of its initial vaJa&9, 120]

T — Equation 1.17

Wheref is the critical frequency at which the dielectric loss msaimum.
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The penetration depth and the skin depth are important parameters in microwave heating of

metalsand metal particlesThe penetration deptfO() is defined as the distance from the

surface of material to the level at which microwaves pervadetliet material and the power
level reduced to 1/&- 37%) Thisdepends on the applied frequency andetleetronic nature

of theheated materidlL12];

0 — - p — p 7 Equation 1.18

Where,_is the wavelength of the radiation,and- aare as defined earlier.

In metals microwave propagation is usually described in terms of skin dépth ¢an be

defined as the depth at which the electric field decreases td thle value at the surface. It is

related to frequency)( permeabilityfl),yand conducti vi t[g21( G), by th

~%535 Equation 1.19

The behaviour o& bulkmetal powder angarticlesunder microwave radiation are different
depending on the skin depth. In metal powders, due to eddy currents and plasma effects, very
rapid heating and localised hot spots takes place without any discharge. However, in bulk

metals annstantly recognisedectric discharge will occur when interacting with microwaves

[122, 123]
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1.5.3 Non-Thermal Effect of Microwaves

Microwave heatingcan have two kinds of effects: thermal and 4tloermal [L24]. The
thermal effect is caused by the temperature difference produced by microwave dielectric
heating. Northermal effects refer to circumstances where the outcome of a synthesis
performed undemicrowave conditions was different from when a conventionally heated
counterpart was carried out at the same apparent temperature, that is, microwaves participate
in the reaction 125. However, the existence of ndhermal microwave effects is a
controvesial topic. It is generally agreed upon by most scientists in the field that in the majority
of cases, the experimentally observed effects in microwave chemistry are the result of purely
thermal phenomena, without nétmermal microwave effectd 6. In addition, Gutmann et al.

[127] considered that the phenomenon that the experimental results under microwave
conditions are different from those under conventional heating at the same apparent
temperature is related to the wrong temperature measurementrmopt| of experimental
conditions rather than the real ndhermal effect.

Microwave fields on the outside of any objects are enhanced a bit. As the object polarises,
charges gather at the surfaces and the increased charge density leads to aldiglrenfjéh
at that point. This effect is most pronounced in metals, and if the electrical field is increased at
the metal surface enough, it can cause enhanced local heating and even ionisatiothd his is
reason that we see sparks if we put a metalifodur microwave ovens at home.

Many of the interesting effects observed in microwave heating of particulates are down to
highly localised heating. In metal particulates these can be dramatic. However, that it's often
difficult to determine precisely thextent to which such phenomena are present and influencing

reactions.
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1.5.4 The Sizelnduced Metal-Insulator Transition (SIMIT)

The conductivity of metallic materials can be affected by several factors or variables
such agemperature, pressure, chemical composition. Small changes in these variables can
be transfer the conducting metals into seomductors or even insulatork2B].

Porch, Slocombe and Edwards have presented detailed principles for the microwave
absorption ad thus the effective heating of powders of small conducting particles for a
range of particle sizes and conductivit29]. From this one can begin to develop a scheme
for the optimisation of the heating processes of small catalytic (nominally) metallic
particles.Figure 1.27 shows the total electromagnetic absorption as a function of both
conductivity and mean particle radius for specified conditas an operating frequency

of 2.45GHz.

Insulating
metal
particles

)
S o
[P
¢

H dominant
region

I | E dominant
10-5 | region
1

Absorption (W/m®

105 g0 P
10*

10° 107

Mean particle

o ; ! radius (A)
Conductivity (€2 L em l)

Figure 1.27 Total electromagnetic absorption in roragnetic particles as a function of conductivity
and mean particle radius. Optimal electric absorption and aptimagnetic absorption are marked in
red. (Reproduced from Ret29]).

From this, one can see that small, highly conducting particles do not heat effectively

when placed in a microwave electric field (the configuration in our experimentapxet
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because fathe screening of the incident field from within the particle. This arises from the
sea of itinerant conduction electrons within the particle, generating eddy currents, and hence
highly effective screening of the incident radiation. Therefore, theresexiggion of low
electromagnetic absorption (shown in blue) wherermidron sized, highly conducting
particles absorband hence heapoorly.

In contrast, one can clearly see regions of dominant electric and magnetic field
absorption, marked in red Figure 1.27, which will lead to extremely efficient heating.

This enhancement of absorption (and thus heating) withimsaton particles can clearly

be triggered by the SIMIT. For particles of a critical size, having traversed the SIMIT, the
lack of conduction (low conductivity) within the particle, absorption is predominantly due
to electric dipole absorption (driven by the electric field).

Moreovermagnet i cal | y -tkelcasansfor Be parteclespn thessstudyne
will also expect an additional enhancement of magnetic absorption (and thus heating)
within such submicron particles.

Whatever the exact, magnetic, and electric componeritéstding further study), the
maximum microwave absorption can be assured by simple selection of the mean patrticle
radius. It was our contention that such effects would be maximised as Fe catalyst particles
traversed the SIMIT. The following study aimed probe experimental conditions
(particularly the Fe catalyst particle size) where we expect optimal electric and optimal
magnetic absorption, marked in red kgure 1.27, for the selective, and highly
efficientheating of catalyst particles. The aim was then to see if such properties were

evident in the actual catalytic dehydrogenation of LCO.
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1.5.5 Microwave-Initiated Heterogeneous Catalytic Reactios

Microwave radiation plays an important role as a heat source for various chemical reactions,
and it has applications in different chemical fields including organic chemistry biochemistry,
polymer chemistry, analyd chemistry, photo chemistry, and the inorganic chemistry of
materialg108, 130, 131].

Microwaveinitiated effectdfor homogeneous catalysis has been investigated for over three
decades with a few processes coming to commercial stages, particularly in the pharmaceutical
industry. Of late, microwave irradiation for heterogeneous gas phase catalytic reactions have
garneed increased attentiafue tothese a |l | e d -efiftfheecrtnba,| whi ch i s c|
the enhancement of the reaction rate and products yield and selectivity over the conventional
thermal procesgLO8, 132]. The reported thermal effects of microwave irradiation are due to
three phenomena: hepot formation, selective heatinand overheating.

Microwave thermal effects are enhanced throughshot generation, which results of the
nortuniform distribution of electromagnetic field on the catalyst surface, where the
temperature is considerably higher than the average tempgesatdithence reactions occur at
a much higher rate. In the microwave dielectric heating of the gas phase decomposit®n of H
catalysed by metaulphideso n -Al>Ogsupport, Zhangt al reported the formation of hot
spots which have been observed betw@2@1000 um and up to 200 °C higher than the bulk
temperature of the catalytic béti33]. Importantly, several research studies have recently
reported to observe the formation amngkedcontr o
camera [Figure 1.28). Different factors may influence the kgpots, such as the particle size,
metal loading or the field intensifit12, 132]. However, this wellaccepted mechanism has
been recently questioned, because the formation e§gwis on a catalyst surface can be

deleterious to microwave catalytic reacti¢ph30, 134].
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. Hot Spot

@ Cold Spot

Figure 1.28 High-speed camera photograph of the-simdts occurring on the activated carbon in toluene
sol vent wunder -fieldiradiaionc(Adapted fvom R&1DE130, 135, 139]).

Selective heating o& catalyst material occurs in heterogeneous systems when they are
subjected to microwave irradiation. In gas/solid systems the selective heating of a catalyst
particle can occur while the buskirrounding mediumemains at lower tempature.A change
in temperature can cause the migration of product from the catalytic surface to the bulk gas
phase. This form of selective heating was proposed by Retsy137], and could result in
enhanced selectivity towards desired products. Another way microwaves can create
temperature differences atittoughheating a certain part of thedividual catalyst particle
more than the rest. It is known that microwave actie¢ats (Fe, Pt, Mo, Pd) can be heated up
by microwave irradiation very rapidly to high temperatures, while the low loss support
materials such as aluminareheatedo lower temperatures. This selective heating of metallic

particles and catalytisites ca cause increased reaction rd32, 133].
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1.6 Thesis Objectives

My DPhil research work centres on the utilizatiorhgfirogenas a fuel source throughe
microwaveinitiated catalytic deeglehydrogenation of fossil hydrocarboins sometimes
Kknown 2iaSt riiHopi ngo. | mportant | yabyprdductsof pr oc e
the process instead efolvedCO, and therefore does not contribute to climate change. The

approach also has the potential to synthesise othewhigk hydrocarbons as ipyoducts.

In this work, | demonstrate the direct applicationlo$ fprocess to one of the most widely
T available natural fossil hydrocarbonsSaudi Arabian Light Crude Oil (LCO). Particular
attractive features of LCO are that it has a high proportion of light hydrocarbon fractions (and
hence an intrinsically higherytrogen content) a low density and flows freely at room

temperature and generally has a low wax content.

This study initially describes the strong influence of the composition of several model
hydrocarbon compounds/er the hydrogen productivity followed lan indepth study of the
microwaveinitiated dehydrogenation afCO for hydrogen production. The last part of this
work also describes an unprecedented approach for the direct converkio® b syngas

(H2+CO)through microwavenitiated catalysis.

All of these investigations form the basis of a detailed interpretation of the underlying
mechanisms (and optimisation) of this microw#aviiated deepdehydrogenationfior

stripping of hydrocarbons.

A proposed reaction system configuration for microwanrgated deeglehydrogenation

of LCO is given inFigure 1.29.
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Figure 1.29 A schematic of a proposed reaction system configuration for micreinéisted deep
dehydrogenation of LCO considering bdtie formation of gaseous and solid compounds and the
transformation of Fe catalyst todee
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Chapter2

Experimental Methods

The purpose of this chapter is to summarise the experimervap seatalysts synthesis
methods and analytical techniques applied in this work, and the set of charadaterisa
techniques used in this thesis includiXgray powder diffraction (XRD), nuclear magnetic
resonance (NMR) spectroscopy, scanning electron microscopy (SEM), transition electron
microscopy (TEM), Thermogravimetric analysis (TGA); physisorption for ET surface

area, gas chromatography (GC), and gas chromatography spectrometry (GC/MS).

2.1 Experimental Setup and Catalyst Evaluation

2.1.1 Microwave-Initiated Catalytic System

The experimental setup consisted of a microwave generation system, a-budétom
microwave cavity and a control system. Typicalys gof the feedstock was mixed (unless
specified differently) with 8.5 g ofsupported metal cataly&lt:1 wt.%)and loa@d in a quartz
(silica) tubular fixedbed reactor with 9 mm inner and 10 mm outer diameiérs sample was
plugged above and below by 1 cm of quartz wool, and the tube was placed axially in the
microwave cavityin a vertical position and located at thetre to ensure uniform microwave
irradiation. The temperature was monitored using an infrared pyrometer (Raytek M13) which
was positioned horizontally facing a hole in the side of the microwave cavity pointing at the
catalyst bed. The system was then pdrgéth dry argon at a flow rate of 20 ml.mirfor 10

min before the microwaves were turned on.
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The experiment was carried out at a frequency of 2.45 GHz, with different input powers.
After 10 minutes of reaction, the microwave radiation was switchednaffthe temperature
monitoring switched off once the sample reached 5O’ h€ time of the experiment (reaction)
was chosen to be 10 min because by that time all the gaseous evolution was Stopped.
generated gases were passed through an ice bath toutramy condensable or unreacted
liquid, and then into a watdilled, inverted 500 ml graduated cylinder to collect gaseous
products which were analysed quantitively by gas chromatography (GC) using alEeré&in
Clarus 580 GC. The liquid products amdthe unreacted feedstocks are collected using a cold
trap and analysed by Gas Chromatograph Mass Spectrometdd$pasing a SHIMADZU,
GCMS-QP2010 SEKigure 2.1). When the reaction was used in continuous operation mode,
a syringe pump (Cotarmey 74900 series) was used to pump fresh liquid feedstock into the

fixed quartz tube reactat a flow rate of 0.05 ml.mih

MFM -
.="- p— e .
m_ 1 -7 OD =10mm
e ID =9mm (f 25cm
Syringe pump Quartz tube
Microwave
cavity

IR pyrometer s

[EEEEEEEEEEN

______________ Microwave Generation
it and Control System

[11L]

{ FEOVEE WL ¢ -

Gas trap

Figure 2.1 Schematic experimental apparatus for microwave system.
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The microwaveheating system chain consisted of a power generator, microwave head,
microwave circulator, dummy load, microwave power meters, tuneable waveguide sections,
and applicatorRigure 2.2). The system was designed and supplied by the French company
(Sairem AIlIRIS MWR) and was computeontrolled using the Labview software.

The applicator was fabricated in the Inorganic Chemistry Laboréi©ty and designed in a
singlemode cavity built up of aluminium. The TM010 mode used in this work is created as
only a uniform electric field is presented in the centre of the cylindraaty. A quartz tube

is used as the reactor because quartz is highly transparent to the induced microwave irradiation
and can reduce the exclusion of samples from the microwave field.

The sample temperature is measured using an infrared (IR) pyrombiehn, is the most
popular temperature measurement technique used in the microwave system. The conventional
thermocouples can interfere between the electromagnetic field and the metallic probe, which
can potentially lead to interference in sparKibg?], and would give an unreliable temperature
because of direct heating of the thermocouple. However, it beusoted that the pyrometer
only measured the surface temperature of the catalyst bed, which is not necessarily indicative
of the bulk temperature, due to regions of intense localised heat, leading to the generation of
O0hot spot s 6, Seaimsl5Bwhkich cas acauidand raduce the legitimacy of a surface
temperature reading. The temperature (T) versus time (t) of the reaction profile was recorded
during the microwave experiment via the Labview softwa@edle 2.1 summarises the main

parts of the microwave system and their functi@gl].
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Circular and Dummy load

IR pyrometer Microwave cavity Wave guide Microwave generator

Figure 2.2 Microwave system configuration (Reproduced from Ref. [3]).

Table 2.1 Microwave system main parts and functi¢®s4].

Microwave system part

Function

Microwave generator

Equipped with a magnetrgmicrowave source) and operated at ¢
frequency of 2.45 GHz (x0.025 GHz).

Circular and Dummy load

Protects the power generator from the damage by the reflected
power which hasndét been abso
system.

Waveguide

Guides thenicrowave radiation to the cavity.

Microwave cavity

Where the sample is exposed to the microwave electric field an
actual chemical reaction takes place.

IR pyrometer

Measures the sample temperature.
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2.1.2 Conventional (Thermal) Catalytic System

For comparison purposes, conventional thermal experiments were also carried out in an
electric tubular furnace (Nabertherm B400/410). The sample system was the same as described
in the previous section. In this case, a samplelpagled with hydrocarbons wasalded into a
pre-heated tube furnac®ry argon gas was used to purge the reactor tube; however, with this
setup, the whole system could not be purged as the reactor tube could only be connected to
the rest of the seaip after being inserted into the tube furnace. The reactor tube was then placed
into a tube furnace, which was already at a temperature of 800 °C. The argon gas was switched
off once the reactor tube and cold trap were connected and the products were collected in the

same way as described$ection2.1.1 (Figure 2.3).

MFM K e ;

Quartz tube

Tubular furnace

OD =10mm 55cm
ID =9mm
Heating coil
______ O
5 T I P
Furnace control | T TTT=---o v

% ¥

J_“.t Gas trap

Figure 2.3 Schematic experimental apparatus for the conventional thermal system.
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2.1.3 CO2 Solubility Test in Water

The CQ gas is quite soluble in water in which more than 99% exists as the dissolved gas
and less than 1 % as carbonic acikCBs[5]. As described earlier in this chapter, the generated
gases from the microwave and thermal reactions passmayh a watefilled inverted 500 ml
graduated cylinder to collect gaseous products. So, it was necessary to conduct a test of the
solubility of CQ gas in the water in order to ensure the accuracy of the GC analysis for the
CQ; gas.

A laboratory test ws conducted by injecting 100 ml of €@as in the same watéled
inverted 500 ml graduated cylinder. After 10 minutes, there was no change observed in the CO
volume (100 ml), and this was indicating that there was no solubility efrf©@ater in thelO

minutes time.

2.2 Catalysts Preparation

The catalysts were synthesised using theadled wet impregnation method. Metal nitrate,

for example, Fe(N€):.9H-O (Iron (1) nitrate nonahydrate, 99 %, SigrA&rich) was used

as an iron precursoupport materials used for the catalyst preparation were AC (activated
carbon, Sigm&ldrich) andAl20z ( al u mi ni upmasey Alfa Aesar)The powders of
support wee mixed with an aqueous solution of metal nitrate, the concentration of which was
calculated to produce a desired content of metal on the support. The mixture was then stirred
at 150°C on a magnetic hot plate in a fume hood under refluxing for 3h. Tendes solid

was filtered off and then moved into the drying oven, for drying overnight. The targeted metal
catalysts were then obtained by a careful reduction process in a horizontal tube furnace in

flowing 10% HY/Ar gaseous mixtures at 750 °C for 8 hiwat heating rate of 5 °C/min.
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2.3 Product Analysis

According to the International Union of Pure and Applied Chemistry (IUPAC),
Achromatography is defined as a physical s e|
separated are distributed between two phasne of which is stationary (stationary phase)
whil e t he ot her (the mobil e p haslé)7]. I S n
Gas Chromatography (GC) and Gas chromatographss spectrometry (GC/M8&je both
widely used techniques for quality and purity control in the manufacture of many products in
the chemical, pharmaceutical, and food indastrirhis section will cover some fundamentals

and describe how these techniques work.

2.3.1 Gas Chromatography (GC)

A Gas chromatograph (GC) is a commonly used analytical instrument, in many research
and industrial laboratories, for separating and identifying chemical substances based primarily
on their volatilities. As shown iRigure 2.4, the GC consists of a flow controller to control the
carrier gasesd6 flow rate, an injection port
separations occur, an oven as a thermostah&column, and a detector which is connected
to a data processor to record and display the chromatogram. Commonly used carrier gases are
inert, and include nitrogen @N helium (He) or hydrogen @i are preferred and commonly
used and are introducedaatonstant flow rate to the injection port. The sample is injected into
the injection port and is instantaneously vaporized and transported by the mobile gas phase
(i.e.,the carrier gas) through the column. The column itself contains a liquid statidresy p
which is held in the oven and is heated during the analysis to elute the less volatile components.
The main reason why different compounds can be separated in GC is the interaction of the
compound with the stationary phase. The stronger the interathie longer the compound

remains attached to the stationary phase and so it takes more time to go through the column
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(longer retention time). The outlet of the column is inserted into the detector which responds
to the chemical components eluting frore tolumn to produce a signal. The signal is recorded
by the acquisition software on a computer to produce a chromat¢gram

There are many detectors which can be used in gas chromatography. The most common are
the flame ionization detector (FID) and the thermal conductivity detector (TCD). Both are
sensitive to a wide range of components, and both work owetearange of concentrations.

Their characteristics are outlinedTiable 2.2 [10].

Waste
Sample
T N
Flow I Injection
controller ] port
>k T Detector

Oooooo

Column

S

{ 5egd 1 VER0

ARSI (WL \‘.\'_

GC oven Data processor
Carrier gas

Figure 2.4 Schematic representation of typical gas chromatography (Adapted fron7JRref. |

Table 2.2 Comparison of characteristics of genguatpose GC detector&(.

Detector Principle Detectable compound
Flame ionization detector Burns compounds in 440, flame at Organic compounds
(FID) 2000eC and measu
Thermal conductivity detector Measures difference in thermal | All compounds except fol
(TCD) conductivity of gases carrier gas
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In this thesis, a Perkiklmer, Clarus 580 GC was usédddure 2.5) which is equipped with
both FID (to detect hydrocarbons such as met
can detecH», CO, COy, andair. A 50 m long column is used and is located in a coiled form in
the GC oven which is heated at a rate of @fin from 80 °C to 200 °C. Helium is used as a
carrier gas for TCD with a flow rate of 40l/min and a temperature of 200 °C.
ForFID, Hz and air are used with flow rates of 4%min and 450 riimin, respectively, and at

250 T operating temperature.

Figure 2.5 PerkinElmer, Clarus 580 GQnorganic Chemistry Laboratory (ICL),
University of Oxford.
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2.3.2 Gas Chromatography/Mass Spectrometry (GC/MS)

Mass spectrometry (MS) is amalytical technique that can be coupled to a GC and used
instead of the GC detector. GC can separate many volatile andalatie compounds with
great resolution, but not always selectively identify them whereas MS can selectively identify
many compouds but not always separate them. By combining the two techniques, the
advantages become obvious. Therefore, GC/MS is widely used for qualitative and quantitative
determination of volatile and semwolatile organic compounds in a variety of fie[d4].

Figure 2.6 shows the MS component of a GC/MS system including a sample inlet into a
vacuumsealed chamber that houses an ionisation source, a mass analyser, and a mass detector.
In the MS system, the sample inlet is maintained at a high temperature (ug @) 40@nsure
that the sample remains in the gas phase. Next, the sample is introduced directly to the ionizer
chamber. Once ionized, the gaseous eluted compounds, are separated in a vacuum based on
their mass to charge ratio (m/z). The detector measures témsity of each ion, these
intensities are recorded to produce the mass spectrum. A sample's mass spectrum is then shown,
classified, and likened to a library of known mass spectra by a computer data[dystEzh.

In this thesis, the liquid products were analysed by a gas chromatfgasgtspectrometer
(SHIMADZU GC/MS-QP 2010 SE) Rigure 2.7) equipped with a capillary column
(SHIM-5MS) 30m in length and 0.25 mm in diameter. The ion source temperature €200
the interface temperature is 280 and the detector voltage is 0.7kV. Helium is used as carrier

gas, and di c h 8% Sigmarddrich)asaesolver®. 9 9 .
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Figure 2.6 Schematic representation of a typical gas chromatography/mass spectrometer
(Adapted from Ref.[7, 12])

Figure 2.7 Shimadzu GC/MEQP 2010 SEInorganic Chemistry Laboratory (ICL),
University of Oxford.
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2.4 Techniques used foithe Characterisation of Catalysts

Catalyst characterisation plays an important noleeterogeneous catalysis
includingsynthesis, development and optimisation. Also, during fouling or catalytic
performanceelated investigations. This section briefly describes the concepts and main

principles of the techniques used in this thesis for catalyst characterisation.

2.4.1 X-ray Diffraction (XRD)

Powder Xray diffraction (XRD) is a standard tool which is the most frequently applied
technique in soligstate chemistry used to provide information about bulk structures, phases,
and sizes of particlg43, 14].

X-rays interact with electrons in atonv8hen an Xray beam collides with electron clouds
of the atom in a crystail, is diffracted into many specific directions. If the wavelength of these
scattered xays did not change, this phenomenon is known as elastic scattering-ralie X
elastically scattered from the atoms in a solid interfere. If the atoms exist in aipariay
(i.e., a crystal) there is constructive interference in a few special directions resulting in a
diffractogram consisting of several peaks separated by a very low background scattering. The

peak positions are as determined by Bragg's [1&\

¢ _ Qi Q¢ Equation 2.1

Where the variablenj is a diffraction order,d is the wavelength of the incidentrays,
(d) is the spacing between layers of atoms, ahds({he Bragg angle between the incident rays
and the surface of the crystal. Tispacings are determined by the periodicity of the system
(Figure 2.8). The intensities of the peaks are determined by the arrangement of atoms. If the

solid is amorphousd.€., not crystalline) then there will not be peaks in the diffraction pattern.
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The crystallite size can be estimated using the Scherrer equataation 2.2) by XRD
radiation by measuring the full width at half maximum of peaks (FWHM) at dnp the

pattern[13];
L — Equation 2.2
Where (J is the mean size of the ordeiedystalline) domainsK) is a dimensionlesshape

factor, with a value close to unitfg) is the wavelength of the incidentrdys, andb) is the

width at half the maximum intensity.

® L 2
d
-9 ® 4 @
Figure28l |  ustrati on ofAdapeddrgReh.[80)).di f fracti on.

In this thesis, powder XRD patterns were collected using a BRUKER D8 ADVANCE Eco
diffractometer Figure 2.9) using a Cu K X-ray source (40 kV, 25 mA), and the scan
di ffraction angle (2d) is from 50 to 90U. TI

diffraction data by the Scherrer eqeatiusing X'Pert HighScore softwdf].
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Figure 29 BRUKER D8 ADVANCE diffractometer Inorganic ChemistryLaboratory (ICL),
University of Oxford.

2.4.2 Thermogravimetric Analysis (TGA)

Thermogravimetricanalysis (TGA) is apowerful technique to determine composition,
purity, and thermal stability of materialBhe technique is one in which the mass of a sample
is measured as a function of temperature or time, at which physical changes occur when a
sample is heated or cooled in a controlled atmosphere. The mechanisms of weight change in
TGA differ according to whether it is gain or Id43, 18]. Table 2.3 shows examples of some

chemical and physical phenomesan occur during the TGA analysis.
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Table 2.3 Examples of some chemical and physyganomena&an occur during the TGA analy$is3].

Weight loss Weight Gain

1 Thermal decomposition in an inert atmosphere \  Oxidation of metals in air or oxygen

the formation of gaseous products 1 Absorption or Adsorption.

1 Evaporation of volatiles, loss of water

1 Reduction reaction when the samiplteracted with g
reducing atmosphere (hydrogen, ammonia, etc).

9 Desorption

Moreover, a differential scanning calorimetry (DSC) analyser measures the energy change
(absorption or release) of a sample during heating or cooling, and this enables one to define the
phase transitions or chemical transformations and their temperatar@gather the reaction
is exothermic or endothermic. So, the use of DSC simultaneously with thermogravimentric
analysis can offer more useful informatithran either the DSC or TGA technique does alone.
Additionally, the atmosphere used in the TGA analy$ays an important role and depends on
the type of information r[8d43ired (oxidati on,

Thermogravimetric analysis for this work was carried out using a TA Instruments, DU Q
and was employed for TGRSC measuremenEigure 2.10). A specific amount of the sample
was heated from room temperature to 1000 °C with a heating rate of 10 °C/min under appropriate
atmosphere or carrier gas at 100 ml/min. The resulting data were recorded using TA Instrument

Explorer.
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Figure 2.10 Thermogravimetric Analyse@) Instrument, SDT €500, Inorganic
Chemistry Laboratory (ICL), University of Oxford.

2.4.3 N2 Physisorption for BET Surface Area

The surface area is one of the most important quantities forctbazang porous materials
and plays an important factor determining catalytic activity and catalysts applications.
Typically, the surface area is determined from nitrogen adsorption isotherms using BET
analysis. The BET theory was an extension of the tmmgtheory and was developed by
Stephen Brunauer, Paul Emmett, and Edward Teller in [I88&0]. Langmuir theory relates
to monolayer adsorption of gas molecules while in BET theory adsorption islayeited with
the following hypotheses: (a) gas kcules are physically adsorbed on a solid in layers
infinitely; (b) there is no interaction between each different adsorption layer; and (c) the

Langmuir theory can be applied to each layégyre 2.11) [10, 19].
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Adsorbate

Solid surface Solid surface
(a) (b)

Figure 2.11 Schematic of the adsorption of gas molecules onto the surface of a sample showing (a)
the monolayer adsorption model assumed by the Langmuir theory and (b) the multilayer adsorption
model assumed by the BET theory. (Adadted Ref. [19]).

BET surface area (ffy) is the multipoint measurement through gas adsorption analysis,
where an inert gas such as nitrogen is constantly flowed over a solid sample. the surface is
cooled using liquid Nto obtain measurable amounts déarption due to the weak interaction
between gaseous and solid phase (Van der Waals fdd&s)This measured amount of
adsorption in monomolecular layer, and the ratadsorption, can be used to calculate the
specific surface area of a solid sample and its porous geometry. The data collected is displayed
in the form of a BET isotherm, which plots the amount of gas adsorbed as a function of the
relative pressure (pdpwhere p is the Dlpartial saturation pressure angipthe saturation
pressure at 77 K. The six IUPAC standard adsorption isotherms are shieigars2.12, they
differ because the systems demonstrate different gas/solid interactions.

The BET equation describes the relationship between the number of gas molecules adsorbed

(X) at given relative gessure (p/g) [19]:

— Equation 2.3

Where C is a second parameter related to the heat of adsorption.
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Figure 2.12 Different types of adsorption isotherms as classified by IUPAC.
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In this thesis, textural properties such as surface area, pore volume and pore size
measurements studies were carried out by using physisorption technigue.sohetiaal
desorption isotherm for nitrogen was measured at 77K. The data collected is displayed in the
form of a BET isotherm, which plots the amount of gas adsorbed as a function of the relative
pressure. The isotherm was measured using a Micromerities Stirface characterisation

system which is located in Atattirk University, Erzurum, Turkagire 2.13).

Figure 2.13 Micromeritics 3flex surface characterisation system




2.4.4 Microwave Cavity Perturbation Measurements

The cavity perturbation techniques with the designed cavity resonator are commonly used
in the measurement of dielectric paraens (relative permittivity and permeability) at
microwave frequencief30]. The method in principle consists of measuring the change in
resonant frequency and Q factor of a microwave gae@sonator when it is suitably loaded
with a small amount of the samp&d].

As described earlier in Chapter 1, The relative permittivty (or dielectric constant)
indicates the ability to polarise a material imposed to an electrical fiéld.imaginary
permittivity (- ) (or dielectric loss) represents the ability of a medium to convert dielectric
energy into heat.

Thus, the dielectric pperty of the sample can be calculated from the difference in the
resonant frequency) and the change of bandwidiBW (Figure 2.14) by Equation 2.4 and

Equation 25 [3];

— - pow Equation 24

— ¢ BW Equation 25

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, all measurements carried out
in an aluminium cavity, and the value of Adalculated to b&.554x1@ and Vs is about

0.13 cr?.
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Figure 2.14 Example of microwave cavity perturbation measurem&vbere ¢f) is the

difference in the resonant frequency, aBW is the change of bandwidth, between the sample
and empty referenceRéproduced from Ref.[R]

The perturbation cavity system used in this thesis is illustratEgjure 2.15. A quartz tube (inner
diameter 2mm, outer diameter 4mm) is used as a sample container and placed in the centre of the cavity,

at the maximum of a standing wave.
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Figure 2.15 Schematic of dielectric measurement system. (a) Network analyser, (b) Aluminium
host cavity showing the central hole where samples are introduced along the axis of the electric
field, (c) Front panel and input keys of the VNA 8758eproduced from Rd#]).
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2.4.5 Scanning Electron Microscopy and Energydispersive Xray
Spectroscopy (SEMEDS)

Scanning electron microscopy (SEM) is a mature,-estihblished technique applied widely
in many scientific fields for imaging thaicrostructureand morphology of thenaterials.
Figure 2.16 shows the typical layout of the SEM components which comprise the electron gun,
electromagnetic lenses, a vacuum chamber, sample stage, and a selection of detectors to collect
the signals emitted from the sample. A beam of electrons is generated frogstatuilament
lamp placed at the top of the column with typical$dkeV accelerating voltage. The electron
beam follows a vertical path through the microscope, which is held within a vacuum. The beam
travels through electromagnetic fields and lensdsch focus the beam down toward the
sample. The beam of electrons interacts with the sample to produce signals that give

information about the samplebds composition a

Two types of electrons are mainly detected in SEM: Backscattdestions (BSE) and
Secondary electrons (SE). BSE are reflected back after elastic interaction between the primary
electrons and the sample, while SE are a result of the collision (inelastic) between the primary
electrons and the loosely bonded outer ebexst Figure 2.17). Both are used to produce an
image and carry different types of information; the SE play the primary role of detecting the
morphobgy and topography of the sample while the BSE show contrast in the composition of

the elements of the sampli®, 22]
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Figure 2.16 Schematic diagram of the SEM microscope. (Reproduced from Bgf.[2
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Figure 2.17 Secondary electrons (left) and backscattered electrons (right).
(Reproduced from Ref. 8).
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Enegy Dispersive XRay (EDS) analysis is an analytical technique used to provide a
guantitative analysis of the chemical composition with the aid of propay Xetectors. When
the collision occurs between the sample and the primary electrons in the Etts of the
sample were ionised due to the exciting and ejecting of the electrons in the inner shells of the
atoms. The energy released from these transitions which is in the formagfafe detected
by the EDS systenj23, 24] The Xray spectrum i€haracteristic of each element, and the
relative intensities in the spectrum enable quantitative analysis.

In this thesis, images were taken using the Inlens detector of the Zeiss Sigma 300 Scanning
Electron Microscope which is located in Atatlirk UniversiErzurum, TurkeyKigure 2.18).
The samples were poured onto carbon tape and coated with a mini sputter for 300 seconds.
Images were taken at 5 Kat different magnifications. The surface elemental analysis is
carried out with the equippeBnergydispersive Xray spectroscopy analysis which was

performed from a wid@ngle general surface at 15 KV.

. =
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Figure 2.18 Zeiss Sigma 300 Scanning Electron Microscope.
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2.4.6 Transmission Electron Microscopy (TEM)

TEM is a powerful tool for material science which offers invaluable information about the
internal structure of the sample, such astlystructure, and morphology, while SEM provides
information about the samplebds surface and i
are equipped with similar key parts and used electrons to obtain images of Ja5\pk&
but there are important differencdsigure 2.19 shows the main components of a TEM
microscope, which consist of the electron gun, electrostatic lenses to focus the electrons before
and after the sample, a transmitted electron detection system (image producing system), and
image recording system. Typla an electron source is generated electrons througd080
kV acceleration voltage which is higher than the voltage used in SE3@ KV) in order to
give sufficient energy can pass through up 1um of sample. The electrons travel through a
vacuum and arocused onto the sample using the condenser lenses. The electrarnslitien
with the sample and parts of it are transmitted depending upon the thickness and electron
transparency of the specimen. The transmitted electrons are focused by the objestint|
an image on a fluorescent screen, which converts the electrons into visible light signal for
viewing and recording via a detector such as a (CCD) cg@kra7, 28]

In this thesis, images were obtained using a HitachiflAJ0 which is located in Atatirk
University, Erzurum, TurkeyHigure 2.20). Powdered samples were placed in Eppendorf tubes
with distilled water. The amount of solid sample in the suspension should be between 0.1%
and 1%. The solid sample in the suspension is kepin ultrasonic water bath until it is
completely homogeneously dispersed. Care should be taken to avoid any visible lumps. About
3-5 pl of the resulting suspension was dripped onto the carbated grid using a micropipette.

The sample on the carba@oaed grid then dried completely. The dried sample was then
mounted on the sample holder of the Hitachi-ADO instrument. This instrument used a

Lanthanum hexaboride (LaB6) electron gun, operating under accelerating voltage in the range
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of 40-120 kV. As tle device can switch from search mode (viewing the@eren camera) to
high-quality, full-size picture capture mode (main camera mode) with the push of a button, it

enables quick image capture of the selected area.

Electron source

Anode

Condensor lenses Condensor aperture

STEM scan coils

t ¢, X-ray detector
| -
\Jf\J

Sample

Objective lens

Objective aperture

Selected area aperture

Projector lenses

BF, ADF, HAADF
detectors
Viewing screen
CCD camera or
photographic plates
EELS detector
Magnetic
prsm CCD camera

Figure 2.19 Schematic diagram of the of a TEM microscope. (BF) byiight, (ADF) annular dark
field, (HAADF) high angle annular dark field, (EELS) electron energy loss spectroscopy, and (CCD)
charged coupled devices. (Reproduced from R&f).[2
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Figure 2.20 Hitachi HT-7700 transmission electron microscope.

2.5 Light Crude Oil Characterisation

The light crude oil (LCO) which was used in the catalytic reactions was characterised using

several analytical techniques.
25.1 Fourier Transform Infrared Spectrometer (FTIR)

Fourier transform infrared spectroscqByfIR) is a technique which is used to detect
different functional groups by analysis of molecular vibrations of gases, liquids, and solids.
Each functional group has its awdiscrete vibrational energy, and this can be used to identify
a molecule through the presence of various functional groups. The FTIR spectrum is recorded
between 4000 and 4@dn' %, and used mathematical process (Fourier transform) to translate
the raw déa (interferogram) into the actual spectrum. The technique is widely used in organic
synthesis, petrochemical engineering, polymer science, pharmaceutical industry and food

analysig32, 33].
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The normal instrumental FTIR consists of three maomponents: source, an
interferometer, a sample compartment, detector, and compigard 2.21). Whenthe source
emits infrared energy, the beam passes through an aperture which controls the amount of
energy presented to the sample, then to the detector. The beam enters the interferometer and
split to two beams of light to make precise measureme&htsresulting interferogram signal
exits the interferometer and enters the sample compartment. This is where specific frequencies
of energy which are uniquely characteristic of the sample are absorbed. The beam passes into
the detector for final measurent@md the measured signal is digitised and sent to the computer

where the Fourier transform takes pl§g2 34].

Interferometer
W —
Source l’ ' (|
.A'llh- |
} .
— | | Ve

Sample | |
' \

} ! Interferogram
Detector @ Computer

Figure 2.21 The main components of Fourier transform infrared spectroscopy (FTIR).
(Adapted from Ref.[3]).
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The light crude oil fractions are measured by SHIMADZU IRAffiFli$ spectrophotometer,
which is located in the chemistry department, University of Oxford. The IR spectra used in this

thesis were recorded between 400 and 4008 (Emure 2.22).

Figure 2.22 SHIMADZU IRAffinity -1S spectrophotometeChemistry Research
Laboratory (CRL)University of Oxford.
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2.5.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance (NMR) is arguably the most versatile of the spectroscopic
techniques yielding quantitative and structural information. NMR experiments can embrace the
widest ange of materials: liquids and solids, organic and inorganic molecules, and a wide range
of sample conditions (temperature, [3gressur e,

The basic principle of NMR spectiaspy is based on the magnetic properties of atomic
nuclei, which have spin and are electrically charged. When the sample is placed under the
action of an external magnetic fieldojBan energy transfer through a radiofrequency (RF)
transmitter from the Is® energyH:) to a higher energy levekf), The energy transfer takes
place at a wavelength that corresponds to radio frequencies and when the spin returns to its
base level (relaxation), energy is emitted at the same frequency. The absorption ofsenergy
then detected in an RF receiver and recorded as a spectral linectleelsd ed Ar esonanc

[36] (Figure 2.23).

B  NMRtube
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N E;
|
|
I
|
B, |
|
|
|
—b :
Compound in ki
the magnetic Energy level Resonance signal
field B, diagram

Figure 2.23 Formation of an NMR signal. (Reproduced from Réf).3
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In NMR spectroscopy, the chemical shift is the precise resonant frequency of an atomic

nucleus in a magnetic field with reference to a standard compound. This field is affected by

electron shielding which is in turn dependent on the chemical environnerankethylsilane

[TMS;(CH3)4Si] is a common standard used to determine the chemical shift of the commonly

measuredH r esonance in compounds: uTMS

composition of atomic groups within organic molecules can beeatkfrom the chemical shift

of the 'H resonant frequencieFigure 2.24 shows the'H chemical shift range for organic

0

ppm

compoundg37, 38]. The position of signals indicates the type of hydrogen that molecule

contains (i.e. it is characteristic of funatad groups), the number of signals gives information

about the different types of hydrogen, and the intensity of signals show the relative amounts

(quantity) of each kind of hydrogen in the molecule.

ROH
Z
wv
2 .
g RCHO Vinylic Allylic
— - p—
R-COOH Aromatics CH;"X, CH,-O, CH,-N Saturated
T T T T T T T T T T { T T !

14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm

Chemical shift (8)

Figure 2.24H chemical shift ranges for organic compounds. (Adapted from RBf.[3

Several factors also influencing peak split in NMR spectrum, includingsgamcoupling,

relaxation time, and signal intensity. Sygipin coupling (also calledicoupling) is a magnetic

interaction between individual nuclear spins transmitted by theimgrelectrons through

which the nuclear spins are indirectly connected. It can provide information about the

connectivity of chemical bonds and structure. Relaxation time can provide information on

molecular dynamics.
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All the NMR spectra reported in thikdsis have been recorded using a Bruker AVANCE
[l HD (600 MHz) spectrometer, which is located in the chemistry department, University of
Oxford (Figure 2.25) equipped with a 9.4 T superconducting magnet and a-tegtenance
indirect detection probe. All the spectra were acquired and processed using the standard Bruker
software Topspin 2.0. The solvents used was GRad their deuterium signal wasead for

the locking, shimming and internal referencing procedures.

Figure 2.25Bruker AVANCE IIl HD (600 MHz) NMR spectromete€hemistry Research
Laboratory (CRL), University of Oxford.
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Chapter3

The Production of Hydrogen through the
Microwave-Initiated Catalytic Dehydrogenationof
Model Hydrocarbon Compounds without Significant
CO2 Emissions

The composition of crude oil varies depending on its source; howeverpiin@pally
composed of three families of hydrocarbons (paraffins, naphthenes, and arofiadics)
In this chapter, hexadecane, cyclohexane, and BTX (benzene, toluene, and xylene) were
selected to simulate thiele of paraffins (alkanes), naphthenasd aromatics present in crude
oil. These hydrocarbons were investigated as model compounds for micrioeted
dehydrogenation to gain insight into teHect on the evolved hydrogen for each component
separately, then mixed in proportions closthtir real proportions in the light crude @iCO)
to createin essencea fisynt hetic crude oil 0. The synth
interactions between components and to compare the results with LCO to investigate if there

are other componenfsr impurities) that reduce the hydrogen yield.

3.1 Introduction

Currently, the steam reforming of methane (SRM), which is the main constituent of natural
gas,is the most frequently applied process and cheapest source of industrial hyaindgen
comprisesnearly 50% of global hydrogen producti¢b-8]. Unfortunately, there is a very
considerable amount of G@roducedConsequently, this chapter uses SRM as the benchmark
technology for hydrogen production. In the process of steam reformangyidrogen plant, the
methane is heated between Z@DO °C and reacted with steam und@53bar in the presence

of nickel (Ni) catalystd9-13]. Although the technology is welistablished and offers high
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hydrogen yields, still there are downsides and limitations including the release of significant
levels of greenhouse gases into the atmosphere, harsh reantidioos, catalyst deactivation,

and excessive energy indét 14,15]. In this regardeatalysts placritical roleat the heart

of theseprocesses, and the developmentlesfs expensiveatalystswith high stabilityand
selectivity is crucial.

Noble metal catalysts such as Ru, Rh, Pd, Ir, and Pt are used due to their remarkable
catalytic performance and higher resistance to carbon deposition as a consequence of the
difficulties of dissolving carbon in them to produce metal carfid&6, 17] Jonest al [18]
proposed the SRM activity order as Ru > Rh > Ir > Pt, indicdhiagPt catalysts as the least
active. However, designing a system to usher in a new hydrogen economy by focusing on noble
metals would be counterproductive as they are too expensive for commercial op&@tion
this, the earttabundant basmetal catalgts suctasFe,Co, Ni, andCu have attracted attention
due to their low cosind ease of extraction from their orgs 19-21]. However, iron
compounds will be rapidly oxidized by.@hile cobalt derivatives are unstable in stgéin
Therefore, nickebased catalysts have been widely used and studied in SRM for their high
catalytic activiy and relatively cheap cost, being supported on many metal oxides, such as
Al>03, MgO, CeQ, or LaO3 and promoted with a second md&l22, 23] On the othehand,
the serious deactivation of Ni catalysts due to the easy sintering when the catalyst melts just
sufficiently close to pores, and the coke formation are the main challenges in SRM processes.

Another process that has attracted attention recently idrihreforming of methane with
CO: (DRM) [24], an innovative alternative ethod, based on a strongly endothermic reaction
in the absence of steam, for the production of equimolar synthesis gasC@®) that utilises
two greenhouse gases; €ddd CH, thuslowering the carbon emissions of any industrial plant.

The main drawbackf this process is th&gnificant production of coke, which leads to a

reduced catalyst lifetimg3, 25, 26] The tendency for carbon deposition may depend on the

87



atomic ratio O/Cand H/C in the feed gas. Lowep®/CH; and H/CO ratios correspond to a
higher tendency toward coke formati@7].

Alternative techniques for hydrogen production using methane as a feedstock were
developed including partial oxidation with ?OM)[28, 29] autothermal reforming with 4D
and Q[30, 31] low-temperature SRNB2, 33} combined steam and dry reforming of methane
(CSDRM)[34, 35] a chemical looping SRM processL(-SRM) [8, 36], a sorptiorenhanced
SMR (SESRM) [37, 38] as well as a combined €RE-SRM proces$39, 40] Each proces
generates a syngas mixture with an alternatin@@ ratio due to different reaction conditions,
such as temperature and pressure. Decomposition of methane offers another route to hydrogen
production. Eliminating the water gas shift unit in SRM makesptieess more sustainable
with solid carbon being the main coproduct. This process has been reviewed ext¢asively
47]. The biggest challenge facing the whole field is the stability and activity of the catalysts.
Extensiveresearch has been carried out to develop highly efficient and cheaper catalysts and

ecofriendly technology Figure 3.1).

500 —

Number of Publications

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Years

Figure 3.1 Publications on methane steam reforming in the past de@sabgpted from Ref.[8])
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Table 3.1 summarisesghe most investigated catalysts for hydrogen production under
different conditions. Note that the catalyst metal loading igivels low (below 15 wt. %)
whilst Ptpromoted catalysts are particularly active at low reaction temperatures

(i.e. 550 to 600 °C).

Table 3.1 Summary of catalysts and operating conditions used in hydrogen production.

Catalyst Metal Promoter Temperature CH4 H> Reference
loading (°C) conversion  selectivity”
(Wt.%) (%) (%)
Ni/Al 203 5 CeQi 650 65 35 [48]
ZrOz
7 Au 550 84 70 [49]
12 Co 800 70 NA [50]
13 Ce 800 75 65 [51]
15 Nb2Os 750 98 78 [52]
Mo/MgO 30 NA 800 75 59 [53, 54]
Ni/HZSM-5/ 10 NA 620 66 78 [55, 56]
MCM-41
Ni/SiO-Al 03 10 NA 700 96 83 [57]
10 NA 900 98 75 [58]
Co-FelAl 15C0,30Fe NA 700 73 72 [59, 60]
Fe/CeZrQ 15 NA 700 85 83 [59, 61]
FeCo/CeZrQ 15Fe,5Co NA 700 90 90 [61, 62]
FeMo/CeZrQ 15Fe,5Mo NA 700 90 90 [61, 63]
Rh/Al,O5 1 NA 600 69 NA [64]
Rh/MgAI,O4 5 NA 850 50 NA [65]

"Conversion: describe how much of methane was consumed in the reaction.
™ Selectivity: describe how much hydrogen was formed in relation to the undesired product(s).
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In the last two decades, attempts have been made to reduce the consumption of energy and
the reaction time in organic synthesis processes by using microwavatesirsome of the
earliest uses of microwaves in chemical literature reported by Gigdaie about using
commercial microwave ovens in organic synthesis, finding that the use of the microwave can
reduce the required energy and the reaction i@ Since then, the use of microwave energy
in many sectors has become a vkelbwn technique. Moreover, this technique has been
proposed as the technology of the future for a wide range of applicggibi8]. Microwaves
are utilised in many applications such as; chaimsynthesig71-75], reforming of methane
[76-80], microwaveassisted extractiofi81-84], microwaveassisted catalysi§85-88], oil
sands separatidB89-91], water/oil emulsion separatig82-94], removal of naphthenic acids
[95, 96] hydrodesulphurisation and hydrodenitrogenaftgdh102], demetallisatiofil 03-105],
heavy oil cracking106-109], food drying andorocessing110-112], and several pyrolysis
studies have been conducted using microwaves as a heating satlreerange of feedstocks,
and were reviewed by Motaseastial [113]

Recently, there has been increasing interest in producing hydrogen from hydrocarbons
initiated by microwaveradiation GonzalezCorteset al [114] have reported that 7 wt. %
hydrogen is rapidly produced from paraffin waxlds4 by microwaveassisted catalysis using
ruthenium nanoparticles supported on activated carbon. Following this woelt,ali¢115]
discovered a means of rapidly liberating hydrogen by the microwateted catalytic
dehydrogenation of liquid alkanes using iron and nipleeticles supported on silicon carbide.

The selectivity of hydrogen produced from all evolved gases was 98% after Btesmh
irradiation time.CO, CO,, methane, ethane and other hydrocarbons were also produced as
minor products. In addition, they ohtad elemental carbon as the majorpogduct. Using
microwave heating, Jieet al [116] also showed that the catalytic dehydrogenation of

hexadecane with the assistance of microwa@ee® hydrogen with a selectivity of 94% after
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30 minutesof irradiation time. They have used iron particles supported on silextide as a
catalyst. They also reported th@0O, CO,;, methane, ethane, elemental carbon and other
hydrocarbons were also produced asphbyducts. In other work, Jiet al [117] developed a

rapid method initiated by microwave to catalyse the conversion of various plastic wastes into
hydrogen and higlalue carbon using iren aluminium oxide catalysts.

The hydrogertoncentration in the evolved gases reacbhf~ 9 0 . %, @arid 55.6 mmobf
hydrogen were obtainddom each gram of plastic.

In recent research work, Jé& al [118] investigated the catalytic activities of a range of
carbon materials and reported that the activated carbons and graphene nanoplatelets were found
to be highly effective for the microwavmitiated dehydrogenation of hexadecane towards
hydrogen production.

The aim of this chapter is to set the scene for the subsequent study mrtveaveinitiated
dehydrogenation of crude oil by investigating toatributionof a single compound (onodel
compound) and combinations of these compoundghi®rproduction of hydrogen. Model
compoundssuch ashexadecane, cyclohexane and benzene, toluene, and XBIEK that
represent paraffins (alkanes), naphthenes, and aromatics respeativelyde oil are
comprehensively assessed. This study gives insight into the interaction of these compounds
with the catalyst and their capability to undergo catalytic deep deipgation reactions under

microwave heating.
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3.2 Experimental

3.2.1 Preparation of Fe/AC Catalyst

In this chapter, the catalyst used was based on iron metal (Fe) supported on activated carbon
(AC). Iron is a cheap, readily available and a good absorbmicvbwave energy. The term
activated carbon refers to carbonaceous materials with a high degree of porosity and a very
large surface area of more than 3000gfiL19]. It has been widely used as a catalyst support,
energy storage material and a microwave abs$i2€X.

The catalgt was synthesised using thecadledwet impregnation methofll14] as shown
schematically irFigure 3.2. Iron nitrate, Fe(N@)3.9H20 (Iron (ll) nitrate nonahydrate, 99%,
SigmaAldrich) was used as the iron precursor. A series of Fe catalysts supported on AC
(activated carbon, powder, 95%, Sig#ldrich) was synthesised with Fe loading ranges
between 60 wt. %. Firstly, a calculated amount of iron nitrate was dissolved in 100 ml of
deionised water, next the support was added slowly to the aqueous solution of iron nitrate. The
mixture was vigorasly stirred at 150C for 4 hours under reflux. The mixture left for overnight
to cool to room temperatur&éhe pH of the mixture was adjusted between 9 and 10 unit by
adding the required amount of NaH&®@odium bicarbonate, powder, 99.5%, Sighidrich).

In this step the following reaction take place:

&A1 8y / o. A(# &K # o. A. o/ Equation 3.1

The possible way for the decomposition of the formed iron (lll) hydrogen carbonate
(Fe(HCQ)3) is in the following reaction:

C&A# o &A/ ol I o# Equation 3.2
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Subsequently, 50 g of (CBH). (ethylene glycol, 99%, Sigrsaldrich) was added slowly
to the mixture under stirring for a period
and heated at 15 for 4 hours under reflux. The solution left again for overnight to cool to
room emperatureThe purpose of adding the ethylene glycol is to react with the excess amount
of sodium bicarbonatand produced monosodium glycolate, water, and &he following
reaction:

# 1 ( CAU#O (LA (1 # Equation 33

The resultant solid was extensively washed wélonised water to remove any formed salts
until the filtrate solution achieved neutral pthenseparated from the aqueous solution by
filtration. The solid was finally dried in the oven at 90 6@ernight. The required metal
catalysts were obtained by a careful reduction of the above material in flowing 10 wbAf6 H
gaseous mixtures at 750 °C for 8 h using a heating rate of 5 °C/min, as the following reaction:

&A1l of ©° ¢c&A o/ Equation 3.4

The catalysts were tested and characterised both before and after the mignitredied
deepdehydrogenation experiments using a purgms# microwave cavity system (seleapter
2). Various characterisation techniques, also described in idethépter 2, were used to check

the catalyst composition and to provide data on the catalyst activity.
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Iron (IIl) nitrate

H,0 H,0 Activated Carbon (support) Sodium )
Sy bicarbonate o
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overnight
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— @:‘ glycol
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S——
c Coolin o
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overnlght pH: ~7

Powder sample
Fe metal/AC Vacuum filtration Stirring@150°C, 4hr

Figure 3.2 Schematic preparation of Fe/AC catalysts by an impregnation method. DW= deionised water.

3.2.2 Preparation of Iron Carbide (FesC) Catalyst

The carbothermal reduction of a 30 wt.%-iFgregnated activated carbon sample was
conducted in a quartz (silica) tubular reactor placed in a furnace and heated under mixture of
CO, H, and N with concentratios 0f60%, 30%, and 10% respectivebgrams of the sample
was packed in a quartz boat in the middle of the quartz (silicalatutaactor (4 cm inner and
4.5 cm outer diameter and 90 cm in length), which was heated by a tubular furnace
(Figure 3.3). Theexperiment was performed at atmospheric pressure, and the temperature was
increased at a rate of 5 °C/min to 320 °C and kept at 320 °C for 24 h. After that, the furnace

was turned off and the samples were cooled to ambient temperature under the puiftpng gas
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Figure 3.3 Experimental apparatdsr carbothermal reductioexperiment

As stated earlier in thischapter, hexadecane (99%gigmaAldrich), cyclohexane
(99+%SigmaAldrich), andamixar e of 10 wt . 9%Bigrhadldrichd, 8&wt% O 9 9 %,
toluene (99.8%, SigmaAldrich), and 30 wt.%p-xylene (99%, Sigm&ldrich) (BTX), were

selected and investigated for microwangiated deep dehydrogenation process.

3.2.3 Characterisation of Catalysts

Different characterisation techniques including XRD, TGA, SEM, and TEM were used for
the prepared catalysts before and afterowaveinitiated deep dehydrogenation experiments,
in orderto studythe effect of different Fe loadings, the influenaf number of experiments
cycles on the metallic iron particles and the amount of carbon deposition on the spent catalyst

surface.
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3.3 Result and Discussion

3.3.1 Microwave-initiated Catalytic DeepDehydrogenation of
Hydrocarbon Model Compounds

Hexadecane, as a hydrocarbon model compound, has been extensively studied in the
Edwardsgroup toward producing hydrogen via microwaniiated catalytic dehydrogenation
[115, 116, 118, 121, 122The following series of experiments were carried out in order to
optimise the yield oH. via microwaveinitiated catalytic deep dehydrogenation of model
compounds usinge catalysts under variable cotidns.

Three experiments were conducted for the optimal system to ensure the reproducibility and

the accuracy of the results. (Appendix A)

3.3.1.1 Effect of Different Fe Catalyst Loading
In this study, the decomposition of hexadecane was investigated in ébégecactor at
1000 W for 10 minutes microwave irradiation to explore the effect of the paraffinic feedstock
on theH: yield under differenincreasing)e loadings (0, 5, 10, 280,40, and 5@wvt. %) on
an AC support. In the fixeded system the hexadecane mixed with the catalyst in (1:1) weight
ratio. The effect of the Fe content of the catalyst on hexadecane conversion, hydrogen yield,

and hydrogen selectivity are presenteéigure 3.4.
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Based on gas chromatography/mass spectrometry (GC/MS) analysis, the conversion of

hexadecane; and thd, selectivity and yield were calculated by applying the following

eqguations:
( 9EAD A 8p m T Equation 3.5
#1171 OAOE H 8pmm Equation 3.6
( 3A1 AAOEDE GU 8pmTm Equation 3.7
() (b)
< 5009 [ Hydrogen 100 - 1100 4100
9 [ Methane
7 [ Paraffins I 90 1 . 190 190
g 4009 [_]Olefins g 80 ./ 180 180 =
s Bl co c ./ — S
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E 3004 3 60 _/ \-eo = leo 2
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Figure 3.4 Microwaveinitiated dehydrogenation d.5 g hexadecane mixed with 0.5 g Fd/AC
catalysts at different Fimadings, (a) the total evolved gas volume, and (b) hexadecane conversion,
hydrogen yield and selectivity at a microwave input power of 1000 W for 10 min.
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It can be seen frorigure 3.4b that using the catalyst with an Fe loading of 30 wt. % at a
microwave power of 1000 W for 10 minutes irradiation resulted in a conversion of hexadecane
of about 30 % with &1, yield and seletivity of 26 and 89 vol. % respectively. This was the
optimal system. The conversion decreased to 18.5 % when the loading of Fe increased to 40
and 50 wt. % with thélz yield and selectivity also reduced to %0and 58 % respectively (for
the 50 wt. % Fdoading). Moreover, low levels of light hydrocarbons (methane, olefins and
paraffins) and CQgases were observed as showiiable B1 (Appendix B) These reached
their lowest value for the 30 wt.% Fe catalysts.

The higher Fe loading.€.,40 and 50 wt.%) showed a remarkable diminution #ryidld
and selectivity, with increases in G@nd light hydrocarbon gases. The excess of metal may
lead to blakage of catalyst active sitese(, low Fe dispersion) and thus a decrease in the

catalytic activity.

3.3.1.2Effect of Variable Microwave Input Power at an Fe loading of 30 wt.% on AC

As seen from the experiments on the various loadings of Fe, the highest conversion of
hexadecanavas around 30 % with the H2 yield and selectivity around 26 % and 89 %
respectively were obtained with the Fe loading of 30 wt.% on activated carbon at a microwave
input power of 1000 W for 10 minutes irradiation. Therefore, in order to optimise the
conversion of hexadecane and yield and selectivity of thél,, a series of experiments were
carried out using an Fe loading 30 wt. % on AC at variable microwave input powers (500, 750,

1000, and 1250 W)Hgure 3.5).
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Figure 3.5 Microwaveinitiated dehydrogenation of 0.5 g hexadecane mixed with 0.5 g of 30 wt.% Fe/AC
catalyst at different microwave input power (a) the total evolved gas volume, and (b) hexadecane conversion,
hydrogen yield and selectivity for 10 min.

It can be sen from the results shownhigure 3.5b that the conversion of hexadecane at a
microwave power of 500 W for 10 minutes irradiation reached to about 21 % with yteld
and selectivity at about 18 % and 85 % respectivélyya higher microwave input power of
750 W for 10 minutes irradiation, the conversion of hexadecane rose up & 26tf theH,
yield and selectivity 236 and 87 % respectively. While at 1000 W, the conversion was slightly
increased from 26.% to about30 % with theH: yield and selectivity around 26 % and 89 %
respectively. But, at a higher microwave power of 1250 W for 10 minutes irradiation the
activity of the catalyst was decreased with the conversion of hexadecane slightly decreased to
27.3 % with heH> yield and selectivity around 22 and 82 % respectively.

The decrease in the conversion of hexadecane was accompanied by the decrease in yield and
selectivity ofH> at the higher microwave power than 1000 W and can be attributed to the rise
in heatirg rate as it could increase the temperature of the catalyst layer in the reactor. The higher

temperature could cause a formation of carbon on the surface and in the pores of the supported
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catalyst, blocking the catalyst active sites, which leads to déwgeas conversion of
hexadecane with decreasing in the yield and selectivitjp.of

Based on the results from the effect of Fe/AC catalysts at different Fe loadings and the effect
of variable microwave input power, the best catalytic activity for deepdieggnation and the
optimum conditions for higher percentage conversion of hexadecane with an accompanying
high yield and selectivity dfl> centred on using a Fe loading at 30 wt.% on AC at microwave
power 1000 W for 10 minutes irradiation.

Moreover, smallamounts of undesirable light hydrocarbons (methane, olefins and
paraffins),CO and interestingly, nearly zer80O, gases were observed as showiiéble B2
(Appendix B).

It can be seen from tHegure 3.5 andTable B2 (Appendix B)that the amounts of each of
methane,CO and CO; increase at the higher microwave input power (1250 W). This
phenomenon may be attributed td-involving secondary reactions such as carbon
hydrogenation:

# c( © # Equation 3.8
And the reverse watagas shift reaction:

#/ ( P #/1 (1 Equation 3.9

3.3.1.3 Effect of Several Catalytic Cyclesn an attempt to increase the production
of hydrogen

As seen from the various loading of Fe and microwave power irradiation that the highest
conversion of hexadecane was about 29 % withHhgield and selectivity about 2% and
89 % respectively, were obtained with the Fe loading 30 wt.% at microwaxex p600 W for
10 minutes irradiation. In order to investigate the catalytic activity and possible production of
higher amounts dfl under the same conditions, several catalytic cycles were carried out with

successive additi@of fresh hexadecane to thestsample.
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Figure 3.6 showsthe result ofseveral catalytic cycles through successive addition of fresh

feedstock to the sampl&hrough successive cycles of the catalytic reaction from cycle 1 to cycle

5, the comersion of hexadecane gradually decreased fron8%2® 6 % with the gradually

decreasing o, yield from about 2686 to 3 % and selectivity from about 88to 51 %.
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Figure 3.6 Microwaveinitiated dehydrogenation of a recharging catalytic cycle for a 0.5 g hexadecane
mixed with 0.5 g of 30 wt.% Fe/AC, (a) the total evolved gas volume, and (b) hexadecane conversion,
hydrogen yield and selectivity a microwave input power of 1000 W for 10 min.

It can also be seen that small amounts of @ereformed,and the methane and paraffin

(light alkanes) concentrations also gradually increased as a consequence of the carbon

deposition on the metal catalyst active sgeshown irmmable B3 (Appendix B) Importantly,

although les#H> was produced in the fifth cle, nevertheless, the catalyst remained active

through the second, third and fourth cycles, and this behaviour leads to speculation whether the

iron carbides formed can act as active sites for this readtipuortantly, Fefree activated

carbon is also able to produde under similar conditiog) hence the residual carbon generated

upon each cycle of reaction could adssistin the H> production reaction or even in the side
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reactions that produce light hydrocarbongisTwill be discussed in the section onra§

diffraction (XRD) analysis of the spent catalysts.

3.3.1.4Study of the Activity of Iron Carbide (FesC) Catalyst on Hydrogen Production

In order to study the activity of E& supported on AC catalyst drydrogen production,
following the observation in the section above, thgCFeatalyst was prepared independently
(according tdSection3.2.2 and tested for microwasaitiated dehydrogenation of hexadecane
at a microwave input power 1000 Wér 10 minutesirradiation Figure 3.7 shows the
comparison of the evolved gas composition and the catalytic activity of 30 wt. % Fe/AC and
30 wt. % FeC /AC catalypts. The supported && and Fe catalysts showed a fairly similar
composition for the dehydrogenation products withiaselectivity of nearly 90 % and
relatively small amounts of methane, paraffins, olef®® and CQ produced as shown in
Table B4 (Appendix B)

The carbide catalyst gawagH> yield around 25 %similar to that produced by the 30 wt. %
Fe/AC. Importantlya supported iron carbide catalistvidely known to be the active catalytic
species for Fischefropsch synthesis and plays a crucial role in the subseqii€htain
growth reaction$123, 124] On the other hand, the deep dehydrogenationioeaentails the
selective cleavage of -8 bond to produceatomic carbon and hydrogen. These data

encouraged further investigations of carbiidsed catalysts in tlihydrogenation reaction.
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Figure 3.7 A comparison of microwavaitiated dehydrogenation for a 0.5 g hexadecane mixed with 0.5 g
of both 30 wt.% Fe/AC and 30 wt.% iron carbide catalysts, (a) Evolved gas volume and (b) hexadecane
conversion, hydrogen yield andlsctivity at a microwave input power of 1000 W for 10 min.
3.3.1.5 Effect of Naphthenic and Aromatic compounds on Hydrogen Production
According to the abovdescribed experimental resuliadure 3.4 andFigure 3.5), the 30
wt.% Fe/AC catalyst at 1000 W input power gave the best results for micromaated
catalytic dehydrogenation reaction of hexadecalsingthese same conditions, cyclohexane
and BTX (benzene, toluene, and xylene) as model compounds ingiredually tested to
explore the effect of the naphthenic and aromatic feedstocks on the produéiioopefating
over the Fe catalysFigure 3.8 shows a comparison ttie evolved gas composition for these
different feedstocks. There are decrasaseboth yield and selectivity foH2 in the case of
cyclohexane and BTX in comparison wihexadecane under the same condifi@ss a
consequence of the intrinsic molecular composition of the feedstak their chemical
reactivity. This partially reflects the greatei-Cbond strength in the cyclic compounds and in
particularin the aromatics compared to the paraffins. Another factor is the stability of the
carbonium ion on radical formed by the heterolytic (or homolytic) cleavage of-théd@hd.

This influences the rate toward the cleavage-¢f Bonds.
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Figure 3.8 Microwaveinitiated dehydrogenation of a 0.5 g hexadecane, 0.5 g cyclohexane, and 0.5 g
BTX mixed independently with 0.5 g of 30 wt.% Fe/AC catalyst (a) Evolved gas volume and (b)

Feedstock conversionytirogen yield and selectivity at a microwave input powet@F0 W for 10
min.

It can also be seen froRigure 3.8a that small amounts of methane, paraffins, olefins and
COwere formed from those model compounds as showialie B5 (Appendix B)

In fact, according to the stoichiometry of the reactiohyafrogenandcarbonproduction, A
hexadecaneanproducel? H-mol/ CisHzs-mol (Equation 3.10) followed by cyclohexane (62
mol/ GsHi>-mol) (Equation 3.11),andto alessr extentxylene (5 H-mol/ CsHio-mol) (Equation
3.12) Note that this trend follows the total volume of evolved gases (i.e., hexadecane >
cyclohexane > BTX) in agreement with the concentratiotdof{or the saturation degree of
carbon). Itis important to highlg that at similar molar composition hexadecane would produce
nearly 2.8 timesnoreH: than cyclohexane, but at similar weight compositian,50 wt. %) this
ratio would be smaller, in agreement with the data givale B5 (Appendix B) owing to the
different molecular weights of these molecules.

The enthalpies of the three model compounds were calculated as follows,
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aH 208K = + 783.97 kJ mof Equation 3.10

00 pyYor @ Od @O

aH 208k = + 282 kJ mot’ Equation 3.11

60 60 ¢ 60 nn 60 & 60 pPPXP o6 ¢ &
aH 298k = + 790.2 kJ mot’ Equation 3.12

*Details of the athalpy calculatioa is shownn Appendix D

In addition, paraffinshavelinear chainsof carbonatoms,but only weak van der Waals
forces hold the moleculestogether,and the aromaticityin BTX increaseshe stability of
moleculebecauseof low hydrogento carbon ratio and high resonanceenergy of the
delocalised electrongnotethattheH:C ratioin analkaneis >2). Forthearomaticcompounds,
the structural formulas contain a large number of double bonds[125]. According to the
literature the GH bond dissociation for benzene is ca. 477 kJ/mol whilst lineal hydrocarbons
show GH bond dissociation about 48410 kJ/mol, which are significantly lower than that for
benzene. Therefore, the relatively higlHord energies dissociation can also contribute to

the lower generation di> from feedstock with a high content of aromatics.
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3.3.1.6 Effect of Mixture s of Model Hydrocarbon Compounds on Hydrogen
Production usinga 30 wt.% Fe/AC Catalyst

As describeckarlier in this chapter, crude oils arlassified as: paraffin base, naphthene
base, and aromatic bastaraffinic crude oils argch in straightchain and branched paraffin
hydrocarbons, whereas naphthenic crude oils contain mainly naphthenic andicaromat
hydrocarbonsln order to study the effect of the chemical composition of crude oil on the ability
to produceH: from hydrocarbon feedstocks, the chosen model hydrocarbon compounds
(hexadecane, cyclohexane, and BTX) were the mixtures were as foll@wet. ¢ hexadecane
+ 25 wt.% cyclohexane), (55 wt.% hexadecane + 45 wt.% BTX), (70 wt.% BTX + 30 wt.%
cyclohexane), and lastly (46 wt.% hexadecane+17 wt.% cyclohexane+37 wt.% BTX) as a
Asyntheticd crude oil to mi mswhicHwilld@eanalysed u d e
extensively irchapter 4.

Figure 3.9 shows the evolved gas volume and the catalytic activity of various hydrocarbon
feedstoks. It is noted that the paraffinic base mixture can evolve more hydrogen than
naphthene/aromatic base mixture, and the presence of cyclic compounds mayHphibit
production. This finding is entirely consistent with the émmtrinsic content of hydrogen in
cyclic compounds an@dditionally, most likely their low chemical reactivity, particularly for
BTX molecules, due to the high stability of aromatic compouh@6]. Table B6 (Appendix

B) shows theevolved gases composition of the different mixtures with 30 wt.% Fe/AC catalyst.

106

0



(a) (b)

500 [ Hydrogen 100 1100 4100
¥ [ Vethane
S [ Paraffins 90+ {0 {0
a Olefi
T 4004 M — gcg " gl Je0  Ja
403 /. 1 9
° Bc> 704 ' \ / 108 {n<
= — ’; ~ b
E an 2 0] - {00 2 Ja0 5
o c 2 =
£ ° > 2
5 ® 50 05 40 g
° g o 7]
; 200 - 840_ W -40,;_’ -4o§
© Q 7 > o
o 7 . i P
8 30 %//// V‘ %//‘ 7//// 30 30 g
¢ 100 20 / ] {0 Jo T
9 i .
it I-I_I_ 101 / 10 10
0+ 0 T T T T T T 0 0
i % o gt Y r ™
o0 o8l ol jortt o AR o R
v poral g e e perd” gTr0 Hexavo;c\
Hydrocarbon feedstock Hydrocarbon feedstock

Figure 3.9 Microwaveinitiated dehydrogenation of 0.5 g of different feedstock mixture mixed with
0.5 g of 30 wt.% Fe/AC catalyst (a) Evolved gas volume and (b) Feedstock conversion, hydrogen yield
and selectivity at a microwave input power of 1000 W for 19 m

Gas chromatographymass spectrometer (&J@S) (Figure 3.10) confirmed that all liquid
collected after the microwaviaitiated dehydrogenation reactiowasunreacted hydrocarbon.
Thus, the hydrocarbons feedstocks conversions, hydrogen selectivity and yields evaluated in

this study are calculated lapplying Equatins3.5, 3.6, and 3.7
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Figure 3.10 Typical gas chromatographyass spectrometry (GC/MS) chromatograms for
unconverted liquid after microwaaitiated dehydrogenation of (a) hexadecane, (b) cyclohexane,
(c) BTX, and (d) hydrocarbons mixture.
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3.3.2 Characterisation of Fresh andSpent Fe/AC Catalysts

In order to explore the chaam the catalyst structure and understanding the entire process
the catalyst samples were analysed bsaX diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and temperatwgrgammed oxidation

(TPO), both before and after microwave experiments.

3.3.2.1X-ray Diffraction of fresh and spent Fe/AC Catalysts with Different Fe loading

The XRD patterns for the Fe/AC catalysts beforaicrowaveinitiated catalytic
dehydrogenation of hexadewsare displayed ifrigure 3.11a. Two broad peaks for activated
carbon are observed, an intense peak centred at ~ 25° and a less prominent peak at ~ 13° on the
2 d sThesé veeak peaks suggest the presence of typicapame carbon, with a negligible
content of ordered crystalline phase. Furthermore, several researchers have reported that
activated carbon (AC) is an amorphous matgfial’-129]. In the range of the broad peak of
AC, there ardwo peaksi(e., at 27.7° and 29°) which are clearly observed on the fresh AC
pattern (0) and attributed to the impurities in the AC. To confirm this, a certain amount of AC
was heated in a muffle furnace at 600 °C , the remaining material was analysed by XRD
(Figure 3.11c), which represent nearly 4.46 wt. % according to TGA analysis, and this
percentage of impurities content is in agreement with the typical asbntqdt7 wt. %)
provided from Sigmaldrich [130] . It is not clear what these residues are, but they could
potentiallycontribute as oxygen sources for the formation of carbon monoxide.

The diffraction peaks for Fe metal at 46.42°, 67.6° and 85.6° wereellectedthe peak
intensity of metallic iron increased as expected when the Fe loading increasedbftorb0
wt. %. Importantly, he partial formation of iron carbide (#& was #&0 confirmed in the fresh
samples with peaks at 45.57° and 53°, and this was due to high temperati€)(d5ed in

the reduction process during the catalyst preparation. Importantly, no diffraction peaks
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attributable to iron oxide were observed in fiesh Fe/AC catalyst series indicating the
successful reduction of the catalyst.

The XRD pattern for the spent catalystsgUre 3.11b) showed iron carbide as the main
crystalline phase with also the presence of iron metal, which becomes evident with stronger
peaks at high Fe loading (i.e., 50 wt.%). Interestingly, the catalysts with high Fe loadings
(020 wt. %) shodwpaeakerat <2t55rr.d®A XR 2d scal e
graphite structure likely due to the large content of Fe and high local temperatures generated
by microwaves.To confirm this, a sample of pure graphite (powder, Sigiadaich) was
analysed byXRD, and its peak was detected?28t82° in 2 Figure 3.11c). (All measurements

used CWKpradiation).
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Figure 3.11 X-ray diffraction patterns of Fe/AC catalysts with different Fe loading (a) before, (b) after
the microwaveinitiated catalytic dehydrogenation of hexadecamel (c) Xray diffraction patterns of
ash ad graphite. Numbers in parentheses correspond to the Fe loading, in wt.
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3.3.2.2  Scanning electron microscopy (SEMpf fresh and spent Fe/AC catalysts

with different Fe loading

Scanningglectronmicroscopy (SEM) of Fe/AC catalysts with different Fe loading wsesl
to obtain highresolution imaging and analysis of soiicron features in the powder materials.
Figure 3.12 below illustrats the surface morphology of the samples before (fresh) and after
(spent) the microwave experiments. The SEM images for the fresh samples shows that there is
no clear sigrof crystallinity for the typical amorphous carbon but there is clear evidence of an
increase in iron crystallite size with increas loading There was no clear difference between
samples before and after the microwave irradiation in terms of carbon edpmsithe Feich
regions, exceptor the obvious changes on the surface that can be seen in image (S10) of the
formation ofsome carbon filaments as the initial phase of the formation of carbon nanotubes.
The absence of clear evidence of carbon filamenthe catalysts with large Fe content is
probably to the incorporation of carbon into the Fe structure to produce iron carbidegie

also the formation of graphite as determined by XRD analysis.
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Fresh Spent

Figure 3.12 The scanning electron microscopy (SEM) images of Fe/AC catalysts with different Fe
loading before and after the microwawitiated catalytic dehydrogenation of hexadecane. Numbers
in parentheses cormasnd to the Fe loading, in wt.%.
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