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SUMMARY 

It is well known that carbon dioxide (CO2) is a greenhouse gas that contributes to global 

warming. Nowadays, a third of the worldwide anthropogenic CO2 emissions arise from fossil 

fuel fired power production. Meanwhile, fossil fuels continue to be the main source of energy 

for the foreseeable future. The increasing threat posed by enhanced global warming, as well 

as the requirement for sustainable energy supplies around the world, have led to the 

development of several novel technologies to produce clean energy from fuels. Among these 

new technologies is chemical looping combustion (CLC) that uses a solid metal oxide (oxygen 

carrier) to react with fuels. This technology has the potential advantage that it produces a 

pure stream of CO2 that can then be sequestrated. In a CLC process, the oxygen carrier is 

reduced by fuels in one reactor while being oxidised by air in a separate reactor. As the 

oxygen carrier circulates through the system, it is subjected to morphological and 

compositional changes such as sintering, attrition and reactions between various metal 

oxides and fuels. These changes tend to cause the reactivity of the oxygen carrier to decrease 

over time. 

 
The main objective of this PhD study was to investigate and characterise the morphological 

and compositional changes of the oxygen carrier particles after they have undergone 

multiple reduction oxidation cycles in a CLC system. A single fluidised bed system was used 

in this study. Fuel was fed into a bed of oxygen carrier consisting of mechanically mixed iron 

oxide or wet impregnated copper oxide supported on alumina. The bed was fluidised by a 

stream of CO2 and/or steam. Pyrolysis gases from the fuel gasification process reduced the 

oxygen carrier while forming char in the bed. Thus char was oxidised and the oxygen carrier 

was regenerated when the fluidising gas was switched to air. 

 
Five different types of fuels were initially used in the tests. They were lignite coal, lignite 

char, activated carbon, US bituminous coal and Taldinski bituminous coal. The rates of 

gasification of the bituminous coal and activated carbon were much slower than those of the 

lignite coal and lignite char, resulting in an unfavourably large accumulation of char during 

the reduction stage. Subsequent experiments were conducted with UK bituminous coal to 

determine the effect of ash on the oxygen carrier particles over a long operational period. 

 
The series of analytical tests included; stereo microscopy, porosimetry analysis, X-ray 

diffraction (XRD), X-ray fluorescence (XRF), inductively coupled plasma mass spectrometry 

(ICP-MS), scanning electron microscopy with an energy dispersive system (SEM/EDS) and 
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X-ray photoelectron spectroscopy (XPS). Tests were performed on both the fresh and 

reacted oxygen carriers. 

 
Analytical results showed that when the pyrolysis gases react with the oxygen carrier, 

mineral matter left behind from the gasification process will deposit on the surface of the 

particles and diffuse into the core of the particles. This is due to the fact that mineral matter 

has a higher melting point compared to iron oxide and copper oxide. Iron oxide and copper 

oxide diffusing to the surface of the particles will replace those that are lost via attrition. As 

a result, the composition of the surface of these particles remains relatively unchanged. As 

more mineral matter diffuses into the core of the oxygen carrier particles, they can segregate 

metal oxide molecules located at the surfaces from those located at the core of the particles. 

When this occurs, there is a possibility that the segregated material formed will reduce the 

ability of oxygen to diffuse to the surface of the oxygen carrier particles. Hence this will 

reduce the conversion of the pyrolysis gases. This will thus lead to the reduction in the 

conversion of the pyrolysis gas and possibly in the deactivation of the oxygen carrier. 

 
It was found that the support structure played a key role in maintaining the structural 

integrity of the metal oxide particles during repeated reduction and oxidation cycles. 

Experimental results showed that the rate of attrition initially increases with time indicating 

that the oxygen carrier structure weakens as it interacts with the mineral matter in ash. 

 
Results from this research study have shown that the semi-batch chemical looping 

combustion of solid fuels is feasible provided reactive fuels that produce a large quantity of 

pyrolysis gases are used. Less reactive fuels will lead to the accumulation of a large inventory 

of char in the bed. The slow rate of gasification of char will then result in a lower carbon 

capture efficiency. In order to operate a semi-batch chemical looping combustion system 

with solid fuel, temperatures of above 1000°C are most likely required. However, this would 

exclude metal oxides with low melting points to act as potential oxygen carriers and may 

cause other problems such as ash fusion. A possible solution is to gasify the solid fuels in a 

separate reactor and channel the resulting pyrolysis gases into the chemical looping 

combustion system.  
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NONCLEMATURES 

Symbols 

 = amount of newly formed debris per unit breaking energy 

aij = total number of atoms of element j in species i 

At = cross-sectional area of bed, m2 

Cd = orifice coefficient 

cp = overall change in the heat capacity 

dp = diameter of particle, m 

Eb = breakage energy, kJ 

ej = total number of moles of element j in the mixture, mol 

Ek = mechanical energy input, kJ 

fi = fugacity of species i in the mixture, bar 

fi0 = fugacity of pure species i at reference state, bar 

Fmo,in = molar flowrate of MexOy in the reducing reactor, mol s-1 

Fr = Froude number 

g = gravity, m s-2 

G = total Gibbs free energy of the system, J mol-1 

gc = gravity conversion factor 

Gfi0 = free energy of formation of species i, J mol-1 

Gi = molar free energy of species I, J mol-1 

Gi0 = standard molar Gibbs free energy of the pure species I, J mol-1 

Grxn0 = standard Gibbs free energy of reaction, J mol-1 

Hffuel = heat of formation of fuel at 298 K, J mol-1 

Hi = molar enthalpy of species I, J mol-1 

Hr (T)  = heat of reaction at the reducing reactor temperature calculated per mol MexOy 

reacted, J mol-1 

Hr (T)  = heat of reaction at the reference temperature calculated per mol MexOy 

reacted, J mol-1 

ka = attrition constant  

K = equilibrium constant 
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L = length of fluidised bed, m 

Lmf = height of bed at minimum fluidisation, m 

ma = empirical constant 

ni = number of moles of species i, mol 

ntot = total number of moles in the system, mol 

P0 = referenced pressure, bar 

QE = heat added or removed from the system, J mol-1 

R = universal gas constant, J mol-1 K-1 

Rep = particle Reynolds number 

TR = reference temperature, K 

u0 = superficial gas velocity, m s-1 

UE = excess gas velocity, m s-1 

umf = superficial gas velocity at minimum fluidising velocity, m s-1 

ut = terminal velocity, m s-1 

Uy = threshold velocity, m s-1 

vi = stoichiometric coefficient of species i 

W = mass of particles in the bed, kg 

W0 = initial mass of the particles in the bed at time t = 0, kg 

xf = weight fraction of the fines 

yi = mole fraction of species i 

ɼa = rate of degradation of the material 

ʀm = voidage 

ʀmf = voidage at minimum fluidization 

ʂ = efficiency of energy transformation from kinetic to breakage 

ʃ = conversion 

ʈ = viscosity of gas, kg m-1 s-1 

ʍg = gas density, kg m-3 

ʍs = solids density, kg m-3 

ʐa = attrition rate constant 

a = material property of attritionה  
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 i = fugacity coefficientה

 i          = ratio of the moles of incoming species i to the moles of MexOy entering theה

reducing reactor 

 s = sphericity of a particleה

 

Abbreviations  

BET  Theory of Brunauer, Emmett and Teller 

BJH  Theory of Barret, Joyner and Halenda 

CLC  Chemical looping combustion 

EDS/EDX energy dispersive system 

HFC  hydrofluorocarbon 

HHV  Higher heating value 

ICP-MS inductive coupled plasma mass spectrometry 

IGCC  Integrated gasification combined cycle 

MEA  monoethanolamine 

SEM  scanning electron microscope 

STP  standard temperature and pressure 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray diffraction  

XRF  X-ray fluorescence 

Ag  Silver 

Al  Aluminium 

Al2O3  Alumina 

As  Arsenic 

B  Boron 

Ba  Barium 

BaO  Barium oxide 

Be  Beryllium 

Bi  Bismuth 

C  Carbon 
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Ca  Calcium 

CaCO3  Calcium carbonate 

CaO  Calcium oxide/Quicklime 

Cd  Cadmium 

CH4  Methane 

Co  Cobalt 

CO  Carbon monoxide 

CO2  Carbon dioxide 

Cr  Chromium 

Cu  Copper 

CuO  Copper oxide 

Fe  Iron 

Fe2O3  Iron oxide 

Ga  Gallium 

H2  Hydrogen 

H2O  Steam 

He  Helium 

K  Potassium 

K2O  Potassium oxide 

Li  Lithium  

Mg  Magnesium 

MgO  Magnesium oxide 

Mn  Manganese 

MnO  Manganese oxide 

Mo  Molybdenum 

Na  Sodium 

Na2O  Sodium oxide 

Ni  Nickel 

NiO  Nickel oxide 

O  Oxygen atom 
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O2  Oxygen molecule 

P2O5  Phosphorus pentoxide 

Pb  Lead 

Rb  Rubidium 

Se  Selenium 

Si  Silicon 

SiO2  Silicon dioxide 

SO2  Sulphur dioxide 

SO3  Sulphur trioxide 

Sr  Strontium 

Te  Tellurium  

Ti  Titanium 

TiO2  Titanium dioxide 

Tl  Thallium 

U  Uranium 

V  Vanadium 

Zn  Zinc 
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Chapter 1 INTRODUCTION 

 

1.1 Energy Demand & Supply  

It has been projected that about two-thirds of the increase in world primary energy demand 

between 2002 and 2030 will come from developing countries. Besides that, increasing 

demand and the shifting geographical location of available reserves will result in significant 

increases in oil and gas trade. It is projected that oil will continue to dominate international 

trade and gas imports are expected to rapidly increase. Although this will enhance prosperity 

and security in the exporting countries, it may adversely affect energy security in importing 

countries due to increased dependence on imports from a limited, and potentially unstable, 

supply. In contrast, many countries enjoy sizeable indigenous coal resources while others 

are able to take advantage of a diverse, rapidly growing and well-supplied international 

market (ASPI, 2007). 

 

 

&ÉÇÕÒÅ υȢυȡ 7ÏÒÌÄ ÅÎÅÒÇÙ ÃÏÎÓÕÍÐÔÉÏÎ ÆÒÏÍ υύόω ɀ φτυτ ÉÎ ÔÅÒÍÓ ÏÆ ÍÉÌÌÉÏÎ ÔÏÎÎÅÓ ÐÅÒ 
ÏÉÌ ÅÑÕÉÖÁÌÅÎÔ ɉ"0ȟ φτυυɊ  
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Figure 1.1 shows that the world primary energy consumption from 1985 to 2010. It can be 

seen in Figure 1.1 that energy consumption in 2010 grew by 5.6% compared to 2009. Energy 

consumption through sources such as oil, natural gas, coal, nuclear, hydroelectricity and 

renewables continue to rise at a rapid pace for power generation. Oil remains the dominant 

fuel (33.6% of the global total), but has lost its market share over the years and this is 

exemplified in Figure 1.2. Figures 1.1 and 1.2 also indicate that the share of coal and natural 

gas in total energy consumption is rising and is projected to continue rising in the near 

future. 

 

 

&ÉÇÕÒÅ υȢφȡ #ÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ÃÏÎÓÕÍÐÔÉÏÎ ÓÏÕÒÃÅÓ ÉÎ υύϋχ ÁÎÄ φττύ ɉ"0ȟ φτυυɊ 

 

There are many drivers governing the secure supply of energy. Different sources of energy 

meet different needs ɀ some are best suited to base load generation, others to peaking, and 

others to meet environmental considerations. A diverse mix is one way to ensure security of 

supply. Coal has particular attributes that make a positive contribution to energy security as 

part of a balanced energy mix. However, coal faces environmental challenges, but through 

the development and use of clean coal technologies these challenges can be addressed (ASPI, 

2007). 

 

The use of a wide range of clean coal technologies enables economies to provide an 

affordable, reliable and environmentally acceptable supply of electricity as part of a diverse 

energy mix ɀ reducing energy poverty, providing the means for economic and social 

development, and enhancing industrial competitiveness (ASPI, 2007). 

 



Introduction  

 

 Page 3 
 

However, energy demands and the related level of CO2 emissions are closely linked to 

population and economic growth. The International Energy Agency has projected that the 

global population will grow by, on average, 1% per annum, from 6.4 billion in 2005 to 8.2 

ÂÉÌÌÉÏÎ ÉÎ ςπσπȢ !Ô ÔÈÅ ÓÁÍÅ ÔÉÍÅȟ ÔÈÅ ×ÏÒÌÄȭÓ ÁÖÅÒÁÇÅ 'ÒÏÓÓ Domestic Product (GDP) is 

expected to grow by, on average, 3.6% per annum. This currently translates to an increase 

in the total demand for energy of 55% over the same time period. 

 

1.2 Climate Change 

Since observation of the planet environment was first recorded about 150 years ago, it has 

been found that the climate has changed over the course of 150 years in many ways. Some 

of the evidences include (Imperial, 2010): 

Ɇ The global average surface temperature has increased by about 0.6°C 

Ɇ The temperatures in the lowest 8km of the atmosphere has increased 

Ɇ Snow cover and ice extent have decreased 

Ɇ Global sea level has increased by about 10 to 20 cm 

Ɇ Increased precipitation and cloud cover at mid-high latitudes 

Ɇ More severe and frequent occurrence of droughts 

Ɇ Increase in occurrence of low temperature events 

 

There are several greenhouse gases proceeding from human activities, each one presenting 

different global warming potential (GWP). The concept of GWP takes account of the gradual 

increase in concentration of a trace gas with time, its greenhouse effect whilst in the 

atmosphere and the time period over which climatic changes occur. The main gases affecting 

the greenhouse effect are H2O, CO2, CH4, N2/ȟ #&#ȭÓ ÁÎÄ 3&6. The contribution to the global 

greenhouse effect of the different gases is related to their GWP and to the concentration in 

the atmosphere at a given time. 

 

It has been known that carbon dioxide, CO2, is a greenhouse gas that contributes to the 

warming of the earth. CO2 is a naturally occurring gas that helps to regulate the temperature 

on earth as CO2 and other greenhouse gases act as a protecting layer in the troposphere that 
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prevents most of the outgoing long-wave radiation from the earth from leaving the 

atmosphere. The greenhouse effect is a phenomenon in which water vapour, CO2, methane 

and other atmospheric gases absorb outgoing infrared radiation and cause a rise in 

temperature. However, the amount of CO2 in the atmosphere has risen to such high levels in 

the past few decades that the earÔÈȭÓ ÓÕÒÆÁÃÅ ÁÎÄ ÌÏ×ÅÒ ÁÔÍÏÓÐÈÅÒÅ ÁÒÅ ×ÁÒÍÉÎÇ ÁÔ Á ÈÉÇÈ 

rate. The temperature increase is believed to be associated with the fact that CO2 is an 

anthropogenic gas. The concentration of CO2 in the atmosphere today has risen to a value of 

about 380 ppm which is more than 30% higher than the pre-industrial value of about 280 

ppm (Benson and Surles, 2006; Socolow, 2005; IPPC, 2007). 

 

It has also been observed that the climate change is affecting biological and physical systems. 

Some evidences include (Imperial, 2010): 

Ɇ Thawing of permafrost 

Ɇ Reduced season of lake surface freezing 

Ɇ Extension of mid latitude growing seasons 

Ɇ Earlier flowering of plants 

Ɇ Pole ward extension of plant and animal ranges 

Ɇ Loss of some species 

 

Climate models have been used to produce quantitative information about the possible 

future scenarios if the planet continues to undergo warming at the current rate. These data 

can be combined with the general information on the consequences of climate change has on 

the planet in order to predict the possible consequences of climate change (Imperial, 2010). 

It was deduced that natural and biological systems are vulnerable to the effects of climate 

change as they lack the ability to adapt quickly. The consequence of continued warming will 

resÕÌÔ ÉÎ ÔÈÅ ÅØÔÉÎÃÔÉÏÎ ÏÆ ÍÁÎÙ ÓÐÅÃÉÅÓ ÁÎÄ ÄÁÍÁÇÅ ÔÏ ÓÏÍÅ ÏÆ ÔÈÅ ÐÌÁÎÅÔÓȭ ËÅÙ ÈÁÂÉÔÁÔÓ ÓÕÃÈ 

as coral reefs, tropical forests and glaciers, resulting in the possible collapse of large 

ecosystems. Besides that, human systems will also be affected by climate change. This is 

because climate change will decrease water resources, agriculture and energy production 

(Imperial, 2010). 
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All the evidence above suggest that the Earth is vulnerable to a sudden and irreversible 

change and therefore immediate action is required in order to mitigate the effects of climate 

change. One of the main actions being taken at the moment is that policies and agreements 

are being implemented in order to mitigate the effects of climate change (Imperial, 2010). 

 

As energy demand is closely associated with gross domestic product (GDP), it is very likely 

that the demand for energy will continue to increase in the future as an effect of economic 

growth in developing countries as well as developed countries (Benson and Surles, 2006; 

IPPC, 2005, 2007; Lindeberg, 1999). In order to meet the increasing energy demand while 

decreasing the CO2 emissions, these following general routes were proposed (Yamsaki, 

2003; Pacala and Socolow, 2004; IPPC, 2005): 

Ɇ Increase the efficiency of energy conversion and increase the efficiency in energy 

usage 

Ɇ Increase the sequestering of CO2 from the atmosphere by extending biological sinks 

such as afforestation 

Ɇ Switching to fuels with a higher proportion of hydrogen to carbon than coal, e.g. 

natural gas, nuclear and renewables 

Ɇ Increasing the use of renewable energy and nuclear energy 

Ɇ Capturing and storing the CO2 from the generation of energy 

Ɇ Movement towards sustainable technologies and renewable energies which produce 

less carbon dioxide 

Ɇ Adaptation of lifestyles to reduce waste 

Ɇ Enhancing carbon sinks such as forests by planting more trees and reducing the scale 

of deforestation 

Ɇ Tighter government regulations on areas such as energy production, construction 

and transportation in order to improve energy efficiency 

Ɇ Introd uction of schemes such as carbon trading 

Ɇ Imposing stricter conservation guidelines to help as far as possible to preserve and 

enhance ecosystems and habitats 
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Ɇ Providing support for less economically developed countries to overcome the issues 

such as poverty, welfare and health that would otherwise leave them vulnerable to 

the effects of climate change 

Ɇ Preparing for future scenarios through programmes such as flood defences, stock 

piling vaccine, city planning and refugee support 

Ɇ Continuing research into the causes and effects of climate change in order to 

continuously refine climate change mitigation policy 

 

It was reported that a third of the global anthropogenic CO2 emissions come from fossil fuel 

fired power production and about a fifth arises from the transportation sector (Yamasaki, 

2003; IEA, 2007). There are major structural differences between these sources of CO2. In 

the transport sector, these emissions are divided into numerous mobile sources and each of 

these releases a relatively small amount of CO2. It is not feasible to capture CO2 from each 

vehicle and hence, to reduce emissions from the transport sector a change to renewable 

fuels, hydrogen or electricity is necessary. To avoid net emissions of CO2, hydrogen and 

electricity as fuels for vehicles need to be produced from non-fossil energy sources, or at 

large fossil fuel plants where the CO2 could be captured and stored (Lindeberg, 1999). 

 

Similarly, in the domestic sector it does not seem to be technically and economically feasible 

to install capture technology on small heating units. As with the transportation sector, a 

change in energy supply (e.g. to district heating or heat pumps) could improve the 

possibilities for limiting CO2 emissions. For the power production sector, the conditions are 

quite the opposite and therefore a change of fuel does not necessarily need to take place. The 

sources are stationary and usually very large, which facilitates collection and transport of 

CO2. For energy intensive industry such as ammonia production, oil refining, cement or gas 

processing, a way to sequestrate and limit CO2 emissions could be useful (Socolow, 2005; 

Davidson and Thambimuthu, 2004; Lindeberg, 1999). 

 

Some advances have already been made. For example, currently, coal-fired power stations 

predominantly employ pulverised fuel boilers. Plants with supercritical steam operating at 

up to 565°C have been operating for many years. They have higher efficiency than the older 
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subcrititcal plants with the same steam temperatures. Materials advances are now 

permitting steam temperatures to be raised and supercritical plants with steam conditions 

of about 275 bar, 580 ɀ 600 °C or higher and efficiencies over 45% are now commercially 

available. 

 

However, it is clear that no single technology option will provide all of the emissions 

reductions needed. Even, the added efforts for all of the above solutions will probably not 

allow reaching the desired low levels of CO2 emissions due to our heavy reliance on fossil 

fuels. As a result, CO2 capture and storage may be important and the most viable technique 

for reducing CO2 emissions into the atmosphere (IPPC, 2005, 2007; Pacala and Socolow, 

2004). 

 

CO2 capture will be utilized in the combustion industry to reduce CO2 emission. Separation 

of CO2 from the flue gases is required in order to capture CO2. Many techniques have been 

developed to perform the separation but most of them require a large amount of energy to 

obtain a high CO2 concentration. The separation techniques have a large energy penalty and 

will decrease the overall power generation efficiency. Besides that, they are expensive to 

retrofit into power plants and retrofitting will increase the price of energy delivered to 

consumers (Imperial, 2010). 

 

1.3 Legislation  

1.3.1 Kyoto Protocol  

The Kyoto Protocol is the United Nations Framework Convention on Climate Change 

designed as an international response to climate change. The protocol sets that developed 

countries are required to reduce the emission of long-lived industrial gases such as hydro-

fluorocarbons (HFCs), per-fluorocarbons (PFCs) and sulphur hexafluoride and their 

collective emissions of six key greenhouse gases such as carbon dioxide, methane and 

nitrous oxide by at least 5% based on their 1990 baseline emission. 
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Kyoto Protocol introduces a few schemes that allow countries to have a certain degree of 

flexibility in the way they measure their emissions reductions. The first scheme is known as 

emissions trading that is established to allow industrialized countries to buy and sell 

emission credits amongst themselves. The second scheme is known as joint implementation 

in which industrialised countries will be able to acquire emission reduction units by 

financing greenhouse gases emission reduction projects in other developed countries. The 

third scheme is known as the clean development mechanism that is designed to promote 

sustainable development that will enable industrialised countries to finance greenhouse 

gases emission reduction projects in developing countries and receiving credit for doing so. 

 

1.3.2 Climate Change Act 2008  

One of the main objectives of the Climate Change Act 2008 is to improve the carbon 

management in the UK to help in the transition towards a low carbon economy in the UK. 

Besides that, the Act allows the UK government to demonstrate its leadership internationally 

by signalling that the UK is committed to taking its share of responsibility for reducing global 

emissions (DECC, 2009). 

 

4ÈÅ 5+ȭÓ #ÌÉÍÁÔÅ #ÈÁÎÇÅ !ÃÔ ςππψ ÉÓ Á ÌÏÎÇ-term framework by the UK government to reduce 

greenhouse gas emissions. The Act requires UK to reduce its greenhouse gas emissions by at 

least 80% of the 1990 level by 2050. Carbon budgets covering a 5-year period have also been 

set. The first 3 budgets cover the period between 2008-2012, 2013-2017 and 2018-2022. 

The Committee on Climate Change that was created as part of the Act, recommended that the 

UK should reduce its greenhouse gas emissions by 34% of the 1990 level in the third carbon 

period that runs from 2018-2022 and by 42% of the 1990 level, once a global pact to reduce 

greenhouse gases emission has been achieved (DECC, 2009). 

 

1.3.3 Carbon Budgets 

Although a great deal has been achieved in terms of improving power generation efficiency 

with less carbon dioxide emissions, and reducing emissions from transportation such as 

trains, more has to be done in maintaining a secure energy supply, seizing opportunities for 
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new green jobs, and helping to ensure that every home is heated adequately and affordably 

(DECC, 2009). 

 

1.3.4 Energy Act 2008 

This Acts covers (DECC, 2009): 

Ɇ Offshore Gas Supply Infrastructure: This regulation allows private sector investments 

ÔÏ ÈÅÌÐ ÍÁÉÎÔÁÉÎ ÔÈÅ 5+ȭÓ ÅÎÅÒÇÙ ÓÕÐÐÌÉÅÓ ÁÓ ÔÈÅ 5+ ÉÓ ÅØÐÅÃÔÅÄ ÔÏ ÈÁÖÅ ÔÏ ÒÅÌÙ ÏÎ 

imported gas to meet about 80% of her energy demands by 2020. 

Ɇ Carbon Capture and Sequestration (CCS): This regulation allows private sector 

investments in CCS projects. This is because CCS has the potential to reduce the 

carbon dioxide emissions from fossil fuel power plants by about 90%. 

Ɇ Renewables: This regulation strengthens the current Renewables Obligation. It also 

helps to increase the diversity of the UK electricity generation sources. Besides that, 

it will also improve the reliability of the energy supplies within the UK and help in 

reducing the carbon emissions from the electricity generation sector. 

Ɇ Feed In Tariffs: Under this regulation, the UK government will provide financial 

support for projects related to low-carbon electricity generation plants of up to 5 

Megawatts (MW). 

Ɇ Renewable Heat Incentive: Under this regulation, the Secretary of State will be able 

to provide financial support for renewable heat generated from any sources and from 

anywhere 

 

1.3.5 Renewables Obligation  

2ÅÎÅ×ÁÂÌÅÓ /ÂÌÉÇÁÔÉÏÎ ×ÁÓ ÅÓÔÁÂÌÉÓÈÅÄ ÉÎ ςππςȢ )Ô ÉÓ ÔÈÅ 5+ ÇÏÖÅÒÎÍÅÎÔȭÓ ÍÁÉÎ ÁÃÔ ÔÏ 

support electricity generation from renewable sources. Electricity generated from 

renewable sources has doubled and a project pipeline of more than 11 GW has been installed 

across the UK since the Renewables Obligation came into force in 2002. The UK government 

has invested more heavily in the fields of offshore wind and biomass in order to generate at 

ÌÅÁÓÔ ρπϷ ÏÆ ÔÈÅ 5+ȭÓ ÅÌÅÃÔÒÉÃÉÔÙ ÄÅÍÁÎÄÓ ÆÒÏÍ ÒÅÎÅ×ÁÂÌÅ ÓÏÕÒÃÅÓ ÂÕÔ ÔÈÅÒÅ ÁÒÅ ÍÁÎÙ 

constraints to the availability and the use of cheaper forms of renewables (DECC, 2009). 
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1.3.6 Renewable Energy Strategy  

The Renewable Energy Strategy was published by the UK government on the 15th July 2009. 

One of the articles in the strategy was on expanding and extending the Renewables 

Obligations to enable the generation of electricity from renewable sources to meet at least 

30% of the electricity demand in the UK (DECC, 2009). 

 

The consultation on Renewable Electricity Financial Incentives which was set up as part of 

the strategy, aims to provide financial incentives for projects related to low carbon electricity 

generation from renewable sources; renewables obligations and feed in tariffs (DECC, 2009). 

 

1.4 Catalysis 

Most industries involved in refining, manufacturing and energy processing uses transition 

metal oxides as catalysts in their operations. This is because transition metal oxides have the 

ability to lower the activation energy of an uncatalyst reaction resulting in a higher rate of 

reaction at the same reaction temperature. 

 

For example, in petrochemical industry , catalysts are used in the processes such as 

alkylation, catalytic cracking, naphtha reforming and steam reforming. Alkylation uses 

sulphuric acid or hydrofluoric acid to convert isobutane and low molecular weight alkenes 

(propene, butene) into a mixture of high-octane, branched-chained paraffinic hydrocarbons 

(isoheptane, isooctane). Fluid catalytic cracking uses catalysts composed of crystalline 

zeolite, matrix, binder and filler to convert the higher boiling point, higher molecular weight 

hydrocarbons fractions in the petroleum crude oils into gasoline and olefinic gases. Steam 

reforming uses nickel to convert hydrocarbons into syngas. Catalytic converters in 

petrochemical industries and vehicles use catalysts composed of platinum and rhodium to 

convert unburned hydrocarbons, carbon monoxide and nitrogen oxides into carbon dioxide, 

nitrogen and steam. 

 

In chemical looping combustion, a catalyst in the form of a metal oxide or oxygen carrier is 

used to circulate the two interconnected fluidised bed reactors. 4ÈÅ ÃÁÒÒÉÅÒȭÓ ÐÕÒÐÏÓÅ ÉÓ ÔÏ 
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transfer oxygen from the combustion air to the fuel. During this process, the metal oxide will 

be oxidised in the riser by taking up oxygen from air or steam. They are then transferred to 

the downer where they are reduced via combustion of the fuel with the oxygen from the 

oxygen carrier. This is illustrated in Figure 1.3. 

 

 

CƛƎǳǊŜ мΦоȡ #ÈÅÍÉÃÁÌ ÌÏÏÐÉÎÇ ÃÏÍÂÕÓÔÉÏÎ УÌÏ×ÓÈÅÅÔ ɉ*ÏÈÁÎÓÓÏÎȟ φττϋɊ 

 

1.5 Statement of Problem Addressed in this Thesis  

The increasing threat posed by enhanced global warming as well as the requirement to 

secure energy supplies around the world have led to the development of several novel 

technologies to produce clean energy from fuels. Among these new technologies is chemical 

looping combustion (CLC) that uses a solid metal oxide as the oxygen carrier to react with 

fuels. This technology has the potential advantage to produce a pure stream of carbon 

dioxide (CO2) that can then be utilised or sequestrated. This is because the oxygen carrier is 

reduced by fuels in one reactor, while being reoxidised by air in a separate reactor. 

 

However, as the oxygen carrier circulates the system, it is subjected to morphological and 

compositional changes such as sintering, attrition and reaction between metal oxides and 

fuels. These changes might cause the reactivity of the oxygen carrier to decrease over time. 

These changes have not been studied extensively by other researchers as most of them 

focused on screening of the oxygen carrier particles and the reactor design. 
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1.6 Research Objectives  

The main objective of this PhD study on chemical looping combustion was to investigate and 

characterise the morphological and compositional changes in particles such as metal oxides 

after they have undergone multiple reduction oxidation cycles with solid fuels. 

 

The research study focused on: 

¶ Understand the different analytical techniques used in characterising the metal oxide 

particles as well as their potential limitations 

¶ Characterise the morphological and compositional changes in the particles after 

mult iple reduction oxidation cycles 

¶ Understand the effects of these changes on the performance of the metal oxide 

particles 

 

1.7 Layout of Thesis  

Ɇ Chapter 1: Introduction 

o Introduces the background of the research study, the problem statements and 

objectives of this research study. 

 

Ɇ Chapter 2: Literature Review 

o Presents the different types of CO2 capture and storage technologies, such as pre-

combustion, post-combustion and oxy-fuel combustion. It introduces the concept 

of chemical looping combustion with syngas as well as issues associated with 

chemical looping combustion with solid fuels. Properties of the commonly used 

oxygen carriers as well as their preparation methodology are discussed.  
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¶ Chapter 3: Theoretical Studies 

o The concept of fluidisation is discussed. After that the concept of the minimisation 

of Gibbs free energy used for the thermodynamics calculation is presented. 

Ellingham diagram as well as the equilibrium constant diagrams for the reactions 

between pyrolysis gases (CO, H2 and CH4) is illustrated . Reaction mechanisms 

between the pyrolysis gases and the oxygen carriers are described before 

hypothesis for the interaction between mineral matter and metal oxides are 

detailed. 

 

Ɇ Chapter 4: Experimental Program 

o Describes the experimental set-up and operating conditions of both experimental 

setups used in this study. The experimental procedures as well as the 

measurement accuracy for equipment used in this experimental work are 

detailed. 

 

Ɇ Chapter 5: Experimental and Analytical Results 

o Describes the results obtained from the experimental work and discusses the 

analytical work done to characterise the particles using techniques such as X-ray 

diffraction (XRD), X-ray fluorescence (XRF), porosimetry analysis and inductively 

coupled plasma mass spectrometry (ICP-MS). The possible metal oxide 

deactivation mechanisms are presented. 

 

Ɇ Chapter 6: Attrition in Chemical Looping Combustion 

o Presents the results and discusses the rate of elutriation of oxygen carriers used 

over multiple oxidation and reduction cycles with solid fuels. The possible 

attrition mechanisms that led to the elutriation of the metal oxide fines as well as 

the effect of sodium and potassium on the metal oxide particles are discussed.  
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Ɇ Chapter 7: Surface Analysis  

o Details the results scanning electron microscope with energy dispersive system 

(SEM/EDS) as well as from the X-ray photoelectron spectroscopy (XPS) analysis. 

Discusses the possible mechanisms behind the observed trend from these 

analytical results and how they complement hypothesis presented in Chapter 3. 

 

Ɇ Chapter 8: Conclusions & Future Work 

o Presents the main conclusions from this research and outlines possible future 

work to be carried out to address issues found in this research.
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Chapter 2 LITERATURE REVIEW 

 

2.1 CO2 Capture & Storage 

CO2 capture is the process of removing CO2 produced by hydrocarbon combustion (coal, oil 

and gas) before it enters the atmosphere. The process will be most cost effective when it is 

used on large point sources of CO2 such as power stations and industrial plants. 

 

CO2 capture is an existing industrial technology widely used, on a smaller scale, in the 

manufacture of fertilisers, the food-processing industry and within the oil and gas sector. 

The main challenge for any capture process is the low concentration of CO2 in the flue gas. 

Depending on the industrial source, CO2 content can vary from a few percent to over fifty 

percent. Other contaminant gases such as oxygen, sulphur oxides, water vapour and nitrogen 

can also be present in flue gases. Due to economic and energy issues, it is impossible to 

compress and store all of them. As a result, CO2 must be preferentially separated from the 

other flue gases by a capturing process. 

 

Currently, there are currently three main methods of capturing CO2. They are: 

Ɇ Post-combustion capture 

Ɇ Pre-combustion capture 

Ɇ Oxy-fuel combustion capture  
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2.1.1 Post Combustion Capture  

Post combustion capture is a process in which dilute CO2 is removed from the flue gases after 

combusting the hydrocarbons. This technology can be retro-fitted onto existing industrial 

plants and power stations without significant modifications to the existing plants (SCCS, 

2008). 

 

There are a number of post combustion capture technologies being investigated at the 

moment. The first technology is known as solvent capture. An example of solvent capture is 

the amine scrubber shown in Figure 2.1. An amine scrubber uses a dilute solution of about 

30% monoethanolamine in water which will react with CO2 ÉÎ ÔÈÅ ÆÌÕÅ ÇÁÓ ÂÙ ȬÌÏÁÄÉÎÇȭ ÉÔȢ 4ÈÅ 

loaded material will then be transported to a stripper where heat is added to reverse the 

reaction thereby producing a pure stream of CO2 while regenerating the sorbent at the same 

time. The CO2 will then be compressed and transported to a site where it will be sequestered 

(Imperial, 2010). 

 

 

&ÉÇÕÒÅ φȢυȡ !ÍÉÎÅ ÓÃÒÕÂÂÅÒ УÌÏ×ÓÈÅÅÔ ɉ)ÍÐÅÒÉÁÌȟ φτυτɊ  
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Current research on solvent capture is focused on the improvement of solvents for CO2 

capture. This includes discovering and testing new solvents. Besides that, investigation of 

the operation and flexibility of solvent capture plant is being carried out. Other issues with 

solvent capture that are currently being studied include the degradation in the CO2 capture 

ability of the sorbent over repeated cycles. This includes studies to determine the kinetics 

and the mechanism of degradation of the sorbents. Interactions of sorbent with trace and 

minor species in the flue gas such as SO2 and mercury are also being carried out before this 

technology can be marketable (Imperial, 2010). 

 

The second technology is known as calcium looping. This technology uses the ability of 

calcium oxide to react with CO2 to produce limestone, CaCO3 via carbonation (Imperial, 

2010). 

CaO + CO2 P  #Á#/3        (Reaction 2.1) 

 

Limestone is then heated up to release the CO2 via calcination and the quicklime is then 

recycled. 

 

Limestone can be used to enhance the water gas shift reaction. This could be done by adding 

quicklime to remove CO2 in reaction. Adding quicklime into the reaction will enhance the 

production of hydrogen from coal, oil or natural gas (Imperial, 2010). 

H2/ Ϲ #/ ᴾ (2 + CO2        (Reaction 2.2) 

 

Besides that, limestone can be added into Reaction 2.1 in order to remove CO2 from flue gas. 

An example of this process is shown in Figure 2.2 which shows the mitigation of CO2 emission 

from a coal-fired power station (Imperial, 2010). 
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&ÉÇÕÒÅ φȢφȡ #ÁÌÃÉÕÍ ÌÏÏÐÉÎÇ УÌÏ×ÓÈÅÅÔ ɉ)ÍÐÅÒÉÁÌȟ φτυτɊ 

 

However, the ability of CaO to take up CO2 reduces with the number of cycles of calcination 

and carbonation undergone. As a result, various researchers are trying to come up with 

different pre-activation technologies as well as different methods to reactivate the spent 

sorbent. It is also possible to integrate this technology with cement manufacturing as it is 

possible to take the limestone from this process in the calcined form (CaO) with the already 

sequestered CO2 to produce cement (Imperial, 2010). 

 

Other forms of post combustion capture are focusing on cryogenically solidifying CO2 from 

the flue gases; removing CO2 with solid adsorbents; and passing CO2 through a membrane. 

Post combustion capture requires an additional energy input of about 20ɀ30% compared to 

plants without the CO2 capture technology as the additional energy is required released CO2 

from the solvents. Thus, the whole output of 1 plant in 4 plants would be required to provide 

energy for such carbon capture. 

 

One advantage of this technology is that it is economically feasible to retrofit the technology 

into existing industrial plants and power stations. The existing technology with amine 

solvents has existed for about 60 years. This technology is currently being used to capture 

CO2 for use in soft drinks plants (SCCS, 2008). 
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One disadvantage of this technology is that a high operational cost is needed to run this 

technology. This is because the absorber and the degraded solvents need constant 

replacement. Besides that, this technology has been used mainly in smaller scale plants and 

therefore there is limited operational experience in using this technology for larger scale 

plants (SCCS, 2008). 

 

Figure 2.3 and 2.4 show the layout of a post combustion capture reactor and the schematic 

diagram of a post combustion capture process respectively (SCCS, 2008). 

 

 

&ÉÇÕÒÅ φȢχȡ 0ÏÓÔ ÃÏÍÂÕÓÔÉÏÎ ÃÁÐÔÕÒÅ ÔÅÃÈÎÏÌÏÇÙ ɉ3##3ȟ φττόɊ 

 

 

&ÉÇÕÒÅ φȢψȡ 0ÏÓÔ ÃÏÍÂÕÓÔÉÏÎ ÃÁÐÔÕÒÅ ÔÅÃÈÎÉÑÕÅÓ ɉ3##3ȟ φττόɊ  
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2.1.2 Pre-Combustion Capture  

Pre-combustion capture is a process in which CO2 is removed prior to combustion in order 

to produce hydrogen. Combustion of hydrogen produces no CO2 emissions as the primary 

by-product is water vapour. This technology has the potential to provide a CO2 emission free 

system if it is integrated with a carbon storage facility (SCCS, 2008). 

 

The CO2 capture in a process such as the integrated gasification combined cycle (IGCC) 

process shown in Figure 2.5 consists of 3 stages. During the first stage, fuel is gasified with 

pure oxygen into H2 and CO to form syngas. The syngas will then be cleaned up by removing 

sulphur and the other contaminants before the second stage takes place. During the second 

stage, a water gas shift reaction (Reaction 2.2) occurs in which the carbon monoxide is 

reacted with steam to produce more H2 and convert CO into CO2 (Imperial, 2010). 

H2/ Ϲ #/ ᴾ (2 + CO2        (Reaction 2.2) 

 

In the final stage, the CO2 will then be separated from H2 by using a membrane which is 

permeable only to H2. The separated H2 will then be combusted in a gas turbine (or would 

be used in a fuel cell), while CO2 wil l then be compressed into liquid and transported to a 

storage site (SCCS, 2008). 

 

One advantage of this technology is that it is able to capture 90ɀ95% of the CO2 emitted to 

the atmosphere. This technology is applicable generally to oil refineries and natural gas and 

coal fired IGCC plants. It also has the lowest technology risk. This technology can also be used 

to produce hydrogen and liquid fuels from coal (SCCS, 2008). 

 

One disadvantage of this technology is that it requires a chemical plant in front of the gas 

turbine. High investment cost is required in order to build a dedicated new plant. Besides 

that, this technology produces high nitrogen oxides emissions, and expensive scrubbers will 

be required to reduce these emissions. The efficiency of hydrogen burning in turbines is also 

lower than that in conventional turbines. This technology may also be less flexible under a 



Literature Review  

 

 Page 21 
 

varying electricity generation market requirement and, as such, base load is normally 

preferred (SCCS, 2008). 

 

 

CƛƎǳǊŜ нΦрȡ (ÙÄÒÏÇÅÎ 0ÒÏÄÕÃÔÉÏÎ &ÌÏ×ÓÈÅÅÔ ÆÒÏÍ )ÎÔÅÇÒÁÔÅÄ 'ÁÓÉУÉÃÁÔÉÏÎ #ÏÍÂÉÎÅÄ 
#ÙÃÌÅ ɉ)'##Ɋ ɉ)ÍÐÅÒÉÁÌȟ φτυτɊ 

 

Figure 2.6 and 2.7 show the layout of a pre-combustion capture reactor and the schematic 

diagram of a pre-combustion capture process respectively (SCCS, 2008). 

 

 

CƛƎǳǊŜ нΦсȡ 0ÒÅ ÃÏÍÂÕÓÔÉÏÎ ÃÁÐÔÕÒÅ ÔÅÃÈÎÏÌÏÇÙ ɉ3##3ȟ φττόɊ 
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CƛƎǳǊŜ нΦтȡ 0ÒÅ ÃÏÍÂÕÓÔÉÏÎ ÃÁÐÔÕÒÅ ÔÅÃÈÎÉÑÕÅ ɉ3##3ȟ φττόɊ 

 

2.1.3 Oxyfuel Combustion Capture  

Oxy fuel combustion capture is a process in which fuel is combusted in pure oxygen in order 

to produce water vapour and a pure stream of CO2. A proportion of the CO2 will then be 

recycled to the burner to reduce the temperature of the flame to an acceptable level. The 

products in the exhaust stream consist of almost pure CO2 (around 90%) and water vapour. 

The water vapour can be separated from the CO2 by condensation (SCCS, 2008). Figure 2.8 

illustrates a simple configuration of an oxyfuel combustion system. 

 

 

CƛƎǳǊŜ нΦуȡ /ØÙÆÕÅÌ ÃÏÍÂÕÓÔÉÏÎ УÌÏ×ÓÈÅÅÔ ɉ)ÍÐÅÒÉÁÌȟ φτυτɊ  
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One of the difficulties with this technology is that it is difficult to separate oxygen from the 

air. This is because a large amount of energy is required and this is usually carried out 

cryogenically. A typical 500 MW coal fired power station will require about 15% of its 

electricity generated to supply pure oxygen. As a result, new technologies such as zero 

emission coal technology (ZECA) and chemical looping combustion (CLC) are being 

developed (SCCS, 2008). 

 

 

CƛƎǳǊŜ нΦфȡ :ÅÒÏ ÅÍÉÓÓÉÏÎ ÃÏÁÌ ÔÅÃÈÎÏÌÏÇÙ ɉ:%#!Ɋ УÌÏ×ÓÈÅÅÔ ɉ)ÍÐÅÒÉÁÌȟ φτυτɊ 

 

The ZECA concept is shown in the Figure 2.9. The process involves the gasification of coal in 

hydrogen via hydrogasification and it is designed to avoid using oxygen for combustion. The 

integrated process route has not been studied experimentally, but different parts of the 

concept have been studied. They include hydrogasification and CaO driven steam reforming 

and shifting of CH4 (Imperial, 2010). 

 

During the first stage of the process, coal is hydrogasified at a pressure of about 70 bars to 

produce CH4 (Reaction 2.3) (Imperial, 2010). 

C + 2H2 P  #(4   ɝ( Ѐ -75 kJ mol-1   (Reaction 2.3) 

 

Reaction 2.3 is an exothermic reaction and as a result, steam would need to be added into 

the reactor to moderate the temperature of the reactor to about 900°C. During the second 

stage, CH4 undergoes the steam reforming reaction to produce hydrogen (Reaction 2.4). 
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Besides that, the water gas shift reaction (Reaction 2.2) is used to maximise the hydrogen 

concentration of the gas (Imperial, 2010). 

CH4 + H2/ ɉÇɊ ᴾ #/ Ϲ σ(2  ɝ( Ѐ Ϲςπφ Ë* ÍÏÌ-1   (Reaction 2.4) 

CO + H2/ ɉÇɊ ᴾ #/2 + H2  ɝ( Ѐ -41 kJ mol-1   (Reaction 2.2) 

CaO + CO2 P  #Á#/3   ɝ( Ѐ -179 kJ mol-1   (Reaction 2.1) 

 

The overall hydrogen production reactions are endothermic. As a result, the heat required 

by the reactions will be provided by the hydrogasification reaction (Reaction 2.3) and by the 

carbonation reaction (Reaction 2.1). The carbonation reaction provides most of the energy 

required in the production of hydrogen and acts as CO2 removal from the reaction mixture. 

The resulting shift in equilibrium of the shift reaction (Reaction 2.2) will ensure that the 

concentration of H2 is maximised and provides the means of collecting a concentrated stream 

of CO2. Reaction temperatures may be limited by the melting properties of the coal and its 

mineral matter, the need to avoid the formation of eutectic liquid phases in the solid sorbents 

used to remove CO2 and the equilibrium controlled inability of CaO to bind CO2 at 

temperatures above 900°C at a CO2 partial pressure of less than 10 bars. To ensure effective 

energy utilisation, reactions (2.4, 2.2, 2.1) will need to be conducted in a single reactor 

(Imperial, 2010). 

 

Overall, the scheme will result in the production of four moles of hydrogen for each two 

moles of hydrogen used in the hydrogasification stage. Hydrogen required for the 

hydrogasification stage is taken from the hydrogen stream remaining after the further 

processing of the gas. The bound CO2 will then be released as a concentrated stream for 

sequestration by heating the CaCO3. Overall, the ZECA process produces the same amount of 

CO2 per kg of coal being hydrogasified compared to conventional combustion technologies. 

However, ZECA process has the potential advantage of producing a higher electrical 

efficiency of about 65% as energy losses can be avoided via integration of the various process 

steps. It is also able to isolate CO2 produced as a nearly pure stream for storage by using the 

carbonation and calcination cycle (Imperial, 2010). 
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One of the advantages of this technology is that it has the potential to capture 100% of the 

CO2 released during combustion. Besides that complete combustion will produce less 

harmful emissions. This technology can also be retro-fitted into existing coal power plant 

(SCCS, 2008). 

 

One of the disadvantages of this technology is that high energy consumption is required if 

the process is not carried out via the ZECA concept or CLC (SCCS, 2008). 

 

Figure 2.10 and 2.11 show the layout of an oxy-fuel combustion capture reactor and the 

schematic diagram of an oxy-fuel combustion capture process respectively (SCCS, 2008). 

 

 

CƛƎǳǊŜ нΦмлȡ /ØÙÆÕÅÌ ÃÏÍÂÕÓÔÉÏÎ ÃÁÐÔÕÒÅ ÔÅÃÈÎÏÌÏÇÙ ɉ3##3ȟ φττόɊ 

 

 

CƛƎǳǊŜ нΦммȡ /ØÙÆÕÅÌ ÃÏÍÂÕÓÔÉÏÎ ÃÁÐÔÕÒÅ ÔÅÃÈÎÉÑÕÅ ɉ3##3ȟ φττόɊ 
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2.2 Chemical Looping Combustion  

The concept of chemical looping combustion (CLC) is based on the use of an oxygen carrier 

ÍÁÔÅÒÉÁÌȢ 4ÈÅ ÃÁÒÒÉÅÒȭÓ ÐÕÒÐÏÓÅ ÉÓ ÔÏ ÔÒÁÎÓÆÅÒ ÏØÙÇÅÎ ÆÒÏÍ ÔÈÅ ÃÏÍÂÕÓÔÉÏÎ ÁÉÒ to the fuel. As 

a result, any costly separation of nitrogen is avoided since the uptake of oxygen from the air 

is achieved by a simple solid-gas phase reaction. A flowsheet of CLC is shown in Figure 2.12. 

The combustor consists of two interconnected fluidised bed reactors; an air reactor (riser) 

or a fuel reactor (downer). The oxygen carrier particles circulate between these two 

reactors. The oxygen carriers are oxidised in the riser by taking up oxygen from the air. They 

are then transferred to the downer where they are reduced via combustion of the fuel with 

the oxygen from the oxygen carrier. Hence, in both reactors, the reactions proceed through 

solid-gas phase reactions shown below: 

 

 

CƛƎǳǊŜ нΦмнȡ #ÈÅÍÉÃÁÌ ÌÏÏÐÉÎÇ ÃÏÍÂÕÓÔÉÏÎ УÌÏ×ÓÈÅÅÔ ɉ*ÏÈÁÎÓÓÏÎȟ φττϋɊ 

 

Downer: (2n+m)MyOx + CnH2m O  ɉςÎϹÍɊ-yOx-1 + mH2O + nCO2 (Reaction 2.5) 

Riser:  (2n+m)MyOx-1 + (n+0.5m)O2 O  ɉςÎϹÍɊ-yOx  (Reaction 2.6) 

Overall: CnH2m + (n+0.5m)O2 O  Í(2O + nCO2   (Reaction 2.7) 

 

The overall result of the two separate reactions is the same as for normal combustion. 

Reaction 2.5 is either endothermic or exothermic, depending on the type of oxygen carrier 

and fuel whereas Reaction 2.6 is always exothermic. The advantage of CLC is that the mixture 
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of CO2 and steam can be condensed such that CO2 is obtained in a separate stream. The 

temperature range of a CLC system is 800-1200°C and the combustor can either be 

pressurised or atmospheric. 

 

Besides that, a CLC system does not generate thermal NOx in the riser due to the low reaction 

temperature. The absence of thermal NOx in the exit gases was verified experimentally by 

Ishida and Jin (1996) and Son and Kim (2006). The existence of fuel NOx has not been 

verified, but the conditions in the downer is expected to be unfavourable for NOx formation. 

 

2.3 Oxygen Carriers  

2.3.1 General Particle Characteristics  

Listed below are some of the desired oxygen carrier characteristics for usage in a chemical 

looping combustion system adapted from Fan (2010). 

 

Good Oxygen Carrying Capacity  

Higher oxygen carrying capacity will allow lower particle circulation rate in a dual fluidised 

bed system. The maximum oxygen carrying capacity of the particle is determined by the 

property  of the primary metal oxide and support used in preparing the particle. The effective 

oxygen carrying capacity is defined as the amount of transferable oxygen in the particle 

during the looping operation, reflects the extent of the solid conversion that is affected by 

the gas and solid residence time in the looping reactor. For oxygen carrier particles with 

multiple oxidation states, the type of the looping reactors and their gas solid contact patterns 

can influence the effective oxygen carrying capacity of the particles. 

 

Good Gas Conversions during Reductio n and Oxidation  

Higher gas conversions will increase the energy conversion efficiencies. This can be achieved 

during oxidation and reduction by using properly selected primary metal oxide materials, 

reactor type and gas-solid contact mode. Thermodynamic relationships among the various 

oxidation states of the metal oxide with the reactant as well as the product gas 

concentrations play an important role in the metal oxide selection process. 
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High Rate of Reaction 

Higher rate of reaction will enable smaller reactor to be used in order to achieve the same 

reactant conversion. The rate of reaction is influenced by the properties of the primary metal 

oxides, supports, promoters, particle synthesis techniques and reaction conditions. 

 

Satisfactory Long Term Recyclab ility and Durability  

Improving the recyclability and durability of the particle will lead to the reduction in the 

spent particle purging rate and the fresh particle makeup rate required for continuous 

operation. The particle recyclability and durability is influenced by the properties of the 

support used with the primary metal oxides as well as the particle synthesis procedures. 

 

Good Mechanical Strength  

Good mechanical strength can lower the rate of attrition . The mechanical strength of the 

particle is influenced by the properties of the support or binder materials, additives, overall 

ÐÁÒÔÉÃÌÅȭÓ ÃÏÍÐÏÓÉÔÉÏÎ ÁÎÄ preparation methodologies. 

 

High Heat Capacity and High Melting Point  

Particle with a high heat capacity can be used as a heat transfer medium in the reactor. This 

will benefit the reactor design in that the particle can be used to moderate the temperature 

changes in the reactor as a result of the endothermic or exothermic reactions. This will thus 

reduce the requirement of constructing heat exchangers to moderate the temperature in the 

reactor. The heat capacity of the particle is influenced by the properties of the inert support. 

High melting point for the metal oxides and their reduced forms as well as for the support 

materials is preferred to maintain the integrity and reactivity of the particles. 

 

Ability to Change the Heat of Reaction  

Minimising the heat duty requirement in the reactor is essential when designing the heat 

integration scheme for the process. This is usually done by adding a secondary reactive metal 

oxide into the particle that will participate in at least one of the redox reactions. The chosen 

secondary metal oxide usually has an opposite sign for its heat of reaction when compared 

to the primary metal oxide.  
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Low Cost and Ease in Scaling Up of the Synthesis Procedures  

The cost of the raw material and the cost required to synthesise the oxygen carrier play a 

major role when it comes to choosing the preferred metal oxide, support material and the 

synthesis methodology. Besides that, the synthesis methodology should be easily scaled up 

for industrial application. 

 

Suitable Particle Size  

Particle size can influence the rate of reaction and the flow properties in the reactor. 

 

Resistance to Contaminant and Inhibition of Carbon Formations  

Various contaminants may be present in the fuels used for chemical looping combustion 

processes. As a result, the interaction between the contaminants and the oxygen carrier 

particles in the reducing reactor should be minimised because the formation of metal carbide 

and/or metal sulphide will lead to the deactivation of the oxygen carrier particle. This is 

usually done by reducing the gas concentration into the reducing reactor or by adding a 

suitable doping agent onto the particle. 

 

Pore Structure  

A porous particle is desirable for low temperature operations as the rates of reaction in this 

regime is influenced by the diffusivity of the gaseous reactants and products. High 

temperature operations will result in particle sintering which will alter the pore structure 

and hence the reactivity of the particle. As such it is desirable to synthesise particles with a 

stable pore structure for usage in a chemical looping combustion system. 

 

Health and Environmental Impacts  

Due to the large particle circulation rate in a chemical looping combustion system, a large 

quantity of purged particles will need to be disposed. As a result, metal oxides and supports 

chosen during the synthesis process will need to have low health and environment impacts 

so that they can be disposed easily.  
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2.3.2 Oxygen Carriers Preparation Methodologies  

Listed below are some of the most commonly used oxygen carrier preparation 

methodologies found in literature. 

 

Mechanical Mixing  

Mechanical mixing is the simplest and most economical preparation method that can yield a 

satisfactory result. The preparation procedure involves the direct mixing of the metal oxide 

and the support in a certain ratio to form the composite looping medium. The powders for 

both materials are first dried before the dried powders are mechanically mixed. Binding 

agents are sometimes added in the mixing step to strengthen the composite matrix. After the 

formation of the metal-support matrix, the powder is processed into the desired size and 

shape. This can be done by using the extrusion or compression process to produce pellets or 

granulation to produce powders. Calcination is often performed after obtaining particles in 

a desirable morphology. When bulk pores are desirable, graphite can be mixed into the 

matrix initially and can then be combusted during calcination to form pores (de Diego et al., 

2004). 

 

Although mechanical mixing is cheap and effective for most applications, it yields a less 

homogeneous medium compared to other preparation methodologies. The particles 

obtained by mechanical mixing have been observed to have a metal oxide-rich phase and a 

support-rich phase. However, mechanical mixing was found to be unsuitable for metal oxides 

such as copper oxide as copper oxide sinters at low temperatures. De Diego et al. (2004) 

found that copper based oxygen carriers prepared by mechanical mixing lose activity 

because of sintering of the metal-rich phase.  
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Freeze Granulation  

Freeze granulation is the preferred methodology to synthesise small spherical particles with 

well-defined morphology. In order to prepare freeze granulation type of particles, the metal 

oxide and the support are mixed in distilled water with a small amount of dispersant such as 

polyacrylic acid. The dispersant is used to improve the homogeneity of the mixture. The 

mixture will then be grounded in a ball mill for an extended period of time to obtain a fine 

powder slurry. The slurry is then treated with a small amount of binder to achieve improved 

particle strength. The resulting product is then dried using the freeze-drying technique. 

Finally, the particles are sintered at elevated temperatures before sieving them to yield 

desired particle sizes. After being treated at certain sintering temperatures, the spherical 

shape particles obtained using this method can have a very smooth surface (Johansson et al., 

2004). 

 

Freeze granulation is not suitable for the synthesis of copper-based oxygen carriers due to 

the sintering of the copper-rich phase (Cho et al., 2004). The chemical reactivity of the 

particles prepared by this method is highly dependent on the metal oxide and binder 

interaction. The crushing strength of the particles was found to improve with increasing 

number of redox cycles. This is believed to be due to the adjustment of the structure of the 

particle to the best suited form (Johansson et al., 2003, 2004). 

 

Dry I mpregnation  

A support medium with well -defined pore volume in its powder form is essential for the 

preparation of dry impregnation particles. The support is first exposed to a metal salt 

solution with  volume equal to the total pore volume. Solutions of metal nitrate salts are often 

used because of their high solubility and availability. After being doped on the support, the 

oxygen carrier is then calcined. The calcination step will cause the metal nitrates to 

decompose into metal oxides. This process is repeated until the desired metal oxide 

percentage is achieved. Finally, high temperature calcination is carried out to obtain the 

desired physical stability. It is difficult to predict the exact amount of metal loading because 

of the inherent nature of the technique. As a result, two parameters are used to quantify the 

metal oxide percentage. They are theoretical percentage of metal loading and actual 
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percentage of metal loading. The theoretical metal loading is determined based on the 

amount of the metal salt solution used, whereas the actual metal loading is determined from 

reduction/oxidation experiments  (Mattisson et al., 2003). 

 

This methodology is suitable for the synthesis of all types of oxygen carriers. However, due 

to the tedious synthesis procedure and the high synthesis cost, the method is predominantly 

used for a copper-based looping medium to reduce the effect of copper sintering. It is 

believed that the reduced sintering effect is due to the limited metal loading in the pores of 

the support (de Diego et al., 2005). The particles synthesized using this method showed a 

crushing strength similar to that of the support, thus highlighting the importance of the 

support selection (Mattisson et al., 2003). The metal loading of the particle obtained using 

this methodology is limited by the pore volume of the support. 

 

Wet Impregnation  

The wet impregnation technique is an empirical preparation methodology. The difference 

between wet and dry impregnation lies in the amount of metal nitrate solution used. Wet 

impregnation required the support to be soaked in the metal nitrate solution followed by 

low-temperature calcination to decompose the nitrates into insoluble oxides. This procedure 

is repeated until the desired metal loading is achieved. The amount of solution used in wet 

impregnation in each soaking step is higher than that for dry impregnation. A high-

temperature sintering step is then used to improve the properties of the particles. 

 

Particles prepared via wet impregnation have properties similar to that prepared via dry 

impregnation technique. De Diego et al. (2004) found that copper based particles generated 

using this method have very good chemical stability and reactivity coupled with mechanical 

resistance when compared with other preparation methodologies. However, wet 

impregnation preparation technique will form an outer shell of metal oxide that has a weak 

bond with the support and tends to attrite after initial cycles.  
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Co-Precipitation and Dis solution  

Co-precipitation and dissolution are the preferred preparation methodologies to obtain 

oxygen carriers that are homogeneous. This method can also be used when the support 

material is less porous causing the impregnation approach to be unfeasible. Three 

precursors, that is, the metal salt solution, the support solution, and the precipitating agent, 

are required for this preparation methodology. 

 

Co-precipitation particles are prepared by mixing the metal salt solution and the support 

solution together in liquid form. The precipitating agent, usually alcohol, is then added to the 

mixed solution to initiate the precipitation of metal and support in powder form (de Diego 

et al., 2004). 

 

Dissolution particles are prepared by adding the metal salt solution and the support solution 

to the alcohol (precipitating agent) and water simultaneously (Jin et al., 1998, 1999; Ishida 

et al., 1998, 2002; Jin & Ishida 2001, 2002, 2004). Powders that contain metal and support 

are obtained in a similar manner as the co-precipitation method. Although the 

methodologies followed by co-precipitation and dissolution are different, the particles 

obtained from these two methods are similar (Haber et al., 1995). 

 

Multiple drying steps will then be carried out in order to remove the water, alcohol and acid, 

and to improve the interaction between the metal and the support. Jin et al. (1998) used a 

four-step drying and calcining path whereby the sample was initially dried at 100°C for 12 

hours to remove the water content completely. This is then followed by drying at 150°C and 

200°C for 24 hours and 5 hours respectively to heat-treat the particles, to initiate 

interactions between support and metal and to remove the alcohol. Finally, calcination at 

500°C for 3 hours in the presence of air removes the acid formed and induces physical 

stability by sintering (Jin et al., 1999). The resulting powder is then formed to the final 

product.  
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The occurrence of simultaneous precipitation of metal and support is essential for the 

dissolution and co-precipitation method. Some governing factors for such a simultaneous 

precipitation include the pH of the solution and reaction rates of the individual precipitation 

reactions. 

 

Sol-Gel Synthesis 

The sol-gel synthesis is the preferred methodology when a highly homogeneous particles are 

desired as this methodology allows for excellent control over the physical parameters of the 

particles. However, this increases the difficulty and the cost in preparing sol-gel based 

particles. 

 

This method was originally deÆÉÎÅÄ ÁÓ ȬÔÈÅ ÐÒÅÐÁÒÁÔÉÏÎ ÏÆ ÃÅÒÁÍÉÃ ÍÁÔÅÒÉÁÌÓ ÂÙ ÐÒÅÐÁÒÁÔÉÏÎ 

ÏÆ Á ÓÏÌȟ ÇÅÌÁÔÉÏÎ ÏÆ ÔÈÅ ÓÏÌȟ ÁÎÄ ÒÅÍÏÖÁÌ ÏÆ ÔÈÅ ÓÏÌÖÅÎÔȭ (Brinker et al., 1990). The process 

begins with the selection of the dissolved or solution precursors of the intended metal oxide 

and support. The precursors can be metal alkoxides, metal salt solutions, and/or other 

solutions containing metal complexes. Metal alkoxides are commonly employed because of 

the high purity observed in the final product. These precursors are then mixed together and 

undergo a series of hydrolysis and condensation reactions with water to form amorphous 

metal oxide or oxy-hydroxide gels. These gels contain colloidal particles of metal, metal 

oxide, metal oxy-hydroxides, and/or other insoluble compounds that is subsequently 

molded to the required shape and rigidified using dehydration, chemical cross-linking, or 

freezing. This rigid mass is then cured by calcinations. In some cases, the calcination step is 

essential for obtaining the desirable metal oxide (Sakka et al., 1995). 

 

The sol-gel method produces a homogeneous mixture and provides good control over the 

microstructure. The degree of aggregation or flocculation of the colloidal precursor can 

control the pore size of the yield. The drawback of the sol-gel method is the high raw 

materials cost and the elaborate synthesis procedures.  
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Solution Combustion  

Solution combustion based particles is prepared by mixing metal nitrates and the support in 

the desired ratio in water solution with glycine (combustible agent). The solution is then 

heated to vaporise the water. Once most of the water is driven out, the solution is ignited 

when the temperature is beyond the critical self-ignition temperature. The metal-oxide-

based oxygen carrier is obtained after combustion is then ground in a mill and processed to 

the desired shape and calcined. 

 

This method avoids the time consuming drying steps required for the other preparation 

methods. The particles obtained from this method shoed good reactivity for multiple cycles 

and high crushing strength. However, they were found to have high rates of attrition  (10%) 

and that the performance of the extruded particles deteriorate quite rapidly (13% reduction 

in activity after 10 cycles) (Erri & Varma, 2007). 

 

2.4 Oxygen Carrying Capacity 

Table 2.1 shows the oxygen carrying capacity (moles of oxygen per mole of metal) for 

different metal oxide configurations (Hossain and de Lasa, 2008). The oxygen transfer 

capacity, i.e. the ratio of mass of active oxygen in the carrier to the mass of the fully oxidised 

oxygen carrier for different metal oxides is illustrated  in Figure 2.13 (Johansson, 2007). 

Figure 2.14 highlights the equilibrium constant, K (logarithmic scale) against 1/T plots for 

the reduction of the different metal oxides with methane as the reducing agent. A high log K 

value indicates that the metal oxide has a high potential to react with methane. Finally, Figure 

2.15 provides the degree of CH4 conversion to CO2 calculated via the minimisation of Gibbs 

free energy (Mattisson and Lyngfelt, 2001).  
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¢ŀōƭŜ нΦмȡ /ØÙÇÅÎ ÃÁÒÒÙÉÎÇ ÃÁÐÁÃÉÔÙ ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÍÅÔÁÌȾÍÅÔÁÌ ÏØÉÄÅ ÐÁÉÒÓ ɉ(ÏÓÓÁÉÎ ÁÎÄ 
ÄÅ ,ÁÓÁȟ φττόɊ 

Metal Oxide  Moles of O2/mole metal  

NiO/Ni  0.5 

CuO/Cu 0.5 

Cu2O/Cu 0.25 

Fe2O3/Fe3O4 0.083 

Mn2O3/MnO 0.25 

Mn3O4/MnO 0.17 

Co3O4/Co 0.67 

CoO/Co 0.5 

 

 

CƛƎǳǊŜ нΦмоȡ !ÍÏÕÎÔ ÏÆ ÁÃÔÉÖÅ ÍÁÔÅÒÉÁÌ ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÕÎÓÕÐÐÏÒÔÅÄ ÏØÙÇÅÎ ÃÁÒÒÉÅÒÓ 
ɉ*ÏÈÁÎÓÓÏÎȟ φττϋɊ 
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CƛƎǳǊŜ нΦмпȡ ,ÏÇ + ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ υȾ4 ÉÎ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÒÁÎÇÅ ÏÆ ϊττȤυφττЌ# ÆÏÒ 
ÄÉÆÆÅÒÅÎÔ ÍÅÔÁÌ ÏØÉÄÅ ÓÙÓÔÅÍÓ ɉ-ÁÔÔÉÓÓÏÎ ÁÎÄ ,ÙÎÇÆÅÌÔȟ φττυɊ 

 

 

CƛƎǳǊŜ нΦмрȡ #ÏÎÖÅÒÓÉÏÎ ÏÆ #(ψ ÔÏ #/φ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÔÅÍÐÅÒÁÔÕÒÅ ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÏØÙÇÅÎ 
ÃÁÒÒÉÅÒÓ ɉ-ÁÔÔÉÓÓÏÎ ÁÎÄ ,ÙÎÇÆÅÌÔȟ φττυɊ 
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2.5 Chemical Looping Combustion with Solid Fuels  

There are plenty of research studies on chemical looping focusing on gaseous fuels, but there 

is only limited research conducted on chemical looping with solid fuels, as the oxygen carrier 

particles are not easily separable from the fuel or the ash particles. Without separation, the 

solid fuels would enter the air reactor along with the oxygen carrier and give CO2 in the off-

gas. As a result, a few techniques have been developed (Dennis, 2009). 

 

The first technique is to gasify the solid fuel separately and burn the syngas using a 

conventional chemical looping arrangement for gaseous fuels. The advantages of this 

technique are that it allows better combustion efficiencies, reduced coking, and syngas as 

input for the chemical looping system as opposed to natural gas. One of the disadvantages of 

this technique is that the gasifying agent would need to be pure O2 or a mixture of O2 and 

CO2, to ensure that the syngas is mainly CO and H2, without N2. This, however, would require 

an air separation unit that will defeat the purpose of using chemical looping (Dennis, 2009). 

 

Alternatively, the gasification could be performed in pure CO2 or mixtures of CO2 and steam. 

However, in order to balance the endothermic gasification reactions, heat will have to be 

supplied to the gasifier from the air reactor. This method will complicate the reactor design. 

One possibility would be to use a packed bed configuration or to design a concentric fluid 

bed arrangement whereby heat transfer can take place from the air reactor to the gasifier, 

both fluidised, via a shared vessel wall (Dennis, 2009). 

 

The second technique is in situ gasification in a cyclic batch operation. This technique 

involves the in situ gasification and combustion of solid fuel with one fluidised bed. The 

reactor operated in a cycle of three consecutive periods: t1, t2 and t3. During t1, solid fuel is 

fed continuously to a bed of oxygen carrier, fluidized by steam or CO2, or a mixture of both. 

During the reaction, the fuel loses its volatile matter that will be oxidised. After that, the 

fluidising gas gasifies the resulting char, producing syngas, which immediately reacts with 

the oxygen carrier to form CO2 and steam (Dennis, 2009). 
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At the end of t1, the feed of coal is stopped and the remaining inventory of carbon is allowed 

to gasify and combust for a further time period of t2, until the inventory of char is sufficiently 

small. At the end of t2, the bed is fluidised with air instead of steam or CO2 for a time period 

of t3, when the depleted oxygen carrier is regenerated. A new cycle will then begin. Ideally 

several reactors would be used to operate the various phases in the cycle to even the load to 

the downstream power cycle. If the solid fuel produces a very reactive char, the second phase 

may be omitted as the inventory of fixed carbon in the bed would be low (Dennis, 2009). 

 

The third technique is in situ gasification of the solid fuel in the presence of the metal oxide 

in pure CO2 or steam or a mixture of both. The unburned fuel will then be separated from the 

spent oxide before the solids are passed to the oxidation reactor. Lyngfelt and colleagues 

developed a fuel reactor designed to separate the unburned fuel from the spent metal oxide 

before the carrier is recycled to the air reactor. The overall plant design consists of an air 

reactor operating as a fast fluidised bed connected to a riser that leads to a cyclone where 

the elutriated particles are separated. The fuel reactor is designed so that gasification and 

reaction occur, and that the solids pass to a downstream section, where a separation can be 

effected between the fuel particles and the carrier on the basis of different elutriability of the 

carrier and the fuel particles, the latter being of lower density and smaller in size (Dennis, 

2009). 

 

Figure 2.16 shows a CLC layout for solid fuels proposed by Cao and Pan (2006) and Cao et al. 

(2006). The riser and cyclone are used to oxidise the reduced metal oxide particles and 

recycle them back into the downer. Steam or recycled CO2 is used as the fluidisation media 

and gasification agent in the downer. Metal oxide particles are reduced during their reaction 

with volatiles and carbons in the downer. The reduced particles will enter the riser via a 

small loop seal. A bubbling bed and a turbulent fluidised bed are designed in the downer to 

react and separate the metal oxide particles. A bubbling bed is designed for the downflow 

section as the residence time for the reaction between the oxygen carriers and the solid fuel 

is relatively long. The oxygen carrier is separated from the fly ash by controlling the 

operating velocity at bubbling or turbulent flow regimes as the ash and unburned carbon are 

lighter due to the smaller density of 800-1200 (kg/m 3) compared with the oxygen carrier 
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particles (density >5000 kg/m3). The fly ash and unburned carbon are entrained out of the 

ÓÅÐÁÒÁÔÉÏÎ ÓÅÃÔÉÏÎ ÁÓ ȬÆÌÕÅ ÇÁÓ ςȭ ÁÎÄ ÅÎÔÅÒ ȬÃÙÃÌÏÎÅ ςȭ ÆÏÒ clean-up. The flue gas after 

separation by cyclone is a nitrogen-free gas with CO2, H2O, CO and H2. 

 

 

CƛƎǳǊŜ нΦмсȡ 3ÙÓÔÅÍ ÃÏÎУÉÇÕÒÁÔÉÏÎ ÆÏÒ ÔÈÅ ÐÉÌÏÔȤÓÃÁÌÅ ÃÈÅÍÉÃÁÌ ÌÏÏÐÉÎÇ ÃÏÍÂÕÓÔÉÏÎ 
ÐÒÏÃÅÓÓ ÏÆ ÓÏÌÉÄ ÆÕÅÌÓ ɉ#ÁÏ ÁÎÄ 0ÁÎȟ φττϊȠ #ÁÏ ÅÔ ÁÌȢȟ φττϊɊ 
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CƛƎǳǊŜ нΦмтȡ 0ÒÉÎÃÉÐÁÌ ÌÁÙÏÕÔ ÏÆ ÔÈÅ ÆÕÅÌ ÒÅÁÃÔÏÒ ×ÉÔÈ ÔÈÅ ÐÁÒÔÉÃÌÅ ÃÉÒÃÕÌÁÔÉÏÎ ÄÉÒÅÃÔÉÏÎÓ 
ɉ"ÅÒÇÕÅÒÁÎÄ ÁÎÄ ,ÙÎÇÆÅÌÔȟ φττόɊ 

Legend: (2) carbon stripper, (3) high velocity part, (4) low velocity part 

 

Berguerand and Lyngfelt (2008) operated a 10 kW CLC for 22 hours, 12 hours of which were 

under stable conditions, with South African coal and ilmenite as oxygen carrier. The 

experimental design was quite similar to the one above except the downer was divided into 

three chambers; low velocity chamber, carbon stripper and high velocity chamber, as shown 

in Figure 2.17. The solid fuels are gasified, while the oxygen carrier particles are reduced by 

the volatiles in the low velocity chamber. This chamber is further divided into two parts 

separated by a wall with an opening at the bottom through which the particles are forced to 

pass. The unburned carbon is separated from the metal oxide particles in the carbon stripper. 

The unburned carbon is recovered with a cyclone while the metal oxide particles enter the 

riser. In the high velocity chamber, a certain proportion of both unburned carbon and metal 

oxide particles are entrained upwards in order to provide particle recirculation and re-

collection back into the downer. Steam is used as the fluidising agent instead of the fuel gas 

flow. Ilmenite was found to be a suitable oxygen carrier as it has good mechanical properties, 

low fragmentation/attrition, and good reactivity.  
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Their experiments detect some key issues with the application of solid fuels in chemical 

looping combustion. Firstly, they found that the conversion of the fuel in the reactor system 

is mostly dependent on the residence time of the fuel particles in the fuel reactor and the 

separation efficiency of the fuel reactor cyclone that recirculates unburned particles. The low 

conversion rates obtained during their experiments were attributed to the poor efficiency of 

the cyclone as well as the low reactivity of the fuel (Berguerand and Lynfelt, 2008). 

 

Besides that, they found that the carbon capture is dependent on the loss of unconverted 

carbon to the air reactor. This was attributed to the low efficiency of the separation in the 

carbon stripper and the low reactivity of the fuels used. The low reactivity causes the 

residence time in the fuel reactor to be too short to achieve high conversion for the fuels 

(Berguerand and Lynfelt, 2008). 

 

Lastly, they found that the degree of gas conversion shows that even with sufficient 

circulation, unconverted gases are present in the stream from the fuel reactor. The low 

oxygen demand was attributed to the inadequate contact between the reducing gases 

released from the particles and the oxygen carrier. They suggested a possibility to deal with 

the reducing gases in the exÈÁÕÓÔ ÆÒÏÍ ÔÈÅ ÆÕÅÌ ÒÅÁÃÔÏÒ ÉÓ ÂÙ ÁÄÄÉÎÇ ÁÎ ȬÏØÙÇÅÎ ÐÏÌÉÓÈÉÎÇȭ 

step downstream where, after the fuel reactor cyclone, pure oxygen is injected into the gas 

flow to fully oxidize the combustibles to CO2 and H2O (Berguerand and Lynfelt, 2008).
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Chapter 3 THEORETICAL STUDY 

 

3.1 Fluidisation  

Principle of Fluidisation  

Fluidisation occurs when the drag force by upward moving gas equals to the weight of the 

particles or: 

Pressure drop across the bed x Cross-sectional area of tube = Volume of bed x Fraction of 

solids x Specific weight of solids (Kunii & Levenspiel, 1977). 

( )( )( )

( )( )

1                                                 (Equation 3.1)
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This phenomenon is caused by the resistance between the particles and the fluid passing 

through them (Botterill, 1983). As the gas passes through the bed, it is able to convert the 

bed particles into a suspended and expanded mass. This will cause the bed particles to 

exhibit liquid like properties and as a result, this will reduce the resistance as the particles 

will be able to move more freely (van Swaaij and Prins, 1986; Pell and Dunson, 1997). If the 

air flow rates are below the critical value for the system, complete fluidization will not occur, 

whereas if the air flow rates are above the threshold, bubbles will form within the sand bed 

(Pell and Dunson, 1997). Bed expansion is often not uniform when a gas is used and 

consequently instabilities (bubbles) will form in the bed (Howard, 1989). If expansion and 

fluidization are more uniform, the mixing is will be more even and will result in a more 

constant heat transfer during combustion (Valk, 1986). 

 

Minimum and Maximum Fluidising Velocities and Pressure Drop  

The fluidising velocity is the speed at which the gas, or liquid, flows through the packed bed 

to initiate fluidisation. There are five key stages in the behaviour of the bed as the fluidizing 

velocity is increased. They are: (i) when the bed remains packed; (ii) the occurrence of 

incipient fluidization; (iii) bubbling of the bed starts; (iv) slugging of the bed ensues; and (v) 
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entrainment of the bed begins (Botterill, 1983; Howard, 1989). In the first phase, the bed 

does noÔ ÃÈÁÎÇÅ Á ÇÒÅÁÔ ÄÅÁÌ ÁÓ ÔÈÅ ÇÁÓ ÉÎÉÔÉÁÌÌÙ ÆÌÏ×Ó ÔÈÒÏÕÇÈ ÉÔȢ ! ÐÒÅÓÓÕÒÅ ÄÒÏÐȟ ɝ0ȟ ÃÁÕÓÅÄ 

by the loss of mechanical energy due to the friction between the particles and gas can be 

ÏÂÓÅÒÖÅÄ ɉÖÁÎ 3×ÁÁÉÊ ÁÎÄ 0ÒÉÎÓȟ ρωψφɊȢ !Ó ÔÈÅ ÇÁÓ ÖÅÌÏÃÉÔÙȟ ÔÈÅ ɝ0 ÁÃÒÏÓÓ ÔÈÅ system rises, 

the magnitude of which depends on the gas and particle properties. Pressure drop though 

fixed beds of uniformly sized solids can be calculated by using Equation 3.3 correlated by 

Ergun (Kunii & Levenspiel, 1977): 

( )

( )

2 2
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As the gas flow rate increases further, the second behavioural phase is achieved, as the 

incipient fluidization of the particles occurs once the minimum fluidization condition is 

reached. Umf, the superficial velocity at minimum fluidizing condition can be calculated by 

combining Equations 3.2 and 3.3 (Kunii & Levenspiel, 1977). 
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4ÈÅ ÄÉÓÔÒÉÂÕÔÏÒ ÐÌÁÔÅ ÁÎÄ ÔÈÅ ÒÅÓÔ ÏÆ ÔÈÅ ÓÙÓÔÅÍ ÁÒÅ ÕÓÕÁÌÌÙ ÄÅÓÉÇÎÅÄ ÆÏÒ Á ÓÐÅÃÉÆÉÃ ɝ0 ɉÖÁÎ 

Swaaij and Prins, 1986). Once incipient fluidization is achiÅÖÅÄȟ ÈÏ×ÅÖÅÒȟ ÔÈÅ ɝ0 ÄÏÅÓ ÎÏÔ 

increase further as shown in Figure 3.1, but the bed expands as particles are rearranged to 

increase bed voidage. As the gas velocity increases, phase three occurs whereby the 

temperature and composition of the bed become somewhat more homogeneous and this is 

usually accompanied by the presence of sufficient but non-uniform bubbles. By increasing 

the fluidizing gas velocity further, phases four and five can be achieved whereby slugging of 

the bed and subsequent particle entrainment occur respectively. Both cause severe pressure 

fluctuations across the bed, until so much of the bed has been entrained that the pressure 

drop decreases. The behaviour of particles fluidised using a liquid instead of a gas is 

somewhat different, particularly when fluidizing velocities above those inducing incipient 

fluidization are used (Howard, 1989). 
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&ÉÇÕÒÅ χȢυȡ 0ÒÅÓÓÕÒÅ ÄÒÏÐ ÁÇÁÉÎÓÔ ÇÁÓ ÖÅÌÏÃÉÔÙ ÆÏÒ Á ÂÅÄ ÏÆ ÕÎÉÆÏÒÍÌÙ ÓÉÚÅÄ ÐÁÒÔÉÃÌÅÓ 
ɉ+ÕÎÎÉ ÁÎÄ ,ÅÖÅÎÓÐÉÅÌȟ υύϋϋɊ 

 

Terminal Velocity, Transport Disengagement Height and Elutriation  

The gas flow rate through a fluidized bed is limited on one hand by umf and on the other by 

entrainment of solids by the gas. When entrainment occurs these solids must be recycled or 

replaced by fresh material to maintain steady state operations. This upper limit to gas flow 

rate is approximated by the terminal or free fall velocity of the particles (Kunii & Levenspiel, 

1977), which can be estimated from fluid mechanics by: 
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For both spherical and nonspherical particles the terminal velocity ut can be obtained from 

Figure 3.2, an experimental correlation of dimensionless groups CdRep2 versus Rep (Kunii & 

Levenspiel, 1977), where: 

Re                                                                                                  (Equation 3.6)
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And the velocity independent group (Kunii & Levenspiel, 1977): 
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An alternate way of finding ut for spherical particles uses analytic expressions for the drag 

coefficient Cd (Kunii & Levenspiel, 1977). 
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Replacing the values of Cd obtained into Equation 3.7 gives analytic expressions for ut (Kunii 

& Levenspiel, 1977): 
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To avoid carry-over of solids from a bed, the gas velocity for fluidized bed operations should 

be kept somewhere between umf and ut. In calculating umf, the mean diameter for the size 

distribution present in the bed is used whereas in calculating ut, the smallest size of solid 

present in appreciable quantity is used (Kunii & Levenspiel, 1977). 

 

Pinchbeck and Popper (1956) derived an equation to estimate the ratio ut/u mf for spherical 

particles, considering the total force holding a particle in suspension as the sum of viscous 

resistance and fluid impact. Both the upper and lower limits of ut/u mf may be calculated 

directly via: 

For fine solids, Rep < 0.4:  ut/u mf = 91.6 

For large, solids, Rep > 1000 : ut/u mf = 9.16 
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The ratio ut/u mf is usually between 10:1 and 90:1 and is one indication of the flexibility of 

possible operations. The ratio ut/u mf is smaller for large sized particles, indicating less 

flexibility than for smaller particles. It is also an indication of the maximum possible height 

of the fluidized bed. This is because the pressure drop through the bed results in an increase 

in gas velocity through the bed. Thus the maximum height of bed is where the bed is just 

fluidized at the bottom and where ut is just reached at the top. These considerations of 

maximum height of bed and narrowed range of operations do not apply to liquid fluidized 

bed because the density of fluid remains essentially unchanged (Kunii & Levenspiel, 1977). 

 

The range of satisfactory operations of a gas fluidized bed may be considerably narrowed by 

channelling and slugging. This is especially serious with large, uniformed sized particles 

where it is often difficult to fluidize the bed. With proper use of baffles or in tapered vessels, 

this undesirable behaviour can be reduced (Kunii & Levenspiel, 1977). 

 

Violently bubbling fluidized bed can be made to operate at gas velocities in excess of the 

terminal velocity of practically all the solids, with some entrainment, which may not be 

severe. This is possible because the major portion of the gas flows through the bed as large, 

practically solid free gas bubbles while the bed solids are suspended by a relatively slow 

moving gas. In addition, by using cyclone separators to return the entrained solids, even 

higher gas velocities can be used (Kunii & Levenspiel, 1977). 

 

A related concept to ut is the transport disengagement height (TDH), which is the distance 

above the bed at which particle entrainment and elutriation become constant, also known as 

the transport disengagement zone (Pell and Dunson, 1997). This TDH is also the term used 

to describe the sufficient height of the freeboard to limit the amount of particles that are lost; 

these two different definitions are sometimes referred to as the TDHC and TDHF, respectively 

for coarse (C) and fine (F) particles (Howard, 1989). It is therefore vital that enough 

freeboard height is provided to ensure that any disengaged particles above the surface of the 

bed will fall back to the bed from the gas stream (Howard, 1989). This ensures that particles 

are not lost from the system and carried out with the gas emissions. Elutriation occurs at 

extreme velocities as it is caused particularly by bubbles bursting at the surface (Botterill, 
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1983). Providing a sufficient TDH is necessary for appropriate solid loading and size 

distribution within the fluid; it is also important that heights which dramatically exceed the 

TDH are not used, as this not only increases the cost of construction, but also the height 

needed to house the vessel (Howard, 1989). 

 

Types of fluidisation  

On increasing the fluid velocity up to the point of fluidisation, flow patterns are usually well 

ÄÅÓÃÒÉÂÅÄ ÂÙ $ÁÒÃÙȭÓ ÌÁ×Ȣ (Ï×ÅÖÅÒȟ ÁÆÔÅÒ ÔÈÅ ÆÌÕÉÄÉÓÁÔÉÏÎ ÐÏÉÎÔȟ Ô×Ï ÖÅÒÙ ÄÉÓÔÉÎÃÔ ÔÙÐÅÓ ÏÆ 

fluid flow are observed: particulate and aggregative fluidization. In the former case the bed 

behaves in a uniform manner: as the flow rate is increased the bed height increases; hence, 

the increasing fluid flow simply goes to expand the bed as shown in Figure. The overall 

pressure drop remains constant, and equal to the bed height per unit area, until entrained 

particles are elutriated out by the fluid flow. 

 

In aggregating, or bubbling, fluidisation aggregates (of fluid) may be observed within the 

fluidized bed that move rapidly to the surface. This type of fluidization is often associated 

with the fluidization of solids using gases. 

 

In an aggregative fluidised bed the fluid can pass through the bed in a similar fashion to 

particulate fluidization and bubbles of fluid form. The bubbles may travel very quickly 

through the bed ɀ hence in the case of catalytic of hydrocarbons this provides a way in which 

some hydrocarbon vapour can by-pass the catalyst and, therefore, reaction. So, a bubbling 

bed has an emulsion phase surrounding the bubble and a lean phase where the bubble is 

lean of solids. 

 

Froude number: 

2

                                                                                                         (Equation 3.8)=
mfu

Fr
xg  

For high (>1) values bubbling is more likely. Other correlations include the use of Reynolds 

number, density ratio and bed ratio: 
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Re ; ;                                                                             (Equation 3.9)
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3.2 Minimisation of Gibbs Free Energy  

Two methods of equilibrium analysis can be employed. They are minimisation of Gibbs free 

energy and method of independent reactions. Minimisation of Gibbs free energy was 

preferred due to its flexibility. This is because the method of independent reactions has the 

disadvantage in that an extra reaction must be added for every component added into the 

system. 

 

The following section was adapted from Brown (2010). In order to establish the basis of the 

minimi sation of Gibbs free energy, consider an isothermal, isobaric system. At equilibrium 

the total Gibbs free energy of the system, G , is at minimum i.e. 

0dG=          (Equation 3.10) 

 

where the total Gibbs free energy is given by: 

i i

i

G G n=ä          (Equation 3.11) 

 

That is, total Gibbs free energy is equal to the sum of the product of the partial molar free 

energy of species i , iG , and the number of moles of species i , in . At a given temperature, 

T , and pressure, P , the partial molar free energy of species i  can be expressed as follows: 
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where 
0

iG  is the standard molar Gibbs free energy of the pure species i  and 
0

i if f  is the 

ratio of the fugacity of species i  in the mixture to the fugacity of the pure species at the 

reference state. This ratio can be further simplified since the gas is ÃÏÎÓÉÄÅÒÅÄ ÔÏ ÂÅ ȬÉÄÅÁÌȭ ÁÔ 

the reference state, so 
0

if  can be replaced with 0P  (the referenced pressure). Furthermore, 

i i if y Pf= , where iy  is the mole fraction of species i  and if, the fugacity coefficient, is equal 

to unity for ideal gases. The ideal gas assumption is valid for high temperatures and low 

pressures, both of which are consistent with the proposed system. Thus, 

0

0
ln i

i i

i tot

n P
G G RT n

n P

å õå õ
= + Öæ öæ öæ ö

ç ÷ç ÷
ä       (Equation 3.13) 

 

where in  is the number of moles of species i  and totn  the total number of moles in the 

system. Differentiating Equation 3.13 results in: 

0= + =ä äi i i i

i i

dG n dG G dn       (Equation 3.14) 

 

The first term is zero at constant temperature and pressure, in accordance with the Gibbs 

Duhem equation.

  

Two constraints must be imposed on the system. Firstly, that mass is conserved according 

to the following elemental balance: 

0ij i j

i

n ea - =ä         (Equation 3.15) 

 

where ija  is the total number of atoms of element j  in species i , and je  is the total number 

of moles of element j  in the mixture. Secondly, to avoid negative concentrations of species, 

a non-negativity constraint is imposed on the solid species, i.e.: 

0in ²           (Equation 3.16) 
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Combining Equations 3.11, 3.15 and 3.16 results in a constrained minimisation problem. 

5ÓÉÎÇ ,ÁÇÒÁÎÇÅȭÓ ÍÅÔÈÏÄ ÏÆ ÕÎÄÅÔÅÒÍÉÎÅÄ ÍÕÌÔÉÐÌÉÅÒÓȟ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÏÂÊÅÃÔÉÖÅ ÆÕÎÃÔÉÏÎȟ Q, 

is obtained: 

i i j j ij j i i

i j i i

G n e n nl a g
å õ

Q= + - +æ ö
ç ÷

ä ä ä ä     (Equation 3.17) 

 

where il and ig are Lagrange multipliers. The minimum of this new function must now be 

obtained. Thus the objective function is partially differentiated with respect to the 

independent variables ( in , il and ig) and set equal to zero, resulting in the following: 

0 0i i ij i
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la g
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= Ý - + =
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ä       (Equation 3.18) 

0 0j i ij
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ä        (Equation 3.19) 

0 0i in g> Ú = (inactive)      (Equation 3.20) 

0 0i in g= Ú < (active)      (Equation 3.21) 

 

Equations 3.18 to 3.21 were solved at a given pressure and temperature using a reduced step 

Newton method. For all components the free energy of formation, fiG¯D , at 1 bara and at the 

temperature of interest was used. For gases, ideal behaviour was assumed and iG  was 

calculated from 

()

 gas phase

ln ln
1

i
i fi

i

i

nP
G G T RT RT

bara n

¯

Í

å õ
æ öå õ

= + Ö + Öæ ö æ ö
ç ÷ æ ö

ç ÷
ä

    (Equation 3.22) 

 

while solid species were assumed to have a fixed chemical potential at a given T  and P , 

thus 

()i fiG G T¯=          (Equation 3.23) 
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()fiG T¯D  was calculated from: 

() () ()fi fi fiG T H T T S T¯ ¯ ¯D =D - ÖD      (Equation 3.24) 

 

where the partial molar enthalpies and entropies were calculated from the enthalpies of 

formation at a reference temperature of 298 K. 

() ( ) ()
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     (Equation 3.25) 

and

 () 2 3

i i i i iCp T a b T c T d T= + Ö + Ö + Ö      (Equation 3.26) 

 

Equilibrium Constant  

The relationship between Gibbs free energy and the equilibrium constant is as follows: 

() exp rxn
a
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K T
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¯å õD
= -æ ö

ç ÷
       (Equation 3.27) 

 

where aK  is the equilibrium constant in terms of activity, rxnG¯D  is the standard Gibbs free 

energy of reaction and R  is the universal gas constant. aK  ÉÓ ÒÅÌÁÔÅÄ ÔÏ ÔÈÅ ÓÐÅÃÉÅÓȭ ÁÃÔÉÖÉÔÉÅÓ 

at equilibrium, 
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where ia  is the activity and iv  is the stoichiometric coefficient of species i , respectively. 

For a species in a gaseous mixture at low or moderate pressure the activity of the species can 

be simplified to 

1 1 

i i
i

y P P
a

bar bar
= =         (Equation 3.29) 

 

For pure solids the activity is equal to unity. 



Theoretical Study  

 

 Page 53 
 

Coal-derived syngas, which is composed of CO, H2 and CH4 is a frequently used fuel in 

chemical looping combustion processes. In these processes, metal oxide is first reduced with 

syngas and then regenerated with steam and/or air. Specifically, the reduction of metal oxide 

with CO can be written as: 

2
CO MO CO

z

y y
y y M

z z
+ ­ +  

 

The equilibrium constant is then defined as: 

2

1
                                                                                                                    (Equation 3.30)

y

CO

eq y

CO

P
K

P
=  

 

where P  is the total pressure or the partial pressure of a gaseous species. Similarly, the 

reduction reaction between metal oxide and H2 is: 

2 2
H MO H O

z

y y
y y M

z z
+ ­ +  

 

The equilibrium constant is 

2

2

2
                                                                                                                   (Equation 3.31)

y

H O

eq y

H

P
K

P
=

 

 

It is noted that when the reducing gas is a mixture of CO and H2, the reaction among CO, H2, 

H2O and CO2 also will take place: 

2 2 2
CO H O CO H+ ­ +  

 

The above water gas shift (WGS) reaction has the equilibrium constant of: 

2 2

2

3
                                                                                                             (Equation 3.32)

CO H

eq

CO H O

P P
K

P P
=  
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3eq
K  can be expressed in terms of 

1eq
K  and 

2eq
K  by combining equations to form: 

1

1

3

2

                                                                                                           (Equation 3.33)
y

eq

eq

eq

K
K

K

å õ
=æ ö
æ ö
ç ÷

 

 

Therefore, the overall thermodynamic equilibrium condition for a system composed of metal 

oxide, CO, H2 and their reaction products is determined by 
1eq

K  and 
2eq

K . It can also be shown 

that the molar fractions of CO and H2 exiting from the reducer, x , can be expressed by: 

2

2 2 2

                                                                                         (Equation 3.34)
CO H

CO H CO H O

P P
x

P P P P

+
=

+ + +
 

 

The initial CO fraction in the syngas 0
CO

f  can be derived as: 

( )00

1 1

1 2

1
                                                                                              (Equation 3.35)

1 1

COCO

y y
eq eq

ff
x

K K

-
= +

+ +

 

 

where x  represents the minimum amount of CO and H2 exiting from the reducing step and 

is an important parameter for the selection of particles as oxygen carriers. An ideal oxygen 

carrier particle should have a very small value of x . 

 

The general equation for the reduction of hydrocarbon can be written as: 

2 2

2 2
C H MO CO H O M

2 2 2x y z

x y y x y
x

z z

å õ å õ+ +
+ ­ + +æ ö æ ö
ç ÷ ç ÷

 

 

The equilibrium constant is defined as: 

2 2

2

                                                                                                              (Equation 3.36)

x y

y
x

CO H O

eq

C H

P P
K

P
=  
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reactions, the maximum equilibrium hydrocarbon conversion q at a given total pressure 
0

P  

can be expressed by the following equation: 

( )

2 1
2 2

0

1
2

2
                                                                      (Equation 3.37)

1 1 1
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q q
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+ -
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è øå õ
- + + -é ùæ ö
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Heat Balance 

The heat balance for a steady flow system is given by: 

( ) ( )fuel

E f i i i ifeed product
i i

Q H n H n H= + -ä ä      (Equation 3.38) 

 

where iH  is the partial molar enthalpy of species i  and 
fuel

fH  is the heat of formation of the 

fuel at 298 K. It should be noted that EQ  is defined with respect to the surroundings such that 

a negative value implies that heat must be supplied from the surroundings. 
fuel

fH  was 

calculated from the equation given by Li et al. (2001) as follows: 

( )327.63 1417.94fuel

fH HHV C H= - +      (Equation 3.39) 

 

where HHV  is the higher heating value of the fuel calculated from the equation given by 

Cordero et al. (2001): 

357.8 1135.6 54.9 119.5 85.4 974HHV C H N S O= + + + - -   (Equation 3.40) 

 

where , , ,C H N S and O  are the mass fractions of carbon, hydrogen, nitrogen, sulphur and 

oxygen in the fuel. The reactor was assumed to be isothermal, the outlet temperature of the 

product species was set and the model calculated the heat load required to maintain that 

temperature. The inlet temperature for all cases was assumed to be the same as the 
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temperature of the reactor. Thus, the energy required to heat the reactants was not 

considered. 

 

3.3 Oxygen Carrier Chemistry and Thermodynamics  

3.3.1 Iron Oxide  

The following are the reaction schemes for the reduction of iron oxide in syngas and 

pyrolysis gas at 800°C and for the oxidation of iron oxide in air at 800°C were calculated 

based on data found in NASA Glenn Thermodynamics Properties (McBride et al., 2002). 

 

Fe2O3 Ϲ πȢσσσ #/ ᴼ πȢφφχ &Å3O4 + 0.333 CO2     Reaction 3.1 

ɝ' Ѐ -33.9 kJ mol-1ȟ ɝ( Ѐ -12.5 kJ mol-1ȟ ɝ3 Ѐ ρωȢω * +-1 mol-1 

 

Fe2O3 + 0.333 H2 O  πȢφφχ &Å3O4 + 0.333 H2O     Reaction 3.2 

ɝ' Ѐ -33.8 kJ mol-1ȟ ɝ( Ѐ -1.25 kJ mol-1ȟ ɝ3 Ѐ σπȢτ * +-1 mol-1 

 

Fe3O4 + 0.8σς #/ ᴼ σȢρφψ &Å0.947O + 0.832 CO2     Reaction 3.3 

ɝ' Ѐ -3.7 kJ mol-1ȟ ɝ( Ѐ ρχȢφ Ë* ÍÏÌ-1ȟ ɝ3 Ѐ ρωȢω * +-1 mol-1 

 

Fe3O4 + 0.832 H2 O  σȢρφψ &Å0.947O + 0.832 H2O     Reaction 3.4 

ɝ' Ѐ -3.19 kJ mol-1ȟ ɝ( Ѐ τυȢω Ë* ÍÏÌ-1ȟ ɝ3 Ѐ τυȢψ * +-1 mol-1 

 

Fe0.947O + CO2 O  πȢωτχ &Å Ϲ #/       Reaction 3.5 

ɝ' Ѐ υȢττ Ë* ÍÏÌ-1ȟ ɝ( Ѐ -17.3 kJ mol-1ȟ ɝ3 Ѐ -21.2 J K-1 mol-1 

 

Fe0.947O + H2 O  πȢωτχ &Å Ϲ (2O       Reaction 3.6 

ɝ' Ѐ φȢρυ Ë* ÍÏÌ-1ȟ ɝ( Ѐ ρφȢψ Ë* ÍÏÌ-1ȟ ɝ3 Ѐ ωȢωρ * +-1 mol-1 

 

Fe2O3 + 0.111 CH4 O  πȢφφχ &Å3O4 + 0.111 CO + 0.222 H2O   Reaction 3.7 

ɝ' Ѐ -38.9 kJ mol-1ȟ ɝ( Ѐ ςσȢψ Ë* ÍÏÌ-1ȟ ɝ3 Ѐ υψȢτ * +-1 mol-1 
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Fe2O3 + 0.083 CH4 O  πȢφφχ &Å3O4 + 0.083 CO2 + 0.167 H2O   Reaction 3.8 

ɝ' Ѐ -37.7 kJ mol-1ȟ ɝ( Ѐ ρτȢχ Ë* ÍÏÌ-1ȟ ɝ3 Ѐ τψȢψ * +-1 mol-1 

 

Fe3O4 + 0.277 CH4 O  σȢρφψ &Å0.947O + 0.277 CO + 0.555 H2O   Reaction 3.9 

ɝ' Ѐ -15.9 kJ mol-1ȟ ɝ( Ѐ ρπψȢυ Ë* ÍÏÌ-1ȟ ɝ3 Ѐ ρρυȢω * +-1 mol-1 

 

Fe3O4 + 0.208 CH4 O  σȢρφψ &Å0.947O + 0.208 CO2 + 0.416 H2O   Reaction 3.10 

ɝ' Ѐ -12.8 kJ mol-1ȟ ɝ( Ѐ ψυȢψ Ë* ÍÏÌ-1ȟ ɝ3 Ѐ ωρȢω * +-1 mol-1 

 

Fe0.947O + 0.333 CH4 O  πȢωτχ &Å Ϲ πȢσσσ #/ Ϲ πȢφφχ (2O    Reaction 3.11 

ɝ' Ѐ -38.9 kJ mol-1ȟ ɝ( Ѐ ςσȢψ Ë* ÍÏÌ-1ȟ ɝ3 Ѐ υψȢτ * +-1 mol-1 

 

Fe0.947O + 0.25 CH4 O  πȢωτχ &Å Ϲ πȢςυ #/2 + 0.5 H2O    Reaction 3.12 

ɝ' Ѐ -9.06 kJ mol-1ȟ ɝ( Ѐ ωρȢω Ë* ÍÏÌ-1ȟ ɝ3 Ѐ ωτȢρ * +-1 mol-1 

 

0.947 Fe + 0.5 O2 O  &Å0.947O        Reaction 3.13 

ɝ' Ѐ -194.7 kJ mol-1ȟ ɝ( Ѐ -265.1 kJ mol-1ȟ ɝ3 Ѐ -65.6 J K-1 mol-1 

 

Fe0.947O + 0.131 O2 O  πȢσρφ &Å3O4       Reaction 3.14 

ɝ' Ѐ -48.5 kJ mol-1ȟ ɝ( Ѐ -79.7 kJ mol-1ȟ ɝ3 Ѐ -29.1 J K-1 mol-1 

 

Fe3O4 + 0.25 O2 O  ρȢυ &Å2O3        Reaction 3.15 

ɝ' Ѐ -43.5 kJ mol-1ȟ ɝ( Ѐ -122.3 kJ mol-1ȟ ɝ3 Ѐ -73.4 J K-1 mol-1  




































































































































































































































































































































