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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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Introduction

Chapter1 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).

World consumption
Millizn tonnes oil equivalent
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B Hydroelectricity 12000
0 Muclear energy
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Figure 1.1: World energy consumption from 1985 - 2010 in terms of million tonnes per
oil equivalent (BB, 2011)
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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.

1973 2009
iy 3I:i|cha-5 Biohuels
oo ond wske  Oghert Hydo ancwase -,
L8 106% g T
Mucksar Eﬁf;}c' dl/peo
0.9% T 7%

0a
ol ol
A6 J2EE

Figure 1.2: Comparison between consumption sources in 1973 and 2009 (BP, 2011)

There are many drivers governing the secure supply of energy. Different sources of energy
meet different needs - 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 (ASP],

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 - reducing energy poverty, providing the means for economic and social

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

Page 2



Introduction

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
billion in 2030. At the same time, the world’s average Gross 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):

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

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

* Snow cover and ice extent have decreased

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

* Increased precipitation and cloud cover at mid-high latitudes

e More severe and frequent occurrence of droughts

e 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 H20, CO2, CHs, N20, CFC’s and SFe. 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, COz, is a greenhouse gas that contributes to the
warming of the earth. COz is a naturally occurring gas that helps to regulate the temperature

on earth as COz 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 COz in the atmosphere has risen to such high levels in
the past few decades that the earth’s surface and lower atmosphere are warming at a high
rate. The temperature increase is believed to be associated with the fact that CO:z 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):

e Thawing of permafrost

e Reduced season of lake surface freezing

e Extension of mid latitude growing seasons

o Earlier flowering of plants

e Pole ward extension of plant and animal ranges

e 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
result in the extinction of many species and damage to some of the planets’ key habitats such
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 COz emissions, these following general routes were proposed (Yamsaki,
2003; Pacala and Socolow, 2004; IPPC, 2005):
e Increase the efficiency of energy conversion and increase the efficiency in energy
usage
» Increase the sequestering of COz from the atmosphere by extending biological sinks
such as afforestation
e Switching to fuels with a higher proportion of hydrogen to carbon than coal, e.g.
natural gas, nuclear and renewables
e Increasing the use of renewable energy and nuclear energy
e Capturing and storing the CO2 from the generation of energy
* Movement towards sustainable technologies and renewable energies which produce
less carbon dioxide
e Adaptation of lifestyles to reduce waste
e Enhancing carbon sinks such as forests by planting more trees and reducing the scale
of deforestation
e Tighter government regulations on areas such as energy production, construction
and transportation in order to improve energy efficiency
e Introduction of schemes such as carbon trading
e Imposing stricter conservation guidelines to help as far as possible to preserve and

enhance ecosystems and habitats
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e 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

e Preparing for future scenarios through programmes such as flood defences, stock
piling vaccine, city planning and refugee support

e 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; [EA, 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 COz. It is not feasible to capture COz 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 CO2z 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
S pages
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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 - 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).

COz2 capture will be utilized in the combustion industry to reduce CO2 emission. Separation
of CO2z 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 COz 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).

The UK’s Climate Change Act 2008 is a long-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):

e Offshore Gas Supply Infrastructure: This regulation allows private sector investments
to help maintain the UK’s energy supplies as the UK is expected to have to rely on
imported gas to meet about 80% of her energy demands by 2020.

e 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%.

» 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.

e 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).

e 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

Renewables Obligation was established in 2002. It is the UK government’s main act to
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
least 10% of the UK’s electricity demands from renewable sources but there are many

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. The carrier’s purpose is to

Page 10



Introduction

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.

N, O, CO,, H,O
MYO,

Air- Fuel-
reactor reactor
M»,o‘i-'l
Air Fuel

Figure 1.3: Chemical looping combustion flowsheet (Johansson, 2007)

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 (COz) 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:
e Understand the different analytical techniques used in characterising the metal oxide
particles as well as their potential limitations
e Characterise the morphological and compositional changes in the particles after
multiple reduction oxidation cycles
e Understand the effects of these changes on the performance of the metal oxide

particles

1.7 Layout of Thesis
e Chapter 1: Introduction
o Introduces the background of the research study, the problem statements and

objectives of this research study.

e Chapter 2: Literature Review
o Presents the different types of COz 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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e 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, Hz and CHa4) 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.

e 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.

e 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.

e 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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e 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.
e Chapter 8: Conclusions & Future Work

0 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 CO: 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:
e Post-combustion capture
e Pre-combustion capture

e Oxy-fuel combustion capture
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2.1.1 Post Combustion Capture
Post combustion capture is a process in which dilute COz 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 CO:z in the flue gas by ‘loading’ it. The
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).

O, compression

To sequestration

Absorber
T~ 550,
P~ 1 bar

Stripper
T~ 120°C,
P~ 2 bar

vy

Flue gasfrom

power station Reboiler

Compression

Figure 2.1: Amine scrubber flowsheet (Imperial, 2010)

Page 16



Literature Review

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 COz to produce limestone, CaCO3 via carbonation (Imperial,
2010).

Ca0 + COz2 < CaCos3 (Reaction 2.1)

Limestone is then heated up to release the CO:z 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 CO:2 in reaction. Adding quicklime into the reaction will enhance the
production of hydrogen from coal, oil or natural gas (Imperial, 2010).

H20 + CO & Hz + 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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Figure 2.2: Calcium looping flowsheet (Imperial, 2010)

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 CO2z to produce cement (Imperial, 2010).

Other forms of post combustion capture are focusing on cryogenically solidifying CO2 from
the flue gases; removing COz with solid adsorbents; and passing CO2 through a membrane.
Post combustion capture requires an additional energy input of about 20-30% compared to
plants without the COz 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).

~—
é
=

. =3
2

B

- ‘l«\—" 3

(arbon diaxide (C02)
to storage

Figure 2.3: Post combustion capture technology (SCCS, 2008)
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Figure 2.4: Post combustion capture techniques (SCCS, 2008)
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2.1.2 Pre-Combustion Capture

Pre-combustion capture is a process in which COz 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 Hz 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 Hz and convert CO into CO2 (Imperial, 2010).

H20 + CO & Hz + 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 Hz. The separated H2 will then be combusted in a gas turbine (or would
be used in a fuel cell), while CO2 will 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 90-95% 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
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varying electricity generation market requirement and, as such, base load is normally

preferred (SCCS, 2008).

C0O,to
sequestration

Coal

Gasifier
CO, separation

Desulphurisation
Water-Gas Shift

H,, CO, HyO

Oxygen

Figure 2.5: Hydrogen Production Flowsheet from Integrated Gasification Combined
Cycle (IGCC) (Imperial, 2010)

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).

fteam (H20) grmag;onde (02)
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Figure 2.6: Pre combustion capture technology (SCCS, 2008)
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Figure 2.7: Pre combustion capture technique (SCCS, 2008)

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 COz by condensation (SCCS, 2008). Figure 2.8

illustrates a simple configuration of an oxyfuel combustion system.

> CO,to
seguestration
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{from Air
separation
unit)

Coal

Figure 2.8: Oxyfuel combustion flowsheet (Imperial, 2010)
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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).
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Figure 2.9: Zero emission coal technology (ZECA) flowsheet (Imperial, 2010)

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+ 2Hz2 & CHa4 AH =-75 k] mol! (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).

Page 23



Literature Review

Besides that, the water gas shift reaction (Reaction 2.2) is used to maximise the hydrogen

concentration of the gas (Imperial, 2010).

CH4 + H20 (g) « CO + 3H2 AH = +206 k] mol-! (Reaction 2.4)
CO + H20 (g) « CO2 + H2 AH = -41 k] mol-1 (Reaction 2.2)
Ca0 + CO2 & CaCOs3 AH =-179 k] mol! (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 COz removal from the reaction mixture.
The resulting shift in equilibrium of the shift reaction (Reaction 2.2) will ensure that the
concentration of Hz 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 CO:z and the equilibrium controlled inability of CaO to bind CO: 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 CaCOs. 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).

to storage EXE

Figure 2.10: Oxyfuel combustion capture technology (SCCS, 2008)
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Figure 2.11: Oxyfuel combustion capture technique (SCCS, 2008)
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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
material. The carrier’s purpose is to transfer oxygen from the combustion air 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:

N, O, CO,, H,0O
Myo,

Air- Fuel-
reactor reactor
MT.OH
Air Fuel

Figure 2.12: Chemical looping combustion flowsheet (Johansson, 2007)

Downer: (2n+m)MyOx + ChH2m = (2n+m)MyOx-1 + mH20 + nCO2  (Reaction 2.5)
Riser: (2n+m)MyOx-1 + (n+0.5m)02 = (2n+m)MyOx (Reaction 2.6)
Overall: CnH2m + (n+0.5m)02 - mH20 + 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 COz2 and steam can be condensed such that CO2z 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 Reduction 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 Recyclability 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

particle’s composition and 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 etal,,

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 Impregnation

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 Dissolution

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 defined as ‘the preparation of ceramic materials by preparation
of a sol, gelation of the sol, and removal of the solvent’ (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 supportin
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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Table 2.1: Oxygen carrying capacity for different metal/metal oxide pairs (Hossain and

de Lasa, 2008)
Metal Oxide | Moles of 02/mole metal
NiO/Ni 0.5
CuO/Cu 0.5
Cu20/Cu 0.25

Fe203/Fe304 | 0.083
Mn203/MnO | 0.25
Mn30s4/MnO | 0.17

Co304/Co 0.67
Co0O/Co 0.5
— 0.30

0.21 0.21
0.20

0.1

Ratio of free oxygen

NiO-Ni
Co0-Co |
CuO-Cu
Cu,0-Cu
Fe,0,Fe |

Mn;O,-MnO |

o,
()
%
o,
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Figure 2.13: Amount of active material for different unsupported oxygen carriers
(Johansson, 2007)

Page 36



Literature Review

60 T T T y
M,0,/M,0, |
#-_#,9 MnOy/Mn,0,
—
ol Ir/"?/ ‘._______d.b Mn,05/Mns0; |
__7 -..:- s £ Cu0/Cu,0
g o CO_;OJ/COO -
. - Cu,0/Cu
» b ;_:t.‘_.;t-:——_f:’* Fe,0Fe;0;
o ° Mn;04/MnO
8 Y . e ———— g NiONi
E T ——— co0iCo
) e ﬁ?‘.ﬁ._ ‘_—::‘-QFF'?!()J(FEQNJ.Q. o
FCo_gJ:r()/FC
20 - \ 1
T~ MaOMn
a 1 4 1 4 1 a
6.0E-4 8.0E-4 1.0E-3 1.2E-3 14E-3
1T (1/K)
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different metal oxide systems (Mattisson and Lyngfelt, 2001)
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Figure 2.15: Conversion of CHs to CO: as a function of temperature for different oxygen
carriers (Mattisson and Lyngfelt, 2001)
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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 COz 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 02 or a mixture of Oz and
COg, to ensure that the syngas is mainly CO and Hz, 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 ti, 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 COz 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 tz, until the inventory of char is sufficiently
small. At the end of tz, 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 COz2 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/m3) compared with the oxygen carrier
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particles (density >5000 kg/m?3). The fly ash and unburned carbon are entrained out of the

separation section as ‘flue gas 2’ and enter ‘cyclone 2’ for clean-up. The flue gas after

separation by cyclone is a nitrogen-free gas with CO2, H20, CO and Ha.
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Figure 2.16: System configuration for the pilot-scale chemical looping combustion
process of solid fuels (Cao and Pan, 2006; Cao et al., 2006)
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Figure 2.17: Principal layout of the fuel reactor with the particle circulation directions
(Berguerand and Lyngfelt, 2008)

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. [Imenite 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 exhaust from the fuel reactor is by adding an ‘oxygen polishing’
step downstream where, after the fuel reactor cyclone, pure oxygen is injected into the gas

flow to fully oxidize the combustibles to COz and H20 (Berguerand and Lynfelt, 2008).
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Chapter3 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).

Ap-A =W =(AL, )(1-&, ){(ps - p, )ﬂ (Equation 3.1)
f_p = (1—gmf )(ps — Py )& (Equation 3.2)

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 not change a great deal as the gas initially flows through it. A pressure drop, AP, caused
by the loss of mechanical energy due to the friction between the particles and gas can be
observed (van Swaaij and Prins, 1986). As the gas velocity, the AP across the 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):

1-¢ ) - u?
Ap o _gsp=in) sty g gl At (Equation 3.3)
L c 3 2 3 d

Em (¢sdp) Em ¢s p

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).

L75 [dpumfpg j2+150(1_6mf)[dpumfpg]: dipg (ps _/79)9

3 2.3 2
sgmf :u ¢s gmf :u /1

(Equation 3.4)

The distributor plate and the rest of the system are usually designed for a specific AP (van
Swaaij and Prins, 1986). Once incipient fluidization is achieved, however, the AP does not
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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Figure 3.1: Pressure drop against gas velocity for a bed of uniformly sized particles
(Kunni and Levenspiel, 1977)

Terminal Velocity, Transport Disengagement Height and Elutriation

The gas flow rate through a fluidized bed is limited on one hand by umr 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:

. {49%(/?5/09)}

30,Cyq

N~

(Equation 3.5)

For both spherical and nonspherical particles the terminal velocity ut can be obtained from
Figure 3.2, an experimental correlation of dimensionless groups CaRep? versus Rep (Kunii &

Levenspiel, 1977), where:

0 (Equation 3.6)
Y7,
And the velocity independent group (Kunii & Levenspiel, 1977):

_ 4gd§pg (ps _pg)
3u°

C, Re}, (Equation 3.7)
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An alternate way of finding u: for spherical particles uses analytic expressions for the drag

coefficient C4 (Kunii & Levenspiel, 1977).

24
Cd,spherical = R_ep Rep <04
c - 0.4<Re, <500

d,spherical = 12
Re}

C =0.43 500 < Re,, <200000

d,spherical

Replacing the values of C4 obtained into Equation 3.7 gives analytic expressions for ut (Kunii

& Levenspiel, 1977):

9(p.—py)d?

ut,spherical = 18/1 Re b <0.4
- 1
2 2 13
U, spherical — 4 (ps P ) : d p 04< Rep <500
’ 225 PyH
13.19(p, - p, )d
ut,spherical = ] (ps Py ) P 500 < Rep < 200000
Py

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/umf 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/umf may be calculated

directly via:
For fine solids, Rep < 0.4: Ut/umf=91.6
For large, solids, Rep > 1000: Ut/umf=9.16
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The ratio ut/umf is usually between 10:1 and 90:1 and is one indication of the flexibility of
possible operations. The ratio ut/ums 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
described by Darcy’s law. However, after the fluidisation point, two very distinct types of
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 - 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:
u2
Fr=_" (Equation 3.8)
X9
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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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
minimisation 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.

dG=0 (Equation 3.10)

where the total Gibbs free energy is given by:

G= Zéi n (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, G;, and the number of moles of species i, ;. At a given temperature,

T , and pressure, P, the partial molar free energy of species | can be expressed as follows:

G, =G’ +RTIn [%J (Equation 3.12)
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where Gio is the standard molar Gibbs free energy of the pure species I and fi/ fio 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 considered to be ‘ideal’ at

the reference state, so fio can be replaced with P° (the referenced pressure). Furthermore,

fi =VY.P@  where Y, is the mole fraction of species i and @, 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,

nP
G:Z[Gi0+RT In[ ' OD-ni (Equation 3.13)

ntot P

where N; is the number of moles of species I and N the total number of moles in the

system. Differentiating Equation 3.13 results in:

dG = Z:nidC_Ei +Z:C_5idni =0 (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:

Zaij n—e; =0 (Equation 3.15)

where @ is the total number of atoms of element j in species I,and €, is the total number

of moles of element | in the mixture. Secondly, to avoid negative concentrations of species,

a non-negativity constraint is imposed on the solid species, i.e.:

n =0 (Equation 3.16)
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Combining Equations 3.11, 3.15 and 3.16 results in a constrained minimisation problem.

Using Lagrange’s method of undetermined multipliers, the following objective function, ®,

is obtained:

®=Z(§ini+z/1j (ej —Zaijnjj+2yini (Equation 3.17)
i j i i

where ﬂf, and }; 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 (N;, ﬂf, and 7; ) and set equal to zero, resulting in the following:

00

E:O:Gi _Z,llaij +7,=0 (Equation 3.18)
i j

00

—=0=e,-> AN, =0 (Equation 3.19)
04 j

n>0&y =0 (inactive) (Equation 3.20)
n = 0 Vi < 0 (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, AC_S;, at 1 bara and at the
temperature of interest was used. For gases, ideal behaviour was assumed and G; was
calculated from

j+ RT -In —zni (Equation 3.22)
n,

ie gas phase

G =C_5:i(T)+RT-In[
lbara

while solid species were assumed to have a fixed chemical potential at a given T and P,
thus

G :C_;;i (T)

(Equation 3.23)
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AG, (T) was calculated from:

AG;(T)=AH;(T)-T-AS,(T) (Equation 3.24)

where the partial molar enthalpies and entropies were calculated from the enthalpies of

formation at a reference temperature of 298 K.

)
Hi(T)=AH (T )— [ Cp,(T)dT (Equation 3.25)
and

Cp(T)=a+b T+c -T?+d,-T° (Equation 3.26)

Equilibrium Constant

The relationship between Gibbs free energy and the equilibrium constant is as follows:

K. (T)= exp(—%) (Equation 3.27)

where K, is the equilibrium constant in terms of activity, AG:Xn is the standard Gibbs free

energy of reaction and R is the universal gas constant. K, is related to the species’ activities

at equilibrium,

T ar...
Ka(T):l;[ai =

— (Equation 3.28)
a,as...

where @, is the activity and V; 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
a = /L (Equation 3.29)
' 1lbar 1lbar

For pure solids the activity is equal to unity.
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Coal-derived syngas, which is composed of CO, Hz and CHa4 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:

y0+Z Mo - yc0,+L M
A A

The equilibrium constant is then defined as:
y
o,

eql = v
Fo

(Equation 3.30)

where P is the total pressure or the partial pressure of a gaseous species. Similarly, the

reduction reaction between metal oxide and Hz is:

H,+ZMo > H0+L M
Z A

The equilibrium constant is

PJ’
H,0 .
2™ py (Equation 3.31)

,

It is noted that when the reducing gas is a mixture of CO and Hz, the reaction among CO, Hz,

H20 and CO2 also will take place:
C0+H,0—(C0,+H,

The above water gas shift (WGS) reaction has the equilibrium constant of:
_fo
eq3 - P P

o’ 1O

(Equation 3.32)
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K, , can be expressed in terms of K, and K_, by combining equations to form:
q3 eql eq2

K

eq?2

K,V
_ eq .
K, .= — (Equation 3.33)

Therefore, the overall thermodynamic equilibrium condition for a system composed of metal

oxide, CO, Hz and their reaction products is determined by I(Eq1 and Keqz .It can also be shown
that the molar fractions of CO and Hz exiting from the reducer, x, can be expressed by:
ev+eg

X =
PCO + PH2 + PCOZ + PH20

(Equation 3.34)

The initial CO fraction in the syngas fcoo can be derived as:

0 1-£2
X = feo - ( CO) (Equation 3.35)

1 1

1+KY. 1+K”
eql eq2

where x represents the minimum amount of CO and H: 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:

CH +| 2 Mo, »xco,+ LH0+| 21 M
7 2z i 2 2z

The equilibrium constant is defined as:

Y
P P2

K, =" (Equation 3.36)
TR
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Without considering other reactions such as the Boudouard’s reaction and reforming
reactions, the maximum equilibrium hydrocarbon conversion § at a given total pressure £,

can be expressed by the following equation:

7

e (yj 2 6x+%[ﬁx+%—l
2
K=

y (Equation 3.37)
x+—-1
2
(1 —9){“9(“}’—1}}
2
Heat Balance
The heat balance for a steady flow system is given by:
Q =HM+2 (nH) ., ~2(nH )product (Equation 3.38)

where |'_|i is the partial molar enthalpy of species | and H ffuel is the heat of formation of the

fuel at 298 K. It should be noted that QE is defined with respect to the surroundings such that

a negative value implies that heat must be supplied from the surroundings. H ™ was

calculated from the equation given by Li et al. (2001) as follows:

H ' = HHV —(327.63C +1417.94H ) (Equation 3.39)

where HHV is the higher heating value of the fuel calculated from the equation given by
Cordero etal. (2001):
HHV =357.8C +1135.6H +54.9N +119.5S —85.40 - 974 (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).

Fe203 + 0.333 CO — 0.667 Fe304 + 0.333 CO2 Reaction 3.1
AG =-33.9 k] molt, AH =-12.5 k] mol-1, AS = 19.9 | K-1 mol-?

Fe203 + 0.333 H2z —» 0.667 Fe304 + 0.333 H20 Reaction 3.2
AG =-33.8 k] mol}, AH =-1.25 k] mol-1, AS = 30.4 ] K- mol-!

Fe304 + 0.832 CO — 3.168 Feo9470 + 0.832 CO2 Reaction 3.3
AG =-3.7 k] molL, AH = 17.6 k] mol-L, AS = 19.9 ] K1 mol-!

Fe304 + 0.832 Hz — 3.168 Feo.9470 + 0.832 H20 Reaction 3.4
AG =-3.19 k] mol-, AH = 45.9 k] mol-L, AS = 45.8 ] K- mol-!

Feo.9470 + CO2z = 0.947 Fe + CO Reaction 3.5
AG =5.44 k] mol1, AH =-17.3 k] mol-1, AS =-21.2 ] K1 mol-1

Feo.9470 + H2 —» 0.947 Fe + H20 Reaction 3.6
AG = 6.15 k] mol1, AH = 16.8 k] mol-1, AS =9.91 ] K-1 mol-!

Fe203 + 0.111 CH4 = 0.667 Fe304+ 0.111 CO + 0.222 H20 Reaction 3.7
AG =-38.9 k] mol1, AH = 23.8 k] mol-1, AS = 58.4 ] K-1 mol-!
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Fe203 + 0.083 CH4 — 0.667 Fe304 + 0.083 CO2 + 0.167 H20 Reaction 3.8
AG =-37.7 k] mol-1, AH = 14.7 k] mol-1, AS = 48.8 ] K- mol!

Fe304 + 0.277 CH4 = 3.168 Feo.9470 + 0.277 CO + 0.555 H20 Reaction 3.9
AG =-15.9 k] mol1, AH = 108.5 k] mol-1, AS=115.9 ] K-1 mol-!

Fe304 + 0.208 CH4 — 3.168 Feo.9470 + 0.208 COz2 + 0.416 H20 Reaction 3.10
AG =-12.8 k] mol1, AH = 85.8 k] mol-1, AS=91.9 ] K1 mol-1

Feo.9470 + 0.333 CHs — 0.947 Fe + 0.333 CO + 0.667 H20 Reaction 3.11
AG =-38.9 k] mol-, AH = 23.8 k] mol-L, AS = 58.4 ] K- mol-!

Feo.9470 + 0.25 CH4 — 0.947 Fe + 0.25 COz + 0.5 H20 Reaction 3.12
AG =-9.06 k] mol1, AH = 91.9 k] mol-1, AS = 94.1 ] K-1 mol-!

0.947 Fe + 0.5 02 —» Feo0.9470 Reaction 3.13
AG =-194.7 k] mol1, AH = -265.1 K] mol-1, AS =-65.6 ] K1 mol-!

Feo0.9470 + 0.131 02 —» 0.316 Fe304 Reaction 3.14
AG =-48.5 k] mol1, AH =-79.7 k] mol1, AS =-29.1 ] K1 mol-!

Fe304 + 0.25 02 - 1.5 Fe203 Reaction 3.15
AG =-43.5 k] mol}, AH =-122.3 k] mol-1, AS =-73.4 ] K- mol-!
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Figure 3.2: Ellingham diagram for the reduction of iron oxide

Page 58



Equilibrium Constant

100

10

0.1

800

850

900

950

1000 1050 1100
Temperature, K

Theoretical Study

Fe,0,+0.333H, >
0.667 Fe,0, +0.333 H,0

Fe,0, +0.333 Co->
0.667 Fe304 +0.333 co,

1150 1200 1250 1300

Figure 3.3: Equilibrium ratio for the reduction of iron oxide in syngas
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Figure 3.4: Equilibrium constant for the reduction of iron oxide with methane
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Figure 3.2 shows the Ellingham diagram for the reduction of iron oxide with syngas and
methane. Figure 3.2 illustrates the feasibility for the reaction to occur at a particular reaction
temperature used in the reactor as a particular reaction is feasible if it has a AG < 0. The
reduction of iron oxide in syngas can be seen in Figures 3.2 and 3.3. It can be seen from both

figures that Fe203 can be easily reduced to Fe304 in the presence of syngas. Besides that,
Fe304 can be sustained in the reactor if the equilibrium ratio of R, / P, is above 1. Being

able to sustain the reduction of Fe203 to Fe304 reduces the undesirable effects such as
particle agglomeration, particle unable to regenerate back to its original oxidation form,
enhanced rate of attrition due to the fragmented nature of the reduced iron oxide especially
at its lowest oxidation form (Fe) and carbon deposition on iron oxide if Fe203 is reduced to
Feo.9470 or Fe. However, this will increase Fe203 loading in the reactor in order to achieve
similar amount of reduction. Figure 3.3 also highlights the fact that Fe304 and Feo.9470 can be
sustained in their particular state without undergoing further reduction that will reduce

them to a lower oxidation form if desired. This is because Fe203, Fe304, Feo.9470 and Fe have
their own equilibrium ratio of Pcoz / P., regions which can be easily distinguish from one

another.

The reduction of iron oxide in methane can be seen in Figures 3.2 and 3.4. It can be seen from
both figures that Fe203 can be easily reduced to Fe304 in methane. However, at low reaction
temperatures, Fe304 does not further reduce into Feo.9470 or Fe due to the positive AG values.
At higher temperatures, Fe203 can be easily reduced to Feo.9470 or Fe due to the close
proximity of the AG values of these reactions as well as the equilibrium constant regions of
Fe20s3, Fe304, Feo.9470 and Fe at high temperatures. It was calculated from Equation 3.37 that
a90% conversion of CH4 at 1 bar requires an equilibrium constant of 3.7 bar? whereas a 98%
conversion of CH4 at 1 bar requires an equilibrium constant of 49 bar2. From Figure 3.3, it
can thus be deduced that Fe203 can be reduced easily to Feo.9470 at operating conditions used
in chemical looping combustion. This has a major influence in the reduction of iron oxide
with solid fuels as the pyrolysis of solid fuel produces CO, H2 and CH4 thereby causing Fe203

to be reduced to a lower oxidation form than intended.
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3.3.2 Copper Oxide
The following are the reaction schemes for the reduction of copper oxide in syngas and
pyrolysis gas at 800°C and for the oxidation of copper oxide in air at 800°C were calculated

based on data found in NASA Glenn Thermodynamics Properties (McBride et al., 2002).

CuO +0.5C0O - 0.5 Cuz0 + 0.5 CO2 Reaction 3.16
AG =-79.9 k] mol1, AH =-75.4 k] mol1, AS =4.16 ] K1 mol!

CuO + 0.5 H2 - 0.5 Cuz20 + 0.5 H20 Reaction 3.17
AG =-79.5 k] mol1, AH = -58.4 k] mol1, AS =19.7 ] K1 mol!

Cuz0 + CO —» 2 Cu + CO2 Reaction 3.18
AG =-98.9 k] mol1, AH =-115 k] mol1, AS =-15 ] K1 mol-?

Cuz0 + H2 —» 2 Cu + H20 Reaction 3.19
AG =-98.2 k] molt, AH =-81 k] mol1, AS = 16.1 ] K1 mol1

CuO + 0.167 CH4 = 0.5 Cuz0 + 0.167 CO + 0.333 H20 Reaction 3.20
AG =-87.1 k] mol1, AH =-20.8 k] mol'}, AS = 61.8 ] K1 mol'!

CuO + 0.125 CH4 - 0.5 Cuz0 + 0.125 CO2 + 0.25 H20 Reaction 3.21
AG = -85.3 k] mol-, AH = -34.5 k] mol-%, AS = 47.4 ] K- mol-!

Cuz20 + 0.333 CH4 » 2 Cu + 0.333 CO + 0.667 H20 Reaction 3.22
AG =-113.4 k] mol1, AH =-5.79 k] mol'1, AS = 100.3 ] K1 mol-!

Cuz20 + 0.25 CH4 —» 2 Cu + 0.25 COz + 0.5 H20 Reaction 3.23
AG =-109.8 k] mol1, AH =-33.1 k] mol-1, AS = 71.5 ] K-1 mol-!

Page 62



Theoretical Study

Cu+ 0.25 02 - 0.5 Cuz0 Reaction 3.24

AG = -45.2 k] mol-%, AH = -83.7 k] mol%, AS = -35.9 ] K- mol-1

Cu20 +0.502— 2 CuO Reaction 3.25

AG =-29.5 k] mol1, AH =-131.5 k] mol-1, AS =-95.1 ] K1 mol-1
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Figure 3.5: Ellingham diagram for the reduction of copper oxide
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Figure 3.7: Equilibrium constant for the reduction of copper oxide with methane

Page 65



Theoretical Study

Figure 3.5 shows the Ellingham diagram for the reduction of copper oxide with syngas and
methane. Figure 3.5 illustrates the feasibility for the reaction to occur at a particular reaction
temperature used in the reactor as a particular reaction is feasible if it has a AG < 0. The
reduction of copper oxide in syngas can be seen in Figures 3.5 and 3.6. It can be seen from
both figures that CuO can be easily reduced to Cuz0 and Cu in the presence of syngas. Besides
that, Figure 3.6 also highlights the difficulty to sustain the reduction of CuO in a way that it

will only reduce to Cuz0 due to the highly negative AG value as well as the high equilibrium

ratio of Ry, / P., required to sustain Cuz0 at its oxidation form. As a result, it is difficult to

verify if the reduction of CuO will go through the intermediate step to Cuz20 before Cuz0 is
further reduced to Cu. However, without being able to sustain the reduction of CuO to Cuz0
increases the undesirable effects such as particle agglomeration, particle unable to
regenerate back to its original oxidation form, enhanced rate of attrition due to the
fragmented nature of the reduced copper oxide especially at its lowest oxidation form (Cu)

and carbon deposition on copper oxide if CuO is reduced Cu.

Some of these issues can be solved by introducing a support such as alumina into the metal
oxide during the preparation of the metal oxide. This is due to the fact that support does not
react with the reducing or oxidising agents. As a result, they help maintain the form or

integrity of the metal oxide during reduction and oxidation.

Figures 3.6 and 3.7 depict the strength in using copper oxide as oxygen carrier for chemical
looping combustion. This is due to the relative ease for copper oxide to convert syngas and
hydrocarbons into carbon dioxide and steam at relatively low temperatures. It was
calculated from Equation 3.37 that a 90% conversion of CHs at 1 bar requires an equilibrium
constant of 3.7 bar? whereas a 98% conversion of CHs4 at 1 bar requires an equilibrium
constant of 49 bar2. From Figure 3.7, it can be seen that nearly all CH4 present in the pyrolysis

gas will reduce CuO to Cu at relatively low operating temperatures.
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3.4 Particle Reaction Mechanism

In most studies of the reduction and oxidation of metal oxides, it is assumed that the gas-

solid reaction is carried out in the following steps:

Step 1: Diffusion and/or convection of gaseous reactant across the gas film to the surface of
the particle

Step 2: Diffusion of gaseous reactant through the pores of the particle

Step 3: Adsorption of the gaseous reactant onto the reactive pore surface

Step 4: Chemical reaction on the pore surface

Step 5: Desorption of gaseous product from the pore surface

Step 6: Diffusion of gaseous product out of the particle

Step 7: Diffusion and/or convection of gaseous product across the gas film to the bulk gas

phase.

Oxidation of Carbon Monoxide with Metal and Metal Oxides

The oxidation of carbon monoxide over metals is thought to follow either the Langmuir -
Hinshelwood mechanism or the Eley - Ridel mechanism whereas the oxidation of carbon
monoxide over metal oxides is thought to follow the Mars and van Krevelen mechanism.
When the reaction mechanism follows the Langmuir - Hinshelwood route, the reaction
pathway is as follows (Iablokov, 2011):

02 + 2* - 2 Oads

CO + * - COads

COads + Oads = CO2 + 2*

where * depicts a free site on the metal surface. Carbon dioxide formed is only weakly
adsorbed and as a result, it will not affect the rate substantially as it is quickly desorbed into
the gas phase. Langmuir - Hinshelwood mechanism does not involve the formation of
surface carbonate species as intermediates. The rate of reaction will then be proportional to

the surface coverage of Oads and COads (Iablokov, 2011).
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Eley-Ridel mechanism is the preferred route when the gas phase carbon monoxide reacts
directly with the adsorbed oxygen (Iablokov, 2011).

02 + 2* > 2 Oads

CO (g) + Oags » COz2 + *

Mars and van Krevelen (1954) suggested that the oxidation of carbon monoxide with metal
oxides follows a stepwise mechanism. In the first stage, the reactant is oxidized by surface
lattice oxygen in the metal oxide. This will create an oxygen vacancy that will reduce the
neighbouring metal ions into a lower oxidation state. In the second stage, the surface metal
atoms are reoxidised by gas-phase oxygen.

CO + Ocat = CO2,ads + *

COz,ads » CO2 (g)

0.502+* > Ocat

where * depicts an oxygen vacancy and Ocat is a surface lattice oxygen. The oxidation of
carbon monoxide with metal oxides will thus occur via a redox mechanism whereby the
metal ion will undergo changes in its oxidation state. Surface carbonates may form as
intermediate products on the surface of the metal oxide particles during the carbon
monoxide oxidation process. Holmgren (1998) reported the formation of unidentate
carbonate, bidentate carbonate, inorganic carboxylatenand bridged carbonate when CeO:2
was exposed to carbon monoxide at room temperature. It is possible to detect these surface

carbonates via an infrared spectroscopy (Davydov, 1990).

However, some studies have shown that the Mars and van Krevelen mechanism does not
account for the entire reduction process and suggested that the mechanism for the reduction
of metal oxide is due to a combination of a few mechanisms (Kromer, 2008; Vannice, 2007;

Soto, 2007).
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Jansson (2000) found in his isotope exchange study on the oxidation of CO with Co304
supported on y-Al203 at room temperature that oxygen participating in the reaction comes
from oxygen bound onto the cobalt oxide surface. He suggested the following mechanism for
the redox process:

e (CO(g) is adsorbed on an oxidised cobalt site (Co3*).

e The adsorbed CO reacts with an oxygen linked to the active Co3*. CO2 is formed
and desorbs quickly resulting in a partially reduced site. The partially reduced site
may consist of two Co2* ions or may be regarded as an oxygen vacancy.

e The partially reduced site can either be reoxidised by gas-phase oxygen to an
active Co3* site or a CO can adsorb to the site and thus deactivate it. It is possible
that the adsorbed CO thereafter undergoes dissociation or reacts with another CO
to form CO2 and C (CO disproportionation).

e Gas-phase COz can react with the oxidised surface to form a carbonate species.

The carbonate may exchange oxygen with the surface and desorb as CO2 again.

Fan and his colleagues (2010) found that there is a significant decrease in pore volume after
the first redox cycle and that this does not affect the reactivity of the iron oxide supported
on titanium oxide particle thereby suggesting a different gas-solid reaction mechanism and
that the pore structure and pore volume of the particles does not affect the reactivity of the

particle in a significant factor.

Fan and his colleagues (2010) championed the idea of ionic diffusion as the main mechanism
for the reduction of supported metal oxide particles in a chemical looping combustion
system. lonic diffusion occurs due to the defects formed in the support crystal structure in
the presence of metallic ions. The introduction of metal oxide into its support can cause
either lattice substitution defects or interstitial addition defects in the support crystal
structure. In their study with iron oxide supported on titanium oxide, they found that the
particle forms a close packing structure of the lattice. Besides that, they found that the atomic
radius of the metallic ion and ionic form of the support are quite similar and as a result, it

can be assumed that lattice substitution is preferred over interstitial addition. During this
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mechanism, oxygen ion is vacated in order to achieve electrical neutrality in the crystal
structure. The resulting oxygen ion vacancies will create point defects in the crystal
structure, if the vacancy concentration is lower than a critical concentration. When the
vacancy concentration is higher than the critical concentration other defects such as shear
planes will occur. These vacancies will improved ionic diffusivity as oxygen ions will be able

to diffuse through the crystal structure via the oxygen vacancies.

Such diffusion will be limited severely in pure metal oxide where such vacancies in the
crystal lattice are absent. In pure metal oxides, alternative mechanisms for oxygen to diffuse
out of the particle include anionic substitution and interstitial migration have been
suggested. The activation energy for these diffusion mechanisms however will always be
higher compared with supported metal oxide whereby an oxygen diffusion path may readily

exist (Fan, 2010).

Surface melting is another possible reaction mechanism between metal oxide and pyrolysis
gases. Criterions for surface melting include (van der Veen, 1999):

e For metals and metal oxides, complete surface melting (i.e. wetting by a diverging
melt thickness) occurs on crystal faces with open atom packing. Densely packed
crystal faces are generally non-melting, i.e. remain completely dry. Metallic surfaces
with intermediate atom packing density tend to exhibit incomplete melting (i.e.
wetting by a melt of microscopic thickness that does not diverge as Tm is approached).

e C(rystal faces vicinal to a non-melting orientation may exhibit faceting into a dry
surface orientation and a wet surface orientation.

e The melted layer is a quasi-liquid; it always retains some of the order of the crystal
underneath.

e Surfaces of covalently bonded crystal are more likely to exhibit incomplete surface
melting than surfaces of metallic crystals. Noble-gas crystals and other weakly

bonded crystals also show complete surface melting for dense packing of atoms.
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This mechanism is championed by Siriwardane and his colleagues (2010) for use in chemical
looping combustion. They observed from their studies that metal oxide sinters at low
operating temperatures and that the surface of the metal oxide appears to be progressively
smoother as the operating temperature is increased. As a result, they suggested that when
carbonaceous comes in contact with the surface of the metal oxide particles, the surface of
the metal oxide structure is optimized for the reaction to occur. This is done by reducing the
bond length between the metal atom and the oxygen atom. The increase in bond length on
the surface of the metal oxide reduces the bond strength between the atoms on the surface
of the metal oxide thereby reducing the melting point on the surface due to the lower
activation energy required for the reaction to occur. When this happens, the surface of the
metal oxide will transform into a quasi-liquid layer structure which will allow oxygen atoms
to diffuse to the surface of the metal oxide much more easily and that the reaction will take

place through the quasi-liquid layer formed.

3.5 Metal Oxide Deactivation

The activity and selectivity of metal oxides may change during the course of multiple
reduction and oxidation cycles due to either chemical or physical reasons or a combination
of both factors. However, sometimes a loss in the activity of the metal oxide will improve its
selectivity. For example, when zeolitic and acid catalysts such as Al203 undergo hydrocarbon
cracking, there is a possibility that they will lose some of their activity in the process.
However, this is counteract by an improvement in their ability to facilitate isomerisation
when they are exposed to nitrogeneous bases such as pyridine or quinolone (Maldonado

Hodar, 2009).

Catalyst deactivation can be caused by:
e Adecrease in the number of active sites
e A decrease in the quality of the active sites

e Degradation of accessibility of the pore space
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Poisoning

Poisoning occurs when the active sites on the metal oxide particle adsorbs impurities from
the surroundings leading to the active sites becoming inactive. This is a common appearance
when carbonaceous, sulphurous and lead species are present in the feed streams. This is
because metal oxides have the tendency to react with the carbon and sulphur species to form

metal carbide and/or metal sulphide.

Even though carbon, sulphur and lead are potential poisons, there is a possibility that the
poisoning effect is temporary rather than permanent. Permanent poisoning occurs when the
poison is strong and the process is not readily reversible whereas temporary poisoning
occurs when the adsorption of the poison is relatively weak and the process is reversible
such that the removal of the poison will restore the original catalytic activity of the metal

oxide.

Temporary poisoning might occur in chemical looping combustion whereby metal oxide and
its reduced form might react with the carbonaceous and sulphurous species present in the
bed to form metal carbide and/or metal sulphide. However, when the oxidation process is
conducted at a high temperature, there is the possibility that the metal carbide and/or metal
sulphide formed during the reduction stage will react with oxygen to form metal oxide and

carbon dioxide and/or sulphur dioxide.

Formation of Deposits

Deposits can form on the metal oxide surface physically or chemically. An example of
physical fouling is metal oxide fouling. Fouling occurs due to the nature of transition metal
oxide that causes the formation of undesired by-products during the reduction process.
These by-products might deposit on the surface of the metal oxide and block the active sites
and/or pores on the particle. An example of chemical fouling is coking. Coke is formed during
the chemical reactions of hydrocarbons at high temperatures. When large amounts of coke
are deposited on the surface of the metal oxide, this will result in the narrowing or blocking
of the metal oxide pores. This will reduce the ability of oxygen to diffuse to the surface of the

metal oxide (Maldonado Hodar, 2009).
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Thermal Degradation
Thermal degradation is a physical process caused by the high operating temperature in the
bed that will induced sintering, chemical transformation and evaporation. This will lead to

the deactivation of the metal oxide.

Sintering

Sintering is defined as the consolidation on heating of a loose mass of particles to a denser
mass. Sintering causes both the specific surface area and the porosity to decrease and the
density to increase. The Tammann temperature of the solid is about half its melting point

below which sintering does not occur to any appreciable extent.

Sintering occurs in three stages as shown in Figure 3.8. During the initial stage, growing
necks form and grow. In the intermediate stage, growing necks merge and the large numbers
of small particles are replaced by a smaller number of large particles. This stage produces
interparticle porosity whose surface may be inaccessible both to reactant gas during the
reaction and to the nitrogen used to measure the specific surface area. In the final stage of
sintering, the pore spaces become broken up with isolated closed pores remaining which

shrink in size as densification proceeds.

German and Munir (1976) proposed a model of the interparticle neck shape during sintering.
They used this model to establish the kinetic dependence for the rate of surface area
reduction on the operative sintering mechanism. As a result, the mass transport process can
be identified via the kinetics of the specific surface area reduction. The neck-growth model

is in the form of:

[gj ~ Bt (Equation 3.41)

X . : . : . :
= ratio of interparticle neck radius to the particle radius

a

B = constant (includes particle size, temperature and geometric term)

t = sintering time

n = mechanism-characteristic exponent dependent on the mass transport process
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[t was assumed that the interparticle neck shape was formed via a torus of radius r as shown
in Figure 3.9. For small neck sizes such an approximate neck shape has little influence on the
result. The significant point of Equation 3.41 represents sintering driven by the curvature
gradient in the neck region. Thus initial sintering does not result from excess energy but

rather from the chemical potential gradient produced by the varying mean curvature.

Equation 3.41 can be recast to give surface area reduction for the case of a small neck where
surface area loss with necking growth can be approximated as:

AS=S,-S =~ zr’ (Equation 3.42)

S =Surface area at a neck size of x

S, = Initial surface area

For compact of spherical powder, the initial surface area per interparticle contact is given
by:

3 Ara®
N

C

N, = Particle packing coordination number which is related to the density

Ss (Equation 3.43)
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Figure 3.8: Mechanism of sintering (Caillet and Harrisson, 1982)
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Figure 3.9: Interparticle neck shape: (1) Diffusion in gas phase; (2) Surface diffusion;

(3) Volume diffusion (Bailliez and Nzihou, 2004)

Page 75



Theoretical Study

Chemical transformations

Chemical transformations occur when metal oxide reacts with its support. This was observed
in this research study with copper oxide supported on alumina whereby copper aluminate
complexes were detected for the fresh and reacted copper oxide particles. This is because at
high temperatures, solid state diffusion occurs whereby the copper ion can diffuse easily into
the alumina support to form a spinel form of copper aluminate complexes. The spinel form
of the complexes will reduce the ability of oxygen to diffuse through the spinel structure to

react with the pyrolysis gases.

Evaporation

High temperature processes can also cause evaporation which will lead to the progressive
loss of the active phase of the metal oxide. This usually occurs in steam reforming and
catalytic combustion processes when platinum is used as a catalyst. This is because platinum
can react with oxygen at high temperatures in an oxygen containing environment to form

platinum oxide that will decompose at high temperatures.

The effect of evaporation in a chemical looping combustion process is minimal as the metal

oxides used in the process do not decompose easily.

Mechanical Deactivation

Mechanical strength in a metal oxide particle is important to provide it with some resistance
against attrition. In a fluidised bed reactor, attrition will always occur and fines generated
are easily carried away with the product flow. The mechanical strength of a metal oxide
particle is influenced by its shape and porosity. Even though a spherical shape metal oxide
particle is favourable due to its high porosity, it has a lower mechanical strength. Besides
that, the existence of macropores in the metal oxide particle will reduce its mechanical

strength as well.

Based on these observations and results obtained from the experimental results found in
this research study, the following hypotheses for the mechanism of interaction between
supported and non-supported metal oxide and ash were derived.
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3.6 Mechanism of Interaction between Metal Oxide with Coal and Ash

When metal oxide comes into contact with coal during the reduction stage, carbon and
hydrogen from coal will react with oxygen from the metal oxide to form carbon monoxide
and/or carbon dioxide and steam. When this occurs, carbon monoxide and/or carbon
dioxide and steam formed during the reaction will be liberated from the fluidised bed leaving
behind char, fly ash and mineral matters. Fly ash will elutriate from the fluidised bed due to
its low density. Mineral matters will remain in the bed as a result of their high density. As for
the metal oxide, reaction with carbon and hydrogen causes it to lose its oxygen content.
When this occurs, the reduced form of the metal oxide will have voids caused by the missing
oxygen atoms. Surface with voids requires large amount of surface energy in order to
maintain its form and is therefore highly unsustainable. In order to reduce its surface energy,
it will undergo surface reconstruction and/or adsorb impurities from the surrounding
environment. During the process, it is possible that the char and mineral matter will deposit

on the surface of the reduced metal oxide and block some of its pores.

During the oxidation stage, when steam or air is introduced into the fluidised bed, char
formed during the reduction stage will also react with oxygen from steam or air to form
carbon dioxide and steam. Besides that, the reduced metal oxide will react with oxygen from
steam or air to regenerate itself back to its highest oxidation form. During this process, the
metal oxide will undergo surface restructuring to return to its original form. However, as the
mineral matter will neither react with steam nor air, they will continue to be held in the pores
of the metal oxide. During the surface restructuring process, it is possible that some of the
mineral matter will be trapped within the metal oxide. The mechanism for this interaction is

illustrated in Figures 3.10 to 3.14.
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3.7 Mechanism of Interaction between Metal Oxide with Coal and Ash via

Surface Melting
When metal oxide is operated at high temperatures or when it comes in contact with
carbonaceous species, there is a possibility that planes with specific Miller Indices will
undergo surface melting. This is because the metal oxide particle will optimised its surface
structure to reduce its surface energy as well as to reduce the activation energy required for
the reaction to occur. When this happens, the surface of the metal oxide will transform into
a quasi-liquid layer structure which will allow oxygen atoms to diffuse to the surface of the
metal oxide much more easily. It is possible the existence of the quasi-liquid layer will allow
the gaseous reactants will react with the metal oxide on the surface via a liquid-gas reaction.
This will have a huge implication on the evaluation of the thermodynamics of the rate of
reaction of a liquid-gas reaction is much quicker than that of a solid-gas reaction. The

mechanism for this interaction is illustrated in Figures 3.15 to 3.18.

The existence of the quasi-liquid layer can also be used to justify the sudden drop in the BET
surface area and pore volume of the supported metal oxide. This is due to the fact that when
the reactor is cooled down in order to replace or collect the particles for analysis, the quasi-
liquid layer cools down to form a solid layer surrounding the metal oxide. When this occurs,
it is possible that the solid layer formed will block the pores on the surface of the particles
thereby creating a large number of close pores which could not be detected via the
porosimetry analysis leading to a fall in BET surface area and pore volume even though the
metal oxide particle is able to maintain its reactivity through a large number of reduction

and oxidation cycles.
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Chapter4 EXPERIMENTAL SETUP 1

Two fluidised beds were used in this research study. The first fluidised bed used in this
research study was designed by Chuang (2009) and operated by Chuang (2009) and Brown
et al. (2010) at the University of Cambridge. Brown et al. (2010) studied the kinetics and
attrition of mechanically mixed iron oxide and copper oxide impregnated on alumina with a
number of different fuels over multiple reduction and oxidation cycles with this
experimental setup. This setup was used as a proof of concept for further studies on chemical
looping combustion. The first setup was used by the author to study the morphological
changes on the iron oxide and copper oxide/alumina particles after they have undergone 20
reduction oxidation cycles with 5 different fuels under the reduction condition of 50% CO2

in N2 and oxidation condition of 50% air in No.

4.1 Experimental Setup 1

The experimental configuration was designed to emulate chemical looping combustion for
solid fuels in a fluidised bed in a batch process. The schematic diagram of the setup is shown
in Figure 4.1. The system consists of a fluidised bed, furnace, screw feeder and other

supporting instruments. Some of these instruments are featured in Figures 4.2 and 4.3.

Coal Screw Feeder Thermocouple

! Trace heating
ST ANT HNAT A

Tar trap

CaCl, drying

(oo e N

lcontrol device

Furnace
Fluidised bed
Distributer

condenser

v
Iced water coolant

tube

Rotameter

I Infrared analyser |

o

PC and data logger]

Figure 4.1: Schematic diagram of the experimental setup

Page 82



Experimental Setup 1

Figure 4.2: Layout of the system

Legend: (1) Thermocouple, (2) Fluidised bed, (3) Screw feeder inlet, (4) External heater,

(5) Tar trap condenser, (6) Rotameter
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Figure 4.3: Layout of the fluidised bed

Legend: (1) Thermocouple, (2) Fluidised bed, (3) Screw feeder inlet, (4) External heater,

(5) Tar trap condenser
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The objective of this investigation was to study the morphology and compositional changes
in mechanically mixed iron oxide and copper oxide impregnated on alumina after 20 reaction
cycles with 5 different fuels under the reduction condition of 50% CO2 in N2 and the oxidation

condition of 50% air in Noz.

Table 4.1 shows the design and operation data for the experimental rig. A separate externally
heated fluidised bed reactor was used to produce lignite char from lignite coal. It has an
internal diameter of 78 mm and has a perforated plate acting as a distributer with 37 holes
and each hole has an internal diameter of 0.4 mm. A plenum chamber is placed below the

distributor.

Table 4.1: Fluidised bed reactor design and operational parameters

Parameter Value
Reactor diameter, dr (mm) 25
Cross-sectional area of the bed, Ar (m?) 49x 104
Initial superficial gas velocity at 1073 K and 1 bar, Uo (m/s) | 0.32
Minimum fluidising velocity for Fe203 at 1073 K, Umf (m/s) 0.05
Voidage at minimum fluidisation, emf 0.4
Volume of the bed (unfluidised), Vbed (m3) 2.8x 105
Height of bed at minimum fluidisation, Hmf (mm) 41

Mean bubble diameter, Db (mm) 16.2
Mean bubble volume, Vi, (m3) 2.2x10°
Volumetric rate of interphase transfer, Q (m3/s) 3.1x105
Fluidised bed height, H (mm) 88
Cross-flow factor, Xt 2.2
Bubble rise velocity, Uy (m/s) 0.56

4.1.1 Tar Trap Condenser

The gas sample was passed to knock-out pots, immersed in ice, to remove moisture, volatile
matter and ash and was then pumped at a known rate through a bed of CaClz drying agent, a

fine filter and rotameter to the FTIR.
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4.1.2 External Heater

The external heater has a diameter of 38mm and is used to heat the fluidised bed reactor.

4.1.3 Screw Feeder

The screw feeder is used to supply fuel into the fluidised bed. The rate of feeding is adjustable
by the user.

4.1.4 Thermocouples

The temperature of the bed was measured by a K-type thermocouple inserted from the top
of the bed so that the tip was about 100 mm above the distributor. This thermocouple is used
to measure the temperature of the bed. A second K-type thermocouple was inserted between

the fluidised bed reactor and the furnace to measure the temperature of the fluidised bed.

4.1.5 Gas Analyser
The concentrations of CO, COz and Oz in the gases leaving the fluidised bed were continuously
monitored with an ABB EL3020 instrument, which is a non-dispersive infra-red analyser,

coupled with a paramagnetic one for O2. The measurement range of the ABB EL3020 is

shown in Table 4.2.

Table 4.2: ABB EL3020 Detection Range

Analyser | Type Range

Co Infrared 0-100 volume %
CO2 Infrared 0-100 volume %
SO2 Infrared 0-10000 ppm
02 Paramagnetic | 0-100 volume %
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4.1.5.1 Interference of CHs with SOz Analyser

Methane interferes with the SOz infrared analyser. This is owing to the overlapping of a wide
absorption peak of methane at 1200 to 1400 cm-! with only significant peak for SOz at about
1380 cm! (NIST Chemistry Webbook). By calibrating the analyser with 10 volume percent
CH4, the SOz analyser could be used to estimate the amount of CH4 present. However, this
method assumes that when there is SOz present there is no CHs4 present and vice versa. If
both are present at the same time the relative contribution of each cannot be determined.
The presence of oxygen carrier creates an oxidizing environment that could result in the
formation of SO2. Thus, this measurement is more qualitative than quantitative and must be

approached with caution.

4.1.6 PC & Data Logger

The program used to record data from the thermocouples and exit gas concentrations for

COz, CO, 02, Hz and SOz was designed using Visual Basics by the University of Cambridge.

4.1.7 Gas Cylinders

The CO2, N2 and air cylinders were used in these experiments and they were supplied by
BOC. Nitrogen was used to fluidise the bed while oxygen was used to reoxidise the reduced
oxygen carriers and to burn off char formed during the process. Nitrogen and air were also
used to cool the reactor at the end of the experiment. Carbon dioxide was used to generate a

condition whereby the reaction rate was close to maximum.

4.2 Operating Conditions

The experiments were conducted at about 1198 K and 1 atmospheric pressure. The
temperatures were chosen such that during the initial oxidation period when char reacts
with oxygen to produce carbon dioxide, the temperature of the bed does not exceed the
melting point of copper that might cause agglomeration of copper and incomplete re-
oxidation of the oxygen carrier. Table 4.3 shows the operating conditions of the experimental

rumn.
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Table 4.3: Operating conditions of the fluidised bed reactor

Parameter Value
Temperature, T (K) 1198
Pressure, P (bar) 1

Total volumetric flowrate at 1 bar and 298 K, q (mL/s) | 45

Inlet mole fraction of COz2, ycoz,i 0.5
Superficial gas velocity at 1073 K and 1 bar, Uo (m/s) 0.32
Fe203 particle size (um) 300 - 425
CuO/Al203 particle size (um) 300 - 425
Fuel particle size (um) 600 - 1400
Fuel feeding rate (g/min) 0.18
Initial mass of Fe203 (g) 20

Initial mass of CuO/Al203 (g) 20

4.3 Procedures

4.3.1 Start Up Procedure
1. Clean the internal surface of the fluidised bed to remove any dusts or leftovers from
previous experiments.

2. Switch on the digital weighing scale and tare it to zero.

w

Weigh 20 grams of iron oxide particles and load them through the top of the fluidised
bed.

Assemble the fluidised bed back into the furnace.

Switch on the gas analyser, pumps, tap water and extractor fan.

Check all the connections.

Heat the fluidised bed to 1198 K.

Switch on the computer and the data acquisition software.

o © N o 1os

Switch on the nitrogen, air and CO:z gas cylinders.

10. Adjust the valve settings such that nitrogen, carbon dioxide, and air flowrate will each
be 20 mL/s to when the valves are switched on.

11. Switch on the nitrogen valve to the fluidised the bed.

12. Clean the screw feeder with a vacuum cleaner to remove any dusts of leftovers from
previous experiments.

13. Pour the lignite coal into the screw feeder.
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14. Switch on the screw feeder and allow it to run continuously for 10 minutes in order
to achieve a steady state feeding.

15. Calibrate the screw feeder by measuring the amount of fuel fed into a plastic container
during 5 minutes.

16. Repeat step 15 for a few times to achieve a steady state feeding.

17. Install the screw feeder back into the system. (Warning: Use a glove as the fluidised
bed is hot).

18. Once the temperature of the fluidised bed has reached a constant temperature of
1198 K, switch on the carbon dioxide valve.

19. After 1 minute, switch on the screw feeder at a rate of 0.18 g/min.

20. Note the time required to achieve carbon monoxide breakthrough and record this
time as ti.

21. Once the breakthrough is achieved, switch off the carbon dioxide valve to purge the
bed with nitrogen.

22. After 1 minute, switch on the air valve to burn off chars and unreacted fuel, as well as
to reoxidised the reduced iron oxide particles.

23. Note the maximum temperature achieved during the initial reoxidation period and
the time required to achieve complete oxidation and record this time as t2.

24. Repeat the cycle on automatic mode for 19 times by setting the software to achieve
the following:

i.  Switch on the carbon dioxide and nitrogen valve for one minute.
ii.  Switch on the screw feeder and allow the feed to run for t1 minutes (to the
nearest 0.5 minutes) while leaving the carbon dioxide and nitrogen valve open.

iii.  Switch off the carbon dioxide valve to purge the bed for one minute.
iv.  Switch on the air valve for t2 minutes (to the nearest upper 0.5 minutes).

v. Repeatstep I to step iv.
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4.3.2 Shut Down Procedure

1. After the last cycle, switch off the automatic running mode and stop the data
collection on the computer, but leave the nitrogen and oxygen valve open.

Switch off the external heating system.

Switch off the gas analyser.

Switch off the pump.

Switch off the screw feeder.

Switch off the digital weighing scale.

N o 1k W

Once the fluidized bed has cooled to room temperature, switch off the nitrogen and
air valve.

8. Switch off the extractor fan.

9. Dismantle the fluidised bed and the screw feeder.

10. Pour the remaining fuel in the feeder back to its appropriate bottle.

11. Collect the bed particles in a container.

4.3.3 Fuels Preparation

Five fuels were used: Hambach lignite coal and a char prepared from the lignite; activated
carbon, Taldinski bituminous coal and US bituminous coal. The coals were used after drying
to constant weight in an electrically-heated oven at 353 K. Fuels used in this experiment had
a size range of the following: Lignite coal, 600-1000 pm; US bituminous coal and Taldinski

bituminous coal, 1000-1700 pm (Brown et al., 2010).

4.3.4 Char Preparation

The char was prepared by feeding dried lignite, sieved to 1190-1700 um, continuously to the
78 mm fluidized bed at 4 g/min. The reactor was maintained at 1073 K and contained 1500
g of pure alumina sand (sieved to 425-500 pm, Boud Mineral, purity > 99.9 wt.%): it was
fluidized with N2 (BOC plc.) at a flowrate of 500 cm3/s, as measured at 293 K and
atmospheric pressure. The off-gases left the top of the reactor via a 10 mm (i.d.) pipe, 300
mm long. After 60 minutes all of the charge of coal had been fed and the reactor was allowed

to cool to room temperature under the flow of N2. The resulting char was then sieved from
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the alumina. After the char was cooled, it was recovered from the bed and sieved to a range
of size fractions of 355-600, 600-850, 850-1000, and 1000-1400 pum. The full range of sizes
for char was used in this study (Brown et al., 2010).

4.4 Fuel Analysis

Proximate and ultimate analyses of the fuels are given in Table 4.4. Procedures involved in
the proximate and ultimate analyses are shown in Appendix A. Table 4.5 shows the inductive

coupled plasma mass spectrometry for the ash content for these fuels.

Table 4.4: Proximate and ultimate analyses of fuels

Hambach Hambach Activated | Taldinski uUs
Lignite Coal | Lignite Carbon Bituminous Bituminous
Char Coal Coal

Moisture 7.15 4.69 6.43 4.59 4.44
Content %
Volatiles % | 57.75 13.17 12.02 30.77 37.23
Ash % 3.70 8.62 12.72 15.87 13.06
N (dry %) | 0.90 0.62 0.62 1.72 1.41
C(dry%) |61.80 65.66 70.34 71.92 75.73
H (dry %) | 4.80 0.90 0.74 3.99 4.48
S (dry %) | 0.00 0.00 0.00 0.01 2.03
02 (dry %) | 32.51 32.82 28.30 22.37 16.35
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Table 4.5: Inductive Coupled Plasma Mass Spectrometry of fuels’ ashes

Lignite Lignite Activated US Bituminous | Taldinsky

Coal Char Carbon Coal Bituminous Coal
Element | (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Ag 0.10 0.05 0.09 0.09 0.09
Al 11024.89 11668.12 6510.35 22323.72 32688.48
As 5.59 67.13 36.48 54.15 20.87
B 1404.96 1525.00 33.73 181.14 154.44
Ba 5148.89 3105.10 6342.84 2252.99 1594.61
Be 0.38 0.35 0.76 3.10 3.61
Bi 0.00 0.00 0.04 0.12 0.37
Ca 318649.50 | 336504.48 | 9304.65 39475.11 30496.69
Cd 0.65 0.03 0.94 0.27 2.83
Co 6.02 3.95 10.05 15.84 14.11
Cr 14.98 42.12 39.92 48.61 71.83
Cu 624.77 736.83 10706.13 288.10 232.72
Fe 123506.58 | 12461291 | 1743.40 26381.17 14863.23
Ga 192.05 128.97 247.52 92.39 75.67
Li 86.64 33.94 6.71 37.29 51.84
Mg 98566.83 103210.01 | 2263.44 7154.95 4406.77
Mn 2391.25 2628.63 63.18 829.55 365.05
Mo 2.13 10.99 16.80 18.40 7.29
Ni 20.60 80.16 54.72 59.68 40.88
Pb 5.49 1.84 4.89 21.68 15.74
Rb 10.32 1.08 1.95 10.63 10.02
Se 15.77 4.64 0.86 2.23 1.61
Sr 3249.34 3276.97 701.47 660.34 2139.99
Te 5.20 3.45 6.83 1.10 0.06
Tl 0.00 0.00 0.00 0.04 0.43
U 0.58 0.66 3.87 1.88 5.47
\' 24.61 30.16 67.55 95.93 105.06
Zn 6.03 11.08 29.37 46.45 67.83
K 3884.02 176.85 622.22 1888.81 1561.72
Na 9909.24 797.74 4221.08 2978.50 1110.01
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4.5 Conversion Calculation Methodology

Conversion of iron oxide during reduction was calculated by Equation 4.1 while conversion

during oxidation can be calculated by Equation 4.2.

X, = (2xco,,)+Co, +1;20, +(2x50,,)-0, (Equation 4.1)

1,r

X,, =Fe,0, conversion during reduction (%)

C0,, =Number of moles of CO, released during reduction (mol)
CO, =Number of moles of CO released during reduction (mol)
H,0, = Number of moles of H,0 released during reduction (mol)
50, = Number of moles of SO, released during reduction (mol)
0, =Number of moles of oxygen in fuel (mol)

0,, =Number of moles of oxygen released when Fe,0, is converted to Fe,0, (mol )

2x0, )-|(2xCO CO +H,0 +(2xS0
XI,0=( x 2'0) [( a Zr"); 0 1 °+( ) 2'")] (Equation 4.2)

1,0

X, , =Iron oxide conversion during oxidation (%)

€0, , =Number of moles of 0, released during oxidation (mol)

€O, =Number of moles of CO released during oxidation (mol)

H,0, = Number of moles of H,0 released during oxidation (mol)
§0, , =Number of moles of SO, released during oxidation (mol)

0,, =Number of moles of oxygen in air used during oxidation (mol)

0,, =Number of moles of oxygen used when Fe,0, is converted to Fe,0, (mol)
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Conversion of copper oxide during reduction was calculated by Equation 4.3 while

conversion during oxidation can be calculated by Equation 4.4.

_(2%€0,,)+C0, +H,0, +(2xS0,, ) +(2x0, 4,0, )= Or

CuO,r —
0)

(Equation 4.3)

CuO,r

X0, =CuO conversion during reduction (%)

cuo,r
C0,, =Number of moles of CO, released during reduction (mol)

CO, =Number of moles of CO released during reduction (mol)

H,0, =Number of moles of H,0 released during reduction (mol)

S0,, =Number of moles of SO, released during reduction (mol)

0, c0, = Number of moles of oxygen released via decomposition of Cu0 (mol)
0, =Number of moles of oxygen in fuel (mol)

0.0, = Number of moles of oxygen released when Cu0 is converted to Cu (mol)

. (zxozjo)—[(2xcoz,0)+coo +H,0, +(2><502,0)]

ao = 5 (Equation 4.4)

Cu,0

X

Cu,0

=Copper conversion during oxidation (%)

€0, , =Number of moles of CO, released during oxidation (mol)

CO, =Number of moles of CO released during oxidation (mol)

H,0, =Number of moles of H,0 released during oxidation (mol)
50, , =Number of moles of SO, released during oxidation (mol)

0, , =Number of moles of oxygen in air used during oxidation (mol)

0., . =Number of moles of oxygen used when Cu is converted to Cu0O (mol)

Cu,0
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4.6 Separation of Oxygen Carriers from Ash

After the experiments, the particles collected were sieved into different sizes to separate
fines, reactor scaling material and unburned fuel from the oxygen carrier. After that,
attempts were made to try to separate the oxygen carrier particles from the ash particles to

determine the recoverability of oxygen carriers after multiple cycle tests.

The iron oxide particles can be separated from the ash particles by using a strong magnet as
the iron oxide particles are attracted to the magnet because of their magnetic properties
compared to ash particles that have little or no magnetic properties. Besides that, the iron
oxide particles have a distinctive colour that allows for easier identification, thereby allowing
the possibility of a manual separation to be carried out. However, it was soon discovered that
some of the particles were coated with an unknown layer that could be peeled off by applying
a slight pressure on the particles but making it difficult to sort the particles appropriately for
analysis. As a result, further separation was temporarily suspended until a clearer idea on

the morphology of the particles was obtained.

Attempts were made to separate the copper oxide from the ash particles as well. However,
attempts were futile as it was discovered that it was very difficult to perform the separation
test. One of the reasons is due to the fact that copper oxide has very weak magnetic
properties, hence a magnet could not be used to identify or separate them. Besides that, the
copper oxide particles have quite similar colour as the ash particles, so manual separation
was not possible. An attempt was made to try to separate the particles via density difference.
This was done by filling a burette with carbon tetrachloride that has a density of 1594 kg m-
3. This method was successful in separating the fly ash particles from copper oxide and
bottom ash particles, but it was difficult to separate the copper oxide from the bottom ash. A
final attempt to separate the particles was carried out by using Particulate Systems’ Particle
Insight Dynamic Image Analyser. The image analyser was able to provide information
regarding the equivalent circular area diameter (ECAD), equivalent circular perimeter
diameter (ECPD), bounding circle diameter (BCD), circularity, and smoothness as well as

bounding rectangle length, width and aspect ratio.
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Figures 4.4 and 4.5 show the smoothness and the circularity of the copper oxide and ash
particles. The donut-like images captured by the image analyser are water bubbles. The
figures indicate that the copper oxide particles appear in different shapes and sizes and that
there is no definite shape for either the copper oxide or the ash particles such that they can
be singled out. This is because the copper oxide particles appeared to have fused with ash in
the fluidised bed. As a result, analytical analysis of the metal oxide particles were conducted

without any prior separation between metal oxide and ash.

i Water

0545 Rithhlec

0.712 0.407

Figure 4.4: Reacted copper oxide particles’ smoothness
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Figure 4.5: Reacted copper oxide particles’ circularity

4.7 Iron Oxide
4.7.1 Exit Gas Profiles Analysis

Figure 4.6 shows a typical cycle obtained when feeding lignite char into a bed of 20 g of iron
oxide at 950°C. During the initially feeding period, the amount of CO2 and CO released from
the fluidised bed appears to be low. This is because the high concentration of CO2 in the bed
is extremely high and it inhibits the gasification of coal. This is more pronounce for cases
with lignite char and lignite coal (Figures 4.6 and 4.7). The sharp rise in the concentration of
COz indicates the point at which the gasification and combustion process begins. During this
stage, syngas produced from the gasification of coal will react with iron oxide to produce
carbon dioxide and steam. As more iron oxide is reduced, there is less iron oxide available to
react with the syngas. As a result, the concentration of CO and Hz rises rapidly towards the

end of the reduction stage.
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Figures 4.6 to 4.9 show the mole fraction of gases exiting the reactor during the 1st, 10t and
20t cycles for experiments with Hambach lignite char, Hambach lignite, Taldinsky
bituminous coal and activated carbon respectively. The results for experiment conducted
with US bituminous coal was not shown due to experimental file corruption issue. The cycle
is broken up into the reduction stage, given in the first row, and the oxidation stage in the
second row. Comparison of the 4 figures shows that the four different fuels behaved very
differently. The Hambach lignite char and activated carbon (Figures 4.6 and 4.9 respectively)
both produced relatively smooth curves during feeding, because neither fuel contains
volatile matter so that there are no sharp peaks arising from rapid devolatilisation. Sharp
spikes were however observed with Hambach lignite and Taldinsky bituminous coal
(Figures 4.7 and 4.8 respectively). This is to be expected since both these fuels are raw coals
and so underwent devolatilisation when batches of fuel were added to the reactor by the
screw feeder, resulting in a sudden peak of CO2 and CO. The point at which the Fe203 was
completely converted to Fe304 was signified by the sudden decrease in CO2 and rise in CO.
For all fuels, this was very clear in the first cycle and became slightly less defined as the cycles

progressed.

Figure 4.6 illustrates that at the beginning of the reduction period, only a small amount of
lignite coal is being converted to carbon dioxide due to the small feed amount. However, after
a few minutes of continuous feeding, a sharp increase in the concentration of carbon dioxide
is observed. This increase coincides with the formation of carbon monoxide and this
observation continues until a carbon monoxide breakthrough (sharp increase in the
concentration of carbon monoxide) is observed that sharply decreases the concentration of
carbon dioxide from the bed. Carbon monoxide was initially produced due to the formation
of char in the bed as a result of the incomplete oxidation of fuel via pyrolysis. This is because
the screw feeder is placed above the fluidized bed and as a result, when the fuel first enters
the reactor it undergoes pyrolysis to produce CO and CH4 that were liberated before it had

the chance to react with the iron oxide in the bed.
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A similar reduction stage phenomenon was observed for lignite char (Figure 4.6) and
Taldinski bituminous coal (Figure 4.8). However, for the case with Taldinski bituminous coal
(Figure 4.8), the sharp increase in the concentration of carbon dioxide occurred much earlier
compared to cases with lignite coal and lignite char. For the case with activated carbon
(Figure 4.9), it was found that the increase in the concentration of carbon dioxide occurred
rather gradually. This is in contrast to the sudden increase in the concentration of carbon
dioxide seen in cases with lignite coal and lignite char. This is then followed by a sharp
decrease in the concentration of carbon dioxide when carbon monoxide breakthrough is
observed. The variation in the concentration of carbon dioxide and carbon monoxide seen in
cases with lignite coal and Taldinski bituminous coal is attributed to the uneven feeding rate
provided by the screw feeder. The gradient of the slope for the increase in the concentration
of carbon dioxide indicated that lignite coal is the most reactive fuel followed by lignite char,

Taldinski bituminous coal, and activated carbon.

Carbon monoxide breakthrough is believed to be due to fact that the reverse Boudouard
reaction, i.e. COz2 + C —» 2CO, became the dominant reaction towards the end of the reduction
period. This is believed to occur when all the Fe203 in the bed has been converted into Fe30a4.
However, the conversion of Fe304 to FeO is believed to be thermodynamically non-feasible

unless the ratio between the partial pressure of carbon dioxide and the partial pressure of

carbon monoxide, pf% , in the bed falls below 2 (Bohn et al., 2008). As a result, it is
co

believed carbon dioxide fed into the bed might have reacted with the fuel to form carbon

monoxide via the reaction stated above.

It was observed that ‘tails’ of CO2 and CO were formed at the end of the feeding period.
Importantly, this tail accounts for the small amount of CO2 present at the start of the
oxidation stage that can be seen in later figures. For more than 4 minutes after the oxygen is
switched on, no oxygen appears in the outlet indicating that all of the oxygen is being used
to reoxidise the oxygen carrier. Additionally, apart from the small amount of CO:2 visible at
the start of oxidation from the end of the ‘tail’, it appears as though the char combustion only

occurs at the end of the oxidation period when the second CO: increase is observed.
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SO2 or CH4 was produced during the feeding stage for all fuels; however, there was a
difference in the way that it was produced. For lignite char and activated carbon, the SOz or
CH4 was produced as a peak, which was released whilst the iron oxide was still active. Since
lignite char and activated carbon contain negligible volatile matter, the SOz or CH4 signal

most likely arose from SOz.

During the initial oxidation stage, a very small amount of oxygen or carbon dioxide was
detected for the case with lignite coal (Figure 4.7). This was then followed by a sharp increase
in the concentration of oxygen till it reached equilibrium. This observation indicates that
most of the fuels fed into the bed as well as the char which was formed during the reduction
period were combusted to form carbon dioxide and carbon monoxide. As a result, there was
very little fuel or char left in the bed during oxidation period. Besides that, it can also be
deduced that most of the oxygen supplied during the initial oxidation is spent to reoxidise
the reduced iron oxide from FeO to Fe304 and finally to Fe203. It shows that iron oxide in the

reduced form (FeO and Fe304) has high affinity to react with oxygen in air.

A similar oxidation stage phenomenon was observed for lignite char (Figure 4.6). During the
oxidation period for the case with activated carbon (Figure 4.9), carbon dioxide and carbon
monoxide were liberated when air was introduced into the system. This shows that there is
quite a large amount of unreacted fuel and leftover char in the bed that has not been reacted
and will compete with iron oxide for oxygen during the oxidation period. It can also be
deduced that activated carbon and its char have a higher affinity for oxygen in air compared
to iron oxide due to the fact that a sharp increase in the concentration of carbon dioxide and
small releases of carbon monoxide was observed when air was introduced into the bed.
Carbon monoxide release indicated that the amount of oxygen supplied to the bed was still
insufficient in order to achieve complete combustion, thereby causing some of the fuel and
char to be partially oxidised. For the case with bituminous coal (Figure 4.8) however, a sharp
increase in the concentration of carbon dioxide was observed after about 1 minute when air
was introduced into the bed. This phenomena indicates that iron oxide has a higher affinity

for oxygen compared to bituminous coal and its char.
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As mentioned earlier, during the first part of the oxidation stage there is no oxygen seen in
the off gases. This was observed for all fuels with iron oxide. This indicates that the rate of
supply of oxygen was limiting. For the cases where there were small inventories of carbon
in the bed, i.e. with Hambach lignite and its char, the carbon inventory was only burnt - as
signified by the appearance of COz in the off gases - once there was a breakthrough of oxygen,
indicating that up until that point the oxygen carrier was reacting with oxygen at a much
higher rate than the char. Note that the small amount of COz observed at the start of oxidation
with the lignite char (Figure 4.6) is actually the end of the ‘tail’ which was observed during
the purge stage. A similar ‘tail’ was observed with the lignite coal, but is much smaller since
the inventory of carbon for the lignite coal was smaller than that of the lignite char. For
Taldinsky bituminous coal and the activated carbon, which gave larger carbon inventories,
COz was seen at the onset of oxidation as there was a large amount of char being accumulated
in the bed. The rate of emission of CO2 increased as the iron oxide reached complete

conversion.

SO2 was produced during the oxidation stage with Hambach lignite char, Taldinsky
bituminous coal and activated carbon, it being assumed that methane would not be present
in conditions of oxidation. The SO2 is produced as a batch at the same time as the carbon

inventory is burnt off, rather than during the initial oxidation of the iron oxide.

There is also a strong contrast in the reactivities of the different fuels as evidenced by the
different amounts of carbon that were accumulated during the feeding stage. A comparison
of the carbon inventory is made in Table 4.6. The Hambach lignite and its char are both highly
reactive and so the inventory of carbon was small. The Taldinsky bituminous coal and
activated carbon have a much lower reactivity by comparison, resulting in inventories an

order of magnitude larger.
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Table 4.6: Carbon accumulation in fluidized bed

Fuel Moles of Carbon Accumulation Per Mole of Carbon Fed
Hambach Lignite Char 0.038 £ 0.008
Hambach Lignite Coal 0.010 = 0.006
Taldinsky Bituminous Coal | 0.630 = 0.038
Activated Carbon 0.722 + 0.049

Figure 4.10 shows the feeding rates for the different cycles and the different fuels used in the
study with iron oxide whereas Table 4.7 details the average feeding rate throughout the
experimental run as well as the errors involved due to the screw feeder. It is important to
note that it was assumed throughout the experimental work that fuels introduced into the
bed were fully converted into carbon dioxide due to the difficulty involved in obtaining a
specific value of the amount of fuel fed into the bed in every cycle. Errors derived from the
screw feeder are due to two reasons. The first reason is due to the fact that the screw feeder
is placed horizontally during the feeding period thereby limiting the effect of gravity on the
feeding. The other reason is due to the fact that the fuels used in these experiments are in
different sizes, thereby increasing the probability that some of the fuel particles are larger
than the outlet of the screw feeder. This will cause the screw feeder to have to grind the fuel

to a slightly smaller size which will cause a slight inconsistency in the feeding.
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E \
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Figure 4.10: Feeding rates for the different types of fuels for the iron oxide system
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Table 4.7: Feeding rates for iron oxide systems

Lignite Lignite Activated Taldinski
Coal Char Carbon Bituminous Coal
Average (mg/s) 3.054 3.775 2.252 4.515
Standard Deviation | 0.321 0.218 0.087 0.225
(mg/s)
95% Confidence | 0.141 0.096 0.038 0.098
Interval (mg/s)

4.7.2 Iron Oxide Conversion Analysis

Figure 4.11 shows the percentage of Fe203 converted Fe304 during the reduction period
whereas Figure 4.12 details the percentage of Fe304 oxidised back into Fez0s. It can be
deduced from both figures that the percentage of iron oxide being converted during
reduction and oxidation follows a similar pattern as the fuel feeding rate (Figure 4.10) where
a higher feeding rate produces a higher iron oxide conversion ratio and vice versa. This is
true for all cases except for the case with activated carbon. For the case with activated
carbon, iron oxide conversion oscillates till it reaches a stable value towards the end of the

experimental run.

The conversion of Fe304 to FeO was initially believed to be thermodynamically non-feasible
in these experiments. As a result, it was believed that the apparent conversion of over 100%
of Fe203 to Fe304 could have been caused by the reverse Boudouard reaction but was instead
being attributed to the conversion of Fe304 to FeO. However, pyrolysis of coal produces CH4
as well as CO and Hz. From the thermodynamic analysis conducted in Chapter 3, it is highly
possible that the conversion of more than 120% seen for cases with lignite coal and lignite
char is due to the higher percentage of CH4 in the pyrolysis gas. This will cause a higher

percentage of Fe203 being converted into FeO during the reduction stage.

However, as these initial sets of experiments were conducted as a proof of concept, one main
inaccuracy occurred whereby the bed materials were sieved at the end of the experiment
without measuring the weight of the bed materials. As a result, the percentages of iron oxide

converted were calculated based on the assumption that there was no loss of iron oxide from
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the bed. However, ICP-MS analysis carried out on the bed materials indicated that there were
some losses in the amount of iron oxide at the end of the experiment. As a result, the true
iron oxide conversion is believed to be increasing as the number of reaction cycle increases
rather than being stable throughout the entire study. This issue was addressed in the

calculations conducted for experimental setup 2.
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Figure 4.11: Iron oxide conversion for different fuels system during reduction
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Figure 4.12: Iron oxide conversion for different fuels system during oxidation
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4.8 Copper Oxide

4.8.1 Exit Gas Profiles

Figure 4.13 shows a typical cycle obtained when feeding lignite char into a bed of 20g of
copper oxide at 925°C. At the start of the experiment, the bed is fluidized with 9 mol percent
oxygen in nitrogen. The gas supply was switched over to 50 mol percent COz in N2. During
this transition, it can be seen that the oxygen level does not fall directly to zero. The insert
shows that oxygen was released during the 60s transition period before feeding was
commenced. This oxygen is due to the decomposition of CuO to Cu20 which occurs rapidly
at temperatures above 900°C. Previous experiments by Chuang (2009) indicated that at
925°C, the copper oxide took approximately 130s to completely decompose to Cu20. Thus it
was assumed that at the start of feeding, the copper oxide was 50% decomposed to Cuz0.
Lignite char was fed to the bed for 5.5 minutes; the breakthrough occurred much earlier than
in the experiments with the iron oxide, because the amount of active oxygen carrier present
for the experiments with the copper oxide is much less than for those with iron oxide. Since
the copper oxide was partially converted to Cuz0, the copper oxide carrier becomes depleted
sooner than with the iron oxide carrier. After the feeding period, the CO2 and fuel feeding
were discontinued and the bed was purged with nitrogen for 60s. Thereafter, a mixture of 9
mol percent oxygen in nitrogen was supplied to the bed; the copper oxide was regenerated

and the char in the bed was combusted for around 12 minutes.
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Figures 4.13 to 4.15 show the mole fraction of gases exiting the reactor during the 1st, 10th
and 20t cycles for experiments with Hambach lignite char, Hambach lignite, coal and
activated carbon respectively. The results for experiment conducted with Taldinski
bituminous coal and US bituminous coal were not shown due to experimental file corruption
issue. The cycle is broken down into the reduction stage, which is given in the first row and
the oxidation stage in the second row. Figures 4.13 to 4.15 describe the oxygen is released
during the initial stage of feeding. This occurs due to the low partial pressure of oxygen in
the bed, thereby allowing copper (II) oxide to decompose into copper (I) oxide and possibly
to copper during that initial period of time. Calculations indicated that between 10 to 14%
of the oxygen from copper oxide is released during this period. Figure 4.13 illustrates that
the concentration of carbon dioxide released from the bed increases gradually. This is in
contrast to the case of iron oxide with lignite coal, where a sudden increase in the

concentration of carbon dioxide was seen.

This indicates that there are two possible reaction mechanisms occurring in the bed during
the feeding period. The first mechanism is via the gas-solid interaction. This is due to the fact
that the decomposition of copper (II) oxide to copper (I) oxide occurs till all copper (II) oxide
has been converted to its lower oxidation form due to the low partial pressure of oxygen in
the bed. As a result, the oxygen released via the decomposition of copper oxide reacts with
lignite coal that is fed into the bed. The second mechanism is via direct reaction between
copper oxide and lignite coal. As a result, the initial carbon dioxide released is due to the
faster first mechanism while carbon dioxide and carbon monoxide released in the later

stages are due to the second mechanism.

Figure 4.14 also shows that carbon monoxide is formed as soon as the concentration of
oxygen falls to zero indicating that the amount of oxygen available in the bed is insufficient
to achieve complete combustion. As a result, some of the fuel fed into the bed will only be
partially oxidised via pyrolysis. Carbon monoxide was initially produced due to the
formation of char in the bed as a result of the incomplete oxidation of fuel via pyrolysis. This
is because the screw feeder is placed above the fluidized bed and as a result, when the fuel

first enters the reactor, it undergoes pyrolysis to produce CO and CHs4 which were liberated
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before it had the chance to react with the copper oxide in the bed. Similar reduction stage
phenomenon was observed for lignite char (Figure 4.13). However for the case with
activated carbon (Figure 4.15), the concentration of carbon dioxide released from the
reaction is constant throughout the cycle indicating that activated carbon is not as reactive

when compared to lignite coal and lignite char.

During the oxidation stage for all cases, a sharp increase in oxygen was observed during the
initial oxidation period followed by a gradual increase in the concentration of oxygen till
equilibrium was reached. This is in sharp contrast to cases with iron oxide whereby a sharp
increase is observed a few minutes after air is introduced into the bed and reaches
equilibrium within a short period of time after that. The sharp increase in the concentration
of oxygen during the initial oxidation stage can be attributed to 3 factors. The first is due to
the fact that most of the fuel fed into the bed has been fully combusted or partially oxidised
via pyrolysis. Pyrolysis of fuel creates char which is less reactive thereby requiring a longer
period of time for the combustion to proceed to completion. As a result, the initial sharp
increase in the concentration of carbon dioxide seen in cases with lignite char (Figure 4.13)
and activated carbon (Figure 4.15) can be attributed to the unreacted fuel. Carbon dioxide
released during the latter stages of the oxidation period can be attributed to the unreacted
char. The second factor is due to the fact that an equilibrium oxygen partial pressure would
need to be achieved before copper and copper (I) oxide react with oxygen in air to form
copper (II) oxide. Finally, alumina which is present as a support in copper oxide causes the
copper oxide particles to be more stable and have a lower affinity for oxygen. The second
and third factor is believed to be the cause for the longer time required for complete

oxidation.

Sharp spikes in the concentration of COz observed by Scott and Dennis (2010) during the
initial oxidation periods were not observed in these experiments due to the fact that the
carbon dioxide valve was switched off at the end of the feeding period. However, a sharp
spike in the concentration of CO2 during the initial period of feeding was observed for cases

with lignite char (Figure 4.13) and lignite coal (Figure 4.14). This could be due to rapid

decomposition of the copper oxide particles to balance the sudden drop in the partial
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pressure of oxygen in the reactor. The rapid increase in the concentration of oxygen released
during this time could have reacted with the lignite coal. This is believed to occur until
equilibrium in the partial pressure of oxygen in the reactor is achieved. It was noted that
there was an increase in the temperature of the bed during the initial oxidation period and
this is associated with the burning off of the carbon inventory in the bed. Fluctuations in mole
fractions of CO2 and CO during the feeding period are attributed to the unsteady state feeding

of the coal screw feeder.

Figure 4.16 shows the feeding rates for the different cycles and the different fuels used in the
study with copper oxide whereas Table 4.8 details the average feeding rate throughout the

experimental run as well as the errors involved due to the screw feeder.
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Figure 4.16: Feeding rates for the different types of fuels for the copper oxide system
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Table 4.8: Feeding rates for copper oxide systems

Lignite Lignite Activated Taldinski
Coal Char Carbon Bituminous
Average (mg/s) 1.771 1.886 2.104 2.813
Standard Deviation | 0.389 0.168 0.097 0.271
(mg/s)
95% Confidence | 0.171 0.074 0.042 0.119
Interval (mg/s)

4.8.2 Copper Oxide Conversion Analysis

Figure 4.17 shows the percentage of CuO which is converted to Cu during the reduction
period whereas Figure 4.18 describes the percentage of Cu which is oxidised back into CuO.
It can be deduced from both figures that the percentage of copper oxide being converted
during reduction and oxidation follows a similar pattern as the fuel feeding rate (Figure
4.16), where a higher feeding rate produces a higher copper oxide conversion ratio and vice
versa. This is true for all cases except for the case with lignite coal. It is also noted that the
amount of copper oxide converted during oxidation is quite similar for the case with

activated carbon, but differs significantly for cases with lignite coal and lignite char.

As alumina is an inert compound that does not react with fuel and is very difficult to
decompose (Hossain and de Lasa, 2008), it is believed that the difference is mainly due to
the error involved in the gas analysers. This error is believed to have occurred during the
initial feeding period as a sharp increase in the concentration of oxygen was observed for
cases with lignite coal and lignite char, but not observed in the case with activated carbon.
This will then increase the estimated amount of copper oxide decomposition during the
initial feeding period. Since the conversion of copper oxide during reduction is calculated
based on the sum of amount of copper oxide that is decomposed during the initial feeding
period and the amount of copper oxide that reacts with fuel fed into the bed. This
phenomenon will thereby increase the estimated conversion of copper oxide during

reduction.
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However, as these initial sets of experiments were conducted as a proof of concept, it
encountered the same inaccuracy described in the iron oxide section whereby the final bed

material was not weighed. As a result, the percentage of copper oxide converted during the

reduction stage is lower than expected.
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Figure 4.17: Copper oxide conversion for different fuels system during reduction
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Figure 4.18: Copper oxide conversion for different fuels system during oxidation
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Chapter 5 EXPERIMENTAL SETUP 2

A second fluidised bed was constructed at the University of Sheffield under a different
specification. The objective of the study using experimental setup 2 was to study the
morphology and compositional changes in mechanically mixed iron oxide and copper oxide
impregnated on alumina during a long operational period with 3 different fuels under the
reduction condition of coal particles and pure N2 and the oxidation condition of air. The
result from this study would then give a good approximation of the operating lifetime of

these particles in a chemical looping combustion system.

5.1 Experimental Setup 2

Figure 5.1 shows the experimental setup for this chemical looping combustion system. The
system consists of 5 main components. They are; the reactor system that consists of the
fluidized bed reactor, feeding system consisting of the screw feeder, cooling and clean-up
section consisting of 2 condensers, gas analyser and data logger system, and external heater

components. They are shown in Figures 5.2 and 5.3.

P Extract
v
Condenser
Fluidised
Screw Feeder Bed Calcium
Chloride -
I S+
10-50 Computer
Condenser Analyser Control
Box
External External
Heater Heater

0o O

Air  Nitrogen Carbon Dioxide

Figure 5.1: Schematic diagram of the experimental setup
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Figure 5.2: Experimental Setup

Legend: (1) Screw feeder, (2) External heaters, (3) Fluidised bed, (4) Condenser, (5)
Trace heater
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Figure 5.3: Fluidised bed reactor

Legend: (1) Screw feeder, (2) Fluidised bed, (3) External heater, (4) Condenser
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5.1.1 Fluidised Bed Reactor

The fluidized bed used for this study has an inner diameter of 75 mm. The height of the
fluidized bed is height 1000 mm. It is constructed from 316 stainless steel. A perforated plate
made from sintered material is used to support the material in the fluidised bed. Perforated
plate was chosen as it is cheap and easy to fabricate. However, this type of plate design has
an issue in that fines created during experiments are susceptible to get trapped within the

plate itself reducing the homogeneity of the flow into the fluidised bed.

5.1.2 External Heaters
Eight external electrical heaters were used to heat up the fluidized bed. The heaters are made
from ceramic fiber and they use iron - chrome - aluminium wire as the heating element.

Each heater has a specification of 650 watts and 120 volts.

5.1.3 Screw Feeder

The screw feeder is used to supply fuel into the fluidized bed. The feeding rate is adjustable
by the user.

5.1.4 Condensers

The gas sample was passed through a traced heater line before being fed into the first cold
finger. The first cold finger cools down the gas to collect any particulates and fines or
condensed tar before the gas is sent to the gas analyser or the extract. The second cold finger

cools down the gas to collect any leftover particulates before the gas enters the gas analyser.

5.1.5 Thermocouples

Six thermocouples were used to measure the temperature of the gases throughout the
system. Four of the thermocouples are placed inside the bed. The first thermocouple is
placed just above the perforated plate, the second thermocouple in the middle of the bed, the
third thermocouple just on above the bed and the fourth thermocouple one and a half times
the height of the bed above the perforated plate. The fifth thermocouple is placed in the
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middle of the traced heated line while the sixth thermocouple is placed on the gas line to the

gas analyser.

5.1.6 Gas Analyser

An ADC MGA 3000 multi-gas analyser was used to measure the volume concentration of
oxygen, carbon dioxide and carbon monoxide. The concentration of oxygen is measured via
a chemical oxygen sensor; while the concentration of carbon dioxide and carbon monoxide
is measured via infrared absorption. The measurement range of ADC MGA 3000 is shown in

Table 5.1.

Table 5.1: ADC MGA 3000 Detection Range

Analyser | Type Range

co Infrared 0-30 volume %
CO2 Infrared 0-20 volume %
02 Paramagnetic | 0-25 volume %

5.1.7 PC & Data Logger
Data logging software from Azeo Tech, Inc-DAQ Factory Lite Release 5.11 was used to record
data from the thermocouples and the exit gas concentrations of oxygen, carbon dioxide and

carbon monoxide.

5.1.8 Gas Cylinders

The pure nitrogen gas cylinder was purchased from BOC; 15% carbon dioxide and nitrogen,

and 50% carbon dioxide in nitrogen gas cylinder were from BOC special gases.
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5.2 Operational Conditions

The experiments were conducted at about 1198 K and 1 atmospheric pressure. The

temperatures were chosen such that during the initial oxidation period when char reacts

with oxygen to produce carbon dioxide, the temperature of the bed does not exceed the

melting point of copper that might cause agglomeration of copper and incomplete

reoxidation of the oxygen carrier. Table 5.2 shows the operating conditions of the

experimental run.

Table 5.2: Operating conditions of the fluidised bed reactor

Parameter Value

Pressure (bar) 1

Temperature (°C) 800

Fluidising Gas Flowrate (L/min) 502

Iron Oxide Particle Size: 500 - 800 um
Copper Oxide/Alumina Particle Size: | 500 - 800 um

Fuel Particle Size: 1000 pm £ 200 pm
Fuel Mass Per Cycle: S5gxlg

Initial Mass of Iron Oxide: 200g+1g

Initial Mass of Copper Oxide: 200g+1g

5.3 Operational Procedures

5.3.1 Start Up Procedures

1.

w

©® N o s

Clean the inside of the fluidised bed to remove any dust or leftovers from previous
experiments.

Switch on the digital weighing scale and tare it to zero.

Weigh 200 grams of iron oxide particles and load them through the top of the fluidised
bed.

Assemble the fluidised bed back into the heater system.

Switch on the gas analyser, pumps, tap water and extractor fan.

Check all the connections.

Heat the fluidised bed to 800°C.

Switch on the computer and the data acquisition software.

Page 123



Experimental Setup 2

9. Switch on the air valve.

10. Switch on the nitrogen and COz2 gas cylinders.

11. Adjust the valves such that nitrogen, carbon dioxide, and air flowrate will each be 50
litres per minute when the valves are switched on.

12. Switch on the nitrogen valve to fluidise the bed.

13. Clean the screw feeder with a vacuum cleaner to remove any dust or leftover from
previous experiments.

14. Pour the bituminous coal into the screw feeder.

15. Switch on the screw feeder and allow it to run continuously for 10 minutes in order
to achieve steady state feeding rate.

16. Calibrate the screw feeder by measuring the amount of fuel fed into a plastic container
after 5 minutes.

17. Repeat step 15 for a few times to achieve a steady state feeding.

18. Install the screw feeder back into the system. (Warning: Use a glove as the fluidized
bed is hot).

19. Once the temperature of the fluidised bed has reached a constant temperature of
800°C, switch on the carbon dioxide valve.

20. After 1 minute, switch on the screw feeder for 30 seconds to feed approximately 5 g
of bituminous coal into the system.

21. Allow the reaction to proceed for 10 minutes.

22. After 10 minutes, switch off the carbon dioxide valve to purge the bed with nitrogen.

23. After 1 minute, switch on the air valve to burn off chars and unreacted fuel as well as
to reoxidise the reduced iron oxide particles.

24. Note the maximum temperature achieved during the initial reoxidation period and

the time required to achieve complete oxidation and record this time as tu.
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25. Repeat the cycle on automatic mode for 29 times by setting the software to achieve
the following:
Switch on the carbon dioxide and nitrogen valve for one minute.
b. Switch on the screw feeder and allow the feed to run for 30 seconds while
leaving the carbon dioxide and nitrogen valve open.
c. Switch off the carbon dioxide valve to purge the bed for one minute.
d. Switch on the air valve for t1 minutes (to the nearest upper 0.5 minutes).

e. Repeatstep ato step e.

5.3.2 Shut Down Procedures
1. After the last cycle, switch off the automatic running mode and stop the data
collection on the computer, but leave the nitrogen and oxygen valve open.
Switch off the external heating system.
Switch off the gas analyser.
Switch off the pump.
Switch off the screw feeder.

Switch off the digital weighing scale.

A A - S R

Once the fluidized bed has cooled to room temperature, switch off the nitrogen and
air valve.

8. Dismantle the fluidised bed and the screw feeder.

9. Pour the remaining fuel in the feeder back to its appropriate bottle.

10. Collect the bed particles in a container.

The procedures were then repeated with different fuels with iron oxide or copper oxide as

the oxygen carrier.
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5.4 Sample Preparation

5.4.1 Preparation of Iron Oxide Particles

The iron oxide particles were prepared by using the mechanical mixing method. This method
consists of spraying high-purity powdered hematite (Fe203) (>99 wt %, sized to <10 um,
Fisher Scientific Ltd.) with a fine mist of water. The water caused the fine particles to form
agglomerates, which were then sieved to the size range of 400 - 700 um, and then roasted at
1023 K for 3 hours, after which, the particles were sieved again to the size range of 400 - 700

um.

5.4.2 Preparation of Copper Oxide Supported on Alumina Particles

A solution containing 762 g Cu(N03)2-2.5H20 and 400 g AI(NO3)3-9H20 was made up in 200
cm3 of deionized water at 318 K, at which temperature the whole of the copper nitrate was
just soluble. This solution was added, with stirring, to 1400 cm3 alumina extrudates (1.5 mm
diameter, 150 m2/g surface area from Sasol Germany). It was then sieved to a size range of
600-1190 pm by maintaining the temperature above 313 K throughout the sieving process
to avoid crystallization of the copper nitrate from the solution. The slurry was then allowed
to stand for 18 hours at 335 K, with care being taken to prevent evaporative losses. At the
end of this period, it was found that the alumina extrudates had absorbed all of the solution
without any excess liquid remaining. The resulting material was transferred to a large
evaporating basin and dried for 19 hours at 423 K. This temperature was chosen such that
copper nitrate did not decompose. Finally, the solids were calcined at 1023 K in an oven. This
mode of preparation gave a robust carrier containing 21 weight percent CuO, based on the

quantitative masses of materials used in its preparation.

Both of these methods are chosen as they are simple and can be produced at a large quantity
in a short amount of time. Besides that, the materials chosen for the oxygen carrier

preparation are fairly cheap.
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5.4.3 Fuel Analysis

Proximate and ultimate analyses of the fuels are given in Table 5.3. Procedures involved in

the proximate and ultimate analyses are shown in Appendix A. Table 5.4 shows the inductive

coupled plasma mass spectrometry for the ash content for these fuels.

Table 5.3: Proximate and ultimate analyses of fuels

Hambach Lignite | Russian Bituminous | UK Bituminous

Coal Coal Coal
Moisture Content | 7.15 4.59 4.44
%
Volatiles % 57.75 30.77 37.23
Ash % 3.70 15.87 13.06
N (dry %) 0.90 1.72 1.41
C (dry %) 61.80 71.92 75.73
H (dry %) 4.80 3.99 4.48
S (dry %) 0.00 0.01 2.03
02 (dry %) 32.51 22.37 16.35
Calorific — Value | . o, 31.58 34.50
(Mj/kg)
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Hambach Lignite Coal | Russian Bituminous Coal | UK Bituminous Coal
Element | (mg/kg) (mg/kg) (mg/kg)
Ag 0.32 1.20 0.00
Al 14126.40 292517.07 71853.88
As 5.84 29.73 16.27
B 613.02 0.00 373.49
Ba 3332.10 989.49 1768.52
Be 0.11 16.37 2.89
Bi 0.00 0.59 0.00
Ca 263051.94 9709.29 31963.92
Cd 0.00 2.25 0.12
Co 3.83 24.33 22.76
Cr 19.20 163.38 37.75
Cu 250.59 314.32 147.71
Fe 120311.30 16782.21 22297.98
Ga 78.08 41.67 54.32
Li 647.51 372.14 37.89
Mg 123750.87 6477.07 15109.55
Mn 854.91 295.70 227.35
Mo 1.43 7.01 5.56
Ni 33.06 128.49 55.38
Pb 6.95 181.03 25.09
Rb 23.25 71.33 39.96
Se 8.59 1.30 0.95
Sr 2868.43 456.19 1815.52
Te 0.00 0.00 0.37
Tl 0.00 6.49 0.61
U 1.23 3.73 4.23
\' 17.48 175.47 67.04
Zn 38.20 2661.06 105.84
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5.5 Experimental Measurement Accuracy

5.5.1 Temperature Measurement

Temperatures inside the bed and between the furnace and the bed were measured with K
type thermocouples. They are able to measure the continuous temperature range of 0°C to
1350°C. The accuracy of the thermocouples used in the experiments was about + 0.75% of

the measured temperature.

5.5.2 Gas Measurement
The gas emitted from the reactor passed through piping, joints and filters before reaching
the gas analyser. This caused a delay of about 1 minute in the time for the passage of gas from

the reactor into the gas analyser.

The accuracy of the ADC MGA 3000 was dependent on the reading errors of the 1565 AV
span gas supplied by BOC, which was less than 5% for the maximum ranges of 20% volume
of CO and 16% volume of CO2. Therefore, with ranges of 30% volume CO and 20% COz, the
error readings for cases of both CO and CO2 were less than * 4%. 02 was calibrated by using
atmospheric air (21% volume) and nitrogen for zero calibration gases. The maximum

reading error for Oz was * 1.5% volume.
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5.6 Minimum Fluidisation and Pressure Drop Tests

Figure 5.4 shows the pressure drop in the bed against fluidising velocity for setup 2’s
fluidised bed. The minimum fluidising velocity was calculated to be about 0.16 m s-1 based
on the model described in Chapter 3. The value corresponded to a 3.84 x 10-2m3 s'1 or 38.4
L min-1. This is in agreement with the minimum fluidising velocity point seen in the Figure
4.7. However, Figure 4.7 also highlights the tight working conditions during the
commissioning of the fluidised bed in that the point at which initiation of entrainment occurs
lies somewhere between 2.5 and 3umr. This is believed to be due to the slightly larger range
of particles sizes being used in this study. The net effect of this is that fines created during

the experiments are more susceptible to elutriate from the fluidised bed.
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Figure 5.4: Pressure drop variation in the fluidised bed for setup
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5.7 Conversion Calculations

Conversion of iron oxide during reduction was calculated by Equation 4.1 while conversion

during oxidation can be calculated by Equation 4.2.

X, = (2xco,,)+Co, +1;20, +(2x50,,)-0, (Equation 4.1)

1,r

X,, =Fe,0, conversion during reduction (%)

C0,, =Number of moles of CO, released during reduction (mol)
CO, =Number of moles of CO released during reduction (mol)
H,0, = Number of moles of H,0 released during reduction (mol)
50, = Number of moles of SO, released during reduction (mol)
0, =Number of moles of oxygen in fuel (mol)

0,, =Number of moles of oxygen released when Fe,0, is converted to Fe,0, (mol )

2x0, )-|(2xCO CO +H,0 +(2xS0
XI,0=( x 2'0) [( a Zr"); 0 1 °+( ) 2'")] (Equation 4.2)

1,0

X, , =Iron oxide conversion during oxidation (%)

€0, , =Number of moles of 0, released during oxidation (mol)

€O, =Number of moles of CO released during oxidation (mol)

H,0, = Number of moles of H,0 released during oxidation (mol)
§0, , =Number of moles of SO, released during oxidation (mol)

0,, =Number of moles of oxygen in air used during oxidation (mol)

0,, =Number of moles of oxygen used when Fe,0, is converted to Fe,0, (mol)

Conversion of copper oxide during reduction was calculated by Equation 4.3 while

conversion during oxidation can be calculated by Equation 4.4.

Page 131



Experimental Setup 2

(z xCO,, ) +C0, +H,0, +(2xS0,, ) + (2 %0, cuor ) -0,

CuO,r = 0

(Equation 4.3)

CuO,r

X, . =Cu0 conversion during reduction (%)

cuo,r
CO,, =Number of moles of CO, released during reduction (mol)

CO, =Number of moles of CO released during reduction (mol)

H,0, =Number of moles of H,0 released during reduction (mol)

S0,, =Number of moles of SO, released during reduction (mol)

0, .0, = Number of moles of oxygen released via decomposition of Cu0 (mol)

0. =Number of moles of oxygen in fuel (mol)

0,0, =Number of moles of oxygen released when Cu0 is converted to Cu (mol)
2x0,,)-|(2xC0,,)+CO,+H,0,+(2xS50,,
Xeuo :( - ) [( & ) : ( & )} (Equation 4.4)
, OCu,o
X, =Copper conversion during oxidation (%)

€0, , =Number of moles of €0, released during oxidation (mol)

CO, =Number of moles of CO released during oxidation (mol)

H,0, =Number of moles of H,0 released during oxidation (mol)
50, , =Number of moles of SO, released during oxidation (mol)

0, , =Number of moles of oxygen in air used during oxidation (mol)

0., . =Number of moles of oxygen used when Cu is converted to Cu0O (mol)

Cu,0
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5.8 Operational Lifetime Analysis
Figures 5.5 and 5.6 show 5 cyclic reduction oxidation cycles for iron oxide as the bed
material, while Figures 5.7 to 5.9 show the stereo-microscope images of the fresh and

reacted iron oxide particles after 30 and 60 reaction cycles respectively.

Figures 5.10 and 5.11 show 5 cyclic reduction oxidation cycles for copper oxide as the bed
material while Figures 5.12 to 5.20 show the stereo microscope images of the fresh and
reacted copper oxide particles after 30, 60, 120, 150, 180, 210 and 240 reaction cycles

respectively.

The fresh particles for the copper oxide (Figure 5.16) appears greener compared to the
reacted particles. This could be due to the fact that the fresh particles were not completely
calcined during the preparation stage. Besides that, even though the fresh copper oxide
particles were sieved into the range desired for these experiments, it was found that there

were still a lot of copper oxide fines sticking onto the surface of the larger particles.

Figures 5.8 to 5.9 and Figures 5.13 to 5.20 show that the reacted particle size for both iron
oxide and copper oxide has increased quite significantly compared to the fresh particles.
Besides that, the reacted particle appears to be darker red compared to the bright red of the

fresh particles.
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Figure 5.5: Exit gas profile for the first five reaction cycles between iron oxide and UK
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Figure 5.6: Exit gas profile for cycles 56 to 60 between iron oxide and UK bituminous
coal
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These changes are believed to be caused by ash elements depositing onto the surface of the
particles causing the reacted particle to have a larger particle size range. There are two forms
of agglomeration that can occur in the fluidised bed. The first type is via molten material in
the bed fusing particles together during the reaction. This phenomenon occurs when the
molten phase of ash deposits on the surface of the metal oxide particle. The molten ash is
transferred onto the surface of the metal oxide particle by collision between burning char
particles and bed particles. It is highly probable that the ash layer coating on the surface of
the metal oxide particle will remain molten at the operating conditions used in the fluidised
bed, particularly for low rank coals with a low melting point ash. The metal oxide particles
will thus become sticky over prolonged periods of operation. As a result, in order to achieve
the desired carbon conversion levels, fluidised beds are usually operated at temperatures
above the melting point of ash. Besides that, agglomerates will form if the kinetic energy of
metal oxide particles cannot overcome the sticky forces between particles (Manzoori, 1990).
Besides that, interaction between the particles and the atmosphere can cause agglomeration.
The fluidised bed reactor was cooled down to room temperature with compressed air.
During this period, water vapour in the compressed air might condense and mix with the

particles causing solid lumps to be formed after cooling down and drying.

Figures 5.5 to 5.6 and Figures 5.10 to 5.11 illustrates that when fuel is introduced into the
bed, it is pyrolysed into form carbon monoxide (CO), methane (CH4) and hydrogen (Hz).
Hematite (Fe203) in the bed will then react with these pyrolysis gases to form magnetite
(Fe304) and wustite (Feo.9470) while copper oxide will react with these pyrolysis gases to

form copper (Cu) via reactions shown in Chapter 3.

It was also noted that the metal oxide particles will only react with the pyrolysis gases and
that they do not react with the char formed via the pyrolysis process. As a result, there is a
large amount of carbon inventory being accumulated in the bed. This has an implication in
the commercialisation of chemical looping combustion as the accumulation of char will
decrease the carbon capture efficiency of the process. This will also lead to a decrease in the
combustion efficiency of the process. The major implication of this phenomena is that

chemical looping combustion with solid fuels is best carried out with fuels with high
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volatilities to minimise the building up of char in the bed or that solid fuels will have to be
gasified in a separate reactor before channelling the syngas produced via the gasification

process into the chemical looping combustion system.

Continuous feeding throughout the reduction stage was not preferred in this study due to
the highly exothermic reaction during the oxidation stage for both iron oxide and copper
oxide. Besides that, there is a large inventory of iron oxide and copper oxide in the bed. As
the metal oxide particles have undergone substantial reduction when they react with the
pyrolysis gases, the large inventory of reduced metal oxide particles will react vigorously
with oxygen to return to its original oxidation state. This will cause the temperature of the
fluidised bed to rise substantially and it might cause the metal oxide particles to melt if the
temperature in the fluidised bed exceeds the metal oxides melting point. As a result, less fuel
is introduced into the fluidised bed to control the amount of metal oxide being reduced

during the reduction stage.

It was also noted that the carbon monoxide peak seemed to be increasing slightly over
successive cycles. This is believed to be due to the fact that some of the active sites are
starting to deactivate or that impurities are starting to deposit onto the surface of the
particles and this will reduce the amount of oxygen available for reaction. Attrition also
affects the amount of oxygen available for reaction. Attrition is caused by the collision
between the metal oxide particles with mineral matter from ash as well as with themselves
and the wall of the fluidised bed. Attrition will cause metal oxide fines to be generated. These
fines are easily elutriable from the fluidised bed due to their relatively low terminal velocity.
Elutriation of the bed material causes the bed depth to decrease over successive cycles and
this will result in less metal oxide available for the reaction to take place. Rubel et al. (2011)
also found that high ash concentration in a fluidized bed will limit the contact between the
oxide particles and the carbon molecules in coal thereby reducing the combustion efficiency

of the system.
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5.8.1 Carbon Conversion Analysis
Figure 5.21 and 5.22 show the fraction of carbon fed into the bed being converted into carbon
monoxide and carbon dioxide during the reduction cycle for iron oxide and copper oxide

respectively.

The variation in the amount of carbon converted during the reduction period is due to the
variation in the amount of fuel fed into the bed. However, it does show a general trend in
which the amount of carbon converted during the reduction period decreases with

increasing number of reaction cycles.

A sharp drop in the conversion of carbon was noted during the last 3 reaction cycles for the
case with iron oxide before the experiment was discontinued. The slight increase in the
amount of carbon converted after cycle 30 was due to the new iron oxide particles added
into the bed to replace some of the iron oxide lost during the 30 reaction cycles as well as to
replace the iron oxide collected for analysis. Besides that, it was believed that the iron oxide
particles achieve slightly better regeneration during the oxidation stage prior to the next
reduction stage during cycles 31 to 39. As the particle is able to undergo better regeneration,
this might have unblocked some of the active sites, thereby allowing a higher percentage of

carbon fed into the bed to be converted into carbon monoxide and carbon dioxide.

The rapid decrease in the amount of carbon converted during the reduction period towards
the end of the experiment is believed to be due to the combination of a few factors. The first
factor is due to the elutriation of metal oxide from the bed. Collision between the metal oxide
particles with mineral matter from ash as well as with themselves and the wall of the
fluidised bed will cause metal oxide fines to be generated. These fines are easily elutriable
from the fluidised bed due to their relatively low terminal velocity. Elutriation of the bed
material causes the bed depth to decrease over successive cycles and this will result in less

metal oxide available for the reaction to take place as described in the previous section.
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Besides that, there’s a possibility that metal oxide in the bed will react with carbon and/or
sulphur from coal will to form metal carbide and/or metal sulphide. When this occurs, the
amount of oxygen available for reaction to occur will decrease due to there being less metal
molecules to take up oxygen as it is believed that the strength of the metal carbide and metal
sulphide bonds are greater than that of metal oxide. The effect of carbon and sulphur on iron
oxide and copper oxide used in this study is believed to be minimal as carbide and sulphide

compounds were not detected during X-ray diffraction (XRD) analysis.

Interaction between ash and metal oxide might also limit the contact between the oxide
particles and the gaseous reactants thereby reducing the combustion efficiency of the
system. This is due to the fact that the deposition of ash on the surface of the metal oxide
particles will reduce the number of active sites available for reaction to occur. Besides that,
the mechanism of interaction between ash and metal oxides described in Chapter 3 might
also lead to the deactivation of metal oxide. This is because as more mineral matter diffuse
into the core of the metal oxide particle, it is possible that some form of segregation will occur
within the oxide particles. When this occurs, it is possible that the segregated sections will
reduce the ability of oxygen molecules located at the core of the metal oxide particles to

diffuse to the surface for reaction to occur.

The low carbon conversion achieved during the reduction stage is due to the low
temperature of operation used in this study and that the metal oxide particles will only react
with volatiles released during the gasification of coal as observed in both sets of
experimental setups. This is a concern in the commercialization of chemical looping
combustion, since a carbon conversion of less than 30% of the fuel introduced into the bed
is not desirable in industrial applications. This is because the building up of char in the bed

will decrease the carbon capture efficiency of the system.
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Figure 5.21: Carbon conversion during reduction for iron oxide
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Figure 5.22: Carbon conversion during reduction for copper oxide
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5.8.2 Porosimetry Analysis

Table 5.5 shows the porosimetry analysis conducted for the fresh and reacted iron oxide
particles. It was found that the BET surface area decreased rapidly during the initial 30
reaction cycles as the BET surface area of the particles decreased by more than half of its
initial value. After that, the BET surface area decreased much more slowly. A similar trend
can be seen for the pore volume of the particles. The pore size of the particles appears to

increase from its initial value of about 16 pm to 18 um after 60 reaction cycles.

Table 5.5: Porosimetry analysis for fresh and reacted iron oxide particles

Surface Area, (m2/g) | Pore Volume, (cc/g) | Pore Radius Dv|[r], (A)
Fresh 3.3287 0.0100 16.0555
30 Cycles | 1.1717 0.0030 16.1025
60 Cycles | 0.9153 0.0030 18.0130

Table 5.6 describes the porosimetry analysis for the fresh and reacted copper oxide particles
after 30 successive reaction cycles. It was found that the BET surface area decreased rapidly
during the initial 30 reaction cycles whereby the BET surface area of the particles decreased
by more than half of its initial value. After that, the BET surface area decreased much more
slowly till it reaches a minimum value. A similar trend can be seen for the pore volume of the
particles. The pore size of the particles appears to increase from its initial value of about 54

um to 124 pm after 90 reaction cycles and it appears to stabilise at that maximum value.

The rapid reduction in the BET surface area as well as the pore volume of the oxide particles
while the particles were able to achieve fairly consistent conversion ratio can both be explain

by the ionic diffusivity and surface melting model.

Under the ionic diffusivity model, it is believed that when the oxygen ions diffuse to the
surface of the metal oxide, it is possible some of the mineral matter to replace the space
vacated by the oxygen ions. As mineral matter has low porosity, they are susceptible to block
off the pores on the surface of the metal oxide particles thereby reducing the particles surface

area as well as its pore volume. However, this will not prevent oxygen ions to diffuse to the
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surface of the metal oxide in subsequent reduction stages due to the small amount of mineral

matter present in the coal used in this study.

Under the surface melting model, it is believed that oxygen atom will diffuse to the quasi-
liquid layer on the surface of the oxide particles to react with the pyrolysis gas. It is believed
that the oxide particles will regenerate during the oxidation stage by taking up oxygen atoms
through this quasi-liquid layer as well. As a result, when the reactor is cooled down after the
reduction stage or oxidation stage, the quasi-liquid layer will solidify. During this process, it
is possible that the pores in the original particles are blocked by the solidified surface

thereby reducing the particles surface area as well as its pore volume.

Table 5.6: Porosimetry analysis for fresh and reacted copper oxide particles

Surface Area, (m2/g) | Pore Volume, (cc/g) | Pore Radius Dv[r], (f\)

Fresh 119.3073 0.3095 54.4170

30 Cycles | 49.7873 0.2325 74.1970

60 Cycles | 35.4753 0.1970 101.9645
90 Cycles | 27.5590 0.1605 123.8965
120 Cycles | 21.3153 0.1250 123.9245
150 Cycles | 23.1200 0.1395 104.0755
180 Cycles | 21.4550 0.1275 103.3320
210 Cycles | 17.7880 0.1105 124.6085
240 Cycles | 16.1670 0.0990 124.4630

5.8.3 X-Ray Diffraction Analysis

Table 5.7 shows the X-ray diffraction (XRD) analysis for both the fresh and reacted iron oxide
particles. XRD analysis showed that iron oxide that was reduced during the continuous
feeding stage, was reoxidised back to its original form during the oxidation stage. However,
minor traces of impurities such as silicon dioxide (SiO2) were found on some of these
particles indicating that SiO2 from the ash or fuel interacted with the iron oxide particles. It
was also found that SiO2 reacted with the iron oxide particles to form FeSiO4 as seen in the
case with lignite coal. The impurities were found to have no effect on the reactivity of the

iron oxide particles as only a very small amount of them were detected.
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Table 5.7: XRD analysis for fresh and reacted iron oxide particles

Sample Compounds
Fresh iron oxide particles Fe203
Iron oxide with Hambach lignite coal after 20 redox cycles | Fe203, FeSiO4
Iron oxide with Hambach lignite char after 20 redox cycles | Fe203

Iron oxide with activated carbon after 20 redox cycles Fe20s3, SiO2
Iron oxide with Taldinski bituminous after 20 redox cycles | Fe20s3, SiO2
Iron oxide with US bituminous coal after 20 redox cycles Fe203
Iron oxide with UK bituminous coal after 30 redox cycles Fe203
[ron oxide with UK bituminous coal after 60 redox cycles Fe203

Table 5.8 describes the X-ray diffraction (XRD) analysis for the fresh and reacted copper
oxide particles. XRD analysis on the fresh particles show that most dominant compound
found in these particles is CuAl204 which is consistent with other studies found in the
literature. XRD analysis on the reacted particles indicated that most dominant compound is

still CuAl204. However, it was also found that there was CuAlO:z present in these particles.

Table 5.8: XRD analysis for fresh and reacted copper oxide particles

Samples Compounds

Fresh CuAl204, CuO, Al203

30 Cycles | CuAl204, CuO, Al203, CuAlO2
60 Cycles | CuAl204, CuO, Al203, CuAlO2
90 Cycles | CuAl204, CuO, Al203, CuAlO2
120 Cycles | CuAl204, CuO, Al203, CuAlO2
150 Cycles | CuAl204, CuO, Al203, CuAlO2
180 Cycles | CuAl204, CuO, Al203, CuAlO2
210 Cycles | CuAl204, CuO, Al203, CuAlO2
240 Cycles | CuAl204, CuO, Al203, CuAlO2

The presence of CuAlO2 shows that the reduction of CuAlz04 occurs through the
intermediates CuAlOz and Cuz0 as shown in the study by Patrick and Gavalas (1990) on the
reduction of mixed - copper aluminium oxide. However, the presence of CuAlO2 also
indicates that the oxidation of CuAlO2 to CuAlz04 is difficult. If that is the case, the amount of

oxygen available for the gasification reactor will reduce if the amount of CuAlO2 increases.
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The absence of SiOz in the reacted copper oxide samples indicate that SiOz is present in the
amorphous form which could not be detected via XRD. The XRD analysis also show that there
is very little presence of impurities in the reacted samples or that if they are present, they

are present in very small amount or in the amorphous form.

5.8.4 X-Ray Fluorescence Analysis

Tables 5.9 and 5.10 show the X-Ray Fluorescence (XRF) analysis of both the fresh and the
reacted iron oxide and copper oxide particles over successive 30 reaction cycles respectively.
It can be seen from these tables that the amount of SiO2z increases whereas the amount of the
core components (Fe203, CuO and Al203) decrease as the number of reaction cycles increases.
This is because SiOz2 is hard and abrasive such that it is able to displace the core components
by means of attrition. This causes fines to be generated and elutriated from the bed. The table
also shows that as the number of reaction cycles increase, the amount of impurities in the
form of MgO, CaO, TiO2, MnO, NiO, and CaO increases slightly. These impurities have the
ability to replace the elutriated core components as the oxygen carrier or as the oxygen
carrier support for the reaction to occur. However, they are present in very small amounts

such that they have very little significance in terms of oxygen availability in the bed.

However, the increasing presence of sodium and potassium in the sample will cause an
operating issue over time as their compounds have low melting points and will act as a
binder which will cause the particles in the bed to agglomerate over time. This will cause the
particles in the bed to increase in size and might cause the bed to defluidise or that a higher

fluidising velocity will be required to sustain the fluidisation condition.
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Table 5.9: XRF analysis of fresh and reacted iron oxide particles

Oxides | Fresh (mass percent) | 30 Cycle (mass percent) | 60 Cycle (mass percent)
Fe203 | 99.04 93.85 64.99
SiO2 0.126 2.20 22.56
Alz03 | 0.143 2.92 8.85
K20 - 0.144 1.16
MgO - 0.0801 0.612
Ca0 - 0.0742 0.521
TiO2 - - 0.381
Na20 |- - 0.284
SOs3 0.366 - 0.115
CuO - 0.286 0.0823
Table 5.10: XRF analysis of fresh and reacted copper oxide particles
Oxides | Fresh | 30 60 90 120 150 180 210 240
(Mass | Cycles | Cycles | Cycles | Cycles | Cycles | Cycles | Cycles | Cycles
%) (Mass | (Mass | (Mass | (Mass | (Mass | (Mass | (Mass | (Mass
%) %) %) %) %) %) %) %)
Al203 | 76.63 | 7298 |7536 |66.74 |63.44 |62.36 |48.99 |54.27 |45.89
CuO 2090 |19.46 |18.15 |16.01 |14.24 |14.35 |9.93 12.54 |9.87
SiO2 0.292 | 4.30 3.76 12.83 |17.30 |17.58 |32.83 |26.39 |34.19
K20 - 0.211 |0.237 |0.648 |0.889 |0.895 |1.77 1.37 2.02
Na:20 |- - - 0.099 |0.112 | 0.146 | 0.248 | 0.195 | 0.242
Fe203 | 1.64 2.20 1.73 2.30 2.56 2.87 4.05 3.29 5.05
NiO 0.165 |0.158 |0.156 |0.141 |0.120 |0.121 |0.0872 | 0.107 | 0.0823
MgO 0.0563 | 0.123 | 0.129 |0.293 |0.361 |0.359 |0.637 |0.533 | 0.868
Ca0 - 0.0575 | 0.0559 | 0.245 | 0.294 |0.558 |0.433 | 0.283 | 0.500
TiO2 - 0.0821 | 0.0769 | 0.215 | 0.299 |0.291 |0.570 | 0.442 |0.618
SOs3 - 0.145 |0.133 |0.205 |0.173 |0.154 |0.160 |0.168 | 0.220
MnO - - - - - - 0.0517 | - 0.0628
BaO - - - - - - - - 0.077
P20s - - - - - - - - 0.0575
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5.8.5 Inductive Coupled Plasma Mass Spectrometry Analysis

Tables 5.11 and 5.12 show the inductive coupled plasma mass spectrometry (ICP-MS)
analysis of both the fresh and the reacted iron oxide and copper oxide particles over
successive 30 reaction cycles respectively. The concentration of silicon in the particles were
not included due to the fact that the ICP-MS analysis to obtain the concentration for silicon
is unreliable. It can also be seen from these tables that as the number of reaction cycles
increase, the amount of impurities in the form of calcium, magnesium, and nickel increases
slightly. These impurities have the ability to replace the elutriated core components as the
oxygen carrier or as the oxygen carrier support for the reaction to occur. However, they are
present in very small amounts such that they have very little significance in terms of oxygen

availability in the bed.

It was also noted that the total metallic concentration of the sample decreases after every 30
reaction cycles. This suggests that the concentration of non-metal impurities such as carbon,
silicon, fluorine, chlorine and oxygen have increased and that they could not be detected with

the ICP-MS.

XRD analysis showed that the fuel and ash particles had very minor effects on the oxygen
carriers. As a result of that, it can be deduced that some of these impurities deposited onto
the surface of the metal oxide particles but they did not react with the metal oxides to form

complexes.
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Table 5.11: ICP-MS analysis for fresh and reacted iron oxide particles

Elementiron Fresh (mg/kg)|Iron 30 cycles (mg/kg)|/lron 60 cycles (mg/kg)
Ag 0.32 0.0 0.0

Al 170.16 3528.6 1792.1
As 0.40 2.5 3.7

B 546.75 0.0 0.0

Ba 1.00 0.0 0.0

Be 3.84 0.1 0.1

Bi 0.00 0.0 0.0

Ca 21.74 667.9 563.4
cd 1.40 0.0 0.0

Co 17.07 2.2 1.6

Cr 13.16 25.3 19.5
Cu 387.37 161.8 352.4
Fe 573910.27 200523 119727.6
Ga 0.13 0.0 0.0

Li 0.29 3.1 2.1
Mg [19.81 407.0 228.5
Mn 68.53 40.9 41.9
Mo  [2.69 0.1 0.4

INi 24.82 23.1 27.6
IPb 1.79 0.0 0.0

Rb 0.07 5.7 3.3

Se 2.39 0.0 0.0

Sr 0.39 17.5 20.4
Te 0.06 0.1 0.2

Tl 0.23 0.1 0.0

U 0.00 0.0 0.1

\ 0.00 6.2 5.3

Zn 90.18 64.2 66.6
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Table 5.12: ICP-MS analysis of fresh and reacted copper oxide particles

ElementfFresh (30 60 90 120 150 180 210 240
(mg/kg)|Cycles |[Cycles [Cycles [Cycles [Cycles |[Cycles |[Cycles |[Cycles
(mg/kg) ((mg/Kkg) ((mg/kg) ((mg/Kkg) |(mg/kg) (mg/kg) |(mg/kg) |(mg/Kg)
Ag 0.27 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.0
Al 344654239534 |175931 (178610 (145642 |144779 (115708 (116548 (110080
As 0.00 0.7 0.4 0.6 1.5 2.1 2.1 2.7 3.4
B 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ba  [0.54 0.0 0.0 0.0 340 634 [43.7 P44 674
|Be 0.00 0.6 0.4 0.5 0.9 1.3 1.1 1.0 1.0
Bi 0.00 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0
Ca 156.65 [871.0 1608.5 |547.4 [(1866.4 [2242.0 |2547.2 |3256.7 [5518.3
Cd 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
Co 0.14 4.2 3.9 3.8 6.9 8.9 10.6 8.2 8.1
Cr 0.65 30.7 27.0 26.1 33.9 42.6 41.9 39.9 45.8
Cu 116270(62236 |59938 |65690 (47648 45844 |33891 |39037 (33404
Fe 450.66 [22466.2|18136.2(14617.8|32929.1 [38961.5 |54537.5 [53938.7 |33099.1
Ga 19.24 171 12.4 11.3 15.2 17.7 15.0 13.4 15.6
Li 0.38 11.4 8.4 0.2 15.6 23.4 20.5 16.8 19.6
|Mg 22.67 [2337.5 [1943.4 (1613.5 [3653.4 |5293.7 |6459.5 [4332.9 [|4644.2
|Mn 7.41 232.0 1324 [94.5 309.5 4223 687.5 882.1 318.9
|M0 0.43 2.2 2.8 3.3 4.5 5.6 6.7 14.4 16.7
|Ni 4.79 493.6 [408.2 [409.4 |315.0 ([295.2 246.8  |299.3 273.0
|Pb 0.45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rb 0.01 26.7 21.3 19.4 35.5 46.6 44.6 36.9 44.0
Se 1.77 0.0 0.1 0.5 1.1 0.8 0.3 0.8 0.1
Sr 0.18 28.1 22.6 22.9 42.8 55.4 52.3 59.6 58.8
Te 0.00 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0
Tl 0.06 0.3 0.2 0.2 0.2 0.2 0.2 0.1 0.2
U 0.00 0.1 0.1 0.1 0.2 0.3 0.3 0.3 0.3
V 0.00 23.0 20.2 19.8 36.1 44.7 48.6 42.5 46.2
Zn 30.35 [33.9 33.1 31.9 34.6 45.9 40.5 37.5 61.6
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5.8.6 Metal Oxide Conversion Analysis

Figures 5.23 and 5.24 show the amount and percentage of Fe203 and CuO being converted
during the reduction stage as the number of reaction cycles increases respectively. The main
assumption used in the calculation of the weight percentage of both Fe203 and CuO obtained
via the X-Ray Fluorescence (XRF) analysis was representative of the actual composition in
the fluidised bed. This will then represent the amount of Fe203 and CuO available for the
reaction to take place during the reduction stage. It was also assumed that the rate of
elutriation of Fe203 and CuO in the bed occurs linearly during each 30 successive reaction
cycles. The first assumption is prone to errors arising from random errors during the
collection of the bed sample for analysis and this can be seen in the case for copper oxide
whereby the number of moles of CuO converted during cycles 180 to 210 remained fairly
constant and similar to the previous 30 reaction cycles but the percentage of CuO converted
decreased. Better regeneration of the reduced CuO particles is possibility that will reduce
the amount of CuO converted during the next reduction stage but this is not the case for this

phenomenon.

Figure 5.23 indicates that during the initial 30 reaction cycles, the number of moles of Fe203
converted decreases slightly, whereas the percentage of Fe203 converted into Fe304 remains
fairly constant. This illustrates that the amount of Fe203 in the bed is decreasing as the
number of reaction cycles increase. This is highly evident in the next 30 reaction cycles,
whereby the amount of Fe203 converted decreases much more rapidly from cycle 40 till 60
and this is accompanied by a sharp increase in the percentage of Fe203 converted into Fe304

from cycle 40 till 60.

The study was discontinued after 60 cycles due to the fact that about half of the bed material
at the beginning of cycle 31 was elutriated. Besides that, the carbon conversion during the
last 2 cycles of the study had dropped to less than 15% of the carbon introduced into the bed
causing a significant amount of char to be accumulated in the bed. Addition of new iron oxide
material at such a significant amount is projected to cause the conversion profile to have a

similar behaviour shown in Figure 5.23.
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Figure 5.24: Copper oxide conversion
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This is largely due to the fact that the mechanically mixed iron oxide particle is not strong
and robust to withstand a high rate of attrition. As a result, after the particle has undergone
multiple reduction and oxidation cycle, the structure and strength of the particle is
significantly reduced. This will cause iron oxide fines to be generated at a much higher rate
when it undergoes the reduction reaction as well as collisions with other particles in the bed
and with the wall of the fluidised bed. These fines are easily elutriable from the fluidised bed

due to their low terminal velocity.

Figure 5.24 shows that during the initial 30 reaction cycles, the number of moles of
CuO/CuAl204 converted decreases slightly whereas the percentage of CuO/CuAl204
converted increases slightly. This shows that the amount of CuO/CuAlz204 in the bed is

decreasing as the number of reaction cycle increase.

Patrick and Gavalas (1990) studied the reduction of mixed copper - aluminium oxide and
found that the reduction of CuAlz204 in Hz to Cu occurred through the intermediates in the

form of CuAlO2 and Cuz20 before the intermediates are further reduced into Cu.

The presence of CuAlO:z detected via X-ray diffraction (XRD) shows that there is a possibility
that the reduced copper oxide particles are not fully regenerated during the oxidation stage
or that CuAlOz is quite a stable compounds such that it is difficult to reoxidised it back to its
original state, CuAl204. This has a major implication in that there will be fewer oxygen

molecules available for the reaction to occur during subsequent reduction stages.

The decrease in the amount of oxygen carrier being converted during the reduction period
towards the end of the experiment is believed to be due to the combination of a few factors.
The first factor is due to the elutriation of metal oxide from the bed. Collision between the
metal oxide particles with mineral matter from ash as well as with themselves and the wall
of the fluidised bed will cause metal oxide fines to be generated. These fines are easily
elutriable from the fluidised bed due to their relatively low terminal velocity. Elutriation of
the bed material causes the bed depth to decrease over successive cycles and this will result
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in less metal oxide available for the reaction to take place as described in the previous

section.

Besides that, there’s a possibility that metal oxide in the bed will react with carbon and/or
sulphur from coal will to form metal carbide and/or metal sulphide. When this occurs, the
amount of oxygen available for reaction to occur will decrease due to there being less metal
molecules to take up oxygen as it is believed that the strength of the metal carbide and metal
sulphide bonds are greater than that of metal oxide. The effect of carbon and sulphur on iron
oxide and copper oxide used in this study is believed to be minimal as carbide and sulphide

compounds were not detected during X-ray diffraction (XRD) analysis.

Interaction between ash and metal oxide might also limit the contact between the oxide
particles and the gaseous reactants thereby reducing the combustion efficiency of the
system. This is due to the fact that the deposition of ash on the surface of the metal oxide
particles will reduce the number of active sites available for reaction to occur. Besides that,
the mechanism of interaction between ash and metal oxides described in Chapter 3 might
also lead to the deactivation of metal oxide. This is because as more mineral matter diffuse
into the core of the metal oxide particle, it is possible that some form of segregation will occur
within the oxide particles. When this occurs, it is possible that the segregated sections will
reduce the ability of oxygen molecules located at the core of the metal oxide particles to

diffuse to the surface for reaction to occur.
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5.9 Summary

In chapter 4, the performance of mechanically mixed iron oxide and copper oxide
impregnated on alumina were initially assessed over the course of 20 reduction oxidation
cycles with five different fuels. The fuels used in the investigation include Hambach lignite
coal, Hambach lignite char, Taldinsky bituminous coal, US bituminous coal and activated

carbon.

The rate of gasification for the fuels were found to vary considerably. Hambach lignite coal
and Hambach lignite char were found to be much more reactive compared to Taldinsky
bituminous coal, US bituminous coal and activated carbon. These unreactive fuels resulted
in a large accumulation of char in the bed. This is an operational issue for a semi-batch
chemical looping combustion process since char present during oxidation is combusted and
the CO:2 released cannot be captured. If this accumulation cannot be avoided, this would
mean that the semi-batch process is only suitable for used with highly reactive fuels which

can be easily gasified.

Results from the second experimental setup detailed in chapter 5 was used to determine the
effects of large number of reaction cycles on the iron oxide and copper oxide particles. Gas
released profiles show that the amount of carbon converted during reduction decreases

gradually as the experiments proceed.

Porosimetry analysis on both iron oxide and copper oxide particles indicated that the BET
surface area of these particles decreased by more than 50% of their original values. However,
this decrease does not seem to affect the reactivity of the metal oxide particles as the
conversion of the pyrolysis gases was found to decrease gradually throughout the
experimental study. The shrinking core model was disregarded as a result of this observation
as this phenomena shows that pores on the metal oxides particles appear to play a minor
part in the combustion processes. Instead, it is believed that the reactions will occur either

via the ionic diffusivity or the surface melting mechanisms described in Chapter 3.
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Results from the XRD analysis on the iron oxide particles highlighted that the reduced iron
oxide after reacting with coal was reoxidised back to its original form with trace amounts of
impurities such as silicon dioxide (SiOz). XRD analysis on the copper oxide particles showed
that copper oxide reacted with its impregnated support (alumina, Al203) to form copper
aluminate complexes (CuAl204 and CuAlO2). The intermediate reduction product of CuAl204,
CuAlOz, was detected during the XRD analysis which shows that the reduced copper oxide
particles were not fully regenerated and that CuAlO2 is a fairly stable compound. The
immediate impact of the detection of CuAlOz2 is that it will reduce the amount of oxygen
available for reaction to occur during subsequent reduction stages. XRD on these particles
did notrevealed the presence of SiO2 and other forms impurities indicating that most of these
impurities are either present in a small amount or that they are present in the amorphous

form which could not be detected via XRD.

XRF and ICP-MS analysis on the reacted metal oxide particles revealed that the concentration
of core components of the metal oxide particles (iron, copper and alumina) decreased over
successive reaction cycles. The attrition and subsequent elutriation of these components is
believed to be due to the interactions between the metal oxides themselves as well as their
interaction with mineral matter from ash and the wall of the fluidised bed. These interactions
will cause metal oxide fines to be generated. These fines are easily elutriable from the

fluidised bed due to their relatively low terminal velocity.

The number of moles of iron oxide and copper oxide converted during reduction were found
to decrease with increasing number of cycles. This is believed to be due to the combination
of two factors. The major factor is the elutriation of the oxide fines leading to less oxide being
available for subsequent reduction to occur. The other factor is that the oxide particles are
starting to deactivate. Even though the number of moles of oxygen carrier converted during
the reduction stage is decreasing, the extent to which the oxygen carrier are converted
appears to be increasing. This is due to the fact that as the amount of metal oxide in the bed
is decreasing, the metal oxide is converted at a higher degree in order to achieve the

observed amount of oxygen carrier converted during the reduction stage.
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Chapter 6 ATTRITION

The attrition of particles in fluidized beds is defined as the breakdown of particles within a
process, including both abrasion and fragmentation. The study of attrition of solids in
fluidized beds is of considerable importance since
e The generation of fines which are elutriated from the bed, places stresses on the
downstream filtration systems (i.e. collection system must be larger)
e The loss of valuable material is expensive and can decrease the efficiency of the
process
e Attrition influences the particle size distribution and in the bed in turn will affect the
performance of the process in areas such as heat transfer and the fluidized bed

hydrodynamics

6.1 Mechanism of Attrition
The attrition of particulate solids is a complicated process dependent on many variables.
Both the particle properties (e.g. size, shape, surface structure, porosity and hardness) as
well as the environment (e.g. temperature, pressure, hydrodynamics and time of exposure)
will influence the rate of attrition. In fluidized beds, the source of attrition largely stems from:

e Bubbling within the bed

e The jets present at holes in the distributor

¢ Splashing of ejected particles

e Thermal shock on injection of particles

e C(ollision between the bed and collection systems
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It is generally accepted that, in the absence of any chemical or thermal effects, there are two
primary modes of attrition:

e Surface wear due to abrasion

e Fragmentation due to collisions of particles with each other and with the walls of the

container

Table 6.1: Factors affecting attrition in a fluidized bed (Ray et al. 1987)

Group | Factor Description Duration Region of
occurrence
1 Screw feeder Mechanical crushing Feeding Screw & feeding
period tube
Pneumatic High-velocity impact Feeding Transfer line
conveyer; period
Transfer line
Impact plate Inertial impaction; | Feeding Plate surface
High-velocity impact period
Grid jets High-velocity impact; | Continuous Grid region
Abrasion
Bubbling bed Low-velocity impact & | Continuous Volume of bed
abrasion from stirring between grid &
by bubbles freeboard
Freeboard Low-velocity impact Continuous Freeboard
splashing
Cyclone High-velocity impact Continuous Cyclone Walls
2 Thermal shock Heat-induced stress Once (after | Inside fluidized
feeding) bed
Calcination Stress caused by change | Once (after | Inside fluidized
in crystal feeding) bed
Chemical Stress caused by change | Once or | Inside fluidized
reaction in crystal lattice continuous bed
Internal gas | Explosion Once (after | Inside fluidized
pressure feeding) bed
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Abrasive wear or abrasion is typically associated with low velocities such as those
experienced in the particulate phase of the fluidized bed. Fragmentation, by comparison,
occurs in the regions of high velocity of gas and solids, such as the jetting region and at entry
to cyclones. Within a fluidized bed, both modes of attrition will take place and it is difficult
to separate the effects and study them individually. Table 6.1 shows the factors affecting

particles attrition in a combustion system.

6.2 Attrition of Carbon during Combustion and Gasification

Chirone et al. (1991) and Salatino (2007) studied the attrition of carbon during combustion
and gasification. They found that there are 3 forms of carbon attrition. The first form is
primary fragmentation associated with the rapid release of gases from solids during
processes such as pyrolysis. [t was found that an increase in pressure within the particle can
lead to particle failure. The second form of fragmentation is due to the loss of particle
connectivity. This was associated with percolation theory. Percolation theory is a
mathematical theory of connectivity and transport in geometrically complex systems. By
applying the percolation theory to oxidation of carbon, it was deduced that as the oxidation
process proceeds, the porosity of char increases until the point in which the integrity of the
char matrix collapses. The third form of attrition is due to combustion. It was found that
combustion restores the roughness of the surface of the coal particles that will then be

susceptible to abrasion.

6.3 Attrition of Oxygen Carriers

There have not been many studies conducted to properly characterise the attrition of oxygen
carriers. Most studies have been focused on basic attrition tests to screen and eliminate
unsuitable oxygen carriers. Gayan et al. (2008) studied the performance of different nickel-
based oxygen carriers prepared via dry impregnation of alumina in a fluidised bed over 120
oxidation-reduction cycles. They found that after the first few cycles, the attrition rate of all
of the particles fell to a steady rate of less than 0.05% loss in weight per cycle. Berguerand
and Lyngfelt (2008) studied the performance of ilmenite as oxygen carrier for chemical

looping combustion. They found that the rate of attrition of ilmenite was 0.01-0.03% per
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hour based on the particle size distribution of particles recovered from the bed at the end of

their experiments.

Erri and Varma (2007) studied the performance of nickel-based oxygen carriers. They then
used a modified ASTM test in which particles were placed in a glass cylinder with 4 mm
baffles and were rotated on a ball mill roller for 30 minutes at a rate of 60 rpm. They found
that all of the carriers except one (40% NiO/60% NiAl204) showed a loss of less than 4% by
weight due to attrition over 100 oxidation-reduction cycles at 1000°C. Results from their

studies are shown in Table 6.2.

Table 6.2: Mechanical and redox characteristics of oxygen carriers (Erri and Varma,

2007)
NiO-support Composition (Mg:Ni) Oxygen Attrition
weight ratio capacity | (%)
40:60 NiO/NiAlz204 0.086 5.6
30:70 NiO/NiAl204 0.064 1.2
20:80 NiO/NiAlz04 0.043 1.2
32:68 (NiO)o.79(Mg0)o.21/Nio.62Mgo.38Al204 (0.4; 1 | 0.068 1.7
step)
35:65 (NiO)o.s8(Mg0)o.12/Nio.49Mgo.51A1204 (0.4; 2 | 0.076 2.7
step)
34:66 (NiO)o.79(Mg0)o.21/Nio.esMgo.3sA1204 (0.3; 1 | 0.073 2.0
step)
36:34 (NiO)o.79(Mg0)o.21/Nio.7sMgo.25A1204 (0.2; 1 | 0.078 2.4
step)
- Fe203 0.03 3.9

Adanez et al. (2006) studied the performance of a dry impregnated copper oxide alumina
oxygen carrier in a circulating fluidised bed. They concluded from their studies that most of
the fines are generated from the air reactor and that elutriation from the fuel reactor was
minimal based on the fines collected in cyclones and filters downstream of the fuel reactor
and air reactor. They also found that the initial rate of attrition was 1.2% in weight per hour

and that the rare of attrition fell to 0.04% in weight per hour after 100 hours of operation.
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Most studies on attrition and fragmentation have been conducted with limestone for one
cycle calcination and sulphation. It was found that the particles break up (decrepitate)
during calcination due to thermal shock. It was found that calcination and sulphation have
opposite effects on the attrition rate in that a more friable solid is formed from the porous
calcium oxide created during calcination. Besides that, it was found that the sorbent strength
increase upon sulphation was possibly due to surface hardening or filling of surface cracks.
The mechanism of sulphation is found to be slower due to the formation of a product layer
that plugs pores and hinders the diffusion of SOz into the particle. As a result, smaller
particles were found to have higher SOz capture capacities than larger particles. However
usage of smaller particle size to increase SO2 capture capacity reduces the residence time of

particles in the system.

Studies conducted on attrition of limestone during carbonation and calcination cycles for CO2
capture concluded that limestone exhibits a high rate of attrition rate during initial
calcination, with reduction of attrition rate upon cycling. However it was found that the
continuous attrition of limestone particles during repeated carbonation and calcination will
pose a serious issue in scaling up of this technology. Lu et al. (2008) found that approximately
30-60% of limestone sized between 0.4-0.8 mm used in a pilot-scale dual fluidized bed
system was captured as fines with size < 0.1 mm in the cyclones after 3 and 25 carbonation

and calcination cycles.

6.4 Modelling attrition in the Fluidized Bed
6.4.1 Time Dependence of Attrition

Studies on attrition have continuously shown that the rate of attrition for a fresh batch of
particles in a fluidised bed starts off at a higher rate and that it decreases with time until a
constant rate is achieved (Forsythe & Hertwig 1949; Chraibi & Flamant 1989; Patel et al.
1986; Wolff et al. 1993). This is due to the fact that fresh particles may have a rough surface
with friable defects or asperities that are worn off during the initial time spent in the bed.
Thereafter, abrasion occurs on a relatively smooth surface and fines are generated at a

constant rate.
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By assuming a first order approach to describe the time dependence of attrition, the rate of
loss of material in a certain size interval is proportional to the amount of material in that size
interval. This expression is described in Equation 6.1 (Brown, 2010).

dw 1 .

—=——W (Equation 6.1)

dt T

a

where W is the mass of particles in the bed and 7, is the attrition rate constant. Integrating

Equation 6.1 gives:

W _ exp (—LJ (Equation 6.2)
W, T

a

where Wo is the initial mass of the particles in the bed at time t=0. One would expect this to

be dependent on the initial particle size distribution; however, studies carried out to address
this issue has found that this approach can offer a reasonable approximation for some
systems irrespective of the initial particle size distribution (Neil & Bridgewater, 1994;
Gardner & Austin, 1962; Sedlatschek & Bass, 1953). Alternatively, the process can also be
described as a second order process which is proportional to the square of the number of

particles, thus:

W 1
TR (Equation 6.3)
WO 1+ —

T

a

Gwyn (1969) studied the attrition of particles of silica-alumina catalyst in a fluidized bed.
The following power law relationship was proposed for describing the attrition of initially

mono-sized particles:

X; =k, t™ (Equation 6.4)
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where X; is the weight fraction of the fines, ka is a constant dependent on the initial particle

size and M, is an empirical constant which accounts for the change in propensity of the

material to abrade with time and is independent of time and particle size. Differentiating,

dx,

R, = at =k, m,t"™™ (Equation 6.5)

As a result, a plot of ln(Ra) VS ln(t) should yield a straight line and can be used to obtain

parameters K, and M, since:

In(Ra):In(kama)+(ma —1)In(t) (Equation 6.6)

Neil & Bridgwater (1994) found that M, is often constant for a given material and ka is
related to the normal stress. The parameter M, can be further splitinto M, = ¢aﬁa where ¢a

is a material property of attrition and ﬂa describes the rate of degradation of the material.
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6.5 Attrition Measurement Methodology

Attrition in this study is measured based on the results obtained from the mass of the bed at
the end of every 30 reaction cycles as well as the results from the X-ray fluorescence (XRF)
results. Measuring attrition this way will provide a good indication on how the oxygen
carriers used will interact with mineral matter from ash. It is believed that silicon dioxide
found in mineral matter will cause the expected attrition rate to be higher than those

calculated from models described in this chapter due to its highly abrasive nature.

6.6 Experimental Attrition Measurement

Figure 6.1 shows the results of measurement of the variation in the amount of Fez03 and the
number of moles of Fe203 whereas Figure 6.2 shows the variation in the amount of CuO and
the number of moles of CuO in the fluidised bed with increasing number of reduction

oxidation cycles.
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Figure 6.1: Amount of iron oxide in the bed with increasing number of reaction cycle
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Figure 6.2: Amount of copper oxide in the bed with increasing number of reaction cycle

The gradient of the slopes in Figures 6.1 and 6.2 represent the rate of elutriation of Fe203
and CuO from the fluidised bed. The steeper the gradient the higher rate of elutriation of

Fe203 and CuO from the fluidised bed over 30 reaction cycles.

The main assumption used in the calculation of the weight percentage of Fe203 and CuO
obtained from the X-Ray Fluorescence (XRF) analysis was taken to be representative of the
actual composition in the fluidised bed at the end of the particular reaction cycle. Besides
that, it was also assumed that the elutriation of Fe203 and CuO in the fluidised bed occurs
linearly during each of the 30 successive reaction cycles. The first assumption is prone to
errors arising from random errors during the collection of the bed sample for analysis and
this can be seen in the case for copper oxide whereby the amount of copper oxide in the bed
appears to increase over time during cycles 180 till 210 that is not possible as the amount of

copper in the fuels used are not significant enough to cause this increase.
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A possible solution to mitigate this issue is to use a fresh batch of copper oxide after 30
reaction cycles and perform the experiment for 60 cycles without replacing any lost bed

material at the end of the 30t reaction cycle.

Figure 6.1 shows that during the initial 30 reaction cycles, the number of moles of Fe203
converted decreases slightly whereas the percentage of Fe203 is fairly low at about 11.5%.
However, the percentage of Fe203 attrited increases much more rapidly over the next 30

reaction cycles when about 60% of the iron oxide in the bed was elutriated.

Figure 6.2 indicates that the rate at which CuO is elutriated from the bed increases during
every subsequent 30 reaction cycles until a maximum value is achieved before the elutriation

rate starts to fall off. This can be attributed to two main phenomena.

The attrition models described earlier in this chapter projected that the rate of attrition of
the particles should fall with time and with that, the rate of elutriation should fall with time
as well. However, this was not observed in this study as the rate of elutriation was observed
to be higher after the initial 30 reaction cycles for both cases with iron oxide and copper
oxide. The higher than expected rate of elutriation is believed to be due to the combinations

of these factors.

The first factor is due to the fact that the mechanically mixed metal oxides are not as strong
and robust to withstand high rate of attrition compared to supported metal oxides. As a
result, after the particle has undergone multiple reduction and oxidation cycles, the structure
and strength of the particles is significantly weaker. This will cause oxide fines to be
generated at a much higher rate when it undergoes the reduction reaction as well as
collisions with other particles in the bed and with the wall of the fluidised bed. These fines

are easily elutriable from the fluidized bed due to their relatively low terminal velocity.
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Besides that, during the reduction of Fe203 to its intermediate form of Fe304 and/or its final
reduction form, Feo.470, it is believed that the intermediate and/or the final reduction
product has a smaller molecular size compared to Fe20s3. This is believed to be true as well
for the reduction of CuO and CuAl204 to their intermediate forms, Cuz20 and CuAlOz, and/or
to their final form, Cu, whereby the intermediate and/or the final reduction product is
believed to have a smaller molecular size compared to CuO and CuAl204. When this occur, it
is believed that some of these molecules will dislodge from the bulk of the molecules and as
they have a small particle size, they are prone to be elutriated from the bed as a result of their

low terminal velocity.

The other factor is believed to be due the mixing between the metal oxide particles and
mineral matter from coal ash. When mineral matter diffuses into the oxide particles, it is
possible that they will cause the oxide structure to deform thereby reducing the strength of
the particles making them more susceptible to breakage when they collide with one another

or with the walls of the fluidised bed.

The final reason is due to the presence of SiOz in the mineral matter as detected via X-Ray
Fluorescence (XRF) analysis. As SiOz is a hard and abrasive particle, it has a large tendency
to collide with the softer metal oxides and its support. The collision will cause fines to be

generated which can be easily elutriated from the bed due to their low terminal velocity.

The iron oxide study was discontinued after 60 cycles due to the fact that about half of the
bed material at the beginning of cycle 31 had been elutriated. Besides that, the carbon
conversion during the last 2 cycles of the study has dropped to less than 15% of the carbon
introduced into the bed causing a significant amount of char being accumulated in the bed
which was discussed in Chapter 5. Addition of new iron oxide material at such significant

amount is projected to cause the profile to have a similar behaviour shown in Figure 6.1.
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The fall in the rate of elutriation for copper oxide towards the end of the study is believed to
be due to the fact that agglomeration of the particles in the bed is getting more severe. This
is because as the length of the study increases, the amount of coal introduced into the bed
increases as well. The immediate result is that the presence of potassium and sodium in the
bed will increase with time. Potassium and sodium low melting point and as a result, they
will melt and stick onto the surface of the ash or copper oxide particles binding them with
other particles in the fluidized bed. When this happens, the particles in the fluidised bed will

grow in size and over time, this will cause the bed to defluidise.
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Chapter 7 SURFACE ANALYSIS

7.1 Carbon Deposition on Oxygen Carriers

Carbon formation is a possible side reaction in chemical looping combustion. It has been
found that carbon deposition is dependent on metal oxide, inert material and H20/fuel ratio.
The main ways for carbon formation are pyrolysis and decomposition of hydrocarbons, e.g.
CH4, or disproportionation of CO to C and COz, i.e. Boudouard reaction (Mattisson et al,,

2006).

Pyrolysis is an endothermic reaction, thermodynamically favoured at high temperatures.
The exothermic Boudouard reaction is more likely to take place at lower temperatures.
Kinetically, both pyrolysis and Boudouard reactions are known to have a limited importance
in the absence of a catalyst. However, transition metals such as nickel and iron can catalyse
carbon formation. Carbon formation also depends on reaction conditions, such as the
availability of oxygen, fuel conversion, reaction temperature and pressure. It has been
observed that carbon deposition appears to be more prominent towards the end of the
reduction period when more than 80% of the available oxygen was consumed. As a result,
rapid carbon formation happens when fuel gas combustion cannot take place, at least

substantially (Cho et al., 2005; Ryu et al., 2003; Corbella et al., 2005a,b).

In chemical looping combustion, the carbon deposition on the solid carrier in the fuel-reactor
can flow with the particles to the air-reactor and be burnt by air. This will reduce the
efficiency of the total COz capture in the process (Corbella et al., 2005a,b). Carbon deposition
can also lead to the deactivation of oxygen carriers or catalysts used in the process. As a
result, it is important not only to understand the possible carbon formation mechanisms but
also to investigate the operating strategies that need to be implemented to minimize and/or

avoid carbon formation.
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Most of the reported data on carbon deposition has been obtained in TGA units at high
concentration of fuel gas. Ishida and co-workers (1998) reported carbon deposition on
nickel and iron supported YSZ oxygen carriers. Their study shows that carbon formation is
mainly caused by the Boudouard reaction, with the amount of carbon deposited on the
nickel-based oxygen carriers being greater than that found on iron-based materials under
the same conditions. In addition, it is shown that an increase in temperature decreases the
amount of carbon deposited on a NiO/YSZ particle with carbon deposition being almost

completely phased out at 900°C.

Ryu et al. (2003) reported using a nickel-based oxygen carrier material with exactly the
opposite temperature trends suggesting that carbon formation decreased while

temperature was increased.

Cho and co-researchers (2005) reported a comprehensive investigation on carbon formation
on chemical looping combustion oxygen carriers using a laboratory scale fluidized bed. Their
study reveals that carbon formation on a nickel-based carrier is strongly dependent on the
oxygen availability. During the initial reduction stage when there is sufficient oxygen, no
carbon formation is observed. Rapid carbon formation starts, however, when more than

80% of the available oxygen is consumed.

It has been suggested that pyrolysis is the main reaction by which carbon deposition occurs
on nickel supported on YSZ or NiAl203 carriers. Carbon deposition by pyrolysis can be
controlled by the addition of steam (Jin et al., 1999; Jin and Ishida, 2004; Villa et al., 2003;
Ryu et al., 2003). One should however notice that no excess steam is needed and process
produced steam from the reduction reaction should be included in the required steam

calculations (Jin et al., 1998).
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Temperature was found to be an important variable that can be adjusted to suppress carbon
deposition (Ryu et al,, 2003). Usually, an increased temperature is favourable for both
increasing methane conversion and decreasing carbon formation. However care should be
taken when selecting the maximum operating temperatures, since higher temperatures also

cause metal sintering and phase transformation.

The introduction of a second metal can also reduce the carbon deposition on the catalyst
materials. For example, trace amounts of noble metal are beneficial in a naphtha reforming

catalyst to reduce carbon deposition.

Jin et al. (1998) studied a bimetallic CoO-NiO/YSZ system for a chemical looping combustion
study. Their study suggest that carbon deposition can be completely eliminated by
employing cobalt as a promoter along with NiO being the main active species on the YSZ
support. [t was speculated that formation of a solid solution between nickel and cobalt might
change the free energy of the carbon formation reactions, giving rise to reduced coke

deposition.

As there have not been that many studies on the deposition of carbon on iron oxide and
carbon oxide, it was therefore desirable to detect the presence of carbon and other forms of
impurity on these particles (if any) and study their effect on the reactivity of the oxygen

carriers over a large number of reduction and oxidation cycles.

Two techniques were employed to study the surfaces of these particles. They are scanning

electron microscopy with electron dispersive system and x-ray photoelectron spectroscopy.
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7.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is commonly used to study the surface morphology of
metal oxides. This technique involves the use of a primary beam of electrons that will interact
with the sample of interest in a vacuum environment that will result in different types of
electrons and electromagnetic waves to be emitted. The secondary electrons ejected from
the surface of the metal oxide are then collected and displayed to provide a high resolution

micrograph.

SEM sample preparation involves the fixation of the metal oxide particles by attaching them
to a metallic stub and then coating them with a thin metallic coating. The metallic coating is
usually applied via a sputter coating. Gold is the most common conductive metal used for the
metallic coating process. SEM can also be combined with other analysis methods such as
energy dispersive X-ray (EDX) system in order to determine the elemental distribution in
the sample. However, in order to perform the EDX analysis, carbon coating is used instead of

gold coating.

In the scanning electron microscope analysis conducted for this study, the cross-sectional
images and mapping were done for the copper oxide particles. These were done using resins
made from a mixture of 50% CY212 (Araldite) and 50% DDSA (Dodecenyl Succinic
Anhydride) with added BDMA (Benzyldimethylamine) hardener to form ‘Araldaite’ epoxy
resin whereby the copper oxide samples were placed onto this mixture and casted into
‘coffin’ molds before they were placed into an oven at 60°C for 3 days. The samples were then
cut with a non-ferrous cutting wheel (MetPrep Type 5, maximum speed 5460 rpm). The
cutting speed used in cutting these samples was 3000 rpm. This technique was chosen to

determine if there is any form of segregation occurring within the particles.
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7.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is often used to determine the elemental
composition of solid surfaces. The principle of XPS revolves around the emission of electrons
from matter in response to the irradiation of the surface by a beam of monochromatic X-rays.
This kinetic energy of the emitted photoelectrons (Kg) is unique for the different elements

as well as being sensitive to the chemical state of the atoms.

The most commonly used X-rays energies are 1253.6 eV (MgKa«) and 1486.6 eV (AlKq).
However, since the emitted electrons have little ability to penetrate the matter, only those
electrons emitted from the outermost 100 A of a sample can escape from the surface and be
quantified. All elements except hydrogen and helium can be detected by their characteristic
binding energies of the electrons with a sensitivity of about 0.1 atom percent. In addition,
angle resolved XPS can be used to examine layers that may not be uniform, to investigate a
surface whereby its coverage is believed to be patchy or to examine the change or transition
between the bulk and surface of a ‘surface modified’ material. Destructive XPS can be used
by applying argon etching in order to obtain information of several thousand angstroms into

the sample (Merrett et al. 2002).

7.4 Iron Oxide

7.4.1 Scanning Electron Microscope Analysis

Figures 7.1 to 7.4 show the SEM images of the fresh iron oxide particles. Figure 7.1 indicates
that even though the iron oxide particles have been sieved to the range desired for this
experimental work, there are still some forms of fines attached onto the surface of the
particles. The magnified fresh iron oxide particles (Figure 7.2) also highlights that the iron
oxide molecules appear in the form of small agglomerates distributed randomly throughout
the particle. Figure 7.3 describes the iron oxide particles after it has undergone 30 reduction
oxidation cycles. The image shows some cracks on the surface of the particles due to attrition.
The magnified reacted iron oxide particles seen in Figure 7.4 highlights that even though the
iron oxide molecules are still appear in the form of agglomerates, the agglomerates are larger

in size due to the fact that the particles have undergone sintering during the combustion
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process. Besides that, it is also believed that the iron oxide particles might have undergone

slight melting during the combustion proves resulting in the smoother appearance of the

molecules at the surface of the particles.

AccV SpotMagn Det WD Exp p———— 50um
200kV20 375x  SE 1101 BMS Sheffield

Figure 7.1: SEM image of fresh iron oxide
particles
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Figure 7.3: SEM image of reacted iron
oxide particles after 30 cycles
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Figure 7.2: Magnified SEM image of fresh
iron oxide particle
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Figure 7.4: Magnified SEM image of
reacted iron oxide particles after 30
cycles
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Figures 7.5 and 7.6 show the scanning electron microscopy images of the reacted iron oxide
particles after 20 reduction and oxidation cycles whereas Figures 7.7 and 7.8 describe the

energy dispersive system analysis for these 2 spectra.

400pm Electron Image 1 400um Electron Image 1
Figure 7.5: SEM image of reacted iron Figure 7.6: SEM image of reacted iron
oxide particles after 20 cycles and the oxide particles after 20 cycles and the
location of Spectrum 1 location of Spectrum 2
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Figure 7.7: Energy dispersive system for spectrum 1
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Figure 7.8: Energy dispersive system for spectrum 2

Figures 7.7 and 7.8 show that the iron peaks are situated at 6404, 6391, 7058, 705, 705 and
719 corresponding to Ka1, Kaz, KB1, Lai, Laz and LB1 respectively.

Figure 7.7 shows the presence of calcium on the surface of the reacted iron oxide particle
after 20 oxidation and reduction cycles. However, they were not observed in the energy
dispersive system analysis for spectrum 2. This indicates that there is some form of
impurities such as calcium depositing onto the surfaces of the reacted iron oxide particles.
However, their exact location is difficult to pin-point as seen in the result for spectrum 2.
Nevertheless, spectrum 2 seems to indicate the presence of impurities. However, as there is
no significant peaks that could be detected due to the high background noise, some of these

impurities might have been discarded as background noise.

Besides that, spectrum 1 seems to indicate some form of carbon deposition on the surface of
the reacted iron oxide particle that was not observed in spectrum 2. As the iron oxide
samples analysed were coated with a silver paint lining on the stub rather than the
commonly used carbon coating method, this indicates that there is some unburned carbon
from the reduction stage that was not completely burnt off during the oxidation stage.

However, it is believed that the occurrence of this phenomena is quite small as the peak does
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not seem significant enough to truly indicate the presence of carbon on the surface of the

iron oxide particles due to the high background noise.

Figures 7.9 and 7.10 show scanning electron microscopy images of the magnified surface of
the iron oxide particles after 20 reduction and oxidation cycles whereas Figures 7.11 and

7.12 describe the energy dispersive system analysis for these 2 spectra.

30um ! Electron Image 1 ! 30um ! Electron Image 1

Figure 7.9: SEM image of reacted iron Figure 7.10: SEM image of reacted iron
oxide particles after 20 cycles and the oxide particles after 20 cycles and the
location of Spectrum 1 location of Spectrum 2
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Figure 7.11: Energy dispersive system for spectrum 1
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Figure 7.12: Energy dispersive system for spectrum 2

Figures 7.11 and 7.12 show that calcium is present at both pin-pointed locations. However,
as the 2 spectrums analysed suffer from high background noise, it is difficult to determine
whether the peaks observed are significant. However, both spectrums seem to indicate the
presence of carbon depositing on the surface of the reacted iron oxide particle with the
carbon peak on spectrum 1 being more pronounced than the carbon peak for spectrum 2.
The carbon peaks suffer from the same high background noise observed for calcium but the
background noise effect seems to be smaller due to the fact that carbon peaks are detected

on the lower keV values.

As aresult, it is believed that there is some form of carbon deposition on the surfaces of the
iron oxide particles, but their exact location is very difficult to pin-point. However, the results
from the energy dispersive system seem to be in agreement with the X-ray photoelectron

spectroscopy data which will be discussed later in this chapter.
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7.5 Copper Oxide

7.5.1 Cross-Sectional Scanning Electron Microscope Analysis

Figures 7.13 to 7.16 show the cross-sectional images of the copper oxide sample after 30
cycles. Figures 7.15 and 7.16 indicate that there is some form of segregation occurring in
some of these particles whereby the lighter shaded areas are believed to be locations where
the concentration of alumina is higher compared to the rest of the particles. However, these

occurrences are small.
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Figure 7.13: Cross-sectional SEM image Figure 7.14: Magnified cross-sectional
of reacted copper oxide particles after SEM image of reacted copper oxide
30 cycles particles after 30 cycles
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Figure 7.15: Cross-sectional SEM image Figure 7.16: Magnified cross-sectional
of reacted copper oxide particles after SEM image of reacted copper oxide
30 cycles particles after 30 cycles
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7.5.2 Energy Dispersive System Analysis

Figures 7.17 to 7.20 show the cross-sectional images and the energy dispersive system
analysis of the fresh copper oxide sample. Figures 7.18 to 7.20 indicate that oxygen, copper
and aluminium concentration are distributed randomly throughout the particle. The random
distribution of copper throughout the particle (Figure 7.20) illustrates that this could be due

to the fact that most of the copper present in the form of copper aluminate complexes.

Electron Image 1 0 Kal

Figure 7.17: Cross-sectional SEM image Figure 7.18: Oxygen mapping of fresh
of fresh copper oxide particles copper oxide particles

Al Kal Cukal
Figure 7.19: Aluminium mapping of fresh Figure 7.20: Copper mapping of fresh
copper oxide particles copper oxide particles

The scattering of aluminium, copper and oxygen throughout the particle confirms the XRD
analysis conducted, whereby the majority of the compounds found in the copper oxide
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samples were CuAl204 and Al203. Note that this also correlates with the thermodynamic
studies conducted by Jacob and Alcock (1975) whereby the stable form of a Cuz0-Cu0-Al203
for the temperature of operation in this study (800 - 1000°C) is CuAl204 and Al203 for 79
weight percent Al203 and 21 weight percent CuO.

Figures 7.21 to 7.24 show the cross-sectional images and the energy dispersive system
analysis of the reacted copper oxide sample after 30 cycles. Figures 7.12 to 7.24 indicate that
the concentration of oxygen, copper and aluminium are distributed randomly throughout

the particle.

The scattering of aluminium, copper and oxygen throughout the particle confirms the XRD
analysis conducted whereby the majority of the compounds found in the copper oxide

samples were CuAl204 and Al20s.

Electron Image 1

Figure 7.21: Cross-sectional SEM image Figure 7.22: Oxygen mapping of reacted
of reacted copper oxide particles after copper oxide particles after 30 cycles
30 cycles
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Al Kal Cukal

Figure 7.23: Aluminium mapping of Figure 7.24: Copper mapping of reacted
reacted copper oxide particles after 30 copper oxide particles after 30 cycles
cycles

7.6 Iron Oxide X-Ray Photoelectron Spectroscopy Experiments

Figure 7.25 and Tables 7.1 and 7.2 show the XPS analysis for the fresh and reacted iron oxide.
The tables show the atomic percentage and weight percentage of components found in the
top 10 nm of the surface of the iron oxide particles. The variation in the concentration of

carbon is mostly due to the variation in the thickness of the carbon coating used.
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Figure 7.25: XPS data for fresh and reacted iron oxide
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Table 7.1: Atomic percent of components on the surface of fresh and reacted iron oxide

particles
Element | Fresh (1) | Fresh (2) 30 Cycles |30 Cycles |60 Cycles| 60 Cycles
(Atomic (Atomic (1) (2) (1) (2)
%) %) (Atomic %) | (Atomic %) | (Atomic %) | (Atomic %)
0 52.29 61.05 55.38 56.07 57 59.19
C 16.93 10.04 17.65 16.95 15.41 14.03
Fe 29.79 28.91 26.87 26.99 27.59 26.78

Table 7.2: Weight percent of components on the surface of fresh and reacted iron oxide

particles
Element | Fresh (1) | Fresh(2) |30 Cycles |30 Cycles| 60 Cycles | 60 Cycles
(Weight (Weight (1) (2) (1) (2)
%) %) (Weight %) | (Weight %) | (Weight %) | (Weight %)
0 30.95 36.02 34.10 34.40 34.58 36.27
C 7.52 4.45 8.16 7.81 7.02 6.45
Fe 61.53 59.53 57.74 57.79 58.41 57.27

The above tables show that the weight percent of iron oxide on the surface of the particles
remains fairly consistent even after it has undergone multiple cycles of reduction and
oxidation reactions. The tables also show the absence of calcium and magnesium from the
surfaces of the iron oxide particles that is in sharp contrast to the inductively coupled plasma
mass spectrometry (ICP-MS) and X-ray fluorescence (XRF) observations that showed the

significant presence of calcium oxide and magnesium oxide in the iron oxide particles.

Based on the ionic diffusivity model, it is believed that when the oxygen ions diffuse to the
surface of the metal oxide, it is possible some of the mineral matter to replace the space
vacated by the oxygen ions. XRF and ICP-MS analysis shows that the amount of iron oxide in
the particles decrease over successive reduction oxidation cycles. This shows that iron oxide
molecules located at the core of the iron oxide particles must have diffuse to the surface of

the particles to replace the elutriated iron oxide at the surface level. This is due to the fact
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thatiron oxide has a lower melting point compared to the mineral matter causing it to diffuse
easily to the surface level. As a result, the amount of iron oxide at the surface level remains
fairly consistent even though the collective amount of iron oxide decreases over successive
reduction oxidation cycles. Even though this phenomenon is projected to occur continuously,
itis believed that as the amount of mineral matter in the iron oxide particles increases, it will
segregate iron oxide located on the surface level with those located at the core of the iron
oxide particle. When this occurs, it will make it difficult for the oxygen atoms located at the
core of the iron oxide particle to diffuse to the surface to react with the pyrolysis gases. This

will result in the decrease in coal conversion over successive reduction cycles.

The surface melting model can also be used to explain the above phenomenon. Instead of
taking over the vacated oxygen atoms, mineral matter will instead diffuse through the quasi-
liquid layer and displace the iron oxide atoms located deeper in the particles due to its
relatively higher melting point. It is possible that the quasi-liquid layer will dislodge from the
surface of the particle to form its own particle during the oxidation stage. As the quasi-liquid
layer is a very thin layer on the surface of the particle, the particle formed via the dislodging
process is projected to have a small particle size. The newly generated particle will be easily

elutriated from the fluidised bed due to its relatively low terminal velocity.

The XPS data also for the reacted iron oxide particles also shows the appearance of a double
peak close to the binding energy of the elemental carbon that was not observed in the fresh
iron oxide data. As carbon was used to coat the sample prior to the XPS analysis, the double
peak is believed to be caused by the presence of carbonate or C-C on the surface of the
particles. This has a major implication in that carbon depositing on the surface of the
particles will reduce the contact between the pyrolysis gases and the iron oxide molecules
on the surface of the particles. This will then result in lower pyrolysis gas conversion during

the reduction stage.

The XPS data for the reacted iron oxide particles also shows the lack of sulphur containing

species on the surfaces of the particles. This shows that all the sulphur in the fuel was
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converted into sulphur dioxide and that the formation of iron sulphide is not preferred

during the combustion process.

7.7 Copper Oxide X-Ray Photoelectron Spectroscopy Experiments
7.7.1 Carbon Calibration

Figure 7.26 shows the carbon peaks for the fresh and reacted copper oxide that were used
for the calibration of the XPS data for further analysis. XPS data for the reacted copper oxide
particles does not show the appearance of a double peak close to the binding energy of the
elemental carbon that was observed in the reacted iron oxide data. However, the carbon
bases for the reacted copper oxide are broader than the base for the fresh copper oxide and
in cases with iron oxide. The broader base is due to the presence of potassium which has
binding energy quite close to carbon. However, as the presence of potassium is small, their

peaks appear to blend into the carbon peaks.

7.7.2 Copper Oxide Calibration

Figure 7.27 describes the calibration for the fresh and reacted copper oxide particles. The 4
peaks observed in the range of the binding energy spectrum correspond well to the data from
literature, though some of the peaks seemed to have shifted slightly. This is believed to be
caused by the presence of copper aluminate (CuAl204). As copper aluminate and copper
oxide have very similar binding energy peak values, it is difficult to distinguish one from the

other.

7.7.3 Copper Oxide X-ray Photoelectron Spectroscopy Results

Figure 7.28 and Tables 7.3 and 7.4 illustrate the XPS analysis for the fresh and reacted copper
oxide. The tables show the atomic percentage and weight percentage of components found
in the top 10 nm of the surface of the copper oxide particles. The variation in the
concentration of carbon is mostly due to the variation in the thickness of the carbon coating

used.
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Figure 7.26: Carbon calibration for copper oxide
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Table 7.3: Atomic percent of components on the surface of fresh and reacted copper

oxide particles
Element | Fresh 30 60 90 120 150 180 210 240
(Atomic | Cycles | Cycles | Cycles | Cycles | Cycles | Cycles | Cycles | Cycles
%) (Atomic | (Atomic | (Atomic | (Atomic | (Atomic | (Atomic | (Atomic | (Atomic
%) %) %) %) %) %) %) %)
o 46.32 | 4454 |4515 |37.03 |4186 |43.70 |44.31 |42.22 |4533
C 11.22 | 1643 |1246 |11.38 |12.89 |14.01 |11.74 |13.01 |10.57
Na 0.20 0.46 0.54 0.49 0.50 0.54
Cu 1.73 1.68 1.54 1.08 1.20 1.48 1.69 1.49 1.72
Si 5.29 4.35 9.32 7.12 4.75 4.65 6.00 6.88
Al 40.72 | 31.44 |34.74 |40.77 |35.22 |3513 |35.81 |36.03 |34.53
Ti 0.23 0.22 0.17 0.29 0.15
Fe 0.61 1.53 0.22 1.03 0.20 1.32 0.47 0.27

Table 7.4: Weight percent of components on the surface of fresh and reacted copper

oxide particles
Element | Fresh 30 60 90 120 150 180 210 240
(Weight | Cycles | Cycles | Cycles | Cycles | Cycles | Cycles | Cycles | Cycles
%) (Weight | (Weight | (Weight | (Weight | (Weight | (Weight | (Weight | (Weight
%) %) %) %) %) %) %) %)
0 35.55 34.80 33.98 27.22 31.45 33.71 33.14 31.88 34.19
C 6.46 9.64 7.04 6.28 7.27 8.11 6.59 7.37 5.98
Na 0.00 0.00 0.00 0.21 0.50 0.60 0.53 0.54 0.59
Cu 5.27 5.21 4.60 3.15 3.58 4.53 5.02 4.47 5.15
Si 0.00 7.26 5.75 12.03 9.39 6.43 6.11 7.95 9.11
Al 52.71 41.43 44.09 50.54 44.62 45.69 45.17 45.88 43.92
Ti 0.00 0.00 0.52 0.00 0.49 0.39 0.00 0.66 0.34
Fe 0.00 1.66 4.02 0.56 2.70 0.54 3.45 1.24 0.71
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The above tables show that the weight percent of copper oxide on the surface of the particles
remains fairly consistent even after it has undergone multiple cycles of reduction and
oxidation reactions. The tables also show the absence of calcium and magnesium from the
surfaces of the iron oxide particles and that the weight percent of silicon dioxide on the
surface of the reacted copper oxide remains fairly consistent throughout the experimental
study. This is in sharp contrast to the inductively coupled plasma mass spectrometry (ICP-
MS) and X-ray fluorescence (XRF) observations that showed the significant and increasing
presence of silicon dioxide, calcium oxide and magnesium oxide in the copper oxide particles
as the number of reaction cycles increases. The reasoning for this phenomena was described

in section 7.6.1 based on the hypothesis detailed in Chapter 3.

The XPS analysis for the copper oxide after 90 reaction cycles showed the least amount of
copper on the surface of the particle among collected samples. This is believed to be due to
the random error during the XPS analysis whereby the particle selected for analysis
contained less copper than the other particles in the collected batch of copper oxide particles

after 90 reaction cycles.

The XPS analysis detected the presence of sodium on the surfaces of the reacted copper oxide
particles. The tails seen in the carbon calibration used for the copper oxide analysis seem to
indicate the presence of potassium on the surface of the copper oxide particles. However,
potassium is present in a very small amount that causes its peak to be blend into the binding

energy of carbon.

The XPS data for the reacted iron oxide particles also shows the lack of carbon and sulphur
containing species on the surfaces of the particles. This shows that all the sulphur in the fuel
was converted into sulphur dioxide and that the formation of copper carbide and/or copper

sulphide is not preferred during the combustion process.
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7.8 Summary

In this chapter, the morphology and composition on the surface of the iron oxide and copper
oxide were studied. SEM/EDX analysis conducted on the reacted iron oxide particles
indicated the presence of carbon depositing on the surface of the iron oxide. The surfaces of
the reacted iron oxide appeared to be smoother showing it has undergone sintering during

the experiments.

The cross-sectional SEM analysis on the reacted copper oxide particles showed some form
of segregation of silicon dioxide in the copper oxide particles. However, this was not detected
via the EDX analysis highlighting that this phenomenon is probably dominant in some of the
particles in the bed. EDX analysis for the fresh and reacted copper oxide particles after 30
reaction cycles showed that copper and alumina is distributed randomly throughout the
entire particle with no form of segregation observed between them. This is due to the fact
that most of the copper oxide are present in the form of CuAl204 and that the reduction of
CuAl204 is believed to occur in the form of copper aluminate complexes rather than in the

form of CuO to Cu.

XPS analysis for the metal oxide particles revealed that the amount of iron oxide and copper
oxide on the surfaces of these particles fluctuates slightly and that they do not show a

significant decrease in the core component as seen in the XRF and ICP-MS results.
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Chapter8 CONCLUSIONS & FUTURE WORK

8.1 Conclusions
The main conclusions from this research project are summarised as follows:

e Lignite coal and lignite char were found to be more reactive compared to activated
carbon and the various bituminous coal used in this study. This makes lignite a major
option for usage in chemical looping combustion with solid fuels as it can be easily
gasified. The large accumulation of char in the bed when bituminous coal and
activated carbon were used highlights one of the limitation in chemical looping
combustion whereby the metal oxides will only react with the pyrolysis gases. Char
will also reduce the carbon capture efficiency as the gas stream during the oxidation

of char will consist of a mixture of nitrogen and carbon dioxide.

e XRF and ICP-MS results showed that the core components of the metal oxide particles
decrease as the number of redox cycles increases. This is due to be the interaction
between ash and the metal oxide particles. It is believed that mineral matter from ash
will diffuse into the metal oxide particles resulting in the deformation in the
morphology of the metal oxide particles. As a result, when the metal oxide particles
collide among themselves as well as with the hard and abrasive mineral matter, metal
oxide fines are generated and subsequently elutriated from the bed due to their

relatively low terminal velocity.

e XPS results revealed that the core components on the surface of the metal oxide
particles remained fairly unchanged over multiple redox cycles which is in sharp
contrast to results obtained from XRF and ICP-MS. This is believed to be caused by
the diffusion of the mineral matter into the core of the metal oxide particles. This is
believed to indirectly cause the deactivation of the metal oxide particles as the
mineral matter has the ability to segregate the core components located at the surface

from those located at the core of the particles.
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e Porosimetry analysis indicated that BET surface area appears to play a small part in
the combustion process as the activity of the metal oxide particles decreased slightly
over the entire course of the study whereas their BET surface area dropped
significantly after the initial 30 redox cycles and appeared to level off during
subsequent redox cycles. This shows that there is a large possibility that the reaction
mechanism occurs either via ionic diffusion or surface melting rather than via the

shrinking core model concept.

e SEM analysis highlighted the smoothing of molecules located on the surface of the
particles. This is due to sintering as well as the possibility of melting occurring on the
surface of these particles. The cross-sectional SEM analysis on the copper oxide
particles showed some form of segregation occurring within the particles. However,

EDS analysis performed on them did not provide a conclusive result.

e The overall conversion for the metal oxide particles were found to increase with time.
This is believed to be largely due to the elutriation of the oxide fines from the fluidised
bed as a result of attrition occurring in the fluidised bed. There is also the possibility
that the oxide particles are starting to deactivate though the deactivation effect is
believed to be small as the amount of carbon converted during reduction diminished

slightly as the number of reaction cycles increased.

e The presence of support was found to increase the mechanical strength of the metal
oxide particles thus allowing it to withstand a higher rate of attrition. This has a major
impact in chemical looping combustion operation as a supported metal oxide can
undergo a larger number of reduction cycles thus increasing their operational

lifetime. This will reduce the cost associated with replacing the elutriated metal oxide.
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The preparation methods used for this PhD study were found to be relatively cheap
and they can be easily scaled up for industrial application. Even though large amount
of oxide materials could be produced at any given time, large quantity of oxide fines
were generated due to the difficulty involved in trying to grind the oxide materials to

the required size range.

The semi-batch scheme involving the use of a single fluidised bed system has
difficulty in scaling up for industrial applications due to the accumulation of char in
the fluidised bed. There are two potential schemes that could be used for chemical

looping combustion for solid fuels.

One potential scheme that could be used is the dual fluidised bed setup with a reducer
and an oxidiser reactor. With this reactor scheme, oxygen carrier will react with solid
fuel in the reducing reactor. Unburned fuel will be separated from the reduced metal
oxide before the metal oxide is channelled into the oxidation reactor. This will allow
continuous operation of the chemical looping combustion process. However, it will

increase the energy production cost as a second fluidised bed reactor is required.

The second scheme that could be used is the triple fluidised bed setup. In this
configuration, solid fuel will be gasified in the first reactor with a mixture of CO2 and
H20. The pyrolysis gases resulting from this process with then be channelled to the
reduction reactor whereby it will react with the metal oxide in the second reactor.
The reduced metal oxide will pass through the oxidation reactor. This will allow
continuous operation of the process as stated previously and it has the added benefit
in that char and ash will not interact with the metal oxide in the reducing reactor. This
will thus increase the operational lifetime of the metal oxide particles. This will also
cause the energy production cost to increase as a third fluidised bed reactor is
required but the process is simplified in that the separation of the reduced metal

oxide from the unburned fuel is not required.
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e Ultimately, the initial increase in the starting up cost due to the additional required
equipment should not be a major barrier to the commercialisation of chemical
looping combustion. This is because it is projected that most of the cost associated
with carbon capture and storage will arise from the compression, transportation and
storage of the CO2 stream into geological formation. Besides that, the additional
equipment can be retrofitted into existing power plant thereby negating the need to

build a new power plant for the purpose of chemical looping combustion.

8.2 Future Work

This work highlights two areas for further research:
e The design of the operation of the process in order to manage the accumulation of
char and maximize capture of CO2

e Development of durable oxygen carriers.

The operational design of this process could be achieved by combining further experimental
investigations. In particular the following aspects of the process needs to be investigated:
¢ The optimal amount of oxygen carrier, fuel feeding rate and feeder positioning, for a
given char reactivity which would minimize CO escape from the bed
e The optimal length of the feeding stage in order to maximize the CO2 capture.
Depending on the reactivity of the char, there will be an optimal point of carrier
conversion when feeding of the fuel should be stopped and the char in the bed
gasified.
e The ability to oxidise the oxygen carrier preferentially over the char needs to be

further investigated in order to determine whether this is a feasible process option.
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Since the accumulation of char is such a problem, alternative processes also need to be
investigated such as chemical looping combustion coupled with oxyfuel combustion to deal
with the char or running a gasifier coupled with chemical looping combustion of the syngas.
To begin with, some flow sheeting studies should be performed to assess the impact of these

hybrid schemes on the power cycle efficiency.

Besides that, the modelling of the ionic diffusivity mechanism as well as the surface melting
mechanism via density function theory is essential to predict the main reduction mechanism
occurring in the fluidised bed. This will lead to a better understanding of the interaction

between coal and pyrolysis gases with the metal oxide particles.
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Calorific Value Determination

The calorific value of the fuels were conducted in the analytical laboratory in the department
of Chemical and Process Engineering at the University of Sheffield using British Standard
1016-105 (1992).

Introduction
The calorific value of the fuel is derived as the heat released when it is completely burned at

standard pressure (1 bar) and reference temperature (298 K)

Experimental Method

The sample is burned in a bomb calorimeter under the standardized conditions. The fuel is
placed in the central bomb, which is surrounded by a water jacket. The fuel is ignited and the
heat released is transferred to the water. The calorific value of the fuel is determined after
abstracting the heat released due to the ignition of the wire. As it is customary to be quoted
per kilogram of dry fuel, the moisture content must also be measured and the appropriate

calculation made.

Procedures

e Weight about 1 gram of sample (to the nearest 0.1 mg) into a crucible

e Stretch a 10 cm length of nichrome wire between two poles of electrodes in the bomb
cap. Place the bomb cap on the special stand and place the crucible in its holder,
making sure that the wire is in contact with the sample

e Assemble the bomb with the correct position of the sealing ring in its groove in the
bomb cap and tighten it by hand

e Pour 4 litres of cold water into the calorimeter vessel and place the vessel into the
calorimeter so that the short locating peg on the side of the vessel engages the slot in
the vertical part of the front left-hand foot of the spider support

e Connect the oxygen filling tube to the bomb

e Press the filling oxygen button on the calorimeter keyboard
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e Remove the filing tube and lift the bomb into the calorimeter vessel by using a tommy
bar

e Wait for a few seconds if there is no bubble rising, then gently close the lid of the
calorimeter

e Check the standby light

e Press start and input identified number and weight of sample

e Press done when it is finished

e Remove the bomb from the calorimeter. Examine the contents of the bomb in order
to ensure complete combustion. The test must be repeated if there is any presence of

soot of residual carbon in the crucible

Data Analysis
Assuming that the bomb is perfectly insulated, then the heat absorbed by the water in the
calorimeter is equal to the heat released by the fuel. The heat gained by water is given in the

following equation:
Q=CAT

C = Bomb factor =11085%

AT = Temperature rise of the water

Calorific value of the fuel is calculated via:

(Bomb Factor x Temperature Rise)—Heat Released from Wire
Mass of the sample

CV =
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Proximate and Ultimate Analysis

The proximate and ultimate analysis of the fuels were conducted in the analytical laboratory
in the department of Chemical and Process Engineering at the University of Sheffield using
British Standard 1016-6 and 1016-104. The analysis results are expressed as percentage in

weight. The procedures are described as follows:

Proximate Analysis (BS 1016-6)

Moisture Content

e Weigh an empty crucible. Gradually add about 1 gram of sample (nearest 0.1 mg) and

record the weight of the crucible and contents

e Tap the crucible gently to spread the sample evenly over the bottom of the crucible

e Place the crucible in an oven at a temperature of 105°C to 110°C for one hour

e Cool the crucible in a desiccator and reweigh. The percentage moisture is calculated
via:

Mass of water removed = M, — M,

Mass of original sample M, —M,

M, = Mass of empty crucible

M, = Mass of crucible plus sample before heating

M, = Mass of crucible plus dried sample

%Moisture =

x100%

Ash Content
e Weigh an empty crucible. Gradually add about 1 gram of sample (nearest 0.1 mg) and
record the weight of the crucible content
e Tap the crucible gently to spread the sample evenly over the bottom of the crucible
e Place the crucible in a high temperature furnace of 750°C for one hour
e Remove the crucible form the furnace. Let it cool for approximately one minute in the

laboratory and the place it in a desiccator until it has cooled to room temperature
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e Reweigh the sample. The percentage of ash is calculated via:

YMoisture = M2 —M1 10004
2 Ml
M, = Mass of empty crucible
M, = Mass of crucible plus sample before heating

M, = Mass of crucible plus residue

Volatiles Content
e Weigh an empty crucible plus lid
e Gradually add about 1 gram of sample and record the weight of the crucible (plus lid)

and contents

e Place the covered crucible into a high temperature furnace of 925°C for exactly 7

minutes in the absence of air

e Remove the crucible from the furnace. Let it cool for about 1 minute in the laboratory
and the place it in a desiccator

e Reweigh the sample

e The volatiles content is calculated via:

voVolatiles = 12— Ms 10006
2 Ml
M, = Mass of empty crucible and lid
M, = Mass of crucible and lid plus sample before heating

M, = Mass of crucible, lid and residue after heating

Fixed Carbon Content

Fixed carbon is determined via:

%Fixed Carbon =100 —(%Moisture +%\WVolatiles + %Ash)
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Ultimate Analysis

Quantitative analyses for carbon, hydrogen, nitrogen and sulphur are performed with the
Carbo Erba Elemental Analyser EA 1108. The elemental analyser operation is based on the
complete and instantaneous oxidation of the sample via flash combustion whereby the all

organic and inorganic substances are converted into combustion products.

The sample is placed in a tin capsule and is introduced into the instrument automatically via
the autosampler (AS-200LS). The autosampler tray holds 49 samples. The autosampler
operates via the following manner. The sample container drops from the autosampler tray
into the cavity of the autosampler slide where it is continuously purged with a constant flow
of carrier gas (helium, 100 mL/min). It then drops into the first of two serially connected
reaction columns. The first column, the combustion reactor tube, is made of transparent
quartz and is filled with the catalyst, chromic oxide (Cr203, 8 cm height) over silvered
cobaltous cobaltic oxide (Co304/Ag, 6 cm height). The column is maintained at 1020°C. The
second column, the reduction reactor tube, is also made of transparent quartz and is
maintained at 650°C. It is filled with reduced copper wire (Cu) and cupric oxide (CuO) layers

above and below the copper wire.

After the samples are dropped into the combustion reactor tube, the helium stream is
temporarily (2 seconds) enriched with pure oxygen. Oxidation of the tin capsule results in a
violent exothermic reaction known as flash combustion. Flash combustion causes oxidation
of 85 - 95% of the sample. Complete oxidation of reduced carbon and sulphur is achieved
when the mixture of gases passes over the catalyst layer of chromic oxide. The silvered
cobaltous cobaltic oxide in the combustion reactor tube removes SOx, halogens (except
fluorine) and acid halides through chemi-adsorption. Once the combustion gases have
passed through the combustion reactor tube, they enter the reduction reactor tube. In this
reactor, CO and Hz are oxidized (on the CuO layers) while Oz is removed and NxOy species are
reduced to N2 (on Cu layer). At this point, the gas mixture is composed of Nz, CO2, H20 and
fluorinated gases. The gas mixture is then directed through a water filter (filled with
anhydrous magnesium perchlorate) and onto the chromatographic column. Separation of N2

and COz (in that order) occurs in a 2 meter stainless steel column, 6 mm outer diameter and
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4 mm internal diameter, packed with Porapak QS (80 - 100 mesh). Fluorinated gases are
chemi-adsorbed to the stationary phase. The column is held at 60°C. A thermal conductivity
detector measures the individual components of the gas mixture (N2, COz) as they elute from
the column. The signal produced from the thermal conductivity detector is passed to an A/D
converter and the peaks are integrated by the EAGER 200 data system. The percentage of

carbon, nitrogen, hydrogen and sulphur is computed automatically by the data system.
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pressure (STP). Onoe the operating tempe@ione had besn
regched, the floidising gas was swinched D £40ml)s consising
of 50 md 300 in N Wihen the oufer ooncenmason of 00 ; was
stegdy, Hambadh Bgnite coal was fed condnoously inno the bed
The comiinoons ieading was sopped when a carbomn monookds
Ibiresa iosh oo g was achiewed. Arrhe end of She feeding perisd, 00

boad v it il

Ny L Thamxr of tw diamol o pny omisanon 5y e wed 0 e ep e (e o i, 20101
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and forl were madnched off simoloneossly and e bed was
pomed with 20 ml of N k. Afher 80 5 of puging She puge N,
was swirhad o £0 ml ks consisting o 50 md 3 air in N: © bamn
aff Se carbon i othe bad and, wihen e bed maernial was non
ook, 1o regenerae the camier back 1o Fegdy . Dnce ookda Son was
compiet and all of the remaining crbon in the bed had been
combsted, 2 measorad by the abeen o of 0D and O0; datacied
in me sampled gases, the neor feading period was ooommenoed
and e procsss W nepeaed far another 19 cydes.

The procsdons waE @ien rspeaed with 4 diflerent foelks
(Hambach Bgnite chag acowased carbon, Tabdinsid binom inoos
coal and U bitominons ooal) 35wl as with copper cookde
impragnatad with soming as the coygen camer. Propemes of
the 5 foels a5 well as thedr ash coments wsed inthis stody ae
showm in Tables 1 and 2

2.3 lrom oxide preporadsn

The imn ookde parmcls wee pepansd by oeing the medhan-
bl rnicingg methind. Thiss methicd ool o of spraying i gh-pansy
haemarite (Rl ) (= S9wad sieed to - 10 um, Fcher
Sosenitific Ll jwath a fine mist of waer The water caused e fine
panticies 1o form aggiomentes, wiech wers then seved o e
size range of 300-600um, and then roased ar 1173K for 30
atfter which, the parscles were seed again o the sze rangs of
30047 Spm (Brosen o al, F0O10)

Tl 1
oy ifw: oy i,
[} [} [L.1
= =1 1] = =1 1] cariEm BmuTE=maus liwnmnmaous
ol [=-F mal Coall
Mosore 713 458 [ 453 L]
mone (X ]
Wolao [ ¥] 5773 [ z2m m77 na
LE N1 3. [ ¥~ r-frr] 1587 1308
M dry X] om0 o o5 172 141
i [deyp X B1.m L-F.] TIHE - =
M idey X] 4m [l 074 a3s 448
% (dey X om om om aat 2im
O (dey X] X2 =a W LT 6.3
Tl 2
Fusin' i conont sy
Crowms Mkl Asln 2 Asl 3 Aain 4 Asi 5
e 1 fmghg mghgl  (=ghyl imghyl
Al 11,0248 11851 Bslnd4  mEmy s
[ ] T4E0 =230 m3 N1 a4
[ F] 2149 piliES] 2ol 2200 1548
[} TMEES  TIEMAS - TR R T
Cu 4N TIGE TG 1 - ra r
Fa I RS 1248129 4 N IEL2 148 2
(=] ;=1 1280 s o] 4 ™7
My o EE R 0321 a0 . T1EAD AFE R
M 2WL] NS |2 [ ri1 p -
I 3241 = s [k ] i ]
¥ e a0z L7 = IE1
B JERL0 1768 =3 TSN L1
2T S92 =T 4211 rd-re B g
sy 1= Flembach lgnik e oo’y mb
daft 2= Flembach lgm ke char s mb
Aafy T Arorvaced carhon'y mb
dafy & L bt ermeo ool anf.
Aafy %= Taldinoio Bosmnoon ool mb

24 Cogper auide togprarmared o lumdny moe naraen

A soluthon con@indng TEE g Co(MNOE-Z5HAD and 400
ANMOG - 9HD was made op in 200.om” of defonised water &
J1E K an which Emperaiane S whols of S opper niTrae was
just soloble. This soludon was added, with soming, ©0a @
muam;um—;d]mm‘uum Do Road,
Rojystan, UK, Pedoct Code 1100104, 1.2 mm mam inal diamensr) i
W then skenad to a3 size onge of S00-1150wm by mal g ining
the empeoioe abowe 313 K thnoughood @ Skewing pmoess o
awnid arystaliisason of the copper nit@e from the solotion . The
shurrywas then allowed tostand for 12 b ar 335 I with care being
take D prevent caporaie koo A e end of Shis perkod, i
was found that the aluming oolobes had abmoobed all of the
solutian without any exress Boukd nemaning. The nesulting mae-
rial was tenslened toa Lnge evaporaing baan and deed for 196
at 4073 I This temperatone was chosen such that copper nimae
doexs ot e coamipec. Finall g, e solids wem caloned o 1092K by
feading them ar rate of 25 gmin ' o e ceomiclly heaed
fhoidkad bed The los rane of feeding of oids was mecessary o
awnid exreschee off-@s conceniomons of MOy formed during the
devomiposition of the niraes For the calanatian, the bad nially
oontanad T15 g pore aloming sand (mean diemener 0L4Emm,
alant 100 am® ati dhdicaman aned the bad was fhosdized
by 500 o’ 5 ! measured o FEK and ammep heic prssore. The
tapped, bolk densiy of S final cocpgen carmier was 1450 kgm N
with a sieletl density of about 2550 kgm ™. The bed was
fluided with £70cm® 51 Al & meaasured & K and amo-
spiheTic pressue, o redoce alll ooimp aon ds pressnt D Seir onsd e
Thits mcade of pEparason @ve 3 WD Camer conGining 21 Wi
oD, bazad on the guandtaie: mazsss of marsals weed in B
[P arariomn ([ Denne and Sooa, 20100

25 Morphodsginm amd cheedom obaranterinaniosn

After kool Ng S pEimESnTs, 3 sm ps wer made fo separane the
OOCRTAT CArmer particles fromm the aeh pancles wirh M onomesninios”
Particie Imsight Dynamibe bmage Analyoer Parscle Shape Analyoer.
This retroment has the ability © sepaoe 3 sample popo Lekon
imto individual pantces Seneby allowing @ e D Sings oot
whether a pansculy parode i the ooygen cameer orash bassd on
the cnoolarity and smoodhmess of the parice. Initial amem s wene
cammed oul 1o eparale S Copper oockde panticles from the ash
pamices Dne of S athem pis inchode wisoal ksing the pangic bes with
Particle Insight (Mioromentics) and oying fo single them oo
aononding o She omoarhness and anoolarny of thece panndes

X-my diSracrion [ XRD) and BE soriace area of the fesh and
readed oXyEEn CETET pantides were condocied weith Philips
XPert and Mimnomerisos” Tristar 11 3000, regpecrivsly. 5 anning
elacmon mbTosope images of the panscle morphology wene
e wirh Phlips XI1-20 S8

The chemical composison of the fresh and reaced ooygen
CATTEY parsclss weR an sing induoire coopled plasma-
mass speammery (KP-M5) on PerionEimer ELAN DREC IL The
samples were prepaed wia an open digestion whereby the sdlid
sammples were digesed in 200 nitnc ackd (HMDjar 30 Cilor 12k
dituied bedore ronning Sem throogh KP-ME

3 Results and disoisskon

31 brom ook

Fig. 2 shows feo socoesshne neaciion Cpces Defeeen inon oookde
and Tadinskd biominows ooal 17 can be seen that ar the begin-
ming o whe rad norkon perkod, only 3 omial amoont of benomin oo s
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Fig. 1 Imn oode mmvesion e difiemne fuels vy sen dusoy e cien .

ol ks beringg comveertad 0o caurkeon dioockde du e o S small feding
rae. Howewer affer 2 few minuies of ooniSno oos eeding, 2 sharp
Increase in e concemiranion of carbon dkood de i observed. This
Incraase codncides wath e lormaion of carbon momooasd: and
ks o2 ion corinoes ontdl 3 carbom mianosd de bresiohroogh
[(sham ncmase in the concenmagon of carbon momnoakds) ks
abeereed which shaply deoease the concemi@iion of carbon
liorsde o the bed Carbon monoockde Bhentad i belzed o b
doe o the formation of cdhar in the bad a5 3 resol of the
i oirnpile e cockdariom of fo wia pymolysis. This will aooor when
them &5 s cent amoont of ooy n avallabl: in the syshem lor
o et Cam Dekstiom 1o ooor.

Carien monoakds hregiofrongh i eleed robe doe o Qo
that the mwerse Boodanard reacson, Le 00, +C—300, became
the dominant reacson rowands the end of e nado aon perked.
Thits &5 beellmeed b0 oo or wihen most of the Feay inofe bad has
e Coneemied indo Fegply . Howeser, the oonmwersion of Fegly to
Fol s [benlreed im0 b thermicsdynaumic 2l v nom-feasi bie onless the
rago betmeen S pamil pressom of carbon dioakde and the
jpartal pessore of Cmon monods, P, Py 0 e bed ik
bedowy F (Bohin ot al, 300E) A a resolt it & bediewsd carbon
dioockde = into e bed miighit hawe reaoed warh the foel o fomm
carkn monoakds wia S reacan staned b

During the inital cxdaion siage, wery small amoont o
cny@En or carbon diowide was detecied ewen rhough the tem-
jperaiure in the fludized bad inoreases rapidly doring e inirial
cokdagon perked This &5 because most of the caygen intmdooed
nto the Bed doringg thits perkcd &5 spent b0 recadise the redooed
fron ookl (Fal and FepDy) FeyDy and Feddy 1o and Sar the
cokdamon of the redooed ron oede i an exothemic pracess it
alen indicares thar radoced non oosde (R0 and RepDy) B more

reacove amd has a higher aifinity for goygen oompaed o the
onbonned char. The onbomed dhar will then combuos with

oygen introduoed into the bed onoe mest of the mdoced imn
oockde has been recockdized This Ccansss the delay in S cEase in
he conceniranion of carbon dicodde during the condation period.
Thits wias then fodlowsad by 2 oharp inorease in the oon cesnrason of
oorymen Tl 6 mached equilibriom.

32 o okl comersen anahsls

Rz 3 shoss the pereenmge of Fegly aorwerned Fegly dusng
e raductan perked whils B 4 shows Sie percenmage o Fagly

ocockdised backinm Rl oan be daduoed from both figoresthar
e peroeniage of inon oocide Dedng comered during educDon
and onddarion follows 2 similar pamem a5 e foed feeding rane
(Fiz. 5] where 2 higher eading rafe pnodooes 2 higher inon okl
O bon @Tioand wioe were. This & onoee for 2l cases sooeprfor
dhe e with aoivated carbon For e cse with aoivaed
carbomn, iron onkde corwersion oscllates tll i reaches a stable
walne towa ks the end of She experimen@l non.

T camrwersion of FepDy D Fal was befiesed o be Sermodyna-
mically non-dezcible in Sess SpeErimens. AS 2 resolt, it was belisved
dhat e corremion of over 100K of R0y o Ry conld bove Been
cansed by e reverss Bondboasd macikon bt was insead being
it to e coveersian of Ry o Fall Howeewer, doe no the
coreemion of mane than 120K seen dor cases with Bgnine coal and
Rt char, it ks bediewsd rhar e & 2 poesibility that Fea0ly, might
Ihawe corveerad ro R owards the end of the: mdooson penod.

33 Copper oxkde

R 6 shies Dad SOOCERshe rearoon Cpces befsesn copper
ookde and Bgnie coal It can be seen Sar onyEen B oneeassd
during the inil sage of f2ading. This cooors doe o @i low

jpamial pires sore of ooygen in e bed thenedy allowing copper ()
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Qoo

oide 1o decompose into copper (1) cxide and passibly 1o copper
dusing fut mitld pariod of sme Gilculaions indikaxd the
between 10X and 14X of ?he axy@n from copper code | srefeased
dusng this persod.

Thizindicaes tha Shere are two poasi ke reaction mechantsms
ocouTing In the bed during the feading period. The first mechan-
am i via the @s-solid ineracson. This &s due 1o the Qo ot e
decom position of copper (1) cooide 1o copper (1) adde occurtill 38
copper (11) cndde has been conwered D I ower ooddaion form
due ©» o low patid pressure of axygen inthe bed As 3 result
the coygen reéd eased v the decompasition of copper oxide reaces
with Ngnite carl which sfed iInm the bed The second mechantsm
& via direct maction between cop per coode and Mg codl Asa
result the inital carbon dioocide refeased i due to the Qswer first
mechantom while caton dioode and cardbon monoodde releases
in the rer stages am due © e second mechanism

CX Stn et & | Owretrsdl Engnvering Saaxe 69 2002) 211-224
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The figare B0 shows that carbon monooode (5 formed 25 s0on
as fie concentation of oxy@n fals © 2er0 Indicing that the
amount of coygen avatlble in e ded & Insufficent to achlieve
compless combusson As 3 result some of e foel fod into the
bed will only be partiaily coodised via pymilysis. Similar reducrion
stage phenomenon wias observed for ignite char. However forthe
caze Wt aaivaed cabon e concentaton of carbon dicocde
relazed fom the rexson & constant Swoughout e Ccyce
Indicasng tha acovared carbon & not 35 reactive when comp ared
to Ngnate coal and Egnie char.

During the coodanion e, 3 sSharp INTeaT In oygen was
obzarved dusng e initidl coedason period faiowed by 3 gradual
InTease in the concentmsion of acyen il aguitihrium was mached.
This &5 In sharp cont@st © cses with fron cide whersdy 3 sharp
InTease & dheerved 3 few minures 3feT 3ir s intraduced D the
bed and maches equilidrium within 3 short peniod of time after thae.
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The shap Incmase In the concenmason of cxygen during e
mitid coodarson stge can be azmbuted © 3 Qoom The firsr &
due 1 the facr that most of $he fuel fod I the bed has been fully
combusted o parsally cdised W2 pymiysis Ryrohsis of fuel
creates char which &5 less reacave therehy requining 2 longer persod
of ame for the combustion to proceed © completion Asa msult, the
Initid sham Incease In the concentQson of carban daide seen In
cases with lgnie char and aohard crbon can be xTihurdto e
unreacred fus Carbon dicodde misased during the leer sages o
the oodagon pesod can be xmiburd o o unreaced char
The sacond Gcror & dos © e QO Sut an equilihdum cgen
pamid pressure would need to be achieved befor copper and
copper (1) cotde reac with aoy@n In 37 to form copper (M)
ode Finally, duming which & present 25 3 sSupport In capper
ode causes the copper oxde particles to be mom sable and
hawe 3 lower affinity for cogen. The secand and hird factor &
beleved © be the caur far the longer time required for comples
oodaon

*

o )
tuwes ™

: $ 3
Ag“‘.l.‘t‘

CY Stm et | Owmicyd Ingharing Sence 89 (200 2) 21T-2M4

Sham splie inthe concentRon of CO; during the inisdl pesiod of
Seeding was observed o cases with Mg codll This cousid b due to
Qpid dacomposison of the copper cogde parscies © alnce off the
sudden drop in the parsal pezare o aoy@n In Se reacoc The
opd Inoese In e concenmason o aoy@n miexed dusng his
ome oould have reaced with e ignie carl This & believed © acour
=l equititrium in the pamid pressure of axygen In the reactor &
achieved It was nared thae thare was an Incease In e tempe Qe
of the bad dusng S Izl oxdason peaod and S & asnoand
with the buming off of the cadon imenmry in the bed Fluctueions
in mole fracians of OO, and €D darng & feeding pesod e
aoiuted to the unseady saee feading of e ool soew feder.

34. Copper oxid conversion

RE. 7 shows the percentage of Oo0 &5 coovered © Cu during the
reduction pariod while Fig & shows e pexentage of Ca which &
osdized ack v Cod. it can be deduoed from both figures i the
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ockdation foliows 2 smilar parem 2 T fod feding rae (A 9)
whes 2 highsr feeding rae produces 2 higher copper ondde
COMVErsion razso and vice wersy This & tue for 3l cases exoept for
the case with hgnie codl Besides fag it &s 2o noed that the
amount o copper cockde converted during cedasion & quite similar
far the case with aorard cadon bur differs sign fcantly for cases
with lgn i codl and Egnee char. As Jluming &5 an inert compound
which doss not reacs with fu and & wery difficut © decompose,
2 &5 beliewed tha e difieznce s mainly due 1o the aror invohed

In ?e g2 aalmen This eror & befieved © have occuned daring
the inizal feding pesiod a5 3 sharp Indrease in the concenation
of cxygen was dheenved for cases with Ngnite coal and Mgnae
char but nx chserved In the case with axtvaed camon Since
the conversion of copper cockd daring mdocsion & cliculaed based
on the sum of amount o copper oxide which & decomposed
during the initidl feading pesiod and T amount of copper cosde
which reacs with foel fad Into the bad this phenamenon will
theredy InTear e estimated conversion of capper oxide daring
reduction.

g 10 Rexond copper mode paich e oocfm e

Mg 1L Reaced copper mode pasich croibety.
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3.5 Cogper avide separanien fram ok

Fige. 10 amd 11 present the smoothness and cirulanty anabysts
o cofuper corkde parmcies by sin g Panmicke ireight. It v found thar
COpper ooide comes In 3 wanety of shapes themby making it
difficulr 1o single them oot for ssparaian from e e of the
sample. Basid s that, i was helisved Sa pamicdes which damon-
strated 3 "dorvt” e shape are air bobblss doe o e Qo thar all
[l widh smcothness and arcolasny of abose 08 demonsmae
this feamme. Besides that, Scanning SsOimn MECIEoRe mages
sogrest thar e opper oabde pamides comes in wanous shapes
amnd mone of them indicare thar ey have 2 anooller shape. A& a
resolf e procesding parsdes analyees wers ondoorsd withoo
amy sortod 2xh sep arariones fom e COyEEn CETe panncls

3.8 Oryntal sruciure of SUygen carmiers

Fig 12 shows the X-ray diffracson (XRD) anabysts for bosh the
fresh and reacted ron aodes pantices. XED analysis showsd shar
fron codde redoosd dumng e conEnoows feeding stage was
reckd e baclk to Bs onigingl form dusng the oadason SEEE.
Howewer, minor mraces of mporises soch a5 5 fkoon doockds (500 )
wer found on some of these panscls (15 and 117 ) indicating Shia
S8 fram the ash or Pos parscles deposited onmo the sorBce of
the lmn cockde pamides. It was also foond thar 50, can reaa with
firom cockde i form Gyaliee (R20,) 35 seen 1. Howsser 550, and
Fesally imporides detacied on these parscles 3id not affect the
reacmwity of she fron cokde pantices throaghoo the expeimeant.
This combd bedoe o the Bar Siar they appear insmall quan oties
themby Shsr efled on the reacmvity of e iron codde pandes
o bl not be detected ower 2 small momber of nedon orcle

Fig. 13 shoeys the X-ray difraation (XFD) analysis forihe fnesh
and maced copper ookde partides. XED analysis shows San the
copper () oockde which was nedoced inio copper (1) cokde and
coipper during the raducian perksd was reoodsed badk fo i
ariginal form Jaring the oakdarion stage. Hosewer, IT was foand
that some of S Coppe oxide maonad Wit it sopp oo, alomina,
Suring prsp A Won 1o #onm oopper alum indom cockde (DoAD:)L i
was dzo foond Siar e InTeraorion bevesan the OETEN ke
amd s soppont aorineed throaghso e expeamentl] non. This
was highlighted by the d=ergon of 3 different form of copper
albmindumn oosde [ CoAlDg )L Minor traces of imposses soch as
slicon dioade (500 wer found on some of the pamides
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g 1. Eory dffeoon miyns of bl e recosd copper o ds parorie
Nowie T2 Fomft o e o snl e passcien, O Coppes oxicde wish Fambsch Ignike
vl siftee 211 meckere pedom; O Coppee oo @ wach Blembas-f Bgpiee o ae st N
o gyclen, (OF Copper oode with sovaned casbon affer 210 medo x opcden, 07
Chpper mxide wadth LS hommnmn sifer N sedee opden, OF Copper mode wach
Taldirpic bosmin oo coal aiter 20 medox oyl
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O] - Frmh imn o xxde g assde

1= I cociele wich Blembush Bgpies cosll s o 2] seckre cpclie.

Ik Imon codcde wiich Blemnbach Bgmioe chur sffer 20 oedox cyclime.

= Ierm cociede wiich ez vaned carbon st e N mecdere ol

B Imn codcde wich LIS Bosmioou o after 250 pedox oy diss

1= lerm o=l ewich Tilidien i b i mioes: moll e X med e opclen

indicaing tha 30: from the ash or fosl intemaied with the
copper oode pamides. Howewer, it was foond that 520: did not
e with e Cop per cockde |panticies as found §n cases with Don
ookde. The imponiges were foond o hawe no efleo on the
reaciwity of e CoppeT oakde pamides as only & wery small
amount of them wee dereonad The formaion of oopper alami-
niom oakde (CoA, 0.0 did not seem no hawe an &fea on the
regarivity df the oopper cokde pamides ower oocoenoive EOnCEon
cockdarion oycles ewen thoogh it has been reponted in the Heraore
thar the formason of copper aluminate complsces redoces the
amount of corggen awailable for combustion (Abad e al, 2005,
e Mg o all, 2005

Themodynames sodes ondoced by Roob and Akock
(1975} and Cadalla and White ( 1954) showed that Cofla0y and

A0y are the stable com poands fora Cop0-Col-AlDy system for
e mirko of ColAlLD, woad inthe preparason of the panocks 2

Wl 3z the praparaon and operaing hEMpenbores meed in
ks sody.

37. Surfare gray amd pede Sruohue of XFREN COrEeE

Tables 3 and 4 show e BET surface arss dor ohe fresh and
regonad ron oodde and copper oakde pansclss A shown in b
Gbiles, Sie BET surfice area of She reaoed demeasad by
cre than S0 of thedr oniginal value for all cases. The decmase in
e sorlace area may b caossd by sinering. Sintening oooom

Page 225



Appendix D

CF. Sam ot al ! (il Erypinaring Sace & 97 20032 201224 g
Taliir 4 bevamee i sorace of the parocles & in 3 region wem high
T anrface anea of W COpp T aode pamd. eneagy. As 2 resolt, aoms on the surfice of e partides will
thenm cchyram beally Try ho min imise this enengy by merging tese
T o
— —— amms o form fewer bigrer aoms (Bowker 1998) Snering
[ ) nag camses both the s pacific surface area and the ponosiny o demases
o1 127 wlille ncreasing the densiny of Sepanices 5 well & Emproving
o am surface cood ination (Bowlker 1998)
g :Iz; The reduction in BET sodace area of the pamicdes wehile the
o} 218 parsclss ane able to achiewe bdeniscal correersion @ik Soring the
successive radox opchss can be explained wia the onrsaored
002 Fewnh o e eocicle par ol shiriim lan F core: model The made] sorgess shar dunng the inirial
1 Ciog e cocicke wit By Blamnbcty lgga it e ool after 2 0 ke cyclie.
- Cige e v wit b Blarrianch g churr e ) pwckrr cychen. readion sogs carbon #om foels will reaor wath the: sudace non
(- i e coviche wik B acivaied casie aibe 210 aeckr: cycie onbde. AS e madion procesds, caban reaors wish iron oockde
7 Cinp e crcicde weit B 1L e 3 s X0 med o cpclan dewper in the panticks bt the eaorion 3o nar peneTae o the
Ok o g Taldirnic. vl st ¥ nedere ey coire of S iron cockde panscles Az 3 resolr, wihen &e ned ooed iron
E Bl Comanrpie. oyl wrf Purn ' nkoss b L Dhwnereiiory o slimy'e] Seew Vel
by Fars Soemin L
= Pl Dunrmers ws wigrs, Perw boa e = DL Doy o'y i w1 Poem
i [ .ot F ] LSRR L M PRl -\'\._Ix'.+
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Fig T [ B msimis for feah coppee o oo pasieie [B] W sl e o ppee oocde poroclen: sesctesd wit B lgnie coal (o] B8 sy gy for coppee oode parsicie
rmcted wich Ipmie chae [d] B sselyss o op e oode peocis et ol wich scovated orbon,
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onckde particles are regeneraad, it s poescibl e thar the poe-s inthe
ore of e parscies are compleedy doted when e Mer on
AMME Meact Wit oNDen whenss poles in the ragenemned Lyer
renain aim ot o nohanged . This will thos cmae e efen that the
reamon and COMTIINn rascs mmain dmost identiial ewen
though the suface area deTaases during SuCCestive nado oon
ookdamon opclen

Fig. 143-d showy the BJH analywsis for e fesh and neaoned
ooipin e oockde parthces As showen in the fgore that the maporiny of
e puoires B dn the rargge of 1025 nm and 15-3 5 nm forthe fresh
and megohed pantices, regpecdsedy. This indicates dhat the pores
an e oopper oakdes partices became Lrger after 20 madcoion
[= 1w

Ewen though the pore size of e reaored partclss became
Larger, it was foond thart e pone solome of Sie neaced pammiches
WS S alker Com pamesd to the fresh panscles. Irwas dedoced Siar
this conld b dor o ihe facr tha dosed pores werns oeaed
aroond e oore of S patkdes when the imner opper amom
real s with oooyen inthe parmcles. As a res ol this willl deorease
e amoont of adeorbare bedng ads arbed, wihibch will redoce the
toml pore wodome of e pardcles In addition, Sie deorease in
[poire wodome explang the deoease in She B sorface ama of the
reacied panscles. The mom ber of cpeen paoee-s ecame keooer 26 the
SXperiment progesees themby redocing BET sorbice arsg o
ihe pantides. Howewer, the onlrgeament of pare s malkes the
A0 TeaoTan s morne aasily J ifose inno e copper oxbdas and
g oondieed. This cancefisd oor S negaee o e of sorface ans
reduion on the reaoreiny of the pamides AS a resolt, S imilar
W0 TR Ao and rase of reac Son was obsereed thnoasghoot the
0 cyces

38 Morphodogy off oxyaen ol s
Fiz. 15 shows Sie images obtaned from scanning oeoinon
ook for the fnon oodkde panmcles. A shown in Figo 15a, the

frech iron onkde pamide displwyed a smooth surfice wihills
pantcls affer muoltbpls cockdation and edocton opcles (R 150

a

CT om rial | Cwmio Enyehaming Simer 83 (30 3) 211-204

displayed a sorface Suar had ondemons anmition doning the
EpeTImEnT. ATTiton n these sxpaiments & cansesd manly by

Interaotiones bemseen: (1) She canniers, () the cand ars and fos fed
firt e (b aimd () the camiers andithe waall of the flosdized ed
As 2 mgult, large macks can be seen an the sorfce of thess
pamiden Besides, Some parscless damonsnmted 3 yer o oasng
an e ron owkde pamides (Fige 150) This phenomencn i
confimned in ocwhereby a momber of oranges pamices werns
obsered wa the seneo mbrosoope. As the aooommenoes of thess
pamides ane in a very small omber, it owas dedoced thar this

oorured towards the end of the feeding pesiod
when Fegly was oonsened inmo Fal. This Lyer i belsesd o b
made of fossd carbon or ash doe to the fact thar it has 3 rather
amooth sorfice with no indicnon of pores on its sorface a5
shoeem in Fiz. 16 Hosesser, XD ana bysis did nor deteor carban on
e samples mdicaing Sar s could be doe 1o the G thar
e amount of carbon i5 very small which makess & difcook

g e S0 e ol couted Leyer on mon ox il @ g e

Fig. 15 S e of BB s resscted ion ooord @ parsiclen. (2] Beh ion oo @ passicien, (5] ron oxide wit b Flaenbesh s ioe ool sl N medere cypclie, sl [cf m

oxide wit b Flembech ligm @ char affer 2] oedox oo,
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CY Sam et & ) Qv Engroserring Saaxce 650 2002) 21T-224 Fo3)

to distinguish betwesn the lesser peaks an the XD gaphs
Some of the paaks could be due 1o carhon but ended up being
atmibated to hackgraund nodse In addition, the presence of
potassium, sodiam and phosph e In e ash pamicles Jlso causes
the 2h to fuse DEeher due to O low melsng points of these
eclements

Fig. 17 shows the magnihed surface of e frezh and reaaced
ron cgde parscies The images showed tha the fesh {on cdde

pamicies have 2 rather polished surfQce. The maced fron coode
pamicies have 3 rough surQcoe dos © Impuriges or the cang In
orentaonpl acement of the fon coode parscies when it under-
Roes multple radox cycies itis Jso shown in Fig. 170.¢ thae some
of the sub-particies appeared 1o have sweliad thereby changing the
sze and shape of the sub-particies. This could be due to surfce
meting SarGce meSting on the ron coode parscies ooour due to
the {3 thy tese pancdes have 3 Tammann temperanere o

Mg 17. 55 sragex of b and seaced ioon cods paescie. (2] Poodt oo cdde paesicbe, (3] e ox ol e wish Mamd b gece culd after 20 medo x cpcles, and (cf ten

cox ol o winh Mamtach Dgpeee char aber 20 sndax cycin

Mg I8 S0M toruagpes o f s aod regond copper ode paricho. (2] Paeth copper code parscie, () copper o xxie wish Mambah lgeoe culd after 20 oedo x cycies, and

(£) copper axtie with Taldmic btumbon cwd after X0 ond ox cpcles
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769 'C even though thedr melting podnt & 1538 “C (Cahata ez all
2008} This phenamenon willl be discussed In the next sacton
Fig 12 shows Images obtaned fram scanning edecTon moro-
scope for Se copper oxdde pamcies The images showed thae
copper cxdde impregnaed with Jumina has 2 high ressance 1o
aErson as cracks on the surfce of the maced parsdes wes not
observed However, Fig 18c shaws S there &5 3 possibiiiny thar
aggiomeration of e copper aode parscies might have ooourred,
A58 pPes 10D TWOSCPARE RIS des sticking onto one another.
Fig. 19 shows the magnshed surfQcoe of the fresh and reaczed
copper oxide particies. The images showed that the fresh copper
oockde parscles have 2 raugh surfice whereas the maced copper
code patices have 3 sightly smoother surfce with some
im purities deposition Some of the sub-particies appeared to have
swelled Sheredy changing the s e and shape of the sob-particles.

CY Stn et | Owmicd Ingharing Sence 89 (200 2) 21T-2M4

One possible reason for e smoxhingeffecton e sarface of
the panticies & doe to surfice melning (L1 et al, 1989) Sarface
melting causes 3 Lyer of metalilic copper © be formed initidl iy on
the Cud sudace As 2 result, cadhon will react with sie bulk Cu0
Sinugh fe hquid Lyer. SEM images taken by Sriwardane e al
(2001 0)showed 2t the Cod surfice bacame smoother when the
CJ/CuD samples are hexrad © \arious temperatures in niTogen
dos ©» meiting of copper & S00-700 'C. Besides they observed
melted copper parscies adhered 1o carbon particles ar 600 °C
Even though copper has 3 melnng point of 1080 °C &t has 2
Tammann temperture of 405 “C L etal ( 1989) obsarved surace
melting at 3 Emperatare ower ian e melsng emperature of
e bulk thexdy Indicaang thax carbon might have maced with
e bulk CuO rhrough the Nguid copper Lyer. Carbon may dso
reacy with aygen diffused out from the bulk Cud o e surQoe

Mg 19 S5M trugex of Pl and ssacted coppers coxd e pasicden, (2] Frah coppe code pamicdey, (3] @ pper code wish Merduch Bpsow conl afer 20 swdox cycbn, and

(c] mpper cocidde wih Plasriach lggs fow chae after 20 sedax cychn.

Tabie 5
P M of Pty and macne] von code patiche.

Iymemt o0 n o = n 113}
(mghx) ( i) (o) (=g (mian) (mgkx)

A wa2 211 4 xar aa A M0

L I 1.0 285 A xa? a2 s

Cx a7z 460 sx0az m2s ™ oess

Cr m2 465 453 ain as 22

Cu Erl by 10 5Le o GAS “~©s

Te sasns 132088 a2 ‘084 asoss 11,3152

Mg 93 5145 72 12458 ™ 106 4

Mn mas S0 Sas n 1a2 21

Ma 27 ae L B 8 1383 X3 11F |

~N as A4 mi2 a2 - M2

OC 1 Pont imn cocde parssch,

I1: feem ool o wish Mlamh ach Bgste @ after 20 ond ax opcle
1 o o xxde wish Mamb ach igrioe Grae after X0 medo x cyche.

5 loon ol e wish acove el cobon after 0 oed ax opcles
9 oo o xxd e wish LIS becam i oas st 20 sedox oy,

117 - ima code weh T4dnde osreac s ool after 20 redoax cyde
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C.F Sim e o ! Chermbal Emgminerring Solewr 897 202) 2T1-224 =1

Tslir &
CF-M5 of frnh s et coppes ox oF B o

armrarmn [ a a s [} [ ]
[Tl (g 1 imglkyl gl g eyl (mmTsgi

- ITLIEL 164, 3005 61340 14 2009548 121 38401 1 Es

o 11289 an oo g ma Eand

[+ 18401 A0 117,509 TIGS 4T 1 225404 LX) SAm7 A

- 4m7 o] 1460 2m2 B 1m7

g 1 rT ] ;7 1972 1|7 73 oA

O Fomft o pper oocicde parorien

Ol Chpeer odde wich Flambach ligm ioe cosl s 20 medox cypcim.

O Chpper ocicde wich Blembaeh D ioe o sifee 210 medere oyl

O Chpeer oxdde wich ssivaned cartaon aiber 20 medox cypclie.

O Chpper ocicde wich LS oo v aiftee N med e cpelen

O Chpper oxicde wich Thlidimic: Bioen non ool sbee 5] ke cpclim.

Lyes conaning Cox0 with relxively low aohaiion enemmy
(Oheng and Banry, 19920

3.9, Chemical compaciton of SOFAER CTHEE

Taties 5 and & show S inductve couplsd plasma mass spaong-
ey (FOP-MS ) analysis of fesh and raaced iran and copiper oo
pamices after 20 mdocton-—oodsion opces. XRED analhsis showed
thiar g foeld and ash parsces had wery minor STams an S ORNEEn
canmers. Howeeset, it was nosoed inom the: KP-MS analysis thar the
concenraion O key megl elEmens ach a5 copper, bon and
aluming in ese pansces dameassd guie significondy awr 20
redoction-coaikdision opdes. Fam of Sk can be ammiboed © STas
Irreolead when reading e of-peak dao of Se ey Sements IF was
akeo found thar the ool concenmaian of the meql cbmens
deomaed der D edoon—oodsion oeles A Qg o each
sample wa oeed Dothe KP-MS anaiysls Dils soppsts Sar o
conenraion o nonsmeRl impanices such a5 carbon, Slkoon, oo
e, chirine and ooygen have nonezesd and Sat Sey could not e
deieoed with e BOP-ME Momoeer, the ince s n oomenis somn for
ceTmEn sments can be aowboed to the G S some of e ash

parmkdes depocied onin the soriace of thase parodas.

4 Conches ons

I il 5 e, e Grcn oo e amd Copp & oockde panTickes weed in
a chemicall koo ing oom bastion system after 20 redoaon oada-
ton cycies with 5 diffesnr fosds, (L= Hambach Ngnite coal
Hambach Bpnine ohar, agivaed carbon, Tadinskl boomi noos
coal and U binominoos ooal) were imestigared o charaohanise
the chamges in e oystal s oore, morpholofy, poR Srocme
and chemical oo IEon.

¥RD aralysis on thess partdes showed that the redooed
partices wene monkdised back o thedr original fonm wirh m@oe
amouns of impuriges soch a5 siloon deoockde (300 ) on the non
ke parmcles. Simi Lar mparities jplos copper oom pleees such as
Copper uminaie wers Gefehed on fhe oopper oakde panockes.

TOPMIE analysis on these pansclss revealed that the conoen-
tramion of the core meal elsmens (Ion, Copper and albemiing)
deeasad after T0 maaion cpdes which In o darmasad e
toml conceniraion of Sie mel alements in e pantides

B surace ama analysis on these pamtides indiced thar the
roml sorfce area of Siese pantides dacmaased by mare than S0 of
thedr original waloes. The copper oode parscles showed thar e
togl pore waome of the parsclks deoesssd afer 20 resciion
cyles whereas the pore sizes of the pamides morezsed shighty

SIEM orria s oo it s oo e ok ok shioed thar some
of Siese pamdss were coaed with a Ly of fosed ash ar carbon

Suring reducsion and Sat e ron ckds pantces hawve ondergone

quile sevene JEmition during the experiment The Jluming Suppat
Empregraed anto S oopper oode paricbes inoneases s resksqnoe
o agmibon Hoseser some o Sese panbdes shosed siges o
aggiomeraion dos o the high opTaring Smpera e,

Farfier reszanch oions ane needad 1o investigane the oieos ol
[propeies changes on the OOyEen camies deorivarion b sha wioor
by FOnmEnG S SCpATIMenDs over 3 Langsr nomber of redooion-
oakdamon opcles

Ak o] e AT TS

The autos would e © 2 e Engneening and
Pirgmicall Soenoes and Ressaech Coondll (FPERC) for financal sopport.
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