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ABSTRACT

Carbon Capture and Storage (CCS) is one option to meet the increasing
energy demand as well as reduce net CO2 emissions to the atmosphere.
Chemical Looping Combustion (CLC) is a promising CCS technology
proposed to meet the challenge of mitigating the carbon dioxide (CO>)
emissions. CLC process can be based on interconnected fluidized beds,
consisting of air reactor, fuel reactor and oxygen carrier (OC) which
undergoes redox reactions while it circulates between the reactors. The
main products are CO:2 and water, thus eliminating the need of an

additional energy intensive CO2 separation.

The feasibility of CLC depends on the oxygen carrier's (OC) ability to
transfer O2 from air reactor to fuel reactor and have sufficient oxygen
capacity, high reactivity and withstand a high number of redox cycles
without significant loss in performance. OCs based on transition metal
oxides of Cu, Co, Fe, Mn and Ni has been explored. Nevertheless, research
is focused on improving the OCs performance with the aim to overcome
their various practical limitations. Mechanical mixing and impregnation
which fails to provide a high degree of dispersion and high metal loading
respectively are commonly used for OC synthesis. Very few works have
been reported for Mn-oxide and co-precipitated oxygen carriers. The few
studies on co-precipitated OCs mainly use strong base as precipitants. One
drawback to this is the repetitive washing of precipitate to remove excess
alkali ions and controlled loading of active components cannot be easily
obtained. In this study, weak base instead of strong base was used in the
synthesis of OCs. This is the first time this controlled approach has been

applied to prepare oxygen carrier in CLC for manganese and iron.



This thesis is a novel research on development and detailed investigation
of co-precipitated Mn-oxide and Fe-oxide OCs with ZrO> and combined
Zr02-Ce02 support. The reaction kinetics, stability and oxygen transfer
capacity (OTC) of the OCs were studied by TGA up to 1173 K in H2, CO and
CHs. Characterization of physical and chemical structures of particles was

obtained by SEM-EDX, XRD, BET and pycnometer.

The result reveals that regardless of the composition of the co-precipitated
oxygen carriers, there was no interaction of the metal oxides with the
support material which could have altered the thermodynamics of the
redox system. Furthermore, co-precipitated Mn/Zr and Fe/Zr OCs were
more reactive than their counterpart prepared by impregnation and
mechanical mixing. Also, changes in reactivity and OTC suggest that the
synergistic effect varies with ratios of the single oxides in the bimetallic
OCs. Co-precipitated Mn-rich oxygen carriers were more reactive than Fe-
rich OCs. Interestingly, OCs with zirconia-ceria support exhibited activation
tendency behaviour. Moreover, the use of combined zirconia-ceria for
bimetallic Mn-Fe oxide reversed the characteristic progressive decrease in
the performance of the OC with equimolar composition. For co-precipitated
Mn-Fe Oxide oxygen carriers, zirconia content of 44 wt. % is sufficient to
maintain the mechanical integrity of the particles during redox reactions
compared to a zirconia content of 20 wt. %. This research has resulted in
the development of highly reactive and stable oxygen carriers, which are
promising for CLC. Mn/Zr OC reached full conversion in less than 48 secs
and bimetallic Mn-Fe OCs reached 30% conversion in less than 43 secs in

CH4 and maintained stability in a thirty multicycle test.

The redox reaction kinetics of the most reactive oxygen carrier using CHg,

H>, CO and air was investigated at isothermal conditions (973-1173 K) to



determine the kinetic parameters. Models of the reduction and oxidation
reactions were selected by using a model fitting method. The nucleation
model was the most statistically significant and suitable model for
describing the reduction and oxidation behaviour of the oxygen carrier. The
values of activation energy obtained for the reduction reaction in CH4, H2
and CO were 142.8 KJ/mol, 32.95 KJ/mol and 26.37 KJ/mol respectively.
Whereas, for the oxidation reaction, the activation energy obtained using

air was 28.83 KJ/mol.

In the application of co-precipitation technique for the synthesis of
multicomponent materials, a heterogeneous product could be obtained
from using improper preparation conditions. Results from this research
have demonstrated that, the application of the well-designed co-
precipitation procedure effectively produced composite materials (up to
four co-precipitated mixed metal oxides) with controlled compositions and
homogeneous dispersion. Furthermore, this study provides insight into the
fundamental behaviours of co-precipitated manganese and iron based
oxygen carriers to aid the design and optimization of future materials

development.
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1 INTRODUCTION

1.1 Background

Recent climate changes are reported to have had wide spread impact on
human and natural systems (IPCC, 2007). Each of the last three decades
has been successively warmer at the Earth’s surface than any preceding
decade since 1850. Moreover, the warming of the climate system is
unequivocal, and since the 1950s, many of the observed changes are
unprecedented over decades to millennia. Some of these changes are
warmed atmosphere and ocean, diminished amounts of snow and ice, and
rise in sea levels. These changes have been attributed to human influence
on the climate system with indications that recent anthropogenic emissions

of greenhouse gases (GHG) are the highest in history (IPCC, 2014).

Carbon dioxide (CO2) is the major greenhouse gas that contributes to
global warming. Climate scientists have observed that CO2 concentrations
in the atmosphere have been increasing significantly over the past century,
compared to the rather steady level of the pre-industrial era (about 280
parts per million by volume, or ppmv). The 2013 concentration of CO2 (396
ppmv) was about 40% higher than in the mid-1800s with an average
growth of 2 ppmv/year in the last ten years. The increased atmospheric
concentrations of CO2 have been attributed primarily to the combustion of
fossil fuels (IEA, 2014). In order to avoid most disastrous changes to the
Earth’s climate, the concentration of CO2 must not exceed 450 ppm or rise
more than 15% over present concentrations. Also, the average increase in
atmospheric temperature would have to be limited to less than 2°C.
Consequently, a reduction in greenhouse emissions became of paramount

interest internationally. As a result, in 1997, the Kyoto Protocol was



drafted in the United Nations Framework Convention on Climate Change

(UNFCCC) (UN, 1998).

Some technological options, which include Carbon Capture and Storage
(CCS), were proposed in order to meet the increasing energy demand as
well as reduce net CO:2 emissions to the atmosphere (IPCC, 2005).
International Energy Agency (IEA) analysis suggests that CCS will play a
fundamental role in global least-cost efforts to limit global warming,
contributing around one-fifth of required emissions reductions in 2050
(IEA, 2012). The CCS technology involves capture of concentrated CO:
stream from industrial and energy related sources, its transportation and

long-time safe storage away from the atmosphere.

The three most common technologies employed in order to obtain CO:2 in
pure stream from power production units are post-combustion, oxy-fuel
combustion and pre-combustion processes (IPCC, 2005; Olajire, 2010 and
Leung et al., 2014). Although the above technologies can offer capture
efficiency as high as 95%, the drawback associated with them is the high
energy penalty needed to obtain a pure CO: stream (Toftegaard et al.,
2010). Consequently, collaborative efforts by different groups are being
made to identify and develop alternative technologies that will greatly
reduce cost of CO2 capture (Adanez et al., 2012). One such technology is

Chemical Looping Combustion (CLC).

Chemical Looping Combustion is a promising CCS technology which
inherently separates CO: from flue gases without the energy penalty
associated with other CCS technologies (Adanez et al., 2012). The carbon
capture approaches - post-combustion, pre-combustion and oxy-fuel -
require cost-intensive steps of active gas separation (Kanniche et al.,

2



2010). For instance, oxy-fuel combustion utilizes large amounts of oxygen
from an energy intensive air separation unit. The work required to
separate oxygen from air becomes an energy penalty for the power plant
to operate with sequestration (Zhang et al., 2008). Thus, resulting in high
cost and the energy penalty may reach above 7% compared with a plant
without CCS (Burdyny and Struchtrup, 2010). However, in CLC, fuel is
combusted using a solid containing oxygen (metal oxide) rather than air.
The benefit is that the products of combustion contain mainly carbon
dioxide and water, thus avoiding an additional gas separation unit

(Ekstrém et al., 2009).

The efficient operation and adoption of CLC technology depends critically
on the development of robust oxygen carriers (OC). The oxygen carrier
should be able to transfer oxygen from the air reactor to the fuel reactor.
Also, it is expected to have sufficient oxygen capacity, high reactivity and
exhibit ability to withstand a high number of reduction-oxidation cycles
without significant physical degradation or loss in performance (Adanez et

al., 2012).

In the last few years, more than seven hundred oxygen carriers have been
tested for chemical looping combustion. The reactivity of the oxygen
carriers varies considerably and is dependent on the type of oxygen
carrier, preparation method and type of inert material used as support. The
materials used as supports include SiO2, TiO2, Al203, ZrO2, MgAl.04, and
others. Oxygen carriers based on transition metal oxides of copper, cobalt,
iron, manganese and nickel oxides have been explored because of their
desirable characteristics. For instance, nickel-based oxygen carriers exhibit
high oxygen capacity and reactivity. Nevertheless, drawbacks include high

material cost, health, safety and environmental concerns due to its toxicity



and carbon deposition (Chiu and Ku, 2012; Luo et al., 2015 and Lyndfelt,
2015). Furthermore, it can easily be deactivated by sulphur from coal and
cannot completely convert fuels to carbon dioxide and water due to
thermodynamic restriction (Wang et al., 2015 and Lyngfelt, 2015). Copper-
based oxygen carriers exhibit high reaction rates, high oxygen transfer
capacity, low cost and poses less environmental concerns compared to
other oxygen carriers (de Diego et al., 2007; Cao and Pan, 2006 and Cao
et al., 2006). Iron-based oxygen carriers are non-toxic, possess high
melting point, better mechanical strengths, environmentally friendly and
have lower cost compared to others (Adanez et al., 2012). Iron oxide
exhibit good oxidizing capability and thus is able to fully convert
carbonaceous fuel to carbon dioxide and water (Luo et al., 2015). Also,
pure iron oxide exhibit sintering effect at high operating temperatures and
rapidly loses reactivity and its oxygen-carrying capacity after the first
several redox cycles (Fan and Li, 2010). Manganese-based oxygen carriers
have advantages similar to iron-based oxygen carriers. Manganese oxide is
considered non-toxic and it is a relatively cheap material. In addition, its
oxygen carrying capacity is higher than that of Fe-based oxygen carriers.
However, the issue with Manganese-based oxygen carriers is low reactivity

with fuels (Nandy et al., 2016).

Against the backdrop of the limitations associated with the oxygen carriers,
research is focused on the development of new oxygen carriers with
enhanced performance characteristics. The key aim is to overcome their
various practical limitations and be able to meet the demands and
specifications for CLC for inherent carbon dioxide capture (Adanez, 2012).
Furthermore, current and ongoing research is focused on oxygen carrier

screening, laboratory testing and development of production techniques.



As mentioned previously, more than seven hundred oxygen carriers have
been tested for chemical looping combustion. Nevertheless, very limited
works have been reported on oxygen carriers directly related to co-
precipitation. Also, manganese oxide has received little attention and is
less studied than nickel, copper and iron based oxygen carriers (Lyngfelt,

2015).

Studies that focused on the iron and manganese system has been reported
by Rydén et al. (2011), Azimi et al. (2011) and Ksepko et al. (2012). The
oxygen carriers investigated were prepared by mechanical or spray drying.
Ksepko et al. (2012) examined the effect of hydrogen sulphide on
supported Fe/Mn oxides in a CLC process utilizing coal-derived synthesis
gas. It was suggested that there is the possibility of larger amount of
active components (Fe/Mn) not well dispersed in the ZrO2 support, thus
contributing to lower reaction rates. On the other hand, the studies by
Rydén et al. (2011) and Azimi et al. (2011) focused almost exclusively in
the context of Chemical Looping Oxygen Uncoupling (CLOU) process,
where the solid fuel is burned with gaseous oxygen released by the
oxygen-carrier in the fuel-reactor. Nevertheless, there was indication that
the physical stability of the examined materials was low and may need an

inert support to improve stability.

It has been noted that the production method for oxygen carriers directly
determines their physical properties such as mechanical strength, porosity
and degree of dispersion. Moreover, these can influence the oxygen
carriers’ reactivity, strength and stability during consecutive CLC reduction-
oxidation cycles (Guo et al., 2009). Traditional methods typically used for

oxygen carrier preparations are mechanical mixing and impregnation which



fails to provide high degree of dispersion and high metal loading

respectively (Fan and Li, 2010).

Although, many oxygen carriers have been tested for chemical looping
combustion, very limited works have been reported on oxygen carriers
directly related to co-precipitation. These few studies (mainly for nickel and
copper-based oxygen carriers) typically use strong base such as potassium
hydroxide as precipitating agents (Imtiaz et al., 2012 and Chuang et al.,
2008). One drawback is the repetitive washing of the precipitate to remove
the excess alkali ions and controlled loading of the active components may
not be easily obtained (Benrabaa et al., 2012). In contrast to other co-
precipitation techniques used in CLC, the procedure adapted in this work
utilized aqueous ammonia as the precipitating agent. This co-precipitation
procedure has been previously applied for the invention of adsorbent
materials for mercury capture (Snape et al., 2010). This technique allows
for materials with high surface area, high degree of dispersion and

controlled metal loading to be obtained.

In conclusion, iron oxide and manganese oxide would constitute low-cost,
environmentally benign oxygen carrier materials in comparison to nickel
oxide. Furthermore, zirconia seems to contribute to the thermal stability of
these oxygen carriers during cyclic tests (Ksepko et al., 2012). Moreover,
only few works have been reported for manganese oxide and co-
precipitated oxygen carriers. Consequently, to bridge this knowledge gap,
it became of interest to exploit the co-precipitation technique for
manganese and iron based oxygen carriers for chemical looping
combustion. Hence, this thesis is a novel research on the development and

detailed investigation of co-precipitated manganese oxide and iron oxide



based oxygen carriers supported on zirconia and combined zirconia-ceria

for chemical looping combustion.

1.2 Aims and Objectives

The aim of this study was to

Develop and investigate the operation of novel co-precipitated
reactive and stable oxygen carriers for chemical looping combustion

utilizing gaseous fuel.

The specific objectives of the project are to:

Synthesize via the co-precipitation technique oxygen carriers based
on manganese oxide and iron oxide coupled with zirconia and
combined zirconia-ceria as supports.

Perform experiments to obtain measurements for different
formulations of synthetic oxygen carriers in laboratory scale reactor
- Thermogravimetric Analyser (TGA)

Characterise the chemical and physical properties of the oxygen
carriers using Scanning Electron Microscopy / Energy-Dispersive X-
ray Spectroscopy (SEM-EDX), X-ray Diffraction (XRD), gas
pycnometer, nitrogen adsorption isotherm and relate these
properties to their reactivity.

Evaluate the performance of the oxygen carriers for conditions
required by large scale systems.

Obtain kinetic parameters (for the most promising oxygen carrier)
that will be of importance in the design of a chemical looping

system.



1.3 Thesis Structure

This thesis is divided into nine chapters and the layout is as follows:

Chapter 1 presents an introduction to the research project by
providing an overview of the background, the rationale, aim
and objectives of the study.

Chapter 2 presents pertinent references to some of the
literature on global warming, carbon capture and storage
technologies, chemical looping combustion processes. Also
included, is a detailed review of relevant literatures on oxygen
carriers for chemical looping combustion.

Chapter 3 highlights the description of the experimental
techniques and materials employed in this study.

Chapter 4 analyses and discusses results on monometallic
oxygen carriers.

Chapter 5 and 6 presents results and discussion on the co-
precipitated bimetallic oxygen carriers supported on zirconia.
Chapter 7 discusses results on the co-precipitated bimetallic
oxygen carriers on zirconia and ceria as combined support.
Chapter 8 is a presentation on kinetics.

Chapter 9 presents the conclusions from this study and

recommendations for future work.



2 LITERATURE REVIEW

2.1 Climate Change

It has been reported that warming of the climate system is unequivocal,
and since the 1950s, many of the observed changes are unprecedented
over decades to millennia. Also, since 1850, each of the last three decades
has been successively warmer at the Earth’s surface than any preceding
decade (Figure 2.1). In the Northern Hemisphere, it is reported that 1983-
2012 was likely the warmest 30-year period of the last 1400 years of the

instrumental record of global surface temperature (IPCC, 2013).
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Figure 2.1: Observed globally averaged combined land and ocean surface
temperature anomaly 1850-2012 (IPCC, 2013)




The Intergovernmental Panel on Climate Change (2013) reported that
regional climate changes, particularly temperature increases have been
observed to affect many natural systems. Reports indicate that the
atmosphere and ocean have warmed, the amounts of snow and ice have
diminished, sea level has risen, and the concentrations of greenhouse
gases have increased. Also, over the last two decades, the Greenland and

Antarctic ice sheets have been losing mass.
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Figure 2.2 Multiple observed indicators of a changing global climate: (a) Northern
Hemisphere spring snow cover. (b) Arctic summer sea ice extent. (c) Global

average sea level change (IPCC, 2013).
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There is continued shrinkage of glaciers, and Arctic sea ice and Northern
Hemisphere spring snow cover have continued to decrease in extent.
Furthermore, the rate of sea level rise since the mid-19th century has been
larger than the mean rate during the previous two millennia. Over the
period 1901 to 2010, global mean sea level rose by 0.19 [0.17 to 0.21] m
(Figure 2.2). In addition, the most robust global changes in climate
extremes are seen in measures of daily temperature and there is strong
evidence that warming has led to changes in temperature extremes,
including heat waves since the mid-20th century and probably increases in

heavy precipitation (IPCC, 2013).

2.2 Causes of Climate Change

The above changes have been caused mainly by the increased
concentration of greenhouse gases (GHG) emitted to the atmosphere. In
addition, most of the observed increase in global average temperature for
the past 50 vyears has been attributed to anthropogenic GHG
concentrations. It is stated that since pre-industrial times, the global GHG
emissions due to human activities have grown with an increase of 70%
between 1970 and 2004. The GHG includes methane (CH4), carbon dioxide
(CO2), nitrous oxide (N20), hydro-fluorocarbons (HFCs), perfluorocarbons
(PFCs) and sulphur hexafluoride (SFs). However, it has been observed that

CO2 concentration is higher in comparison to other GHG (IPCC, 2007).

The International Energy Agency (IEA) noted that among the many human
activities that produce greenhouse gases, energy emissions, mostly CO2,
account for the largest share of global GHG emissions as shown in Figure
2.3. Furthermore, compared to the rather steady level of the pre-industrial

era (about 280 ppmv), the global CO2 concentrations in the atmosphere
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have been increasing significantly over the past century. The global CO:2
concentration increased to 390 ppm in 2010 (Dlugokencky and Tans,
2012). In the last ten years with an average growth of 2 ppmv/year, the
2013 concentration of CO2 (396 ppmv) was about 40% higher than in the

mid-1800s (IEA, 2014).

Other
Energy

10%
Electricity and
Heat Production

0,
Industry 25%

21%

Agriculture, Forestry

Transportation and Other Land Use
14% L

Figure 2.3: Global greenhouse gas emissions by economic sector based on global
emissions from 2010 (EPA, 2016)

The increased atmospheric concentrations of CO2 have been attributed
primarily to the combustion of fossil fuels (Gitay et al., 2002). Also, IEA
(2014) stated that despite the growth of non-fossil energy such as nuclear
and hydropower (considered as non-emitting), the share of fossil fuels
within the world energy supply is relatively unchanged over the past 41
years. Moreover, in 2012, fossil fuel still accounts for over 80% of the
world energy supply. As a result of dependency on fossil fuel for energy
production, the annual CO2 emissions from fossil fuel combustion have
dramatically increased from near zero to almost 32 GtCO: in 2012 as

shown in Figure 2.4 (IEA, 2014).
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Figure 2.4: Trend in CO; emissions from fossil fuel combustion (IEA, 2014).

The continuous increase in CO2 concentration in the atmosphere has
rendered it the focus of attention towards solving the challenge of
excessive global warming (Yamasaki, 2003). To avoid most disastrous
changes to the Earth’s climate, the GHG concentrations need to be
stabilized and concentration of CO2 must not exceed 450 ppm (or rise
more than 15% over present concentrations). Also, the average increase in
global average atmospheric temperature would have to be limited to below
2°C. Consequently, a reduction in greenhouse emissions became of
paramount interest internationally and in 1997, the Kyoto Protocol was
drafted in the United Nations Framework Convention on Climate Change
(UNFCCC), (UN, 1998). After ratification in 2005, the developed countries
agreed to reduce their mean GHG emissions to 5.2% relative to 1990
levels over the period 2008-2012 (Dlugokencky and Tans, 2012). Recently,
a second commitment period, which will run from 2013 to 2020 has been
agreed upon by thirty-eight countries. These countries have decided to
take commitments to curb domestic emissions and one option to comply
with their Kyoto Protocol targets is by reducing emissions from fossil fuel

combustion (IEA, 2014).
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Projections of energy demand to 2035 indicate that fossil fuels (oil, coal
and natural gas) account for 53% of the increase in energy demand and
will continue to supply the bulk of global energy consumption (IEA, 2010).
In order to meet the increasing energy demand as well as reduce net CO:2
emissions to the atmosphere, the following technological options were
proposed (IPCC, 2005):

e Reduce energy consumption by increasing the efficiency of energy
conversion and/or utilization.

e Reduce carbon intensity in the energy supply which comprise of
switch to less carbon intensive fuels example, nuclear energy and
increase the use of renewable energy sources such as biofuels, wind
and solar power.

e Sequester CO2 by enhancing biological absorption capacity in forest

and soils.

From the above reports, the need for technological options to reduce CO:
emission to the atmosphere has been necessitated by the global climate
change. An overview of Carbon Capture and Storage (CCS) as one option
to reduce the emission of CO: to the atmosphere and thereby mitigate the

effect of climate change will be the focus of the following Section 2.3.

2.3 Carbon Capture and Storage (CCS)

There are unmistakable signs that the much-needed global energy
transition is in progress. Nevertheless, this is not yet at a pace that leads
to a lasting reversal of the trend of rising CO2 emissions (IEA, 2015). Also,
none of the above-mentioned technology options or probably their sum
efforts will produce the desired low levels of CO2 emissions. Consequently,

CO:2 Capture and Storage (CCS) has become an additional option needed to
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attain the desired low levels of CO2 emissions (IPCC, 2005). International
Energy Agency (IEA) analysis suggests that CCS will play a fundamental
role in global, least-cost efforts to limit global warming, contributing

around one-fifth of required emissions reductions by 2050 (IEA 2012).

The CCS technology involves capture of concentrated CO2 stream from
industrial and energy related sources, its transportation and long-time safe
storage away from the atmosphere. An overview of the CO: capture is

presented in Section 2.3.1.

After capture, CO2 would be transported in high pressure pipelines or ships
could be used for its long-distance transport to the storage site. On
economic grounds, one alternative is to locate power stations close to
electricity demand and from there transport the CO: to the storage site.
Although, CO: is inert, it can pose immediate dangers to human health at

concentrations of 7-10 Vol % or higher (IEA, 2001; IPPC, 2005).

In terms of CO2 storage, this involves injection of CO:2 into the deep
subsurface for permanent storage (Meyer, 2011). It is estimated that
available fossil fuel resources contain carbon equivalent emissions of about
20000-25000 GTonnes of CO2,  (Golmen, 1999; Lindeberg, 2003).
Consequently, due to the considerations of space, time and safety, possible
storage locations for CO2 as shown in Figure 2.5 includes deep oceans, oil

fields, gas fields, deep coal beds and in aquifers.
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Figure 2.5: Options for storage of CO;, (IEA, 2001).

2.3.1 Carbon Dioxide Capture Techniques

The three main technologies being developed in order to obtain CO:z in the
pure stream from power production units are post-combustion, oxy-fuel
combustion and pre-combustion processes (Benson and Surles, 2006;

IPCC, 2005).

In post-combustion capture, CO: is removed from the flue gas after
combustion. The flue gas is passed through post combustion gas
separation and capture technologies to separate/capture most of the CO..
The technologies based on chemical absorption appear to be best adapted
to this separation than other technologies such as adsorption, membranes
and cryogenic separation (Thiruvenkatachari et al., 2009; Kanniche et al.,

2010; Leung, 2014).

In the pre-combustion process, the fuel is pre-treated before combustion.

The treatment relates to the gasification of coal or reforming of natural gas
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to form syngas, which consist mainly of carbon monoxide and hydrogen.
The syngas undergo the water-gas shift reaction with steam to yield
hydrogen and CO2. The CO: can then be separated using a physical
absorbent (Thiruvenkatachari et al., 2009; Kanniche et al., 2010; Lee et

al., 2010 and Leung, 2014).

In oxy-fuel combustion, oxygen (typically greater than 95% purity) instead
of air is used for the combustion of fuel with recycling of flue gases. The
use of oxygen reduces the amount of nitrogen present in the exhaust gas
which affects the subsequent separation process. Furthermore, recycling
the flue gas generates gas consisting mainly of sequestration-ready CO:
and water (Leung et al., 2014; Toftegaard et al., 2010 and Wall et al.,

2009)

Although these technologies illustrated in Figure 2.6 can offer capture
efficiency as high as 95%, the drawback associated with them is the high
energy penalty needed to obtain a pure CO: stream (Toftegaard et al.,
2010). This gives rise to reduced energy efficiency of the processes and
increase in the cost of the energy (Lyngfelt, 2001; de Visser et al., 2008;
ICF, 2009; Olajire, 2010; Toftegaard et al., 2010). Consequently,
collaborative efforts by different groups are being made to identify and
develop alternative technologies that will greatly reduce cost of CO:
capture (Adanez et al., 2012). Chemical looping combustion (CLC) has
emerged as a promising technology to reduce the cost of CO:2 capture
(Ekstrom et al., 2009). Further details on CLC are presented in the next

section.

17



air
Post-combustion 0N,
CO, Capture
co
co, %
Gasification
H Electricity 0 "’7 Compression
Pre-combustion & Heat dehydration
Reforming
r
. . co,
coal co. .
gas Electricity 2 co,
o, & Heat Purification
Oxy-combustion
ASU N,
air

Figure 2.6: The three carbon dioxide processes (Kanniche et al., 2010)

2.4 Chemical Looping Combustion (CLC)

Chemical looping combustion (CLC) has emerged as an attractive option
for carbon dioxide capture since CO: is inherently separated from the other
flue gas. Consequently, it has significant advantage over other CO:2 capture
technologies because it overcomes the energy penalty associated with
other technologies for CO2 capture and so reduces the cost of CO:z capture.
The current estimated efficiency penalty for post-combustion CCS and oxy-
fuel combustion is approximately 12% and 10% respectively. The target is
to reduce this efficiency penalty to about 8% by 2020. However, the
efficiency losses for CLC range from 3% to 4% (Fennell, 2015). In
addition, if environmental impacts are taken into consideration, CLC will be
preferred to other CO: capture options (Petrakopoulou et al., 2011; Fan

and Li, 2010).

The difference between CLC and conventional combustion is the route by
which oxygen is introduced into the reaction. In conventional combustion,
the fuel is in immediate contact with the oxidizing agent. However, in

chemical looping combustion, the process is split into two gas-solid
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reactions; oxidation of metal or (metal oxide) by air and reduction of metal
oxide by fuel giving CO2 and H20 separate from other flue gas components.
The flue gas from the air reactor consists of nitrogen and excess oxygen
which are harmless. Also, given that there is no flame in the process and
the relatively low reaction temperature (1073 K-1473 k), there is none or
very little thermal NOx formation (Linderholm et al., 2010; Boot-Handford

et al., 2014).

The CLC process can be based on interconnected fluidized beds, consisting
of an air reactor, fuel reactor and metal oxide (oxygen carrier) which
undergoes redox reactions while it circulates between the reactors

(Mattisson et al., 2001) as shown in Figure 2.7.

Nz, 02 COZI HZO
M, 0,
Air Reactor R:::tlor
M,0,.,
Air Fuel

Figure 2.7: Schematic view of Chemical Looping Combustion (CLC).

The fuel typically natural gas, syngas from gasification of coal or refinery
gas is oxidized by the oxygen carrier in the fuel reactor according to
reaction 1. The reduced metal oxide particles are returned to the air

reactor, where they are regenerated to the oxidized state by reacting with
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oxygen from the air as shown in reaction 2. The flue gas from the fuel
reactor contains CO2 as shown in the net reaction 3 which can be obtained
after condensation of water from the gaseous product mixture (Lyngfelt et

al., 2001; Linderholm et al., 2010).

Fuel reactor: (2n + m)M,0x + C, Hyy = (2n+ m)M;04_; + mH,0 + nCO, (1)
Air reactor: (2n + m)M,Ox_; + (n + 1/2 m)OZ - (2n + m)M, 0y (2)

Net reaction: C,Hyp, + (n + 1/2m)02 - mH,0 +nCO, 3

The net reaction and heat released are identical to conventional
combustion where the oxygen is in direct contact with the fuel. Reaction 1
can be either endothermic or exothermic depending on the type of fuel and
the Me/MeO-pair used as an oxygen carrier while reaction 2 is exothermic.
The overall CLC process, in which the metal oxide cycles between oxidized
and reduced states, is exothermic (Lyngfelt et al., 2001; Jerndal et al.,
2006; Linderholm et al., 2010; Siriwardane, 2016; Proll and Hofbauer,

2011).

In summary, it is evident that the availability of suitable oxygen carrier
particles is crucial to the successful application of the chemical looping
process. In Section 1.1, it was noted that current and ongoing research is
focused on oxygen carrier screening, laboratory investigation and
development of synthesis method. Therefore, highlights on oxygen carriers
for CLC application and relevant discussions on the application of chemical

looping technology will be the focus of the following sections.
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2.5 Applications of Chemical Looping Technology

Chemical looping is regarded as a highly versatile process scheme with the
potential for application in a wide range of processes besides combustion.
One of these processes is the partial oxidation process in which oxidation
of the fuel is controlled to yield synthesis instead of carbon dioxide and
water. Another process is the reforming reactions, where the air supplied
to the oxidizer reactor is substituted by either steam or carbon dioxide in
order to produce high purity hydrogen or carbon monoxide respectively
(Bhavsar et al., 2014). Moreover, syngas and hydrogen are considered
core chemical intermediates to produce other valuable products. The
inherent product separation associated with these processes renders them
more advantageous compared to the conventional counterpart processes
(Luo et al., 2015). Apart from power production, one field of application of
chemical looping technology is in industrial steam generation from natural
gas. If the economic benefit of CO2 capture is considered, the CLC boilers
can replace the advanced technology through steam generators with
basically no reduction in boiler efficiency (Lyngfelt, 2013; Proll, 2015 and

Boot-Handford et al., 2014).

Chemical looping can be applied to combustion of gaseous and solid fuels
for power generation. The two main power cycles widely used in power
generation are the Rankine and Brayton cycles (Figures 2.8 and 2.9). In
these cycles, thermal energy is converted into mechanical energy, which is
then converted to electrical energy. The gas turbine (Brayton cycle)
efficiently uses high temperature gases from a combustion process, but
discharges its exhaust gas at a relatively high temperature which is wasted

heat/energy.
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Figure 2.8: Schematic of a simple steam power plant (Ebaid and Al-hamdan,
2015).
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Figure 2.9: Schematic of a simple gas turbine power plant (Ebaid and Al-hamdan,
2015).

On the other hand, the steam turbine (Rankine cycle), is not able to reach
the high temperature of the gas turbine due to material constraints. A
combination of the two cycles (such as the Combined Cycle Gas Turbines)
allows for improved overall efficiency of the power plant (Miller, 2011).

Further information on these power cycles is presented in Table 2.1.
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Table 2.1: The main thermodynamic cycles (Yu et al., 2015).

Major Major Thermal
Power cycles . . .
advantages disadvantages efficiency

Gas turbine cycle Simple; low cost; Performance Higher than 30%

high temperature affected by the

condition fuel type
Steam cycle Simple; high Low operating >50% when work

conversion efficiency temperature as assisting
Combined cycle Good performance High cost; complex Over 50%

structure

For power production from natural gas, advanced Combined Cycle Gas
Turbines (CCGT) system can reach a net efficiency of nearly 60% without
CO2 capture. Furthermore, CCGT is more efficient than a CLC system,
which, unless pressurised, is limited to the steam-cycle efficiency (Boot-
Handford et al., 2014). Nevertheless, Hoffmann et al. (2009) conducted a
performance analysis on advanced combined cycle gas turbine plants
operated by natural gas with a pre-combustion CO2 capture system and

obtained a CO2 capture efficiency of 80%.

For a high overall efficiency of electricity production, options being
considered for CO2-ready electricity generation Include: pressurized CLC in
combination with gas turbine combine cycles, and CLC for direct
combustion of coal in combination with steam cycles (Préll, 2015). The
studies on the energy analysis of this form of CLC are rare. Nevertheless, if
CO2 capture is considered, this type of combustion leads to beneficial
exergy efficiencies in the system (Wolf et al., 2005). Moreover, thermal
efficiency as high as 52-53% in a combined cycle CLC plant operating at
1473 K in the air reactor and 13 bars has been reported by Wolf et al.

(2001). This denotes 5% more efficient process than a natural gas with a
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combined cycle system with advanced technology for CO2 capture (Wolf et

al., 2001).

Although more development work is needed, the application of chemical
looping in power generation is highly promising. CLC technology provides a
unique potential for avoiding the large costs associated with active gas
separation. Furthermore, the flexibility of this process in terms of usable
fuels and desired end products will continue to drive the rapid development
of this technology over the near future (Linderholm and Lyngfelt, 2014 and

Bhavsar et al., 2014).

2.6 Thermodynamic Considerations

2.6.1 Thermodynamics of Oxygen Carriers

In chemical-looping combustion, it is essential that solid compounds used
as oxygen carriers for CLC should be able to show high conversion of the
fuel to carbon dioxide and water. The redox behaviour of the oxygen
carrier is largely determined by the thermochemical properties of its
primary metal oxide. The oxides of Cu, Ni, Co, Fe and Mn were identified
with favourable thermodynamics for CH4, H2 and CO conversion (Jerndal et

al., 2006).

The equilibrium constant for the reduction reaction with H2 and CO with
different redox systems showed different behaviours as presented in Figure
2.10. At typical CLC conditions, CuO-Cu, Mn304-MnO and Fe203-Fe3z04 with
equilibrium constants higher than 103 showed almost complete conversion
to CO2 and H20. Moreover, in the Fe203 reduction, FesO4 usually appears

as an intermediate product and further reduction of Fe304 to FeO results in
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low conversion of gas. The redox systems with an equilibrium constant of
about 102 yield small amounts of CO and Hz. For NiO oxygen carriers, a
conversion in the range 99 - 99.5% for H2 and 98 - 99% for CO is obtained
at  equilibrium  conditions.  Furthermore, for CoO/Co system,
thermodynamics is less favourable with maximum conversion of 95 - 97%
for H2 and 87 - 95% for CO. Although, full conversion could be obtained in
the redox system Co0304-CoO oxidation to Co304 is not favoured in air at
temperatures higher than 880°C. Also, redox system CaS04-CaS has also
been considered to have similar thermodynamic limitations for conversion

of H2 and CO as NiO (Adanez et al., 2012).
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Figure 2.10: Equilibrium constant, Keq, for the reduction reaction with H, and CO
with different redox systems (Adanez et al., 2012).
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In addition, the application of fuels, which contains high amount of
methane in CLC could yield variable amounts of CO2, H20, CO, and H:
depending on the redox system. For temperatures of 900 to 1600 K, the
gas yield of CH4 to CO2 for the different oxide systems is shown in Figure
2.11. The conversion of CH4 to CO:2 is complete for redox oxide pairs Cu20-
Cu, Mn304-MnO and Fe203-Fes04, whereas the NiO-Ni system gives
somewhat lower gas yields in comparison to Cu, Mn and Fe (Mattisson and

Lyngfelt, 2001).
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Figure 2.11: The gas yield, (yred) Of CH4 to CO, vs temperature for different metal
oxide systems (Mattisson and Lyngfelt, 2001).

The Gibbs free energy (AG) variation with temperature for CO and oxygen
carrier reactions calculated from HSC Chemistry was reported by Luo et
al., (2015) and is illustrated in Figure 2.12. During the oxygen carrier
reduction, for complete conversion of fuels to CO2> and H20, the metal
oxide/sulphate lines must be located at lower positions as shown in Figure
2.12. Somewhat in agreement with thermochemical information provided

earlier, it was concluded that materials based on Cu-, Mn-, Co-, Fe-, and
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Ni-oxides and Ca-based alkaline earth sulphates materials can be used for

CLC applications.
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Figure 2.12: Gibbs free energy change of oxygen carrier reduction with 1 mol of CO
(Luo et al., 2015).

The Chemical Looping with Oxygen Uncoupling (CLOU) process is one
approach for the use of the CLC technology with solid fuel. The CLOU
process is based on the use of an oxygen carrier which releases gaseous
oxygen in the fuel reactor, thereby allowing the solid fuel to burn with gas-
phase oxygen (Figure 2.13). Thus, the slow gasification step is avoided
giving a much faster solid conversion compared to normal CLC where solid
fuel reacts directly with the oxygen carrier without any release of gas

phase oxygen.

Furthermore, in comparison to the normal CLC, the CLOU process
operating conditions for the air-reactor is constrained due to the

thermodynamic limitations of the oxygen-carrier oxidation. Thus, only
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those metal oxides that have a suitable equilibrium partial pressure of gas
phase oxygen at temperatures of interest for combustion has been

identified as CLOU materials (Figure 2.14 and Figure 2.13).
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Figure 2.13: Reaction scheme for CLOU in the fuel reactor for CLOU (Adanez et al.,
2012)
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Figure 2.14: Equilibrium partial pressure of gas-phase 0, over the metal oxide
systems CuO/Cu;0, Mn;03/Mn304 and Co0304/CoO as a function of temperature
(Adanez, et al., 2012).
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Mattisson et al. (2009) reported that these systems which include CuO-
Cu20, Mn203-Mn304 and Co304-CoO have the capacity to release oxygen at
the fuel-reactor at high temperature in the gas phase through the following

reversible reactions:

4Cu0 « 2Cu,0 + 0,(g) AHgsy = 263.2 KJ/mol O, 3a
6Mn,0; & 4Mn;0, + 0,(g) AHgsq = 193.9 K]/mol O, 3b
2Co30, © 6Co0 + 0,(g) AHgsy, = 408.2 KJ/mol O, 3c

For Cu- and Mn-based oxygen-carriers, the reactions with carbon taking
place in the fuel-reactor are exothermic whereas the reaction of carbon
with Co304 is endothermic. Consequently, for Cu- and Mn-based oxygen-
carriers, it is possible to operate at lower temperatures in the air-reactor,
which results in a significantly lower partial pressure of Oz at equilibrium
conditions at the air-reactor exit. Contrariwise, for Co304 oxygen carriers,
the temperature in the air-reactor must be higher than that in the fuel-
reactor and higher than the temperature required when Cu- or Mn-based

oxygen-carriers are used (Adanez, et al., 2012).

A thermodynamic analysis of combined oxygen carriers for CLOU by Rydén
et al. (2014) show that the ternary system Mn-Fe-0, has properties which
renders it interesting for oxygen carrier applications. The binary phase
diagram of the (MnyFei-y)Ox system (Figure 2.15) shows that hematite
(Fe203) and bixbyite (MnyFe:-y)203 are favoured at lower temperature,
while spinel phases (MnyFei-y)304 are favoured at higher temperature. For
chemical-looping with oxygen uncoupling, the reaction of interest is

transition between bixbyite and spinel via the following reaction:

6(Mn, Fe),0; < 4(Mn,Fe);0, + O, 3d
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Figure 2.15: Binary phase diagram of (MnyFe1.,)Ox in an atmosphere with O, partial
pressure of 0.05 atm (Rydén et al., 2014).

There are inconsistencies in the literature with respect to thermodynamic
data for combined oxides of iron and manganese (Crum et al., 2009).
Nevertheless, it is interesting to report that the results obtained from the
X-ray diffraction measurements confirm that the phases present in the co-
precipitated combined oxides of iron and manganese developed in this
work agrees quite well with the phase diagram by Rydén et al. (2014).
Hence, the results reported in this study for the co-precipitated oxygen
carriers of manganese and iron oxides gives an accurate content of the
metal oxide products and represent the system’s behaviour for chemical

looping combustion.

To further aid the understanding of the metal oxide systems in this study,
the physical properties of manganese oxide and iron oxide are presented in
Table 2.2. Also, the values of standard heat of combustion for Mn and Fe

redox systems were calculated and are presented in Section 2.6.2.
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Table 2.2: Physical properties of metal oxides of iron and manganese (Source:
Yaws, 2012; 2013; 2014; and Knovel, 2008).

Molecular Solid Melting
weight density point
(g/mol) (g/mL)  (°C)

Chemical Chemical
name formula

Iron (II, III)

oxide FesOa 231.5 5.17 1597
Iron (IIT) Fe205 159.7 5.24 1538
oxide

Iron(Il) FeO 71.9 5.7 1377
oxide

Manganese

(11, 1II) Mn304 228.8 4.84 1705
oxide

Manganese

(1Y) oxidie MnO, 86.94 5.08 535
Manganese 1840-
(11) oxide MnO 70.94 5.37 1850
Manganese _
(11]) oxide Mn,03 157.9 4.89  871-887

2.6.2 Heat of Combustion for Iron and Manganese Oxide Redox

Systems

In this work, the combustion enthalpies for Mn304/MnO and Fe203/FeO
redox pair (oxygen carriers) using hydrogen, methane and carbon as fuel
have been calculated using thermodynamic data from (NIST, NIST-JANAF
Thermochemical Tables) and presented in Equations 4 to 21. As previously
highlighted, the net chemical reaction and heat released in the CLC process

is identical to conventional combustion.
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Mn304/MnO Redox System:

Reactant Gas: Hydrogen

Fuel reactor: Mn;0,(s) + H,(g) » 3MnO(s) + H,0(1) AHP = —53.5K]J/mol
Air reactor: 1/, [6MnO(s) + 0,(g) > 2Mn30,(s)]  AHS =1/, [—464.6]
= —232.3 K] /mol

Net reaction: H,(g) + 1/2 0,(g) » H,0(1) AH® = —285.8 K]J/mol

Reactant Gas: Methane

Fuel reactor: 4Mn;0,(s) + CH,(g) - 12MnO(s) + CO,(g) + 2H,0(1)
AH® = 38.6 KJ/mol

Air reactor: 2[6MnO(s) + 0,(g) & 2Mn30,(s)] AHS = 2[—464.6]
= —929.2 K] /mol

Net reaction: CH,(g) + 20,(g) » CO,(g) + 2H,0(1) AH® = —890.6 KJ/mol

Reactant Fuel: Carbon

Fuel reactor: 2Mn;0,(s) + C(s) » 6MnO(s) + CO,(g) AHP = 70.9 KJ/mol
Air reactor: 6MnO(s) + 0,(g) » 2Mn;0,(s) AHS = —464.6 KJ/mol

Net reaction: C(s) + 0,(g) » CO,(g) AH® = —393.7 KJ/mol

Fe>03/Fe304 Redox System:

Reactant Gas: Hydrogen

Fuel reactor: 3Fe,05(s) + H,(g) » 2Fe;0,(s) + H,0(1) AHP = —49.6 KJ/mol
Air reactor: 1/, [4Fe;04(s) + 0,(g) — 6Fe,05(s)] AHS = 1/,[-471.6]

= —235.8 KJ/mol

4)

5)
(6)

™

®)
€))

(10)
(1D
(12)

(13)

(14)
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Net reaction: H,(g) + 1/2 0,(g) » H,0(1) AH® = —285.4 K]J/mol

Reactant Gas: Methane

Fuel reactor: 12Fe,05(s) + CH,(g) —» 8Fe;0,(s) + CO,(g) + 2H,0(1)
AH® = 52.9 KJ/mol
Air reactor: 2[4Fe;0,(s) + 0,(g) » 6Fe,05(s)] AHS = 2[—471.6]
= —943.2 K] /mol

Net reaction: CH,(g) + 20,(g) » CO,(g) + 2H,0(1) AH® = —890.3 KJ/mol

Reactant Fuel: Carbon

Fuel reactor: 6Fe,05(s) + C(s) » 4Fe;0,(s) + CO,(g) AHP = 78.1K]J/mol
Air reactor: 4Fe;0,(s) + 0,(g) » 6Fe,05(s) AHS = —471.6 K]/mol

Net reaction: C(s) + 0,(g) » CO,(g) AH® = —393.5K]J/mol

(15)

(16)

(17)

(18)

(19)
(20)

(2D

Where, AH? is the standard heat of combustion, AH? and AHS are the

standard heat of reaction for the reduction and oxidation reactions

respectively at 298 K and 1 atm. The enthalpy data are balanced to one

mole of reactant gases/fuel.

2.7 Oxygen Carriers

2.7.1 Properties of Oxygen Carrier Materials

In the earlier section, it is noted that Chemical looping combustion (CLC)

has emerged as a promising technology to reduce the cost of CO2 capture.

Nevertheless, the feasibility of the chemical looping process depends

mainly on the oxygen carrier's ability to transfer oxygen from the air
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reactor to the fuel reactor over extended multicycles. Consequently, the

ideal oxygen carrier is expected to be characterized by:

High rates of oxidation and reduction considering the relationship
with reactor size, solid inventory and cost associated with large
reactors.

High mechanical stability and low tendency for agglomeration.

High fuel conversion of the fuel to carbon dioxide and water.

Low tendency of attrition and fragmentation to minimize fines
production and increase particle lifetime.

Sufficient oxygen transport capacity is advantageous because it
implies that more oxygen can be transported per unit mass of
circulating material.

High melting point to avoid agglomeration and have good

fluidization.

Resistant to impurities and no (or negligible) carbon deposition.

Low cost, low toxicity and environmentally-friendly.

(Chandel et al., 2009; Linderholm et al., 2010; Fan, 2011; and Adanez,

2012).

From the above requirements, it has been viewed that the most critical

requirements to satisfy are high reactivity and sufficient mechanical

strength (Préll and Hofbauer, 2011). Also, it is difficult for pure metals or

mineral oxides to attain these key oxygen carrier properties (Adanez,

2012).

2.7.2 Oxygen Carrier Materials

Oxygen carriers are the key to the development of the chemical looping

technologies. Two types of oxygen carriers proposed and investigated are
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synthetic materials and natural minerals. Synthetic oxygen carriers are
generally composed of single metal oxides, combined or mixed metal
oxides (Wang et al, 2015). Oxygen carriers based on transition metal
oxides of copper, cobalt, iron, manganese and nickel oxides have been
explored because of their desirable characteristics. The oxygen carrying
capacity (Ro) of the pure metal oxides is shown in Figure 2.16. The
materials used as supports include SiO2, TiO2, Al203, MgAIl.04, bentonite,

sepiolite and others.

NiAlI204 / Ni. Al203 NN 0.091
NiO / Ni I 0.21
Mn304 / MnO N 0.07
Mn203 / Mn304 I 0.034
Mn203 / MnO N 0.1
Fe2TiO5 / FeTio3 N 0.05
Fe203. Al203 / FeAl204 N 0.045
Fe203 / FeO NN 0.1
Fe203 / Fe304 I 0.034
CuAl204 / CuAlO2 N 0.044
CuAlO2 / Cu. Al203 N 0.066
CuAl204 / Cu. Al203 [N 0.089
Cu20 / Cu am 0.11
CuO / Cu20 N 0.1
CuO / Cu I 0.2
Co0O / Co Nm=o.21
Co304 / CoO NN 0.067
Co304 / Co NI 0.27
CaS04 / Cas I 0.47

0 0.1 0.2 0.3 0.4 0.5
Oxygen Transport Capacity, Ro

Figure 2.16: Oxygen transport capability of different redox system (Adanez et al.,

2012).

Generally, the oxygen carriers investigated for CLC applications have both
advantages and disadvantages. For instance, nickel-based oxygen carriers
exhibit high oxygen capacity and reactivity. Nevertheless, its drawbacks
include: higher material cost, carbon deposition, and health, safety and
environmental concerns due its toxicity (Zafar et al., 2005; Johansson et
al., 2006; Chiu and Young, 2012; Luo et al., 2015; Lyngfelt, 2015).

Furthermore, nickel-based oxygen carriers can easily be deactivated by
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sulphur from coal and cannot completely convert fuels to CO2 and H20 due
to thermodynamic restriction (Wang et al., 2015; Lyngfelt, 2015). Despite
the advantages of nickel oxide as oxygen carriers, high materials cost and
health effects also deter the commercial use of nickel-based oxygen

carriers in chemical looping processes (Luo, et al., 2015).

Copper-based oxygen carriers exhibit high reaction rates, high oxygen
transfer capacity, low cost and poses less environmental concerns
compared to other oxygen carriers (de Diego et al., 2007; Cao and Pan,
2006, Cao et al., 2006). All the oxygen carriers have an essentially
exothermic reaction in both reactors when the fuel is H> or CO. However,
for methane, the reaction is endothermic for other oxygen carriers except
for CuO which exhibits exothermic reaction. Thus, for CuO, the particle
circulation needed to maintain fuel-reactor temperature will be reduced
(Lyngfelt, 2015; Cao and Pan, 2006; Chiu and Young, 2012). Nevertheless,
CuO agglomerates at high temperatures due to its low melting point and
the oxidation reaction rate of pure CuO rapidly decreases after a few cycles
of operation (de Diego et al., 2004). Furthermore, it has the tendency to

decompose at low temperatures (Jerndal et al., 2006).

Iron-based oxygen carriers are non-toxic, possess high melting point,
better mechanical strength, have lower cost compared to others and are
environmentally friendly (Adanez et al., 2012). Iron oxide exhibits good
oxidizing capability; thus, it is able to fully convert carbonaceous fuel to
CO2 and H20 and is less susceptible to carbon formation (Abad et al., 2007
and Garcia-Labiano et al., 2006; Luo, 2015). However, its shortcomings
include lower reactivity, low fuel conversion ratio and low oxygen transport

capacity. Also, pure iron oxide exhibits a sintering effect at high operating
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temperatures and rapidly loses reactivity and its oxygen-carrying capacity

after the first several redox cycles (Fan and Li, 2010).

Manganese-based oxygen carriers have advantages similar to iron-based
oxygen carriers. This metal oxide is considered non-toxic and it is a
relatively cheap material. In addition, its oxygen carrying capacity is higher
than Fe-based oxygen carriers. However, the issue with manganese-based
oxygen carriers is low reactivity with fuels. As mentioned previously, it is
worth noting that despite the potential advantages associated with
manganese oxide, it has generally received little attention and is less
studied than Ni, Cu and Fe. Hence, only a few manufactured manganese

materials have been used in operation (Lyngfelt, 2015).

Cobalt-based oxygen carriers offer high oxygen transport capacity and high
melting point resulting to reduce sintering during chemical looping
operation. However, low fuel conversion efficiency, and inherent high
toxicity and environmental concerns limit their application for chemical

looping technology (Chiu and Young, 2012; Adanez et al., 2012).

Metal sulphates such as CaSO4 and MgSO4 have been studied as oxygen
carriers owing to their low cost and high oxygen transport capacity.
Nevertheless, the challenge posed by these metal sulphates to CLC
processes is the potential release of sulphur into the product gas stream

(Luo et al., 2015).

Natural minerals, such as manganese ore, iron ore and industrial waste
materials as option to solid fuels has the benefit of lower cost. However,
they tend to degenerate quickly or exhibit low reactivity towards methane

(Linderholm et al., 2012; Rydén et al., 2011; Leion et al., 2009).
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Furthermore, ilmenite has often been studied because of its low market
price, quite reactive with syngas and good fluidization behaviour renders it
as one interesting option for solid fuels. Nevertheless, it was reported to
have exhibited low reactivity towards methane (Lyngfelt, 2015; Azis et al.,

2010; Cuadrat et al., 2012).

In addition to the advantages and disadvantages of the potential oxygen
carriers discussed above, generally, the pure metal oxides do not satisfy all
the desirable characteristics of an oxygen carrier and their reaction rates
are reduced very rapidly after a few cycles of reduction and oxidation (de
Diego et al., 2005 and Wang et al., 2015). Wide differences in reactivity
with methane have been observed for the oxygen carriers and generally,
reactivity is significantly higher using H2 and CO compared to CHa4
(Johansson, Mattisson and Lyngfelt, 2006). At present, ilmenite represents
a state of the art material for solid fuels, nevertheless, no real long-term

operation has been accomplished (Lyngfelt, 2015).

The oxygen carriers (synthetic) discussed above for CLC application have
been manufactured using different techniques. An overview of the relevant

methods will be the focus of the following Section 2.7.3.

2.7.3 Oxygen Carrier Preparation

Against the backdrop of discussions in the previous section, research is still
focused on the development of new oxygen carriers with enhanced
performance characteristics. The aim of these studies is to find OCs, which
can overcome the various practical limitations (Adanez et al., 2012;
Lyngfelt, 2015). As mentioned previously, support materials are added to

the primary metal oxides. Usually, the role of the support material is to
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improve the primary metal oxide particle morphology, and its chemical and
physical properties. Thus, the application of a production method that
enhances mixing between the support material and the oxygen carrying
metal oxide cannot be over emphasized. Clearly, appropriate synthesis of
the particle is necessary to achieve desired particle properties (Fan and Li,

2010).

It has been noted that the synthesis method applied for the production of
the oxygen carriers directly determines their physical properties such as
mechanical strength, porosity and degree of dispersion. These can
influence their reactivity, strength and stability during consecutive CLC
redox cycles (Guo et al., 2009). Consequently, one approach to potentially
improve the oxygen carrier performance is the application of a well-

designed production method for oxygen carriers.

Commonly used methods for oxygen carrier production are mechanical
mixing and impregnation (Fan and Li, 2010). Mechanical mixing, although
inexpensive has been found to yield non-homogeneous materials giving
rise to a metal oxide-rich phase and support-rich phase. For instance, it
was reported that copper-based oxygen carriers produced by mechanical
mixing, lost activity due to sintering of the metal rich phase. Hence,
mechanical mixing was found unsuitable for metal oxides such as copper
oxide which sinter at low temperatures (Diego et al., 2004). Research by
Adanez et al. (2004) showed that most of the oxygen carriers produced by
mechanical mixing had unacceptable reactivity and/or mechanical

properties.

The impregnation (wet or dry) technique is a method which has been used

for the preparation of oxygen carriers. These impregnation techniques
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require tedious synthesis procedure since loading of the metal oxides on
the support require repetitive process until the desired metal oxide
percentage is reached. Furthermore, due to the nature of the technique, it
is difficult to predict the exact amount of metal loading. Also, the metal
loading obtained using dry impregnation is limited by the available pore
volume of the support. In addition, the potential problem with wet
impregnation is the formation of an outer shell of metal oxide, which has a
weak bond with the support and tends to undergo attrition after initial

cycles (Fan and Li, 2010).

The co-precipitation method has been identified as a wet chemical method
which can be used to produce solid materials that are chemically
homogeneous (Fan and Li, 2010). Although, more than seven hundred
oxygen carriers have been tested for chemical looping combustion, very
limited works have been reported on oxygen carriers directly related to co-
precipitation. These few studies were mainly for nickel and copper-based
oxygen carriers. Findings indicate that synthesis by co-precipitation
technique could potentially yield oxygen carriers with desirable properties.
For instance, Chuang et al. (2008) found that Al.0s-stabilized, CuO-based
oxygen carrier synthesized by co-precipitation showed high redox stability

over many cycles.

Thus, against the backdrop of the above findings, it became of interest to
exploit the co-precipitation technique for Mn and Fe based oxygen carriers
for chemical looping combustion. Nevertheless, the few studies on co-
precipitated oxygen carriers reported in the literature typically use strong
base such as potassium hydroxide as precipitating agent. One drawback is
the repetitive washing of the precipitate to remove the excess alkali ions

and controlled loading of the active components may not be easily

40



obtained (Imtiaz et al., 2012; Chuang et al., 2008). Moreover, materials
with very low surface area are obtained when strong base is utilized as

precipitating agent (Benrabaa et al., 2012).

In contrast to other co-precipitation techniques used in CLC, the procedure
adapted in this work utilized aqueous ammonia (weak base) as the
precipitating agent. This co-precipitation procedure has been previously
applied for the invention of adsorbents materials for mercury capture
(Snape et al. 2010). This technique allows for materials with high surface
area, high degree of dispersion and controlled metal loadings to be

obtained.

This work presents a novel research on various formulations of co-
precipitated manganese oxide and iron oxide oxygen carriers supported on
zirconium oxide and combined zirconia-ceria. The focus was on
experimental investigations and performance evaluation of the co-

precipitated oxygen carriers for Chemical Looping Combustion.

2.8 Conclusions

1. Much work has been reported for some potential oxygen carriers
comprising of synthetic oxygen carriers (supported or unsupported
transition metal oxides of Cu, Co, Fe, Mn and Ni) and natural
minerals.

2. Despite the potential advantages, manganese based materials have
generally received little attention and have been less studied than

Ni, Cu and Fe.
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3. Although all the proposed oxygen carriers exhibited desirable
characteristics, they also have disadvantages which hinder their
performance for CLC application.

4. Effort is still being focused to further improve the oxygen carrier
performance with the aim to overcome their various practical
limitations for CLC.

5. The preparation method has been found to have an important
influence on the properties of oxygen carriers. Mechanical mixing
and impregnation method is commonly used for oxygen carrier
synthesis and have exhibited some shortcomings.

6. Despite the potential benefit of the co-precipitation technique to
yield homogeneous material, only very few works have been

reported for oxygen carriers using this preparation method.

Thus, the focus of this thesis is on the development and detailed
investigation of novel co-precipitated manganese and iron oxide based
materials as oxygen carriers for chemical-looping combustion using

hydrogen, carbon monoxide and methane as fuel.

The following Chapter 3 provides description of the experimental

techniques and methodology employed in this study.
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3 MATERIALS AND METHODOLOGY

3.1 Experimental Details

The experimental work undertaken in this research comprises three main
segments simplified and illustrated in Figure 3.1 and will be described in

detail in Sections 3.2 - 3.3.

' l
TGA |

Design and Evaluation of the Characterization
Synthesis of the Oxygen Carriers of the Oxygen
Oxygen Carriers for CLC Carriers

Co- / Analytical
precipitation Techniques
|

Figure 3.1: Schematic of experimental stages.

3.2 Oxygen Carriers Synthesis

The oxygen carriers studied in this work were produced by the co-
precipitation technique. The synthesis flow chart for the co-precipitation
process is presented in Figure 3.2. The co-precipitated manganese oxide
and iron oxide oxygen carrier particles were supported on either zirconia or
combined support of zirconia and ceria oxide with varied weight percent

compositions.
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Figure 3.2: Preparation of the co-precipitated oxygen carriers.

The chemical precursors namely iron (III) nitrate, manganese (II) nitrate,
zirconia (II) nitrate and ceria nitrate (from Sigma Aldrich) were dissolved
in distilled water to obtain aqueous solutions. For instance, equal molar
ratios of 28.7 g of Mn(NO3)2:6H20, 40.4 g of Fe(NO3)2-9H20 and 33.9 g
Zr(NO3)2:6H20 were dissolved in 200-500 ml deionized water. After mixing
the solutions together, ammonia water (35% solution) was added slowly to
the solutions under constant stirring conditions until its pH value reached
about 7 in order to obtain a co-precipitate. The co-precipitate was aged for
2 hours and then filtered to remove excess water. Subsequently, the co-
precipitate was dried in a vacuum oven at 378 K for about 24 hours. After
drying, the co-precipitate was calcined in the furnace at temperature of
1323 K for 2 hours. After calcination, the co-precipitated oxygen carriers
obtained were crushed (by using mortar and pestle) and sieved into

different particle sizes: 75-250 pm and 300-850 um.

During the initial design phase of the oxygen carrier materials
formulations, preliminary synthesis was carried out to check if there is any
potential effect of the mixing order of the active components. The aim was

to ensure that appropriate synthesis order was followed, which could result
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in an oxygen carrier with potentially suitable CLC characteristics. Bimetallic
carrier with equimolar amounts of manganese and iron supported on
zirconia was chosen for this test and it was confirmed that the effect of
order of mixing was not significant on the performance of the synthesized

materials (Appendix A).

The co-precipitated oxygen carriers studied in this work (presented in more
detail in Chapters 4 - 7) are categorized into the following groups:
e Monometallic manganese oxide or iron oxide with support.
e Bimetallic manganese-iron oxide with low zirconia content - 20 wt.
%.
e Bimetallic manganese-iron oxide with high zirconia content - 44 wt.
%.
e Bimetallic manganese-iron oxide with combined zirconia-ceria

support.

The mass ratio of the active metals in the co-precipitated oxygen carriers
vary between 20 and 80 parts. The zirconia content of the OCs varies from
10% to 62% W/W, whereas the ceria content varies from 10% to 31%

with the remaining material being the active metal oxides.

In this work, the synthesized oxygen carriers designated by the notations
are presented in Tables 3.1 to 3.3. For the notations, the metal oxides
mass fractions are followed by the support and calcination temperature. M,
F, Z or Ce in the names of the oxygen carriers denotes manganese oxide,
iron oxide, zirconium oxide or ceria oxide respectively. For instance,
M8FZCe5-1050 means an oxygen carrier containing 80 wt. % Mn304 and
20 wt. % Fe204 supported on 44 wt. % ZrO2 and CeO2 and calcination of

1323 K.
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Table 3.1: Composition of monometallic oxygen carriers

Metal 03(i_de Suppqr_t Trug

Oxygen WE ) (we %) (Kg/m)
ZrOz2 CeO:

M5Z5-1050 38 62 - 5298
M6Z4-1050 60 40 - -
M8Z5-1050 80 20 - -
M5ZCe5-1050 38 31 31 6093
F5Z5-1050 39 61 - 4408
F1 100 - - -
M5Z5-450 38 62 - -

Table 3.2: Composition of the mixed oxide oxygen carriers with zirconia.

Metal oxide Support True
oxvaen composition composition density
Car‘ﬁ’er (Wt. %) (2r02) (Kg/m?3)

{Mn304/ [Wt %]
(Mn304+Fe203)}

M8FZ5-1050 80 44 4678
M6FZ5-1050 67 44 4470
M5FZ5-1050 49 44 5412
M3FZ5-1050 33 44 5061
M2FZ5-1050 20 44 4646
M8FZ2-1050 80 20 -
M6FZ2-1050 67 20 -
M5FZ2-1050 49 20 -
M3FZ2-1050 33 20 -
M2FZ2-1050 20 20 -
M5FZ5-

1050(1) 49 44 -
M5FZ5-

1050(2) 49 a4 -
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Table 3.3: Composition of the mixed oxide oxygen carriers with zirconia-ceria

support.
Metal oxide Support Calcina- True
composition composi- tion density
Oxygen (Wt. %) tion tempera- (gcm3)
carrier {Mn304/ (Wt. %) ture
(Mnz0as+ (K)
Fe203)} Zr0O, CeO>
M8FZCe5-
1050 80 22 22 1323 6093
M6FZCe5-
1050 67 22 22 1323 5279
M5FZCe5-
1050 49 22 22 1323 5406
M3FZCe5-
1050 33 22 22 1323 5677

3.3 Instrument: Thermogravimetric Analyser

A thermogravimetric analyser (Pyris 1 TGA, Perkin Elmer) was used to
investigate and compare the reduction-oxidation reactivity, recyclability
and thermal stability of the co-precipitated oxygen carriers. Furthermore,
the TGA was used to study the effect of parameters such as, particle size,
temperature and others on the oxygen carriers’ behaviours for CLC

application.

The Pyris 1 TGA is a computer-controlled analyser. The main components
are the microbalance and furnace element. The microbalance of the Pyris 1
TGA operates as a high gain electromechanical servo system that permits
detection of weight changes as small as 0.1 ug. The schematic view of the

TGA is shown in Figure 3.3.

An important advantage of using the Pyris 1 TGA system is the automation
function. This allows for the operation of programmable sequences

involving temperatures, flow rates and data acquisition. The Thermal
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Analysis Gas Station (TAGS) (gas flow controllers), furnace temperature
and programme method were all automatically controlled through the Pyris
software and allows for automatic sequence of sample runs and data
analysis. Consequently, experiments were set up to run automatically for
long periods of time permitting more efficient use of the thermal analysis
system. This mode of operation ensures that required experimental

parameters are repeated accurately during multi-cyclic CLC operation.

Thermocouple I
AN

\,\ Electrobalance B
. -
\ «—— Furnace

Outlet «— | -

TAGS

’T

» >
e

Sample ~
Pan

S e

let

Reactive ajr N,

Gases N2

Figure 3.3: Schematic of the Thermogravimetric analyser.

3.3.1 Experimental Procedure

The CLC performance of the oxygen carriers was evaluated by subjecting
about 20 mg oxygen carrier samples for reactivity and stability test in TGA.
The gases used as fuel for the experiment were hydrogen (H:2), carbon
monoxide (CO) and methane (CH4). The oxygen carrier was progressively
heated (20°C/min) under a nitrogen atmosphere to the desired

temperature. Thereafter, the OC was exposed to successive reduction and
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oxidation conditions by injection of gaseous fuel and air with nitrogen
purge (15 mins) between each reaction phase to avoid possible formation
of flammable gas mixtures inside the instrument. The weight and furnace
temperature data were continuously recorded by the data acquisition unit.
Five multi-cycles (otherwise specified) of reduction and oxidation were
performed in the TGA for the oxygen carrier. Also, some selected oxygen
carriers were subjected to long term multi-cycle CLC test. All experiments
were conducted at ambient pressure conditions and relevant experimental
parameters for the evaluation of the oxygen carriers are summarized in
Table 3.4. To ensure the integrity of the experiment and minimum
variations in the data, routine calibration checks were performed on the
equipment and repeat test runs were carried out. Examples of repeated

test runs conducted are shown in Figures C.1 and C.2 in Appendix C.

Table 3.4: Summary of the experimental parameters

Feed gas concentration Reaction

b . Feed -
0, =

oxvaen (%) i time (min) Particle Purg- Pit:1rg flow R::::itu_m

9 Reduction Lol size ing Mg rate P

carriers ation Red- Oxid- (um) gas (tln_1e) (ml/ er?lt(t;re
i i min -
H, CO CHsCO, N, Air uction ation min)
Monometalic 5 0 0 0 Bal. 100 76 50-80 75-250, N 15 20 973-1173
: 300-850 2

Monometalic 0 10 0 0 Bal. 100 30 30 75-250 N> 15 50 973-1173

Monometalic 0 ©0 10 25 Bal. 100 5 30 75250 N, 15 50 973-1173
gg?czirgj;de 5 0 0 0 Bal 100 76 50-80 [>20r N, 15 20 973-1173
gg‘?cz‘rg’sde 0 10 0 0 Ba. 100 30 30 > N, 15 50 973-1173
gic"?“zirg’z‘;de 0 0 10 25Bal. 100 5 30 7525 N, 15 50 973-1173
2";‘:5‘/3;‘81)5 5 0 0 0 Bal. 100 76 50-80 75250 N, 15 20 973-1173
?Zi’r‘fg/g:g)e 0 10 0 O Bal. 100 30 30 75250 N, 15 50 973-1173
?éﬁfg/g;‘g)e 0 0 10 25Bal. 100 5 30 75250 N, 15 50 973-1173
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3.4 Effect of Mass Transfer

In heterogeneous reactions, limitation from mass transfer plays an
important role on the rate of conversion, rate of reaction and product
formation. The oxygen carrier which is in the solid phase is embedded in
the gaseous reacting species. Thus, the reaction rate depends on the mass
transfer or diffusion between these phases (Klaewkla, Arend and

Hoelderich, 2011).

In the sequence of heterogeneous reaction, the mass transfer of reactants
occurs first, from the bulk fluid to the external surface of the particle
(oxygen carrier). Then, the reactants diffuse into and through the pores
within the particle from the external surface, whilst reaction takes place on
the surface of the pores (Fogler, 2013). If the mass transfer or diffusion
steps are fast as compared to the reaction, there is no mass transfer
limitation from the bulk to the particle surface and from the particle
surface to the active site in the pore. Under these situations, the mass
transfer steps have no effect on the reaction rate. On the other hand, if the
mass transfer or diffusion steps are slow, then the mass transfer limitation
will become an important factor with respect to the overall reaction rate
(Fogler, 2013). Furthermore, diffusion or mass transfer limitation is
dependent on the flow conditions and the size of solid particles. Thus, the
mass transfer limitation can be reduced by varying these parameters

(Fogler, 2013).

Generally, the two methods to determine if effect of mass transfer is
significant are by experiment and calculation. The most reliable method is
by experiment (Satterfield, 1996). In this study, steps have been taken to

reduce mass transfer controlling the solid-gas reactions. For instance,
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small, well-spread sample masses were used in the experiments. In
addition, experiments were conducted to check the effect of various gas
flows and mass of sample on reaction kinetics (see Figures C.3 and C.4 in
Appendix C). Almost similar reaction rates were observed with all gas flows
and mass of samples. Moreover, theoretical calculations obtained for the
mass transfer coefficients and effectiveness factors demonstrate that
measurements were under chemical reaction control (see Appendix F).
Thus, it could be concluded that mass transfer is not rate limiting in these
experiments and chemical reaction seems to be the only resistance
controlling the reaction rate for the oxygen carriers investigated in this

work.

3.5 Evaluation Performance of the Oxygen Carriers

As previously mentioned, the oxygen carriers were subjected to TGA
experiments following the procedure in Section 3.3.1. From these tests,
reactivity data were obtained from the weight variations during the
reduction and oxidation cycles as a function of time. Oxygen carrier
reactivity corresponding to the fourth cycle was used given that the rates
of the materials would have stabilized. For the purpose of comparison, the
reactivity of the oxygen carriers was analysed in terms of oxygen transfer
capacity (OTC), oxygen transfer rates and cyclic redox stability of the
materials. Furthermore, the oxygen carrier reactivity (using hydrogen,
carbon monoxide or methane as fuels) was evaluated in terms of effect of

temperature, number of cycles and particle size.

The relevant calculations used to evaluate the reactivity of the oxygen

carriers using the data obtained from the TGA are presented hereafter.
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Ro (oxygen ratio) is the theoretical maximum amount of oxygen that can

be transferred to the fuel and is expressed as:

— (Moxd - Mred)

R
? Moxd

(22)

However, given that the OCs in this work is combined with inert materials,
the effective value of the oxygen transfer capacity (Roc) of oxygen carrier
depends on the fraction of active metal oxide (Xoc) in the composite

material and is defined as:

Roc = XocRo (23)

The conversion for reduction and oxidation of the oxygen carriers can be

defined according to Equations 24 and 25.

M - M M - M
Fractional reduction (X) = —=4 =—oxd (24)
Moxd - Mred Moxd Roc

Moxd - M

Fractional oxidation X) =1 — —
Moxd - Mred

(25)

Where M is the instantaneous mass of the OC, Med is the mass of the OC

fully reduced. Moxd is the mass of OC fully oxidized.

In this study, the fractional reduction and oxidation conversions were

calculated using the TGA data of the fourth cycle unless specified

otherwise.
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The reaction rates for the reduction and oxidation were calculated from

TGA conversion data using the following expression:

dw dx
Prie Roc I (26)

Where dw/dt is the rate of mass based conversion or rate of oxygen
transport (ROT), dX/dt is the rate of reaction and w (mass conversion) is

defined as

(27)

3.6 Characterization of the Oxygen Carriers

Fresh and reacted oxygen carriers were characterized to appraise their
morphology and near surface chemistry, true density, surface area and
possible chemical transformations that occurred during the calcination
process as well as reactivity investigations. The techniques employed
include: Scanning Electron Microscopy-Energy Dispersive Spectroscopy
(SEM-EDX), X-Ray Diffraction (XRD), Nitrogen Adsorption Isotherm and
pycnometry. An overview of the applications of these analytical techniques
used for the characterization of the oxygen carriers is presented in the

following Sections 3.6.1 to 3.6.4.

3.6.1 SEM-EDX Analysis of the Oxygen Carriers

Scanning Electron Microscopy (SEM) is a technique that uses a beam of
electrons to scan the surface of a sample in order to build a 3-dimensional

image of the specimen. Scanning Electron Microscopy (SEM) (Philips XL-
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30) equipped with Energy Dispersive X-ray (EDX) spectroscopy was used
to image the morphology of the fresh and reacted oxygen carriers and
appraise the near surface chemistry. The oxygen carrier samples were
sputter coated with either carbon or platinum before imaging. In most
cases, the electron beam energy was 15 kV. The images obtained from
scanning electron microscope for the fresh and reacted oxygen carrier

particles and the observed changes are discussed in Chapters 4 - 7.

3.6.2 Phase Identification of the Oxygen Carriers

X-ray diffraction (XRD) was used to identify the phases present in each
oxygen carrier. The samples were crushed into fine powders and usually
pressed into a sample holder so that a smooth flat surface is obtained.
Subsequently, the samples were analysed using a Bruker, D8 Advance X-
ray diffractometer with Cu-Ka (wavelength= 1.5406 A°) radiation
operating at 40 kV and 35 mA. A stepwise approach with a step size of
0.1° and residence time of 5 s at each step over the angular range (20)
was used to generate the XRD patterns. Data analysis was conducted with
EVA and XRD analytical results obtained were correlated with references
and standards of the International Centre for Diffraction Data (ICDD) and

Joint Committee on Powder Diffraction Standards (JCPDS).

The XRD results and phases present in the fresh oxygen carriers after

calcination and selected re-oxidized oxygen carriers after reduction by

methane are presented and discussed in Chapters 4 - 7.
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3.6.3 Particle Density Measurements

The apparent density of the oxygen carriers was measured by the particle
density analyser - AccuPyc II (Micrometrics). Each oxygen carrier sample
was placed in a 10 cm?® sample holder with at least two-third of the sample
holder’s volume occupied by the sample. The masses of the empty holder
and that of holder containing sample were recorded. The samples were
then placed into the analyser chamber and subjected to an automatic
procedure operating under pressure and using helium as analysing gas.

The densities of selected oxygen carriers are presented in Tables 3.1 - 3.3.

3.6.4 Surface Area Analysis

The specific surface area of the oxygen carrier particles was evaluated via
Krypton sorption at 77.4 K in a Micrometrics ASAP 2420 Accelerated
Surface Area and Porosimetry System. The Brunauer—Emmett—Teller
(BET) method was used to calculate the specific surface area of the
particles using a relative pressure (P/Po) between 0.05 - 0.3 with nine data
points. The measurement results are shown in Table G.1 in Appendix G.
Some examples of the BET isotherms and BET surface area plots are also

shown in Appendix G.

In the current chapter, the development of the oxygen carriers and
characterization of these oxygen carriers using the described analytical
equipment were presented. The experimental results and discussions are
presented in details in the following Chapters 4 - 7. Each chapter
corresponds to a batch of the co-precipitated oxygen carriers as previously
highlighted in Section 3.2. Furthermore, the subsections in each chapter

present results and discussions on the OCs performance in hydrogen,
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carbon monoxide and methane as fuel as well as results from SEM-EDX,

XRD analysis.
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4 MONOMETALLIC OXYGEN CARRIERS: BEHAVIOUR IN

DIFFERENT GASES

The co-precipitated monometallic oxygen carriers consist of five oxygen
carrier materials denoted as M5Z5-1050, M6Z5-1050, M8Z5-1050,

M5ZCe5-1050 and F5Z5-1050 (see Table 3.1).
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Figure 4.1: SEM-EDX image of fresh M525-1050 particles after calcination at 1323
K in air for 2 h showing distribution of the elements. Scale bar indicated by the

arrow represents 200 pm.
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The co-precipitation technique allows for the synthesis of chemically well-
dispersed particles as illustrated in Figure 4.1 for sample M5Z5-1050 at a
scale of 200 pm. The rectangle in the inset image shows the selected EDX
inspection field of the sample. Also, the resulting spectrum reveals that Mn
and Zr are the main elements present in the OC. Furthermore, regarding
chemical composition, the elements appears to be well dispersed in the

selected field.

The following sections present in detail the behaviour of the co-precipitated
monometallic oxygen carriers following the order hydrogen (H2), carbon

monoxide (CO) and methane (CH4).

4.1 Reduction/Oxidation in Hydrogen

4.1.1 Reactivity

Reactivity tests for the five co-precipitated monometallic oxygen carriers
(OCs) were carried out in TGA as detailed in the previous chapter on
methodology. Figure 4.2 shows the fractional conversion for the OCs. In
addition, mechanically mixed unsupported iron oxide, F(MEC) and
impregnated Mn oxide supported on zirconia, M(IMP) were included as
reference. Figure 4.2 indicates that whereas all the co-precipitated Mn
oxide OCs reached full reduction conversion, the impregnated Mn oxide OC
reached reduction conversion of 60%. Also, M5Z5-1050 reached fractional
reduction conversion of 0.3 in 1.9 times faster than Mn oxide prepared via

impregnation M(IMP).

It is known that ceria can actively participate and enhance chemical

reactions (Galvita et al., 2013). Here, addition of ceria did not enhance the
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performance of M5Z5-1050. On the contrary, M5Z5-1050 was more
reactive than M5ZCe5-1050 and was 2.3 and 1.5 times faster than
M5ZCe5-1050 in reduction and oxidation respectively (Table 4.1). The
possible reason for slower reactivity of M5ZCe5-1050 will be discussed in

Section 4.4.
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Figure 4.2: Fractional conversion as a function of time for the co-precipitated
monometallic oxygen carriers for the (a) 4t reduction cycles in 5% H; and (b) 4t
oxidation cycles in air at 1173 K, particle size of 75-250 pm and feed gas flow rate
of 20 ml/min for the transition from Fe»03 to Fe and from Mn304 to MnO. Supported
manganese oxide M(IMP) prepared by impregnation and unsupported mechanically

mixed iron oxide F(MEC) were included as reference.
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Clearly, the impact of zirconia on reactivity could be observed in Figure 4.2
and Table 4.1. For instance, in reduction and oxidation, reactivity of co-
precipitated Mn oxide OCs with zirconia support increased with increasing
zirconia content in the composite material. Similar behaviour was observed
for Fe-based OC. Here, remarkable improvement in reactivity was
observed for supported Fe OC (F5Z5-1050) over the pure unsupported Fe
OC F(MEC) prepared via mechanical mixing. F5Z5-1050 achieved fractional
conversion of 0.3 about 3.3 times faster in reduction reaction compared to

F(MEC).

Table 4.1: Time needed to reach fractional conversion of 0.3 and 0.95 for the

reduction of monometallic oxygen carriers by hydrogen and oxidation by air for the

4t cycles.

Time for X=0.3 Time for X=0.95
Oxygen (s) (s)
carriers

Reduction Oxidation Reduction Oxidation

M5Z5-1050 48 15 126 64
M674-1050 78 22 218 55
M8Z2-1050 96 26 264 68
M5ZCe5-1050 108 22 762 49
M(IMP) 94 - - -
F5Z5-1050 432 56 2526 524
F(MEC) 1410 - - -

The rates of reaction for the oxygen carriers are presented in Figure 4.3.
The TGA data revealed that the maximum rate of reaction of Mn based OCs
supported on zirconia increased with increasing zirconia content in
reduction and oxidation reactions. Furthermore, M5Z5-1050 exhibited the

highest maximum reaction rate such that this rate was 2.5 and 1.3 times
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that of M5ZCe5-1050 and 7.8 and 4.1 times that of F5Z5-1050 in reduction

and oxidation respectively.

As expected, F5Z5-1050 exhibited multistep reactions consisting of the
transformations Fe203 >Fe304 > FeO >Fe. From Figure 4.3, the initial fast
reduction reaction step up to conversion of 0.11 corresponds to reduction
to Fes04. The rate continues to decrease until conversion of 0.3 which
coincides with reduction to FeO and then much slower rate to Fe.
Nevertheless, it is worth noting that the time taken to reach 30%
conversion (reduction to FeO) was about 3.3 times faster for F525-1050
compared to pure iron oxide F(MEC). It has been suggested that there is
potential to exploit reduction of Fe203 to FeO or Fe systems for CLC if
special configuration of fuel reactors was applied (Adanez et al., 2012).
Perhaps the co-precipitated F5Z5-1050 which offers remarkable fast

kinetics for the transformation of Fe3z04 to FeO could be considered for this

application.
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Figure 4.3: Rate of reaction as a function of fractional conversion for the co-
precipitated monometallic oxygen carriers for the (a) 4t reduction cycles in 5% H,
and (b) 4% oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed
gas flow rate of 20 ml/min for the transition from Fe,Os to Fe and from Mn304 to
MnO.
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Figure 4.4 shows the maximum rate of mass conversion achieved by this
batch of monometallic oxygen carriers in reduction and oxidation cycles.
From the results, it is clear that M5Z5-1050 exhibit the highest maximum
rate of mass conversion in reduction reaction. Furthermore, its rate was
about 2.5 and 1.3 times that of M5Z2Ce5-1050 in reduction and oxidation
respectively. Also, the maximum rate of mass conversion for M525-1050
was 1.8 times that of F5Z5-1050 in reduction. On the other hand, the
maximum rate of mass conversion for F525-1050 was 1.1 times that of
M5Z5-1050 in oxidation. This higher maximum rate of mass conversion
value for F5Z5-1050 may possibly be due to its higher Roc and observed

increased reactivity in oxidation cycle.
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Figure 4.4: Comparison of maximum rate of mass conversion for oxygen carriers
M5Z75-1050, M6Z4-1050, M8Z2-1050, M5ZCe5-1050 and F5Z5-1050 at 1173 K for
the 4t reduction cycles in 5% H; and 4t oxidation cycles in air at 1173 K, particle
size of 75-250 ym and feed gas flow rate of 20 ml/min for the transition from Fe,03
to Fe and from Mn304 to MnO.

4.1.2 Stability and Effect of Repeated Cycles

For the CLC process, it is desirable that the oxygen carrier should be able

to undergo multiple cycles and maintain its reactivity. Thus, the stability of
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the solid particles becomes important for long-term operation. Figure 4.5
shows the stability performance for the monometallic OCs for five redox
cycles. As can be observed, these particles demonstrate relatively stable

rate of mass conversion during this test.
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Figure 4.5: Effect of number of reaction cycles on maximum rate of mass
conversion for M525-1050, M6Z4-1050 M8Z2-1050, M5ZCe5-1050 and F5Z5-1050
oxygen carriers for the (a) reduction cycles in 5% H; and (b) oxidation cycles in air
at 1173 K, particle size of 75-250 pm and feed gas flow rate of 20 ml/min for the

transition from Fe>03 to Fe and from Mn304 to MnO.

4.1.3 Effect of Temperature on Reactivity

In order to establish if the reactivity observed for M5Z5-1050 and F5Z5-
1050 was temperature-dependent, redox experiments were conducted at
1173 K, 1073 K and 973 K. Clearly, from Figure 4.6, both the reactivity
and the extent of conversion were function of temperature during the

redox reaction.
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Figure 4.6: Effect of temperature on fractional conversion versus reaction time for
M5Z5-1050 and F5Z5-1050 oxygen carriers at 973 K, 1073 K and 1173 K for the
(a) 2" reduction cycles in 5% H> and (b) 2" oxidation cycles in air with particle
size of 75-250 ym and feed gas flow rate of 20 ml/min for the transition from Fe,03
to Fe and from Mn304 to MnO.

Figure 4.6 shows that reactivity increased with increasing reaction
temperature for both OCs in reduction and oxidation. This temperature
effect appears to be more significant for F5Z25-1050 compared to M5Z5-
1050. For instance, at reduction reaction temperature of 973 K, the time

taken to reach fractional conversion 0.3 was 4 times and 1.8 times slower
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than at 1173 K for F5Z5-1050 and M5Z5-1050 correspondingly.
Furthermore, time to achieve fractional reduction conversion of 0.3 for
F5Z5-1050 appeared to nearly double with each decreasing reaction

temperature.

Similar trend in temperature-effect could be observed for maximum rate of
reaction and maximum rate of mass conversion during the redox reactions.
As shown in Figure 4.7 higher maximum rates values are achieved with

increasing reaction temperatures.
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Figure 4.7: Effect of temperature on maximum rate of mass conversion for
monometallic oxygen carrier (a) M5Z5-1050 (b) F5Z5-1050 for the 2" reduction
cycles in 5% H, and 2" oxidation cycles at 973 K, 1073 K and 1173 K, particle size
of 75-250 um and feed gas flow rate of 20 ml/min for the transition from Fe;03 to
Fe and from Mn304 to MnO.

4.1.4 Effect of Particle Size

The M5Z5-1050 and F5Z5-1050 particles were sieved into larger particle
size fractions of 300-850 pm in order to investigate possible effect of
particle size on reactivity. The reactivity profile presented in Figure 4.8
revealed that the small particle size OCs displayed higher reactivity

compared to large particle size in reduction and oxidation cycles.
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Figure 4.8: Effect of particle size on the reactivity of M525-1050 and F5Z5-1050
oxygen carriers for the (a) 4™ reduction cycles in 5% H, and (b) 4t oxidation
cycles in air at 1173 K and feed gas flow rate of 20 ml/min for the transition from

Fe,0s3 to Fe and from Mn304 to MnO. Particle sizes: (—) 75-250 ym, (+) 300-850

um.

Figure 4.9 shows that the value of the maximum rate of reaction slightly

depends on the size fractions and the extent of variations depend on the

reduction-oxidation process being considered. This variation

significant for F5Z5-1050 in oxidation reaction where 75-250 um particles

is more




displayed nearly twice maximum rate of reaction value compare to the

large particle size fractions.
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Figure 4.9: Effect of particle size on maximum rate of reaction for (a) M525-1050
(b) F525-1050 for the 4% reduction cycles in 5% H, and 4t oxidation cycles at
1173 K and feed gas flow rate of 20 ml/min for the transition from Fe;03 to Fe and
from Mn304 to MnO. Particle sizes of 75-250 pm and 300-850 pm.

The effect of particle size presented in Figure 4.10 illustrates that the
maximum rate of mass conversion value for M5Z5-1050 was relatively
maintained for both particles sizes. This may suggest that the resistance
due to mass transfer could be regarded as negligible for the M5Z5-1050
particle sizes. The computed effectiveness factor (n) for the small particle
sized M5Z5-1050 was close to unity with low value of Thiele modulus (¢)
(Table F.4, Appendix F) indicating the absence of internal mass transfer
limitations. However, the effectiveness factor (n) for the large particle

sized M5Z5-1050 was 0.92 which shows some slight diffusional limitations.

On the other hand, from the effectiveness factor (n) obtained for F5Z5-1-
50 (Table F.4, Appendix F), whereas the large particle size sample was
limited by internal mass transfer, this was not the case for the small
particle size. This results correlates with the observed reactivity for the

small and large particle sizes of F525-1050.
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Figure 4.10: Effect of particle size on maximum rate of mass conversion versus
cycle number for M5Z5-1050 and F5Z5-1050 oxygen carriers for the (a) reduction
cycles in 5% H, and (b) oxidation cycles in air at 1173 K and feed gas flow rate of
20 ml/min for the transition from Fe,Os to Fe and from Mn3O4 to MnO. Particle
sizes: (—) 75-250 ym, (+) 300-850 pm.

4.1.5 Long Term Recyclability of the Monometallic Oxygen Carrier:

M5Z5-450

Preliminary investigation was conducted on the co-precipitated M5Z5-450
sample following the same procedure and conditions already outlined in
chapter 3. This particle was evaluated for long-term operation which
involved thirty consecutive redox cycles as shown in Figure 4.11.
Suprisingly, the TGA mass loss profile for M5Z5-450 oxygen carrier
indicates reasonable recyclability and appears to maintain its stability
through thirty multi-cycle CLC operations. Hence, given the demonstrated
performance in terms of reactivity and recyclability, M5Z5-450 could

potentially be suitable for chemical looping combustion process.
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Figure 4.11: Long-term recyclability of M5Z5-450 oxygen carrier for reduction
cycles in 5% H, and oxidation cycles in air at 1173 K, particle size of 75-250 um
and feed gas flow rate of 20 ml/min for the transition from Mn304 to MnO.

4.2 Reduction/Oxidation in Carbon Monoxide

4.2.1 Reactivity

Three co-precipitated monometallic oxygen carriers namely M5Z5-1050,
F5Z5-1050 and M5ZCe5-1050 (Table 3.1) were selected for further tests in
the TGA with carbon monoxide. Similar to findings obtained in Hz, the
reactivity profile (Figure 4.12) shows that M525-1050 was more reactive
than F5Z5-1050 and M5ZCe5-1050. Furthermore, M5Z5-1050 at a
fractional conversion of 0.3 was about 2.5 and 1.4 times faster than
M5ZCe5-1050 (Table 4.2). This trend was found to be nearly same for that
observed in Hz. Nevertheless, M525-1050 tends to have slowed reactivity
towards the end of oxidation cycle such that M5ZCe5-1050 reached 95%
conversion faster than M5Z5-1050 and maximum rate of reaction for
M5ZCe5-1050 at this point was 5.3 times that of M5Z5-1050 (Figure
4.12b). Comparable behaviour to this was also observed at 95%

conversion using Ha.
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Figure 4.12: Fractional conversion as a function of time for the co-precipitated
monometallic oxygen carriers M525-1050, M5ZCe5-1050 and F5Z5-1050 for the
(a) 4t reduction cycles in 10% CO and (b) 4% oxidation cycles in air at 1173 K,

particle size of 75-250 ym and feed gas flow rate of 50 ml/min for the transition

from Fe»O3 to Fe and from Mn304 to MnO.

Table 4.2: Time needed to reach fractional conversion (X) of 0.3 and 0.95 for

reduction of monometallic oxygen carriers by CO and oxidation by air: M525-1050,

M5ZCe5-1050, and F5Z5-1050.

Time for X=0.3 Time for X=0.95
Oxygen carriers (s) (s)

Reduction Oxidation Reduction Oxidation

M5Z5-1050 21 8 65 30

M5ZCe5-1050 53 11 643 29

F525-1050 366 37 - -




Figure 4.13 shows that the maximum oxidation rate is higher than the
maximum reduction rate for all the oxygen carriers. The maximum rate of
reaction of M5Z5-1050 was observed to be 2.4 and 1.6 times that of
M5ZCe5-1050 and 7.4 and 5.5 times that of F5Z5-1050 in reduction and
oxidation respectively. Similar to the trend observed in Hz, F5Z5-1050
exhibited multistep reactions consisting of the transformations Fe20s3
>Fe304 > FeO >Fe. However, only the fast reaction step from Fe203 -

FeO is shown in Figure 4.13.
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Figure 4.13: Rate of reaction as a function of fractional conversion for monometallic
oxygen carriers M5Z5-1050, M5ZCe5-1050 and F5Z5-1050 for the (a) 4t reduction
cycles in 10% CO and (b) 4t oxidation cycles in air at 1173 K, particle size of 75-
250 pm and feed gas flow rate of 50 ml/min for the transition from Fe,Os to Fe and
from Mn304 to MnO.

The maximum rate of mass conversion for the oxygen carriers is shown in
Figure 4.14. M5Z5-1050 shows the highest maximum rate of mass
conversion for reduction. Additionally, its maximum rate of mass
conversion was 1.7 and 1.2 times that of F5Z5-1050. Similar trend was

observed in Hz in the reduction cycle.
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Figure 4.14: Comparison of maximum rate of mass conversion for oxygen carriers
M5Z5-1050, M5ZCe-1050 and F525-1050 for the 4t reduction cycles in 10% CO
and 4% oxidation cycles in air at 1173 K, particle size of 75-250 um and feed gas

flow rate of 50 ml/min for the transition from Fe,Os to Fe and from Mn304 to MnO.

4.2.2 Stability and Effect of Repeated Cycles

The stability performance for the monometallic oxygen carriers is
presented in Figure 4.15. These particles demonstrated relatively stable
rate of mass conversion for the five cycles in the TGA. M5Z5-1050 and
M5ZCe5-1050 exhibited relatively stable maximum rate of mass

conversion through the five cycles in reduction and oxidation. Moreover,
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Figure 4.15: Effect of number of reduction-oxidation cycles on maximum rate of
mass conversion for M525-1050, M5ZCe5-1050 and F5Z5-1050 oxygen carriers for
the (a) reduction cycles in 10% CO and (b) oxidation cycles in air at 1173 K,
particle size of 75-250 ym and feed gas flow rate of 50 ml/min for the transition
from Fe;03 to Fe and from Mn30O4 to MnO.
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F575-1050 showed an initial increase in the maximum rate of mass
conversion during reduction up to the third cycle and then maintained

stable rate in the remaining cycles.

4.2.3 Effect of Temperature

The M5Z5-1050 OC exhibited the highest reactivity as observed in the
previous sections. Hence, further investigation was conducted to ascertain
possible effect of reaction temperature on its reactivity. Figure 4.16 shows
the fractional conversion during the reduction and oxidation cycles for the

reaction temperatures: 973 K, 1073 Kand 1173 K.

M5Z5-1050 exhibited higher reactivity at reaction temperatures of 1073 K
and 1173 K in reduction and oxidation cycles. Similar to behaviour
obtained in H2, M5Z5-1050 at reaction temperature 973 K displayed fast

reaction up to conversion of 0.8 and thereafter slowed down in reactivity.
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Figure 4.16: Effect of temperature on fractional conversion for M525-1050 oxygen
carrier for the (a) 2" reduction cycles in 10% CO and (b) 2" oxidation cycles in air
at 973 K, 1073 K and 1173 K, particle size of 75-250 ym and feed gas flow rate of

50 ml/min for the transition from Mns04 to MnO.

Figure 4.17 shows the effect of temperature on rate of reaction of M525-
1050. The oxidation rate appears to be at least 3.7 times faster than
reduction rate regardless of the operating temperature. Temperature-effect
on maximum rate of reaction appears not to be substantial for M525-1050
at 1173 K and 1073 K; the maximum rate of reaction followed the order
1073 K > 1173 K > 973 K in reduction and oxidation. These results, thus
suggest that the optimal temperature for the co-precipitated M5Z5-1050

could be 1173 Kor 1073 K for CLC.
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Figure 4.17: Effect of temperature on rate of reaction for M525-1050 oxygen
carrier for the (a) 2" reduction cycles in 10% CO and (b) 2" oxidation cycles in air
at 973 K, 1073 K and 1173 K, particle size of 75-250 um and feed gas flow rate of
50 ml/min for the transition from Mn304 to MnO.

4.3 Reduction/Oxidation in Methane

4.3.1 Reactivity

The reactivity of M525-1050, M5ZCe5-1050 and F5Z5-1050 using methane
as fuel were evaluated in TGA. Here, it was assumed that iron oxide in
F5Z5-1050 was reduced to FeO. Figure 4.18 shows the conversion versus

time curves for the different OCs.

The results indicate that M5Z5-1050 exhibit very fast kinetics and reached
full conversion in approximately 47 s and 44 s in reduction and oxidation
respectively. Moreover, reactivity of M5Z5-1050 at fractional conversion of
0.3 was 2.1 and 1.3 times faster than M5ZCe5-1050 in reduction and
oxidation respectively. It is thus obvious that M5Z5-1050 is more reactive
than M5ZCe5-1050 and F5Z5-1050 in reduction and oxidation as was

previously observed in H2 and CO.
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Figure 4.18: Fractional conversion as a function of time for the co-precipitated
monometallic M5Z5-1050, M5ZCe5-1050 and F5Z5-1050 oxygen carriers for the
(a) 4t reduction cycles in 10% CH4 and (b) 4t oxidation cycles in air at 1173 K,
particle size of 75-250 ym and feed gas flow rate of 50 ml/min for the transition
from Mn304 to MnO and from Fe>Os to FeO.

Interestingly, higher reactivity was observed for F5Z5-1050 (Table 4.3). In
methane, F5Z5-1050 reached conversion of 0.3 in 15% of the time needed

for reduction in CO.
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Table 4.3: Time needed to reach fractional conversion (X) of 0.3 and 0.95 for the

reduction of the monometallic oxygen carriers by CH4 and oxidation by air.

Time for X=0.3 Time for X=0.95
Oxygen carriers (s) (s)

Reduction Oxidation Reduction Oxidation

M5Z5-1050 13 8 35 23
M5ZCe5-1050 27 10 144 25
F525-1050 55 17 - -

Clearly, the maximum oxidation rates of the oxygen carriers were higher
than reduction rates as shown in Figure 4.19. The result demonstrates that
M575-1050 displayed the highest maximum rate of reaction in reduction
and was found to be 2.8 and 1.5 times that of M5ZCe5-1050 in reduction
and oxidation respectively. Somewhat similar trend was observed in H2 and
CO. Also, possibly due to improved reactivity of F5Z25-1050 in CH4, the
maximum rate of reaction for M525-1050 was 3.8 and 2.2 times that of
F5Z5-1050 in reduction and oxidation respectively. In contrast, these

values were about twice in CO and Haz.
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Figure 4.19: Rate of reaction as a function of fractional conversion for the
monometallic oxygen carriers M525-1050, M5ZCe5-1050 and F5Z5-1050 for the
(a) 4t reduction cycles in 10% CH4 and (b) 4t oxidation cycles in air at 1173 K,
particle size of 75-250 pm and feed gas flow rate of 50 ml/min for the transition
from Mn304 to MnO and from Fe;03 to FeO.
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Figure 4.20 shows that M5Z5-1050 displayed the highest rate of mass
conversion in reduction and oxidation. This result is thus similar to that
achieved in CO. Comparable to the trend observed in CO; M5Z5-1050 rate
of mass conversion was 2.6 and 1.5 times that of F525-1050 in reduction

and oxidation respectively.
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Figure 4.20: Comparison of maximum rate of mass conversion for M525-1050,
M5ZCe5-1050 and F5Z5-1050 oxygen carriers for the 4t reduction cycles in 10%
CH4 and 4th oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed
gas flow rate of 50 ml/min for the transition from Mn304 to MnO and from Fe;03 to
FeO.

4.3.2 Stability and Effect of Repeated Cycles

Figure 4.21 shows plot of maximum rate of mass conversion versus
number of cycles which could provide indication of stability of the oxygen
carriers. M5Z5-1050 and M5ZCe5-1050 displayed relatively stable rate of
mass conversion for reduction and oxidation cycles in methane.
Furthermore, M5Z5-1050 showed an increased maximum rate of mass
conversion from first cycle to second cycle. This typical behaviour of M5Z5-
1050 in CHs4 may be due the OC undergoing restructuring and then

activates after the first reduction cycle. Also, F5Z5-1050 maximum rate of
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mass conversion appears to increase with increasing number of cycles as
shown in Figure 4.21. This seems to correlate with its mass loss profile and
tends to progressively increase with increasing number of cycles as

presented in Figure 4.22.
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Figure 4.21: Effect of number of reduction-oxidation cycles on maximum rate of
mass conversion for M525-1050, M5ZCe5-1050 and F5Z5-1050 oxygen carriers for
the (a) reduction cycles in 10% CH4 and (b) oxidation cycles in air at 1173 K,
particle size of 75-250 ym and feed gas flow rate of 50 ml/min for the transition
from Mn304 to MnO and from Fe,O3 to FeO.
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Figure 4.22: Cyclic reduction-oxidation performance of F5Z5-1050 for the reduction
cycles in 10% CH4 and oxidation cycles in air at 1173 K, particle size of 75-250 pm

and feed gas flow rate of 50 ml/min for the transition from Fe;0s3 to FeO.

79



4.3.3 Long-Term Recyclability of the Monometallic Oxygen

Carrier: M525-1050

In comparison to all the investigated oxygen carriers, the M5Z25-1050 OC
exhibited the highest reactivity. Consequently, this particle was further
evaluated in methane for long-term operation and the result of thirty
multi-cycle tests is presented in Figure 4.23. The TGA mass loss profile for
co-precipitated M5Z5-1050 oxygen carrier indicated reasonable
recyclability and appears to maintain its stability through the multi-cycle

redox test.
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Figure 4.23: Long-term recyclability of M5Z5-1050 oxygen carrier for the reduction
cycles in 10% CH4 and oxidation cycles in air at 1173 K, particle size of 75-250 pm

and feed gas flow rate of 50 ml/min for the transition from Mn304 to MnO.

In addition, the result in Figure 4.21 suggests that the maximum rate of
mass conversion for M5Z5-1050 was not significantly affected by the

consecutive reduction and oxidation cycles. Hence, given the demonstrated
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performance in terms of reactivity and recyclability, M5Z5-1050 OC could

potentially be suitable for chemical looping combustion process.

4.4 Characterization of Fresh and Reacted Oxygen Carriers

The fresh and reacted particles were characterized in order to gain
understanding of possible chemical and morphological transformations in
the oxygen carriers. These analyses are essential in order to establish
structure-activity relationships for the oxygen carriers. Figure 4.24 displays
the SEM image of the oxygen carriers. Generally, from Figures 4.24 - 4.25,
all the manganese oxide based OCs did not form agglomerates. In
comparison to other Mn oxide OC, the M5Z5-1050 which exhibited the
highest reactivity appears to have become more porous after reaction in
the fuel. The increased pores perhaps are the reason for its high reactivity.
It is supposed that these pores could provide more active sites for gaseous
fuel oxidation and facilitate mass transfer in the material. Besides, the
computed effectiveness factor (n) for M525-1050 was close to unity with
low value of Thiele modulus (¢) (Table F.4, Appendix F) indicating the
absence of internal mass transfer limitations. From the post experiment
results presented in Figure 4.24, the increased pores for reactions in each
gas tend to correlate well with the increased reactivity observed for the

OCs following the order CH4 > CO > Ha.
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FRESH REACTED

M575-1050

Figure 4.24: SEM images of the unreacted M5Z5-1050 particles after calcination at
1323 K for 2 h and reacted M525-1050 particles after five redox cycles at 1173 K in
different gases (H>, CO and CH4). The backscattered images at the right column

confirm the existence of pores at a magnification of 5000X.
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Figure 4.25: SEM images of polished unreacted M5ZCe5-1050 particles after
calcination at 1323 K for 2 h and reacted M5ZCe5-1050 particles after five redox
cycles at 1173 K in Hz or CH4. The surface of the particles appears to be smooth

after the reactions.

Ceria can actively participate and enhance chemical reactions (Galvita et

al., 2013). It is clear however that addition of ceria did not enhance the
reactivity performance of M525-1050. Manganese oxide is known to have
the tendency to react or form irreversible compounds with supports
resulting in phases of no or low reactivity (Zafar et al., 2005). However, for
these co-precipitated OCs, there was no such interaction between the
active components and support as can be observed in Table 4.4. It is thus
suggested that the reason for the lower reactivity for M5Z5Ce-1050 is
likely due to the smoother and less porous surface of this OC as shown in

Figure 4.25.

83



On the other hand, after reaction in Hz, F5Z5-1050 formed lumps and
featured voids which appear to be interconnected and without pores on the
surface (Figure 4.26). This observation could be one of the reasons for its
lower reactivity in comparison to the monometallic Mn based oxygen

carriers.

FRESH | REACTED

F57Z5-1050

»

Figure 4.26: SEM images of the unreacted F5Z5-1050 particles after calcination at
1323 K for 2 h and reacted F5Z5-1050 particles after five redox cycles at 1173 K in
H,, CO or CH4. The images at the right column (with scale bar corresponding to 20

pm) confirm the occurrence of pores in reactions with CO or CHa.
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Table 4.4: Phase Composition of the Oxygen Carriers identified by X-ray Diffraction.

Oxyqen Fresh Af_ter -
carrier re-oxidation
m-ZrO:2 m-ZrO:2
M525-1050 t‘ Mn304 t‘ Mn304
m-ZrO:
M6Z4-1050 t- Mn304 —
t-ZrO2
m-ZrO:
M8Z5-1050 t- Mn304 —
t-ZrO2
M57Ce5- t- Mn30a4
1050 t-(Zro.88Ce0.12) 02 —
c-Ceo.75Zr0.2502
m-ZrO2 m-ZrO2
F5Z5-1050 r-Fe20s r-Fe203
t-ZrO2

Key: m-monoclinic, t-tetragonal, c-cubic, r-rhombo

4.5 Conclusions

1. The co-precipitated Mn-oxide based oxygen carriers are
more reactive than impregnated Mn oxide OC as well as
mechanical mixed iron oxide oxygen carrier.

2. The reactivity of the co-precipitated monometallic oxygen
carriers depends on fuel used for combustion and for the
reduction reaction, this generally followed the order CH4 >
CO > Ha.

3. It could be inferred that homogenous dispersion of the
active metal phase on the support (Figure 4.1) via the co-
precipitation technique, and the addition of zirconia
contributes to the high reactivity of the oxygen carriers.

4. The best performance was obtained with the M5Z5-1050

oxygen carrier which exhibited high reactivity both in the
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reduction and the oxidation processes for the conditions

used in this work.

86



5 BIMETALLIC OXYGEN CARRIERS WITH LOW
ZIRCONIA CONTENT SUPPORT: BEHAVIOUR 1IN

DIFFERENT GASES

Various combinations of manganese oxide and iron oxide supported with
low zirconia content (20 wt. %) were synthesized, namely: M8FZ2-1050,
M6FZ2-1050, M5FZ2-1050, M3FZ2-1050 and M2FZ2-1050 (See Table 3.2).
These were evaluated by TGA using hydrogen, carbon monoxide or
methane as fuel. Typically, the individual elements (Mn, Fe and Zr) appear
to be well dispersed in the composite material. This is illustrated in Figure

5.1 for the sample M8FZ2-1050. The elemental concentrations (indicated

by unique colour) show that Mn, Fe, and Zr are well dispersed (at a scale

of 70 um) without position of exclusions.

Mn Ka1

- Zr Lat

Fe Kat

Figure 5.1 SEM-EDX map of fresh M8FZ2-1050 after calcination at 1323 K in air for
2 h showing distribution of the elements. The scale bar indicated by the arrow
represents 70 upm. The SEM-EDX analysis confirms Mn, Fe and Zr are well

dispersed.
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Hereafter, the behaviour of this batch of bimetallic oxygen carriers is
presented in this chapter following the same sequence used in the

preceding chapter.

5.1 Reduction/Oxidation in Hydrogen

5.1.1 Reactivity

The fractional conversions of the redox reactions for the five oxygen
carriers (M8FZ2-1050, M6FZ2-1050, M5FZ2-1050, M3FZ2-1050 and
M2FZ2-1050) are presented in Figure 5.2. Clearly, the reactivity of the
oxygen carriers is dependent on the single metal oxide compositions in the
composite material. Generally, in reduction and oxidation, the reactivity of
the OCs increases with increasing fraction of manganese oxide content
exception for M3FZ2-1050 which displayed slightly higher reactivity than

M5FZ2-1050.

Furthermore, all OCs showed an initial fast reaction step followed by a slow
step in the reduction cycles. M8FZ2-1050, M3FZ2-1050 and M5FZ2-1050
reached full conversion while M6FZ2-1050 and M2FZ2-1050 achieved

conversion of 0.85 and 0.89 respectively.

The Mn-rich OC was fastest to reach fractional conversion of 0.3 whereas
the Fe-rich oxide OC reached the same conversion for longer time as
presented in Figure 5.3. This result thus, correlates well with the trend in
the reactivity observed in Chapter 4, where the monometallic manganese
oxide OCs exhibited very fast reactions compared to iron oxide OCs which

displayed much slower reactivity.
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Figure 5.2: Fractional conversion as a function of time for bimetallic oxygen carriers
with 20 wt. % zirconia for the (a) 4% reduction cycles in 5% H> and (b) 4t
oxidation cycles in air at 1173 K, particle size of 75-250 um and feed gas flow rate
of 20 ml/min for the transition from Fe;03 to Fe and from Mn304 to MnO.
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Figure 5.3: Time needed to reach fractional conversion of 0.3 for the bimetallic
oxygen carriers with 20 wt. % zirconia for the 4t reduction cycles in 5% H> and 4t
oxidation cycles in air at 1173 K, particle size of 75-250 pm and feed gas flow rate
of 20 ml/min for the transition from Fe;03 to Fe and from Mn304 to MnO.
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A comparison of reduction and oxidation rates for the different oxygen
carriers is presented in Figure 5.4. Clearly, oxidation rates were faster than
reduction rates for all OCs. Also, as expected (see Section 4.1.1), the
reactivity trend suggests that the synergistic effect of Mn on Fe varies with
the ratios of the single oxides in the composite material. Furthermore, the
maximum rate of reaction of OCs in reduction and oxidation increased with
increasing manganese oxide content in the composite material except for
M3FZ2-1050 which exhibited higher maximum rate of reaction than

M5FZ2-1050.

Two step reactions were quite pronounced for M2FZ2-1050 compared to
other OCs. Perhaps, this is not surprising given that M2FZ2-1050 has a
high fraction of iron oxide and the defined feature in Figure 5.4 could be
reflecting the transition between the different oxidation states of
Fe203>Fe304>FeO. This feature was absent or much weakened for the
other OCs suggesting that Mn facilitated the transition between the

different oxidation states of Fe.
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Figure 5.4: Rate of reaction as a function of fractional conversion for bimetallic
oxygen carriers with 20 wt. % zirconia for the (a) 4t reduction cycles in 5% H and
(b) 4t oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed gas
flow rate of 20 ml/min for the transition from Fe,Os to Fe and from Mn304 to MnO.
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Figure 5.5 shows the maximum rates of mass conversion for the five
composite materials. The trend observed in the maximum rate of reduction
and oxidation did not translate to similar trend in the maximum rate of
mass conversion. This disparity is apparently due to the differences in the
oxygen transport capacity of the metal oxides as reflected in Section 2.5.2.
Whereas M6FZ2-1050 and M3FZ2-1050 displayed approximately the same
maximum rate of mass conversion in reduction, M3FZ2-1050 exhibited the
highest rate of mass conversion in oxidation cycle. Moreover, the
maximum rate of mass conversion of M3FZ2-1050 was about 17% and

26% more than that of M8FZ2-1050.
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Figure 5.5: Maximum rate of mass conversion for bimetallic oxygen carriers with 20
wt % zirconia for the 4% reduction cycles in 5% H; and 4t oxidation cycles in air at
1173 K, particle size of 75-250 ym and feed gas flow rate of 20 ml/min for the

transition from Fe;03 to Fe and from Mns04 to MnO.

5.1.2 Stability and Effect of Repeated Cycles

Figure 5.6 shows that M3FZ2-1050 demonstrated stable redox cycles and
maintained relatively stable Roc through the five-cycle test. It is
interesting to note that all the other oxygen carriers showed relatively

similar stable regeneration behaviour. These results indicate that zirconia
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is a suitable support for the co-precipitated Mn-Fe oxygen carriers
regardless of the active components composition in the composite

material.
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Figure 5.6: Cyclic reduction-oxidation performance of M3FZ2-1050 for the
reduction cycles in 5% H> and oxidation cycles in air at 1173 K, particle size of 75-
250 pym and feed gas flow rate of 20 ml/min for the transition from Fe,Os to Fe and
from Mn304 to MnO.

Furthermore, the stability of this batch of bimetallic oxygen carrier was
evaluated in terms of maximum rate of mass conversion with regards to
repeated cycles. The results shown in Figure 5.7 indicate that the
maximum rates of mass conversion for the OCs exhibited an initial
decrease between 11% and 39% from the first to the second reduction
cycles. In addition, M6FZ2-1050 reduced at an average steady rate of 3%
per cycle from the second reduction cycle. This behaviour could possibly be
due to the internal restructuring of the fresh oxygen carrier in the first

cycle. Other possible reason will be discussed in Section 5.3.

In contrast to the behaviour observed in reduction reaction, the maximum

rates of mass conversion during oxidation were relatively stable for all
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oxygen carriers through the five cycles. Nevertheless, from the fourth
oxidation cycle, M2FZ2-1050, M3FZ2-1050 and M5FZ2-1050 displayed

slight downward trend in the maximum rates of mass conversion as shown

in Figure 5.7b.
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Figure 5.7: Maximum rate of mass conversion versus cycle number for bimetallic
oxygen carriers with 20 wt. % zirconia for the (a) 4% reduction cycles in 5% H, and
(b) 4t oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed gas

flow rate of 20 ml/min for the transition from Fe,Os to Fe and from Mn304 to MnO.

5.1.3 Effect of Particle Size

The fractional conversion (X) for all the oxygen carriers for the two size
fractions (75-250 and 300- 850 pm) are presented in Figure 5.8 and 5.9.
Clearly, the oxygen carriers of 75-250 pym size fractions exhibited higher
reactivity compared to the larger particle sizes. Also, the reduction
conversions reached by the 300-850 pm size OCs achieved lower
conversions compared to 75-250 pm OCs except for M8FZ2-1050. For
instance, the conversion for M3FZ2-1050 larger particle size was reduced
by about 25% in reduction and oxidation reactions relative to the small

particle size OC.
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Figure 5.8: Effect of particle size on the reactivity of bimetallic oxygen carriers with
20 wt. % zirconia for the 4t reduction cycles in 5% H; at 1173 K and feed gas flow
rate of 20 ml/min for the transition from Fe>Os; to Fe and from Mn304 to MnO.
Particle sizes: (—) 75-250 uym, (+) 300-850 um.
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Figure 5.9: Effect of particle size on the reactivity of the bimetallic oxygen carriers
with 20 wt. % zirconia for the 4th oxidation cycles in air at 1173 K and feed gas
flow rate of 20 ml/min for the transition from Fe,Os to Fe and from Mn304 to MnO.
Particle sizes: (—) 75-250 pm, (+) 300-850 um.

Moreover, it was observed that the small particle size reached fractional
conversion (X) of 0.3 between 1.4 to 4.2 times faster compared to larger

sized particles (Figure 5.10).
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Figure 5.10: Time needed to reach fractional conversion of 0.3 for the bimetallic
oxygen carriers with 20 wt. % zirconia for the 4t reduction cycles in 5% H> and 4t
oxidation cycles in air at 1173 K. Particle sizes: (—) 75-250 ym, (+) 300-850 um.

Additionally, Table 5.1 shows the effect of particle size on maximum rate of
conversion. The result showed that for OCs with 33 - 67 wt. % Mn content,
the reactivity for smaller size fractions were about or more than twice that
of the corresponding 300-850 pm in oxidation and reduction. Similarly,
smaller size fractions for M8FZ2-1050 and M2FZ2-1050 were about 1.4 to

1.8 times more reactive in reduction and oxidation reactions.

Table 5.1: Effect of particle size on maximum rate of mass of conversions bimetallic

oxygen carriers with 20 wt. % zirconia.

Relative maximum rate of mass conversion ratio

Oxygen (75-250 /300-850 pm)
carriers
Reduction Oxidation

M8Fz2-1050 1.4 1.5
M6FZ2-1050 2.3 2.1
M5FZ2-1050 2.1 1.8
M3FZ2-1050 2.7 2.0
M2FZ2-1050 1.5 1.8
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Generally, the observed particle size effect for this batch of oxygen carriers
suggests there is possible significant internal mass transfer limitation due
to the low zirconia content. This agrees well with the observed findings
from SEM analysis (Section 5.3) and values of the effectiveness factor (n)
which were far less than unity as well as high values of Thiele modulus (¢)
(Table F.5, Appendix F). The results from material characterization (SEM
images) after reactivity show that the OCs with low zirconia content with
the exception of M8FZ2-1050 formed agglomerates using H2 as reacting
gas. The agglomeration of these OCs resulted in the internal mass transfer
limited reactions. The onset of internal mass transfer resistance can be
attributed to the effect of deactivation by sintering which occurs when
there is reduced reactivity as a result of the loss of active surface area at
the onset of agglomeration. This leads to the closure of internal pores and
subsequently limiting the internal mass transfer process from the external
surface to the internal pore surface (Klaewkla, Arend and Hoelderich,

2011; Rahaman, 2015; Fogler, 2006).

5.1.4 Comparison of Mass Loss Profile for the Different Particle

Size Fractions

Figure 5.11 and Figure 5.12 show the TGA mass loss profile of M3FZ2-
1050 for 75-250 and 300-850 pm size fractions respectively. The mass
loss for the smaller size fraction was relatively maintained for the redox

multi-cycles.
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Figure 5.11: Cyclic reduction-oxidation performance of M3FZ2-1050 for the
reduction cycles in 5% H> and oxidation cycles in air at 1173 K, particle size of 75-
250 um and feed gas flow rate of 20 ml/min for the transition from Fe,Os to Fe and
from Mn304 to MnO.
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Figure 5.12: Cyclic reduction-oxidation performance of M3FZ2-1050 for the
reduction cycles in 5% H; and oxidation cycles in air at 1173 K, particle size of 300-
850 um and feed gas flow rate of 20 ml/min for the transition from Fe,03 to Fe and
from Mn304 to MnO.

On the other hand, reduction of about 71% in the mass loss was observed
for the larger particle size after the first cycle. Thereafter, these OCs
seems to activate from the third cycle. This characteristic behaviour (with

varying reduction of mass loss between 11 to 71%) was observed for all
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the other OCs of particle size 300-850 pm regardless of metal oxide
compositions. Similar characteristic behaviour was also observed for the
maximum rate of mass conversion for these larger particle size oxygen

carriers.

From these results, it was thus concluded that for the bimetallic oxygen
carriers with a low zirconia content support of 20 wt. %, the 75-250 pm
size OCs exhibit better performance in terms of reactivity than OCs of 300-

850 pm size for CLC using hydrogen as fuel.

5.2 Reduction/Oxidation in Carbon Monoxide

5.2.1 Reactivity

From the previous section in which results using H> were presented, it was
observed that M8FZ2-1050 and M3FZ2-1050 exhibited the best
performance in Hz. Consequently, these OCs were selected for further test
in TGA using carbon monoxide as fuel. The results presented in Figure 5.13
revealed that M8FZ2-1050 displayed higher reactivity than M3FZ2-1050 in
reduction and oxidation. This result is thus similar to that obtained in
reaction with H2. Also, M8FZ2-1050 reached fractional conversion (X) of
0.95 in oxidation in 49 s while M3FZ2-1050 was much slower and reached

conversion 0.82 in reduction.
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Figure 5.13: Fractional conversion as a function of time for M8FZ2-1050 and
M3FZ2-1050 oxygen carriers for the 4t reduction cycles in 10% CO and 4t

oxidation cycles in air at 1173 K, particle size of 75-250 pm and feed gas flow rate

of 50 ml/min for the transition from Fe;03 to Fe and from Mn304 to MnO. (Red)

signifies reduction and (Oxid) oxidation.

The time needed to reach fractional conversions (X) of 0.3 is presented in

Table 5.2. The reduction reactions for M8FZ2-1050 and M3FZ2-1050 were

1.9 and 1.3 times faster in CO than in H2 respectively. Correspondingly,

their oxidation reactions were 2.3 and 1.9 times faster in oxidation. Hence,

it could be concluded that reactions in CO was faster than in Ha.

Table 5.2: Time needed to reach fractional conversion (X) of 0.3 for M8FZ2-1050

and M3FZ2-1050 oxygen carriers with 20 wt. % zirconia.

Oxygen Reduction time Oxidation time
carriers (s) (s)
M8FZ2-1050 112 18
M3FZ2-1050 272 31

The rate of reaction as a function of the fractional conversion for the fast

reaction step is shown in Figure 5.14. Obviously, M8FZ2-1050 has higher

rate of reaction for all values of fractional conversion (X). Moreover, the
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maximum rate of reaction for M8FZ2-1050 was nearly twice that of M3FZ2-
1050. Interestingly, similar to the oxidation reaction in H2, M8FZ2-1050
exhibited fast reaction which was relatively sustained through the entire

conversion period.
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Figure 5.14: Rate of reaction as a function of fractional conversion for M8FZ2-1050
and M3FZ2-1050 oxygen carriers for the (a) 4t reduction cycles in 10% CO and (b)
4t oxidation cycles in air at 1173 K, particle size of 75-250 pym and feed gas flow

rate of 50 ml/min for the transition from Fe;O3 to Fe and from Mn304 to MnO.

As previously highlighted, the maximum rate of reaction of M8FZ2-1050
was about twice that of M3FZ2-1050. However, a comparison of the
maximum rate of mass conversion for these OCs showed that M3FZ2-1050
exhibited slightly higher rate of about 1% and 3% than M8FZ2-1050 in
reduction and oxidation respectively (Figure 5.15). Again, this variation
may be attributed to the differences in the oxygen transport capacity of

the metal oxides as reflected in Section 2.7.2.
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Figure 5.15: Maximum rate of mass conversion for M8FZ2-1050 and M3FZ2-1050
oxygen carriers for the 4th reduction cycles in 10% CO and 4t oxidation cycles in
air at 1173 K, particle size of 75-250 pm and feed gas flow rate of 50 ml/min for
the transition from Fe;03 to Fe and from Mn304 to MnO.

5.2.2 Stability and Effect of Repeated Cycles

The stability performance of M8FZ2-1050 and M3FZ2-1050 for the five-
cycle test is presented in Figure 5.16. The maximum rates of mass
conversion for the OCs were relatively stable through the five cycles in
oxidation reactions. On the other hand, an initial decrease was observed in
reduction cycle for both OCs. This behaviour was similar to that observed
in H2. After this initial decrease, M8FZ2-1050 maximum rate of mass
conversion remained stable whereas that for M3FZ2-1050 exhibited slightly
downward trend. The possible reason for this behaviour could be due to
agglomeration of particles observed for the OC which will be discussed in

Section 5.3.
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Figure 5.16: Maximum rate of mass conversion versus cycle number for M8FZ2-
1050 and M3FZ2-1050 oxygen carriers for the reduction cycles in 10% CO and
oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed gas flow rate
of 50 ml/min for the transition from Fe;03 to Fe and from Mn304 to MnO. (Red)

signifies reduction and (Oxid) oxidation.

5.2.3 Effect of Particle Size

An investigation for any potential effect of particle size was conducted for
M3FZ2-1050 and the results for the third redox cycle are presented in
Figure 5.17. The conversion reached by the 300-850 um particle size OC
was 47% and 50% lower than that achieved by OC of 75-250 pym particle

size.
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Figure 5.17: Effect of Particle Size on reactivity of M3FZ2-1050 for the 3™ reduction
cycle in 10% CO and 3™ oxidation cycle in air at 1173 K and feed gas flow rate of
50 ml/min for the transition from Fe,Os; to Fe and from Mns304 to MnO. Particle
sizes: (—) 75-250 ym, (+) 300-850 pm.

Furthermore, the time to reach fractional conversion of 0.3 by the larger
particle size OC was increased by 3 and 12 times in reduction and

oxidation respectively (Table 5.3).
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Table 5.3: Effect of particle size: on time needed to reach fractional conversion (X)
of 0.3 for the bimetallic oxygen carriers with 20 wt. % zirconia.

Reduction time Oxidation time
Oxygen (S) (S)
carriers 75-250 300-850 75-250 300-850
[1]39] pm HM pm
M3FZz2-1050 254 787 31 377

Also, the maximum rate of mass conversion values for the OC in the
smaller size fraction was considerably higher than that for OC in the larger
size fraction in reduction and oxidation respectively (Table 5.4). This
observation is similar to that obtained in reaction with hydrogen. The
values of the effectiveness factor (n) for both particle sizes were far less
than unity as well as having high values of Thiele modulus (¢) (Table F.5,
Appendix F) indicating presence of internal mass transfer resistance. The
results from material characterization (SEM images in Section 5.3) after
reactivity show that M3FZ2-1050 with low zirconia content formed
agglomerates using CO as reacting gas. The agglomeration of this OC

resulted in internal mass transfer limiting these reactions.

Table 5.4: Effect of particle size on maximum rate of mass conversion: mixed
oxides/20 wt. % zirconia in CO (3rd Cycle).

Relative maximum rate of
mass conversion ratio (75-

Oxygen 250 microns/300-850

carriers microns)
Reduction Oxidation

M3FZ2-1050 2.4 2.2

From these results, it was concluded that the impact of particle size on

conversion of the OC was greater in CO compared to Hz. In addition, the
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use of 300-850 upm size fractions offered no improved benefit on the

reactivity of M3FZ2-1050.

5.3 Characterization of Fresh and Reacted Oxygen Carriers

The SEM analysis of the bimetallic oxygen carriers with low zirconia
content were carried out to help establish any possible structure-activity
relationship for the oxygen carriers. The SEM images of the surface
morphology (at a scale of 20 - 500 um) of the samples after reactivity
investigations are shown in Figure 5.18. Also, included in Figure 5.18, is an
SEM image of unreacted M8FZ2-1050 particle. From Figure 5.18 it could be
observed that the Mn-rich oxygen carrier (M8FZ2-1050) is least affected
using low zirconia content (20 wt. %) as support. Whereas the other OCs
where found to have formed agglomerates, the M8FZ2-1050 particles did
not agglomerate. Furthermore, the iron-rich sample, M2FZ2-1050 was
found to have developed ruptured particles as seen in Figure 5.18e. These
observations are likely due to the rather low zirconia content support. In
addition, particle agglomeration was also observed for the reaction in CO
as shown in Figure 5.19. It is thus suggested that using 20 wt. % zirconia
as support was not sufficient to maintain mechanical integrity of the

particles during the redox reactions.
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Figure 5.18: SEM images of fresh and reacted bimetallic oxygen carriers (with 20
wt. % zirconia) after five redox cycles at 1173 K in H, and air. (a.1) Unreacted
M8FZ2-1050 particles after calcination at 1323 K for 2 h. Reacted particles after
five redox cycles at 1173 K in Hx: (a.2) M8FZ2-1050 (b) M6FZ2-1050 (c) M5FZ2-
1050 (d) M3FZ2-1050 and (e) M2FZ2-1050. The bimetallic oxygen carrier particles
(20 wt. % zirconia) agglomerates after the redox reaction except for M8FZ2-1050.
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Figure 5.19: SEM images of reacted bimetallic oxygen carriers with 20 wt. %
zirconia after five redox cycles at 1173 K in CO and air. (a) M2FZ2-1050 (b)
M3FZ2-1050. The bimetallic oxygen carriers form agglomerate and fractures after

the redox reactions.

The XRD results presented in Table 5.5 shows that for M8FZ2-1050, no
separate peaks were observed for iron oxide. Thus, suggesting that iron
oxide is likely incorporated into the cubic bixbyite structure of manganese
oxide. Conversely, for iron-rich OC, M2FZ2-1050, no separate peaks for
manganese oxide was observed. These observations correlate well with the
reactivity results from the TGA where M8FZ2-1050 exhibits the highest

reactivity while M2FZ2-1050 was the least reactive.
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Table 5.5: Phase composition of the bimetallic oxygen carriers with a low zirconia
content (20 wt. %) identified with X-ray Diffraction.

Oxygen

carrier Crystalline phase

m-ZrO2 Baddeleyite
M8FZ2-1050 ¢-Mn20s Bixbyite

t-ZrO2

m-ZrO2 Baddeleyite

c-MnFe204 Jakobsite

c-Mn203 Bixbyite

t-ZrO2

m-ZrO2 Baddeleyite

c-MnFe204 Jakobsite

c-Mn20s3 Bixbyite

M6FZ2-1050

M5FZ2-1050

r-Fe20Os Hematite
m-ZrO2 Baddeleyite

r-Fe2Os Hematite
c-Mn20s3 Bixbyite
t-ZrO2

m-ZrO2 Baddeleyite

M3FZ2-1050

M2FZ2-1050 o o Hematite

Key: m-monoclinic, t-tetragonal, c-cubic, r-rhombo

5.4 Conclusions

The results from this chapter indicate that:

1. Some co-precipitated oxygen carriers supported on zirconia (20 wt.
%) could potentially find application for CLC.

2. The Mn-rich OC, M8FZ2-1050 OC appear to have demonstrated the
best performance compared to other oxygen carriers in this batch.

3. Generally, reactivity of these oxygen carriers in carbon monoxide

was faster compared to reaction in hydrogen.
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Moreover, some of these oxygen carriers were found to have
formed agglomerates during the TGA experiments especially for
reactions in hydrogen. It was speculated that this shortcoming
could be avoided by increasing the zirconia content in the

composite material.

Against the backdrop of the shortcoming observed on the bimetallic
oxygen carriers with low zirconia content support (20 wt. %), a
series of co-precipitated bimetallic oxygen carriers with high
zirconia content support (44 wt. %) was synthesized and
investigated in TGA. Hereafter, the behaviour of these series of
oxygen carriers are presented and analysed in detail in the next

chapter.

109



6 BIMETALLIC OXYGEN CARRIERS WITH HIGH
ZIRCONIA CONTENT SUPPORT: BEHAVIOUR 1IN

DIFFERENT GASES.

Against the backdrop of the findings in the preceding chapter, co-
precipitated bimetallic oxygen carriers with high zirconia content (44 wt.
%) was synthesized and denoted as M8FzZ5-1050, M6FZ5-1050, M5FZ5-
1050, M3FZ5-1050, and M2FZ5-1050 (see Table 3.2). The elements (Mn,
Fe and Zr) appear to be well dispersed in the composite material. This is
illustrated in Figure 6.1, which shows that the elemental concentrations of
Mn, Fe and Zr (indicated by unique colours) in the M5FZ5-1050 are well

dispersed at a scale of 50 pym.

Mn Ka1

Fe Kat Zr Lat

Figure 6.1: SEM-EDX map of fresh M5FZ5-1050 after calcination at 1323 K for 2 h
showing distribution of the elements. The scale bar indicated by the arrow
represents 50 pym. The SEM-EDX analysis confirms Mn, Fe and Zr are well

dispersed.
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The behaviour of this batch of co-precipitated bimetallic oxygen carriers
with high zirconia content (44 wt. %) were investigated in TGA utilizing
hydrogen, carbon monoxide or methane as fuel. The results obtained are

presented in this chapter.

6.1 Reduction/Oxidation in Hydrogen

6.1.1 Reactivity

Co-precipitated bimetallic oxygen carriers supported on zirconia (44 wt. %)
namely M8FZ5-1050, M6FZ5-1050, M5FZ5-1050, M3FZ5-1050, and
M2FZ5-1050 (see Table 3.2) were investigated in TGA and the results on
fractional conversion are presented in Figure 6.2. The synergistic effect
observed here, is similar to the trend obtained for the co-precipitated
bimetallic series supported on zirconia (20 wt. %). As shown in Figure 6.2,

reactivity increased with increasing Mn content in reduction and oxidation

reactions.
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Figure 6.2: Fractional conversion as a function of time for bimetallic oxygen carriers
with 44 wt. % zirconia for the (a) 4% reduction cycles in 5% H» and (b) 4t
oxidation cycles in air at 1173 K, particle size of 75-250 pm and feed gas flow rate

of 20 ml/min for the transition from Fe,Os to Fe and from Mn304 to MnO.

Also, the fractional conversions for the reduction reaction were 93%, 99%,
94%, 97% and 93% for M8FZ5-1050, M6FZ5-1050, M5FZ5-1050, M3FZ5-
1050, and M2FZ5-1050 respectively. Furthermore, the time required by
these OCs to achieve fractional conversion of 0.3 is presented in Figure

6.3.
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Figure 6.3: Time needed to reach fractional conversion of 0.3 for the bimetallic
oxygen carriers with 44 wt. % zirconia for the 4t reduction cycles in 5% H> and 4t"
oxidation cycles in air at 1173 K, particle size of 75-250 pm and feed gas flow rate
of 20 ml/min for the transition from Fe,Os3 to Fe and from Mn304 to MnO.
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The rate of reaction versus fractional conversion (X) for this series of OCs
is shown in Figure 6.4. The maximum rate of reaction increased with

increasing manganese content in the reduction and oxidation reactions.
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Figure 6.4: Rate of reaction as a function of fractional conversion for bimetallic
oxygen carriers with 44 wt. % zirconia at 1173 K for the (a) 4% reduction cycles in
5% H;, and (b) 4t oxidation cycles in air at 1173 K, particle size of 75-250 ym and
feed gas flow rate of 20 ml/min for the transition from Fe;03 to Fe and from Mn304
to MnO.

Also, in reduction and oxidation, the extent of fractional conversion for the
fast reaction step was found to be increasing with manganese content
except for M8FZ5-1050 in oxidation period (see Figure 6.4). The maximum
rate of mass conversion for the oxygen carriers is presented in Figure 6.5;
showing that this increases with increasing Mn content in reduction

reaction.
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Figure 6.5: Maximum rate of mass conversion for bimetallic oxygen carriers with 44
wt. % zirconia for the 4t reduction cycles in 5% H; and 4t oxidation cycles in air at
1173 K, particle size of 75-250 ym and feed gas flow rate of 20 ml/min for the

transition from Fe;03 to Fe and from Mns04 to MnO.

6.1.2 Stability and Effect of Repeated Cycles

Figure 6.6 shows the stable performance of bimetallic M3FZ5-1050 oxygen
carrier in hydrogen and air at 1173 K for five multi-cycles. As observed,
the weight loss during redox reactions was somewhat stable suggesting no
appreciable change in the Roc with repeated cycles. Similar regeneration
behaviour was observed for other OCs in this batch during consecutive
redox cycles. In comparison to the oxygen carriers with low zirconia
content of 20 wt. %, (Section 5.1.2), it could be inferred that increasing
the amount of zirconia to 44 wt. % does not appear to negatively alter the

regeneration ability of the OCs.
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Figure 6.6: Cyclic reduction-oxidation performance of M3FzZ5-1050 for the
reduction cycles in 5% H; and oxidation cycles in air at 1173 K, particle size of 75-
250 um and feed gas flow rate of 20 ml/min for the transition from Fe,Os to Fe and

from Mn304 to MnO.

The stability of the OCs in terms of maximum rate of mass conversion with
number of cycles is presented in Figure 6.7. In reduction, the maximum
rate of mass conversion was observed to increase with number of cycles
for Mn-rich OCs (i.e. M8FZ5-1050 and M6FZ5-1050). The maximum rate of
mass conversion showed an increase of 12% in the fifth cycle compared to

the first cycle.
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Figure 6.7: Maximum rate of mass conversion versus cycle number for bimetallic
oxygen carriers with 44 wt. % zirconia for the (a) 4% reduction cycles in 5% H, and
(b) 4th oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed gas
flow rate of 20 ml/min for the transition from Fe,O5 to Fe and from Mn304 to MnO.
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However, M3FZ5-1050 and M2FZ5-1050 maximum rate of mass
conversions initially increased in the second cycle and then gradually
reduced as from the third cycle. On the other hand, M5FZ5-1050
progressively reduced at an average rate of 5% per cycle from the second
reduction cycle. This behaviour may possibly be due to these OCs
undergoing de-alloying during the reduction reaction (Bhavsar et al.,
2014). On the contrary, somewhat different trend was observed during
oxidation in which all OCs showed relatively stable rate of mass conversion

except M8FZ5-1050.

6.1.3 Effect of Particle Size

The effect of particle size was investigated for the M5FZ5-1050 OC. This is
to elucidate any potential effect given the decrease of its maximum rate of
mass conversion as observed in Section 6.1.2. There seem to be less

significant difference in reactivity for the particle sizes as presented in

Figure 6.8.
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Figure 6.8: Effect of particle size on fractional conversion for M5FZ5-1050 oxygen
carrier for the 3™ reduction cycles in 5% H; and 3™ oxidation cycles in air at 1173 K
and feed gas flow rate of 20 ml/min for the transition from Fe,O3 to Fe and from
Mn304 to MnO. Particle sizes: (—) 75-250 ym, (+) 300-850 um.
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Whereas 300-850 pym size OC exhibited complete conversion, the smaller
particle only reached 94% and 92% for oxidation and reduction
respectively. Also, smaller size fraction OC reached fractional reduction
conversion of 0.3 about 1.2 times faster than the larger particle as can be

deduced from Table 6.1.

Table 6.1: Time needed to reach fractional conversion of 0.3 for M5FZ5-1050

oxygen carrier in hydrogen for the third cycle.

. Reduction time Oxidation time
Oxygen carriers

(s) (s)
M5FZ5-1050 (75-250 pm) 246 52
M5FZ5-1050 (300-850 um) 296 52

The particle size effect in terms of maximum rate of mass conversion
(Figure 6.9) showed that the rate of mass conversion is lower in both
reduction and oxidation for larger particle size OCs compared to the

smaller particle size.
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Figure 6.9: Effect of particle size on maximum rate of mass conversion for M5FZ5-
1050 oxygen carrier for the reduction cycles in 5% H, and oxidation cycles in air at
1173 K, particle size of 75-250 pm and 300-850 pm respectively and feed gas flow
rate of 20 ml/min for the transition from Fe;O3 to Fe and from Mn304 to MnO.
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From the above findings, it could be concluded that particle size effect was
not quite significant which suggests that diffusion limitation may be
negligible and the reaction was predominantly chemical controlled. This
agrees well with the calculated values of the effectiveness factor (n) for
both particle sizes which were close to unity as well as low values of Thiele
modulus (¢), indicating absence of internal mass transfer limitations (Table
F.4, Appendix F). The results from material characterization (SEM images)
after reactivity show that M5FZ5-1050 did not agglomerate using H2 as

reacting gas (Section 6.4).

6.1.4 Effect of Temperature

The preceding results for the bimetallic oxygen carriers with high zirconia
content support showed that M8FZ5-1050 oxygen carrier tends to exhibit
the best performance. Consequently, the effect of temperature on its
reactivity was examined in the TGA and the result is presented in Figure
6.10. Generally, reactivity increases with increasing reaction temperature
in both reduction and oxidation. Nevertheless, reactivity at 973 K appears

to be higher than that of 1073 K for the initial 28% of the oxidation cycle.

In comparison to reaction at 1173 K, the time needed to achieve fractional
reduction conversion of 0.3 was 1.8 and 2.8 times more for reaction
temperatures 1073 K and 973 K respectively. Similar trend was obtained
for the oxidation reaction where reaction temperatures at 1073 K and 973
K require 1.3 and 1.5 times longer to reach fractional conversion of 0.3

respectively.
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Figure 6.10: Effect of temperature on fractional conversion for M8FZ5-1050 oxygen
carrier at 973 K, 1073 K and 1173 K for the 2" reduction cycles in 5% H, and 2™
oxidation cycles in air, particle size of 75-250 ym and feed gas flow rate of 20

ml/min for the transition from Fe,Os to Fe and from Mn304 to MnO.

The effect of temperature on maximum rate of reaction for M8FZ5-1050 in
H> is presented in Figure 6.11. In the reduction reaction, the maximum
rate of reaction tends to increase with increasing reaction temperature.
Moreover, in oxidation reaction, the extent of conversion increased with
increasing reaction temperature. The trend for reduction cycle was quite
different from that of oxidation given that OC at 1073 K exhibit slightly
higher extent of reaction. Clearly, from Figure 6.11a, two step reactions
could be observed with the lower reaction temperatures (1073 K and 973

K) in the reduction cycle.
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Figure 6.11: Effect of temperature on maximum rate of reaction versus fractional
conversion for M8FZ5-1050 at 973 K, 1073 K and 1173 K for the (a) 2" reduction

cycles in 5% H> and (b) 2" oxidation cycles in air, particle size of 75-250 pm.

The effect of temperature on maximum rate of mass conversion values for
M8FZ5-1050 were lower for reaction temperatures (973 K and 1073 K)
compared to that of 1173 K. It could be inferred that the maximum rate of
mass conversion of reaction at 1173 K was 1.8 and 1.5 times that of
reaction at 1073 K and 973 K respectively. Similar trend was observed for

the oxidation reaction (Table 6.2).

Table 6.2: Effect of temperature on maximum rate of mass conversion for M8FZ5-
1050; ratio of maximum rate of mass conversion at 1173 K to 1073 Kand 973 K in

hydrogen for the second cycle.

Ratio of maximum rate of mass

Ooxvaen Reaction conversion (1173 K/reaction
Y9 temperature temperature)
carrier (K)
Reduction Oxidation
M8FZ5-1050 1073 1.8 1.6
973 1.5 1.5

Table 6.3 shows the effect of temperature on the oxygen transport
capacity (Roc) for M8FZ5-1050. The Roc is dependent on the reaction

temperature. The Roc decreases with decreasing temperature in both
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reduction and oxidation cycles. This trend correlates well with the

behaviour observed in the reactivity of the OC at these temperatures.

Table 6.3: Effect of temperature on the oxygen transport capacity for M8FZ5-1050
for the second cycle at 973 K, 1073 K and 1173 K in hydrogen.

Ratio of oxygen transport capacity

Reaction n
Oxyqen temperature (1173 K/reaction temperature)
carrier (K)
Reduction Oxidation
M8FZ5-1050 1073 1.1 1.1
973 1.4 1.4

From the above findings with respect to temperatures effect, it was
concluded that the optimal reaction temperature for the bimetallic oxygen

carrier (M8FZ5-1050) is 1173 K.

6.2 Reduction/Oxidation in Carbon Monoxide

The behaviour of these series of bimetallic oxygen carriers with high
zirconia content (44 wt. %) were also investigated in TGA using carbon
monoxide as fuel. The results obtained are presented and discussed in this

section.

6.2.1 Reactivity

As shown in Figure 6.12, reactivity of the OCs in the reduction cycle
increased with increasing Mn content except for M2FZ5-1050 which exhibit
slightly higher reactivity than M3FZ5-1050. The OCs achieved 74% to 88%
conversion in reduction reaction whereas in oxidation, the conversion

achieved was 70% to 95%.
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Figure 6.12: Fractional reduction a function of reaction time for the bimetallic
oxygen carriers with 44 wt. % zirconia for the (a) 4t reduction cycles in 10% CO
and (b) 4% oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed
gas flow rate of 50 ml/min for the transition from Fe;0s3 to Fe and from Mn304 to
MnO.

Furthermore, it can be deduced that reaction of the OCs is faster in the
oxidation than in reduction reaction as shown in Figure 6.13. Generally,
the reactivity of this batch of bimetallic oxygen carrier in carbon monoxide
was faster than in hydrogen. For instance, time needed to achieve

conversion of 0.3 in either reduction or oxidation cycle in H2 was about 1.4
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to 2.5 times more than the time in CO for all OC except for M2FZ5-1050 in

reduction.
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Figure 6.13: Time needed to reach fractional conversion of 0.3 for the bimetallic
oxygen carriers with 44 wt. % zirconia for the 4t" reduction cycles in 10% CO and
4th oxidation cycles in air at 1173 K, particle size of 75-250 um and feed gas flow

rate of 50 ml/min for the transition from Fe>Os to Fe and from Mn304 to MnO.

The rate of reaction versus fractional conversion for the five OCs in this
batch is presented in Figure 6.14. Again, it was observed that the
maximum rate of reaction increases with increasing Mn content in the
reduction and oxidation cycles with exception of M2FZ5-1050. Figure 6.14
reveals that the Mn-rich OC (M8FZ5-1050) has the highest maximum rate
of reaction and extent of reaction (for the fast reaction step) of 45% and
95% in reduction and oxidation respectively. Moreover, the maximum rate
of reaction for M8FZ5-1050 is 1.4 and 2.5 times that of M5FZ5-1050 and

M2FZ5-1050 respectively.

It should be noted that the maximum rate of reaction in reduction and

oxidation cycles for the OCs in CO were about 1.3 to 2.6 times the

maximum rate of reaction in Ha.
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Figure 6.14: Rate of reaction as a function of fractional conversion for bimetallic
oxygen carriers with 44 wt. % zirconia for the (a) 4% reduction cycles in 10% CO
and (b) 4% oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed
gas flow rate of 50 ml/min for the transition from Fe,Os to Fe and from Mns04 to
MnO.

On the other hand, a different trend was observed for the maximum rate
of mass conversion. Figure 6.15 showed that M5FZ5-1050 has the highest
maximum rate of mass conversion in oxidation and reduction cycles.
Furthermore, M5FZ5-1050 has a maximum rate of mass conversion that
was about 1.2 times that of M8FZ5-1050. This was followed by M2FZ5-
1050 which has maximum rate of mass conversion value that is about 1.1

times of M8FZ5-1050.
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Figure 6.15: Maximum rate of mass conversion for bimetallic oxygen carriers with
44 wt. % zirconia for the 4t reduction cycles in 10% CO and 4th oxidation cycles in

air at 1173 K, particle size of 75-250 uym and feed gas flow rate of 50 ml/min for
the transition from Fe,Os to Fe and from Mn304 to MnO.
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6.2.2 Stability and the Effect of Repeated Cycles

For CLC, it is desirable that the oxygen carrier should be able to undergo
multiple cycles and maintain its reactivity. Thus, the stability of the solid
particles becomes important for long-term operation. Figure 6.16 shows
the stability of the bimetallic oxygen carriers under discussion with respect
to their maximum rate of mass conversion versus number of cycles. The
results indicated that all OCs showed upward trend in the maximum rate of
mass conversion with increasing number of reduction cycles except M5FZ5-
1050. The M5FZ5-1050 showed somewhat decreasing maximum rate of
mass conversion with number of cycles at average rate of 9% per cycle

from the second reduction cycle.

In oxidation (Figure 6.16b), all the OCs showed slight reduction after the
first cycle and then exhibited relatively stable maximum rate of mass

conversion for the remaining cycles.

3 14
@ " +M8FZ5-1050 +M6FZ5-1050
T & E = M5FZ5-1050 -=M3FZ5-1050
E-E EE 12 - —M2FZ5-1050
o o
3% ° A
.E 8
gsE = BBEw
w
EZ +M8FZ5-1050 M6FZ5-1050 g 2
% O M5FZ5-1050  =M3FZ5-1050 =0 8 -
&Y —~M2FZ5-1050 n Y
= = e e
0 6
1 2 3 4 5 1 2 3 4 5
Cycle No. Cycle No.
(@) Reduction (b) Oxidation

Figure 6.16: Maximum rate of mass conversion versus number of cycles for
bimetallic oxygen carriers with 44 wt. % zirconia for the (a) reduction cycles in
10% CO and (b) oxidation cycles in air at 1173 K, particle size of 75-250 ym and
feed gas flow rate of 50 ml/min for the transition from Fe,03 to Fe and from Mn304
to MnO.

125



Stability in terms of oxygen transport capacity and number of cycles varies
depending on the oxygen carrier composition as shown in Figure 6.17. For
instance, M8FZ5-1050 and M3FZ5-1050 showed Roc that was stable across
the five cycles. However, M5FZ5-1050 initially reduced after first cycle and
then showed slight progressive reduction in subsequent cycles. This
behavior is similar to the trend observed in Figure 6.16 and Figure 6.7
where the rate of mass conversion of M5FZ5-1050 was observed to be
reducing as the number of cycle increases. The possible reason for this
behavior has been mentioned in Section 6.1.2 and further detail will be

highlighted in Section 6.4.
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Figure 6.17: Oxygen transport capacity versus no of cycles for the bimetallic
oxygen carriers with 44 wt. % zirconia for the (a) reduction cycles in 10% CO and
(b) oxidation cycles in air at 1173 K, particle size of 75-250 um and feed gas flow

rate of 50 ml/min for the transition from Fe>O3 to Fe and from Mn304 to MnO.

6.2.3 Effect of Particle Size

In the preceding section, it was observed that in reduction, Fe-rich OC,
M2FZ5-1050 displayed low reactivity; however, the maximum rate of mass
conversion was relatively high in CO. Consequently, effect of particle size
on its reactivity was investigated and the result is presented in Figure

6.18. The results showed that reactivity was higher for the small particle
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size (75-250 pym) OC than for the larger size fraction (300-850 pm) OC.
Whereas the small particle size fraction reached fractional conversions of
74% and 71%, the larger particle size fraction reached fractional
conversions of 56% and 52% in reduction and oxidation respectively.
Furthermore, in reduction and oxidation cycle, the larger particle required
about twice the time needed by the small particle size to achieve fractional

conversion of 0.3.
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Figure 6.18: Effect of particle size on fractional conversion versus time for M2FZ5-
1050 for the 3™ reduction cycles in 10% CO and 3™ oxidation cycles in air at 1173
K and feed gas flow rate of 50 ml/min for the transition from Fe;03 to Fe and from
Mn304 to MnO. Particle sizes: (—) 75-250 ym, (+) 300-850 um.

Figure 6.19 shows that the small particle size fraction (75-250 ym) has a
higher rate of reaction than the large particle size fraction. In the reduction
cycle, both size fractions appear to have the same extent of reaction
corresponding likely to Fe reduction to FeO. Also, in oxidation, the extent
of reaction for the small particle size is about 1.4 times that of the larger

particle size fraction.
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Figure 6.19: Effect of particle size on rate of reaction versus fractional conversion
for M2FZ5-1050 for the (a) 3™ reduction cycles in 10% CO and (b) 3™ oxidation
cycles in air at 1173 K, particle size of 75-250 ym and feed gas flow rate of 50
ml/min for the transition from Fe;O3 to Fe and from Mns04 to MnO. Particle sizes:
(-) 75-250 pm and (+) 300-850 um.

From the above results, it could be observed that in addition to chemical
controlled reaction, diffusion limitation appeared to be quite significant in
the reaction. This agrees with the calculated values of the effectiveness
factor (n) for both particle sizes which were far less than unity as well as
high values of Thiele modulus (¢), indicating presence of internal mass
transfer limitations (Table F.4, Appendix F). The results from material
characterization (SEM images) after reactivity also show that M2FZ5-1050
form agglomerates using CO as reacting gas (Section 6.4). The
agglomeration of this OC resulted in internal mass transfer limiting these

reactions.

6.3 Reduction/Oxidation in Methane

The reactivity of the five bimetallic oxygen carriers with 44 wt. % zirconia
was investigated to elucidate their behaviour with methane in CLC. The
results obtained and discussions on the findings will be the focus of the

next section.
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6.3.1 Reactivity

Figure 6.20 shows that in CH4, the OCs reactivity was quite fast reaching
fractional conversions of 0.3 in less than 60 s (see Figure 6.21).
Furthermore, the OCs reached 65% - 79% reduction conversions and 65%
- 97% oxidation conversions. Interestingly, in comparison to reaction in
CHg4, the time taken to achieve 30% conversion in CO was about 2.3 to 6

and 1.3 to 2.1 times longer in reduction and oxidation cycles respectively.
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Figure 6.20: Fractional conversion as a function of time for bimetallic oxygen
carriers with 44 wt. % zirconia for the (a) 4% reduction cycles in 10% CH4 and (b)
4t oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed gas flow

rate of 50 ml/min for the transition from Fe;03 to FeO and from Mns04 to MnO.
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Figure 6.21: Time needed to reach fractional conversion of 0.3 for the bimetallic
oxygen carriers with 44 wt. % zirconia for the 4% reduction cycles in 10% CH4 and
4t oxidation cycles in air at 1173 K, particle size of 75-250 pym and feed gas flow

rate of 50 ml/min for the transition from Fe;O3 to FeO and from Mn304 to MnO.

Figure 6.22a shows that the extent of reaction for each OCs in reduction
was the same as the total conversion achieved by the respective OCs
within the reaction time. This observation could be attributed to the very
fast reactions observed for the OCs. Also, the rate of reduction reaction
was found to vary depending on the manganese content. For instance, the
rate of reaction of all OCs (except M8FZ5-1050) tends to slow down
appreciably between conversion of 0.2 and 0.3 and thereafter rise to
another maximum reaction rate or gradually slow down. The Mn-rich OCs
(M6FZ5-1050 and M5FZ5-1050) fall into the category that rises to a
second maximum rate of reaction. On the other hand, the iron-rich OCs
(M3FZ5-1050 and M2FZ5-1050) attained only one maximum rate of
reaction before gradually slows down to zero at the end. This behaviour
could be an indication that the process involves two different reaction

mechanisms which contributes to the overall rate.

Clearly from Figure 6.22b, the variations in rate of reactions observed in

the reduction cycle were not observed in the oxidation reaction.
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Interestingly, in reduction and oxidation period, the OCs maximum rates of

reaction in CHs4 are about 2.4 to 4.5 and 1.5 to 3 times higher than in CO

as fuel.
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Figure 6.22: Rate of reaction as a function of fractional conversion for bimetallic
oxygen carriers with 44 wt. % zirconia content for the (a) 4t reduction cycles in
10% CH4 and (b) 4t oxidation cycles in air at 1173 K, particle size of 75-250 ym
and feed gas flow rate of 50 ml/min for the transition from Fe>O3 to FeO and from
Mn304 to MnO.

The maximum rate of mass conversion for this batch of bimetallic oxide in
CH4 for the fourth cycle is presented in Figure 6.23. M5FZ5-1050 has the
highest maximum rate of mass conversion in oxidation and reduction
cycles. The maximum rate of mass conversion for M5FZ5-1050 in CH4 was
about 1.1 and 1.3 times that of M8FZ5-1050 while M2FZ5-1050 was about
1.1 and 1.2 times that of M8FZ5-1050 during reduction and oxidation
respectively. This observation is somewhat similar to the trend observed in

CO (see Section 6.2.1).
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Figure 6.23: Maximum rate of mass conversion for the bimetallic oxygen carriers
with 44 wt. % zirconia content for the 4t reduction cycles in 10% CH4 and 4t
oxidation cycles in air at 1173 K, particle size of 75-250 um and feed gas flow rate

of 50 ml/min for the transition from Fe,O3 to FeO and from Mn304 to MnO.

6.3.2 Stability and Effect of Repeated Cycles

Typical mass loss profile of this batch of oxygen carriers is shown in Figure
6.24. The TGA data for M8FZ5-1050 revealed that the oxygen released in
both reduction and oxidation was relatively stable during the multi-redox
cycle. Considerably similar profile with slight variations in the oxygen

released was obtained for the other OCs.
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Figure 6.24: Cyclic reduction-oxidation performance of M8FZ5-1050 for reduction
cycles in 10% CH4 and 4t oxidation cycles in air at 1173 K, particle size of 75-250
pm for the transition from Fe;03 to FeO and from Mn304 to MnO.
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The stability of the OCs in terms of maximum rate of mass conversion is
shown in Figure 6.25. Figure 6.25a shows that all OCs except M8FZ5-1050
and M6FZ5-1050 exhibited an initial decrease in maximum rate of mass
conversion from first to second cycle. M5FZ5-1050 displayed the highest
decrease of the maximum rate of mass conversion during reduction
reaction of about 52%. This rate progressively reduced further at an
average of 10% per cycle from the second cycle. This behaviour appears to
be characteristic for M5FZ5-1050 given that similar progressive decrease in

the maximum rate of mass conversion was observed in H2 and CO.
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Figure 6.25: Maximum rate of mass conversion versus number of cycles for the
bimetallic oxygen carriers with 44 wt. % zirconia for the (a) reduction cycles in
10% CH4 and (b) oxidation cycles in air at 1173 K, particle size of 75-250 ym and
feed gas flow rate of 50 ml/min for the transition from Fe;03 to FeO and from
Mns04 to MnO.

6.4 Characterization of Fresh and Reacted Oxygen Carriers

The fresh and reacted particles of the bimetallic oxygen carriers with high
zirconia content were characterized to gain understanding of the chemical
and morphological transformations in the oxygen carriers. Figures 6.26 to
6.30 show the SEM image for each oxygen carrier sample at a scale of 20
- 100 ym. Whereas almost all the bimetallic OCs with 20 wt. % zirconia
content formed agglomerates, all the OCs in this batch did not

agglomerate (Figures 6.26 to 6.28) except the Fe-rich OCs (M3FZ5-1050
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and M2FZ5-1050) which agglomerates in H2 and CO (Figures 6.29 to 6.30).
Thus, these findings suggest that zirconia content of 44 wt. % was quite
sufficient to maintain the mechanical integrity of the Mn-Fe particles during
the redox reactions. The OCs appear to become more porous after reaction
in the fuels and these pores could provide more active sites for gaseous
fuel oxidation. The increased pores after the reactions in each gas tend to
correlate with the increased reactivity observed for OCs following the order
CH4 > CO > Haz. This observation was rather obvious for Mn-rich OCs which

exhibited higher reactivity than the less reactive Fe-rich oxygen carriers.

FRESH ‘ REACTED

M8FZ5-1050

Figure 6.26: SEM images of fresh bimetallic M8FZ5-1050 particles with 44 wt. %
zirconia after calcination at 1323 K for 2 h and reacted M8FZ5-1050 particles after
five redox cycles at 1173 K in Hz, CO or CH4 and air. The images (middle column)
show particles without agglomeration and the occurrence of pores (right column)

after the redox reaction in the different gases.
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FRESH REACTED

M6FZ5-1050

Figure 6.27: SEM images of fresh bimetallic M6FZ5-1050 particles with 44 wt. %
zirconia after calcination at 1323 K for 2 h and reacted particles after five redox
cycles at 1173 K in Hy, CO or CH4 and air.
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FRESH REACTED

Figure 6.28: SEM images of fresh bimetallic M5FZ5-1050 particles with 44 wt. %
zirconia after calcination at 1323 K for 2 h and reacted M5FZ5-1050 particles after
five redox cycles at 1173 K in H, CO or CH4 and air.
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FRESH REACTED

Figure 6.29: SEM images of fresh bimetallic M3FZ5-1050 particles with 44 wt. %
zirconia after calcination at 1323 K for 2 h and reacted M3FZ5-1050 particles after

five redox cycles at 1173 K in Hz, CO or CH4 and air.
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FRESH REACTED

M2FZ5-1050

Figure 6.30: SEM images of fresh bimetallic M2FZ5-1050 particles with 44 wt. %
zirconia after calcination at 1323 K for 2 h and reacted M2FZ5-1050 particles after
five redox cycles at 1173 K in H, CO or CH4 and air.

The XRD results presented in Table 6.4 is clear evidence that there was no
interaction between the active phase and the support through the
formation of irreversible compounds which could have altered the reactivity
of the oxygen carrier. Hence, zirconia is a suitable support for the co-
precipitated Mn-Fe oxide oxygen carriers. Furthermore, the XRD results
obtained for the reacted particles show that there was no occurrence of

phase transformation after reaction with CH4 and regeneration in air. This
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implies that these bimetallic OCs successfully maintained their crystal

structure during the multi reduction-oxidation cycles in methane.

Table 6.4: Phase composition of bimetallic oxygen carriers with 44 wt. % zirconia

identified by X-ray Diffraction

Oxy_gen Fresh Re-Oxidation
carrier

m-ZrO2 Baddeleyite m-ZrO2 Baddeleyite
M8FZ5-1050

c-MnFe204 Jakobsite c-MnFe204 Jakobsite

m-ZrO2 Baddeleyite m-ZrO2 Baddeleyite
M6FZ5-1050 c-MnFe204 Jakobsite c-MnFe204 Jakobsite

c-Mn20s3 Bixbyite c-Mn20s3 Bixbyite

m-ZrO2 Baddeleyite m-ZrO2 Baddeleyite

c-MnFe204 Jakobsite c-MnFe204 Jakobsite
M5FZ5-1050

c-Mn203 Bixbyite c-Mn203 Bixbyite

r-Fe203 Hematite

m-ZrO2 Baddeleyite m-ZrO2 Baddeleyite
M3FZ5-1050 c-MnFe204 Jakobsite c-MnFe204 Jakobsite

r-Fe203 Hematite r-Fe203 Hematite

m-ZrO2 Baddeleyite m-ZrO2 Baddeleyite
M2FzZ5-1050 c¢-FeMnOs Bixbyite r-Fe>0Os Hematite

r-Fe2O3 Hematite

c-MnFe204 Jakobsite

Key: m-monoclinic, c-cubic, r-rhombo

The XRD reveals that unreacted M5FZ5-1050 has three active component

phases present (MnFe204, Mn203- bixbyte and Fe203). However, after
reduction in CH4 and regeneration in air, the Fe203 was not detected by the
XRD. This could suggest possible incorporation of the iron oxide into the
cubic structure of MnFe204. Otherwise, it could be that any Fe2Os present in

the reacted sample was below the detection limit of the instrument.
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6.5 Conclusions

1. The co-precipitated technique was found to yield bimetallic oxygen
carriers with high degree of dispersion of the elements in the
composite material.

2. After reactions with the fuels, the bimetallic oxygen carriers with
high zirconia content (44 wt. %) did not form agglomerates. This is
in contrast to the agglomeration of particles observed for the
bimetallic oxygen carriers with low zirconia content (20 wt. %). This
result thus, concludes that zirconia content of 44 wt. % was quite
sufficient to maintain the mechanical integrity of this batch of Mn-Fe
particles during the redox reactions.

3. Generally, the reactivity in methane was rather fast (reaching 30%
conversion in less than 60 s) and the slow step reaction was not
quite pronounced regardless of active components composition in
the samples. Furthermore, the OCs reactivity in the three gases
followed the order CH4> CO> Ha.

4. For the three reaction temperatures investigated in hydrogen, it
was concluded that the optimal reaction temperature for the Mn-

rich oxygen carrier (M8FZ5-1050) was 1173 K.

The current chapter presented the findings on the behaviour of the
bimetallic oxygen carriers with high zirconia content. However, it is known
that ceria can actively participate in chemical reaction. Hence, a
combination of ceria and zirconia was used as support for the bimetallic
Mn-Fe oxygen carriers. The result obtained is the focus of the next

chapter.
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7 BIMETALLIC OXYGEN CARRIERS SUPPORTED ON
CERIA AND ZIRCONIA: BEHAVIOUR IN DIFFERENT

GASES

Ceria can actively participate and enhance chemical reactions (Galvita et
al., 2013). Consequently, for this batch of oxygen carriers, combined
support of ceria and zirconia was used in order to elucidate any possible
enhancement on the performance of the oxygen carriers. The four co-
precipitated oxygen carriers denoted as M8FZCe5-1050, M6FZCe5-1050,
M5FZCe5-1050 and M3FZCe5-1050 (See Table 3.3) were evaluated for

chemical looping combustion.

The SEM-EDX elemental map of the polished OC shows that the active
component (Mn, Fe,) were homogeneously dispersed in the supports (Zr

and Ce) as illustrated in Figure 7.1 for the sample M5FZCe5-1050.

Mn Ka1

ZrLat

Celat

Figure 7.1: SEM-EDX map of fresh M5FZCe5-1050 after calcination at 1323 K in
air for 2 h showing distribution of the elements. The scale bar corresponds to 80

pm. The SEM-EDX analysis confirms Mn, Fe, Zr and Ce are well dispersed.
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The elemental concentrations (indicated by unique colours) in Figure 7.1
show that Mn, Fe, Zr and Ce are well dispersed without position of

exclusions at a scale of 80 um.

Hereafter, the results and discussions on the performance of the bimetallic
oxygen carriers with ceria and zirconia support is presented and discussed.
The behaviour of these OCs in hydrogen, carbon monoxide and methane

will be presented following the same structure in the preceding chapter.

7.1 Reduction/Oxidation in Hydrogen

7.1.1 Reactivity

Co-precipitated bimetallic oxygen carriers with combined support of
zirconia and ceria (M8FZCe5-1050, M6FZCe5-1050, M5FZCe5-1050 and
M3FZCe5-1050) were investigated in TGA using hydrogen as fuel. The
results of the OCs fractional conversions are presented in Figure 7.2. All
the OCs reached full conversion in reduction and oxidation except
M8FZCe5-1050 which displayed 99% conversion in oxidation within the
reaction time of the experiment. However, it could be observed that

reactivity varies depending on the composition of the oxygen carrier.
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Figure 7.2: Fractional reduction and oxidation versus time for the bimetallic oxygen

carriers with zirconia-ceria support for the (a) 4t reduction cycles in 5% H> and (b)

4t oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed gas flow

rate of 20 ml/min for the transition from Fe;O3 to Fe and from Mn304 to MnO.

The Mn-rich OC (M8FZCe5-1050) was fastest to reach fractional conversion

of 0.3 whereas the Fe-rich oxide OC (M3FZCe5-1050) reached the same

conversion for longer time as presented in Figure 7.3. The results show

that M8FZCe5-1050 oxygen carrier appears to be most reactive in both

oxidation and reduction.
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Figure 7.3: Time needed to reach fractional conversion of 0.3 for the bimetallic
oxygen carriers with zirconia-ceria support for the 4t reduction cycles in 5% H-
and 4% oxidation cycles in air at 1173 K, particle size of 75-250 um and feed gas

flow rate of 20 ml/min for the transition from Fe,Os to Fe and from Mn304 to MnO.

Figure 7.4 show that M8FZCe5-1050 has the highest maximum rate of
reaction which is 1.3 times that of M5FZCe5-1050 in reduction and
oxidation. Also, the extent of reaction appears to increase with increasing
Mn content in reduction. However, in oxidation, M5FZCe5-1050 has the
highest extent of reaction whereas M8FZCe5-1050 achieved the least value

of 0.89 for the fast reaction step as shown in Figure 7.4.
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Figure 7.4: Rate of reaction as a function of fractional conversion for bimetallic
oxygen carriers with zirconia-ceria support for the (a) 4t reduction cycles in 5% H>
and (b) 4% oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed
gas flow rate of 20 ml/min for the transition from Fe,03 to Fe and from Mn30; to
MnO.

144



M5FZ5-1050 and the Fe-rich OC (M3Fz5-1050) and exhibited slightly
higher maximum rate of mass conversion as presented in Figure 7.5.
Furthermore, M5FZCe5-1050 has the highest maximum rate of mass
conversion and was 1.2 and 1.3 times that of M8FZCe5-1050 in reduction

and oxidation respectively.

6

5 ®M8FZCe5-1050
m M6FZCe5-1050

4 = M5FZCe5-1050

mM3FZCe5-1050

Maximum Rate of Mass
Conversion (% /min)
w

.

Reduction Oxidation

Figure 7.5: Maximum rate of mass conversion for bimetallic oxygen carriers with
zirconia-ceria support for the 4% reduction cycles in 5% H; and 4t oxidation cycles
in air at 1173 K, particle size of 75-250 ym and feed gas flow rate of 20 ml/min for

the transition from Fe,O3 to Fe and from Mn304 to MnO.

7.1.2 Stability and Effect of Repeated Cycle

All OCs in this batch were relatively stable and their Roc tends to increase

with increasing number of cycle in reduction and oxidation as shown in

Figure 7.6.
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Figure 7.6: Oxygen transport capacity versus no of cycles for the bimetallic oxygen
carriers with zirconia-ceria support for the (a) reduction cycles in 5% H, and (b)
oxidation cycles in air at 1173 K, particle size of 75-250 uym and feed gas flow rate

of 20 ml/min for the transition from Fe,O3 to Fe and from Mn304 to MnO.

Similarly, the maximum rate of mass conversion for all OCs showed
increasing maximum rate of mass conversion with increasing number of
cycles during reduction reaction (Figure 7.7). The average rates of increase
of the maximum rate of mass conversion for the OCs from the second
cycle were: 8%, 5%, 5% and 4% per cycle for M8FZCe5-1050, M6FZCe5-
1050, M5FZCe5-1050 and M3FzZCe5-1050 respectively. However, in
oxidation, all OCs showed relatively stable maximum rate of mass

conversion through the cycles except M5FZCe5-1050 which displayed initial

reduction from first to second cycle but afterward appear to be stable.
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Figure 7.7: Maximum rate of mass conversion versus cycle number for the
bimetallic oxygen carriers with zirconia-ceria support for the reduction cycles in 5%
H> and oxidation cycles in air at 1173 K, particle size of 75-250 uym and feed gas
flow rate of 20 ml/min for the transition from Fe,Os; to Fe and from Mn304 to MnO.
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As previously reported in Section 6.2.2, the counterpart of M5FZCe5-1050
OC without ceria i.e. M5FZ5-1050 was found to exhibit characteristic
behaviour of progressive decrease in the maximum rate of mass
conversion as the number of cycles increased using hydrogen as fuel.
Surprisingly, the use of ceria and zirconia appear to have altered the
thermodynamics of iron and manganese oxides in the OC and thus
reversed the progressive decrease in the maximum rate of mass

conversion trend as shown in Figure 7.7.

Against the backdrop of the findings, the next section will highlight the
effect of ceria support on the co-precipitated oxygen carriers’ reactivity and

oxygen transport capacity (Roc).

7.1.3 Effect of Ceria Support on Reactivity

The addition of ceria to zirconia as support tends to have more pronounced
effect on the rate of reactions of the Mn-rich OCs than the Fe-rich OCs in
H2 (Table 7.1). For instance, in reduction, addition of ceria to zirconia as
support reduced the maximum rate of reaction of Mn-rich OCs (M8FZ5-
1050 and MG6FZ5-1050) by 30%. Similar decrease in reactivity was
observed in the oxidation reactions of these OCs. Also, the addition of ceria
resulted to an increase in the extent of fractional conversion of all OCs. On
the average, this increase was 10% in reduction and 43% in oxidation
except for M8FZ5-1050 in reduction. Furthermore, the addition of ceria
improved the oxygen carrier Roc by an average of 10% in reduction and

13% in oxidation (Table 7.2).
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Table 7.1: Effect of ceria support on reactivity of the bimetallic oxygen carriers in

Ha.
Maximum rate of reaction Extent of fractional

ratio conversion ratio

Oxygen carriers (Z2rCe/Zr) (ZrCe/Zr)
Reduction Oxidation Reduction Oxidation

M8FZCe5-1050/
M8FZ5-1050 0.7 0.9 1.0 1.4
M6FZCe5-1050/
MEEZ5-1050 0.7 0.7 1.1 1.3
M5FZCe5-1050/
M5FZ5-1050 1.0 1.1 1.1 1.4
M3FZCe5-1050/
M3FZ5-1050 1.1 1.0 1.1 1.6

Table 7.2: Effect of ceria support on the oxygen transport capacity of the bimetallic

oxygen carriers.

Oxygen transport

capacity ratio

Oxygen carriers (ZrCe/2r)
Reduction Oxidation
M8FZCe5-1050/ M8FZ5-1050 1.1
M6FZCe5-1050/ M6FZ5-1050 1.1
M5FZCe5-1050/ M5FZ5-1050 1.2
M3FZCe5-1050/ M3FZ5-1050 1.1

7.2 Reduction/Oxidation in Carbon Monoxide

7.2.1 Reactivity

Figure 7.8 presents the fractional conversions of these OCs from TGA data

using CO as fuel. Clearly, reactivity in oxidation is faster than in reduction.

Furthermore, similar to the trend observed

in Hz, the Mn-rich OC

(M8FZCe5-1050) was most reactive followed by M5FZCe5-1050 and the
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least reactive was Fe-rich OC (M3FzZCe5-1050) as shown in Figure 7.8.
Additionally, in oxidation, M8FZCe5-1050 was the most reactive whereas

the least reactive was M3FZCe5-1050.
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Figure 7.8: Fractional reduction and oxidation versus time for the bimetallic oxygen
carriers with zirconia-ceria support for the (a) 4t reduction cycles in 10% CO and
(b) 4t" oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed gas
flow rate of 50 ml/min for the transition from Fe,Os to Fe and from Mns0O4 to MnO.

M8FZCe5-1050 and M5FZCe5-1050 reached full conversion within the

reaction time in reduction. The time required to reach conversion of 0.3 is
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shown in Figure 7.9. Moreover, the time needed to reach 30% conversion
in oxidation and reduction is twice less than the time required in H2 to

achieve same fractional conversion.
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Figure 7.9: Time needed to reach fractional conversion of 0.3 for the bimetallic
oxygen carriers with zirconia-ceria support for the 4% reduction cycles in 10% CO
and 4% oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed gas

flow rate of 50 ml/min for the transition from Fe,Os to Fe and from Mn304 to MnO.

Figure 7.10 shows that M8FZCe5-1050 has the highest maximum rate of
reaction in both reduction and oxidation cycles followed by M5FZCe5-1050,
M6FZCe5-1050 and M3FZCe5-1050. Similar trend in reduction-oxidation
cycles was observed in H2 as previously presented in Section 7.1.1.
Moreover, the maximum rate of reaction for M8FZCe5-1050 was about 1.4
times that of M5FZCe5-1050 in reduction and oxidation which is

approximately same as that observed for reaction in Hz.
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Figure 7.10: Rate of reaction as a function of fractional conversion for bimetallic
oxygen carriers with zirconia-ceria support for the (a) 4% reduction cycles in 10%
CO and (b) 4t oxidation cycles in air at 1173 K, particle size of 75-250 ym and
feed gas flow rate of 50 ml/min for the transition from Fe;03 to Fe and from Mn304
to MnO.

Furthermore, the maximum rate of mass conversion for M5FZCe5-1050
was about 1.2 times that of M8FZCe5-1050 in reduction and oxidation

(Figure 7.11).
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Figure 7.11: Maximum rate of mass conversion for the bimetallic oxygen carriers
with zirconia-ceria support for the 4t reduction cycles in 10% CO and 4t oxidation
cycles in air at 1173 K, particle size of 75-250 ym and feed gas flow rate of 50
ml/min for the transition from Fe;0s to Fe and from Mn304 to MnO.
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7.2.2 Stability and Effect of Repeated Cycles

Generally, the oxygen carriers were relatively stable in the multi-redox
cycles as shown in Figure 7.12. Furthermore, all the OCs showed an initial
increase from first to second cycle except M8FZCe5-1050 and thereafter

maintained their Roc in the remaining cycles.
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Figure 7.12: Oxygen transport capacity versus no of cycles for the bimetallic
oxygen carriers with zirconia-ceria support for the (a) 4™ reduction cycles in 10%
CO and (b) 4t oxidation cycles in air at 1173 K, particle size of 75-250 ym and
feed gas flow rate of 50 ml/min for the transition from Fe;03 to Fe and from Mn304

to MnO.

In reduction, all OCs showed increasing maximum rate of mass conversion
with increasing number of cycles in reduction reaction as shown in Figure
7.13a. Similar to the findings in Hz, the maximum rate of mass conversion
for the OCs increased at an average rate of 2% to 5% per cycle from the
second reduction cycle. In oxidation, all OCs showed relatively stable
maximum rate of mass conversion through the five cycles as shown in

Figure 7.13.
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Figure 7.13: Maximum rate of mass conversion versus cycle number for the
bimetallic oxygen carriers with zirconia-ceria support for the (a) reduction cycles in
10% CO and (b) oxidation cycles in air at 1173 K, particle size of 75-250 ym and
feed gas flow rate of 50 ml/min for the transition from Fe;03 to Fe and from Mn304
to MnO.

7.3 Reduction/Oxidation in Methane

7.3.1 Reactivity

The reactivity of the four OCs namely: M8ZCe5-1050, M6ZCe5-1050,
M5ZCe5-1050 and M3ZCe5-1050 was evaluated in TGA using methane as
fuel. Figure 7.14 shows the fractional conversion versus time curves for the
different oxygen carriers. The results indicated that reactivity in CH4 were

quite in oxidation and reduction reactions.

Also, as observed in Figure 7.14, reactivity of the OCs increases with
increasing Mn content in both reduction and oxidation period. This
behaviour is slightly different when compared to H2 and CO where
M5FZCe5-1050 was the next most reactive OC after M6ZCe5-1050 in both

oxidation and reduction.
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Figure 7.14: Fractional reduction and oxidation versus time for the bimetallic
oxygen carriers with zirconia-ceria support for the (a) 4% reduction cycles in 10%
CH4 and (b) 4t oxidation cycles in air at 1173 K, particle size of 75-250 ym and
feed gas flow rate of 50 ml/min for the transition from Fe>Os to FeO and from
Mn304 to MnO.

The result presented in Figure 7.15 shows that time needed to reach 30%
conversion in reduction and oxidation was less than 60 s. The time needed
to reach the same fractional reduction conversion of 0.3, was 4.4 to 5.6
times more in H> and 2 to 2.9 times more in CO. Likewise, for the
fractional oxidation conversion, the time needed was 3 to 4.6 times more

in H2 and 1.5 to 2.3 times more in CO. Thus, this result shows that
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reactivity of the bimetallic Mn-Fe oxygen carriers with zirconia-ceria

support was highest in CH4 compared to reactivity in H2 and CO.
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Figure 7.15: Time needed to reach fractional conversion of 0.3 for the bimetallic
oxygen carriers with zirconia-ceria support for the 4th reduction cycles in 10% CH4
and 4% oxidation cycles in air at 1173 K, particle size of 75-250 um and feed gas

flow rate of 50 ml/min for the transition from Fe,Os to FeO and from Mn304 to MnO.

The OCs rate of reaction as a function of the fractional conversion is shown
in Figure 7.16. The results reveal that in reduction and oxidation,
maximum rate of reaction of the OCs increased with increasing Mn content.
Similar to observations in H2 and CO, Mn-rich OC (M8FZCe5-1050) has the
highest maximum rate of reaction in oxidation and reduction. Furthermore,
the maximum rate of reaction of M8FZCe5-1050 was about 1.2 times that
of M5FZCe5-1050 in both reduction and oxidation. This trend is nearly

similar to that obtained for reactions in H2 and CO.

As shown in Figure 7.16, M5FZCe5-1050 exhibited the highest extent of

reaction in oxidation and reduction. Similarly, this same trend was

observed in H2and CO during oxidation reaction.
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Figure 7.16: Rate of reaction versus Fractional Conversion: Mixed Oxides/44%
Zirconia-Ceria for the (a) 4% reduction cycles in 10% CH4 and (b) 4t oxidation
cycles in air at 1173 K, particle size of 75-250 ym and feed gas flow rate of 50
ml/min for the transition from Fe;O3 to FeO and from Mn30O4 to MnO.

The maximum rate of mass conversion was highest for M8FZCe5-1050 as
shown in Figure 7.17. This rate was approximately 1.1 times that of
M5FZCe5-1050. This observation is different to that obtained in H2 and CO
where M5FZCe5-1050 achieved higher maximum rate of mass of

conversion compared to M8FZCe5-1050.
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Figure 7.17: Maximum rate of mass conversion as a function of fractional
conversion for bimetallic oxygen carriers with zirconia-ceria support for the 4t
reduction cycles in 10% CH4 and 4t oxidation cycles in air at 1173 K, particle size
of 75-250 um and feed gas flow rate of 50 ml/min for the transition from Fe;0s to
FeO and from Mn304 to MnO.
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7.3.2 Stability and Effect of Repeated Cycle

The Roc for the oxygen carriers appear to increase gradually with
increasing number of cycles in reduction and oxidation as shown in Figure
7.18 which is somewhat similar to the activation tendency behaviour
observed in H2 and CO. Moreover, in reduction, the OCs showed an
increasing Roc at an average rate of 1.2 to 1.8% per cycle from the third
cycle and in oxidation, the average rate was 1.3 to 1.8% per cycle from

the second cycle.
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Figure 7.18: Oxygen transport capacity versus no of cycles for the bimetallic
oxygen carriers with zirconia-ceria support for the (a) reduction cycles in 10% CHa
and (b) oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed gas
flow rate of 50 ml/min for the transition from Fe,Os to FeO and from Mn304 to MnO.

Likewise, as shown in Figure 7.13, the OCs showed relatively increasing
maximum rate of mass conversion with increasing number of cycles in
reduction and oxidation. In reduction, the maximum rate of mass
conversion of the OCs increased at average rate of 1% to 7% per cycle
from the third cycle. Similar trend was observed for reactions in H2 and CO

as fuel.
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Again, it is worth noting that M5FZCe5-1050 activation tendency behaviour
observed in CH4 (Figure 7.19) as well as in H2 and CO is a reversal of the
typical progressive reduction behaviour observed for the corresponding OC
with zirconia support (i.e. M5FZ5-1050). Furthermore, Bhavsar et al.
(2014) used only ceria as support for Fe and Mn oxygen carrier
synthesized via incipient wetness technique (impregnation) and observed
that ceria could not maintain the integrity of the bimetallic phase during
redox operation. In this study, the use of combined ceria and zirconia
support appear to have altered the thermodynamics of iron and
manganese oxides, hence the observed remarkable behaviour by the
oxygen carrier. This result is in agreement that ceria can actively
participate and enhance chemical reactions (Galvita et al., 2013). Further

confirmation to this finding will be highlighted in Section 7.5.
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Figure 7.19: Maximum rate of mass conversion versus cycle number for the
bimetallic oxygen carriers with zirconia-ceria support for the (a) reduction cycles in
10% CH4 and (b) oxidation cycles in air at 1173 K, particle size of 75-250 pm and
feed gas flow rate of 50 ml/min for the transition from Fe,Os to FeO and from
Mn304 to MnO.

7.4 Long-Term Recyclability of Bimetallic Oxygen Carrier Supported on
Zirconia-Ceria Support.

In comparison to the investigated oxygen carriers in this batch, the Mn-

rich OC (M8FZCe5-1050) exhibited the highest reactivity. Therefore, this
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particle was further evaluated for long-term operation which involved thirty
consecutive redox cycles presented in Figure 7.20. The co-precipitated
M8FZCe5-1050 oxygen carrier indicates reasonable recyclability with
activation tendency behaviour (Figure 7.20). The result suggests that
addition of ceria as support has promotional effect on the behaviour of the

oxygen carriers.
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Figure 7.20: Long-term recyclability of M8FZCe5-1050 oxygen carrier for the
reduction cycles in 10% CH4 and oxidation cycles in air at 1173 K, particle size of
75-250 ym and feed gas flow rate of 50 ml/min for the transition from Fe,Os to
FeO and from Mn304 to MnO.

7.5 Characterization of Fresh and Reacted Oxygen Carriers

The fresh and reacted particles of the bimetallic oxygen carriers with ceria
and zirconia support were characterized to gain understanding of possible
chemical and morphological transformations in the oxygen carriers. These
analyses are helpful to establish possible structure-activity relationship for
the oxygen carriers. Figures 7.21 to 7.24 show the SEM image of the OCs

at a scale of 20-100 pym. Generally, Mn-rich OCs (M8FZCe5-1050 and
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M6FZCe5-1050) did not form agglomerates regardless of the reacting gas
(Figures 7.21-7.22). Also, M5FZCe5-1050 OC did agglomerate except in
CO (Figure 7.23). On the other hand, the Fe-rich OC form agglomerates in
H2 as well as in CO (Figure 7.24). The larger pores observed in the reacted
particles in CHs4 perhaps provide more active sites for gaseous fuel
oxidation and thus contributes to the very high reactivity observed in CH4

compared to H2 and CO.

FRESH REACTED

Figure 7.21: SEM images of the unreacted polished M8FZCe5-1050 particles after
calcination at 1323 K for 2 h and reacted M8ZCe5-1050 particles after five redox
cycles at 1173 K in H;, CO or CHs. The images show particles without

agglomeration.
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FRESH REACTED

M6FZCe5-1050

Figure 7.22: SEM images of the unreacted polished M6FZCe5-1050 particles after
calcination at 1323 K for 2 h and the reacted particles after five redox cycles 1173
K in Hy, CO or CHs4. The images show particles without agglomeration and the
presence of pores after the redox reaction.
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FRESH REACTED

M5F57Ce5-1050

Figure 7.23: SEM images of the unreacted polished M5FZCe5-1050 particles after
calcination at 1323 K for 2 h and reacted particles after five redox cycles at 1173 K
in Hz, CO or CH4. The images show particles without agglomeration and the
presence of pores after the redox reaction in the different gases.
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FRESH REACTED

M3FZCe50-1050

Figure 7.24: SEM images of the fresh M3FZCe5-1050 polished particles after
calcination at 1323 K for 2 h and reacted M3FZCe5-1050 particles after five redox
cycles at 1173 K in H; or CO

The XRD result presented in Table 7.3 revealed that zirconia and ceria
combined to form Zr-rich phase and Ce-rich phase and no separate peak
for either zirconia or ceria was identified by the XRD. However, it does
appear the ceria migrates to the particle surface and participates in the
redox reaction. This was confirmed by SEM-EDX analysis of reacted
M8FZCe5-1050 in H2 presented in Figure 7.25 at 60 pm scale. The
rectangle in the inset image shows the selected EDX inspection field of the
sample. The resulting spectrum reveals the presence of Ce peaks for
spectrum 1 and 2 while negligible Ce peaks were observed for spectrum 3
and 4. This finding could be a contributing factor for the observed effects
on the behaviour of Mn-Fe bimetallic OC with zirconia-ceria support
compared to the corresponding zirconia only supported OC discussed

earlier in this chapter.
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Figure 7.25: SEM-EDX image of reacted M8FZCe5-1050 particle after five redox

cycles at 1173 K in H; and air. The scale bar indicated by the arrow represents 60

pum. The SEM-EDX analysis confirms the presence of Ce particles at the surface of

the composite material.
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Table 7.3: Phase composition of bimetallic oxygen carriers with zirconia-ceria

identified by X-ray Diffraction.

Oxygen carrier

Fresh

Re-Oxidation

M8FZCe5-1050

t-(Zro.g8Ce0.12) 02
c-Ceo.75Zr0.2502
c-MnFe204 Jakobsite

t-(Zro.88Ce0.12) 02
c-MnFe204 Jakobsite
c-CeO2

t- Zro.5Ceo.502

M6FZCe5-1050

t-(Zro.88Ce0.12) 02
c-Ceo.75Zr0.2502
c-MnFe204 Jakobsite
r-Fe20Os Hematite

c-Mn203 Bixbyite
c-MnFe204 Jakobsite
t-(Zro.88Ce0.12) 02
c-Ceo.75Zr0.2502
r-Fe20s Hematite

M5FZCe5-1050

t-(Zro.s8Ce0.12) 02
c-Ceo.75Zr0.2502
c-MnFe204 Jakobsite
r-Fe203 Hematite

r-Fe2O3 Hematite
c-MnFe204 Jakobsite
t- Zr0.5Ce0.502

M3FZCe5-1050

t-(Zro.s8Ce0.12) 02
c-Ceo.75Zr0.2502
c-MnFe204 Jakobsite
r-Fe203 Hematite

Key: t-tetragonal, c-cubic, r-rhombo

7.6 Conclusions

The behaviour of the co-precipitated Mn-Fe bimetallic oxygen carriers with

zirconia-ceria support has been studied and the following conclusions can

be drawn:

1. The co-precipitated technique was found to yield bimetallic oxygen

carriers with high degree of dispersion of the elements; Mn, Fe, Ce

and Zr in the composite material.

2. The oxygen carrier reactivity in the three gases followed the order

CH4> CO> H2: and most of the OCs did not form agglomerates

during the redox reactions.
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5. The Mn-rich sample M8FZCe5-1050 has the highest maximum rate
of reaction in oxidation and reduction in the three gases; Hz, CO
and CHa.

6. Ceria exhibited a promoting effect on the OCs. in comparison to
zirconia-only support, the addition of ceria support enhanced the
performance of the bimetallic OCs and these exhibited activation
tendency behaviour.

7. The use of combined zirconia-ceria reversed the characteristic
progressive decrease in performance observed for M5FZ5-1050

oxygen carrier.
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8 KINETICS OF CO-PRECIPITATED Mn304/Zr0O2

Kinetic studies provide the opportunity to obtain values of Kkinetic
parameters for the determination of rate of reactions at reaction conditions
different from that at which the original measurements were carried out
(Brown, 2001). Hence, one of the main aims of kinetic studies of chemical
reaction is to obtain the rate equation that best describes the extent of
conversion of reactant(s) or of product(s) formation with time as the
reaction progresses. To achieve this, experimentally obtained data are
compared with predicted values derived from theoretical kinetic
expressions. This gives the opportunity to decide which rate equation best
describes the experimental measurements. The study may be at constant
or varying temperature. Thus, kinetic analysis also provides opportunity to
determine the influence of temperature on the rate of reaction (Galwey

and Brown, 1998).

Several factors such as interaction of metal oxide with the support affect
the activation energy for an oxygen carrier. Thus, it is necessary to obtain
the kinetic data for every specific oxygen carrier (Adanez et al., 2012).
Furthermore, very limited kinetic data exist for manganese oxide-based
OCs in literature (Adanez et al., 2012; Zafar et al, 2007). Hence, the focus
of this chapter is to examine the kinetics of the reduction and oxidation
reactions of the most reactive co-precipitated monometallic OC (M5Z5-
1050) obtained from this work using CH4, H2, CO and air respectively as

reacting gases.
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8.1 Kinetic Analysis

Fractional conversion was calculated using TGA data of the second cycle up
to 95% conversion. Microsoft Excel and Prism version 6.00 for Windows
(GraphPad Software) were used to aid data analysis. The fractional
conversion (X) was defined in Section 3.4. The kinetic expression for the

rate of solid-gas reaction can be described by the following equation:

dX
—= = F(XOk(T) (28)

dt
where f(X) is a mathematical function that depends on the reaction model
that describes the chemical or physical properties during the reaction

process, t is the reaction time and k(T) is the reaction rate constant

described by the Arrhenius equation (Equation 29).

k(T) = A,eEa)/RT (29)
where E; is the activation energy, R is the gas constant (8.314 ] K mol?)
and Ao is the pre-exponential factor. The kinetic parameters are calculated
from the slope and intercept of In(k(T)) versus 1/T based on the following

equation.

E,
Ink(T) = — = +In4, (30)

Equation 28 can be integrated analytically for reaction kinetics under
isothermal conditions to yield:

X dx

gXx) = ; m=

kt (31)

where g(X) is an integral mathematical form of the kinetic model.
Different kinetic models have been used to predict OCs conversion time
dependence and operating condition effects on reaction rates. Commonly

cited kinetic models can be categorized as reaction order, geometrical
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contraction, diffusion, and nucleation and growth (Zhou et al, 2014). The
f(X) and g(X) of the models considered in this work are shown in Table

8.1.

Methods used in this work to compare kinetic models to isothermal
experimental data include: Hancock and Sharp (1972) method, and the fit
quality of the fractional conversion versus time curve. The Hancock and
Sharp (1972) approach is based on the nucleation model and is expressed
as

In(—In(1-X)) =lna+nint (31D
where a is a constant that relies on rate of nuclei formation and growth, n
is the kinetic exponent. In(-In(1-X)) was plotted against In t for
experimental data 0.15<X<0.5, such that the value of n, points to the
most suited model. In addition, deviation from straight line indicates multi

step reaction conversion data.

Table 8.1: Rates and integral expressions for basic solid-state kinetic models.

No Kinetic model f(X) g(Xx) n

Reaction order model

K2-0 Second-order (1-X)? a-xX"1t-1 0.83
_yv\-2
K3-O0  Third-order 1-x? (_1{)2)((1 N7 0,70

Geometrical contraction model

2-D (Contracting

C2-D area) 2(1 - x)/? 1-01-X?) 1.11
3-D (Contracting
C3-D volume) 3(1 —X)¥/3 1-1-X)13) 1.07

Nucleation and nuclei growth model

N(n=n) Avrami-Erofe’ev n(1 — X)(=In(1 — X))-D/n (= In(1 - X))/" n

Diffusion model

D3-D 3-D (Jander) (3/2)(1 —X)?3(1 - (1 - X)1/3) 1-@1-X)13)?% 0.54
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The reaction of OCs in the fuel and air reactors is considered as non-
catalytic gas-solid reaction. Gas-solid reactions generally follow
intermediate steps that may involve the following parameters:

e gas diffusion to the porous particle surface through the bulk gas

e penetration and gas diffusion to the surface of the unreacted core

through the product boundary layer
e chemical reaction between the gas and the solid
e adsorption of the gaseous reactants on the solid surface (Zafar et

al., 2006; Adanez et al., 2012).

The kinetic model that explains a heterogeneous or gas-solid reaction is
dependent on the controlling resistance during the reaction. It is therefore
important to ensure that the reaction is chemically controlled and intrinsic
surface reaction determines the overall reaction rate. The measures taken
to achieve this aim are discussed in Section 3.4 and Appendix F. It could
be noted that the estimated theoretical rates of reaction due to external
mass transfer were substantially higher than the observed rates for all
temperatures; which implies that external mass transfer was not
controlling the reaction. In addition, an effectiveness factor close to unity
was obtained for M5Z5-1050 indicating negligible presence of internal
mass transfer resistance. Thus, it could be stated that in this kinetic study,
reaction of reacting gases with the OC at conditions for CLC was

predominantly chemically controlled.

8.2 Statistical Analysis

In statistical analysis and modelling, regression is used to estimate the
relationships among variables and provide a means of predicting the

dependent variable based on one or more independent variables and model
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parameters. This involves fitting a line called the regression model or
equation to the data points that minimize the errors (residuals).
Consequently, on constructing the regression model, it is important to
check the goodness of fit of the proposed model and the statistical
significance of the estimated parameters. Common means of checking for
the goodness of fit and statistical significance include the coefficient of
determination (R-squared), the residual sum of squares (RSS), F-test of
the overall fit and the use of Akaike Information Criterion with correction

(AICc) (Motulsky and Christopoulos, 2003).

The residual sum of squares is the sum of the squares of the vertical
distances (residuals predicted from actual experimental data) of the points
from the curve. RSS provides the degree of discrepancy between the data
and the regression model and provide a means of quantifying the accuracy
of fit of each model. It is usually used as an optimality criterion in model
selection. Thus, a small value of RSS shows a tight fit of the model to the
experimental data. On the other hand, the coefficient of determination
quantifies the goodness of fit. Hence, the coefficient of determination
measures the extent to which the regression measures the total deviations

of the dependent variable (Motulsky and Christopoulos, 2003).

In model selection, the model with more fitting parameters will virtually
always fit the experimental data better (with a lower RSS) than the model
with fewer numbers of free parameters. Also, it is recommended not to use
only R-squared as a basis for model selection (Motulsky and Christopoulos,
2003). Thus, a statistical approach is needed to better decide if there is
any substantial statistical difference between models fitted to the same
experimental data but having different number of free parameters. The F-

test and AICc are available statistical approach in model discrimination to
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achieve this aim (Motulsky and Christopoulos, 2003; Kletting and Glatting,

2009).

F-test is a commonly used hypothesis-test for determining the most
statistically significant model between versions with varied complexity. It is
based on the difference between the RSS of the two models, the number of
sample data points and the number of free parameters of each model. The
goodness-of-fit and complexity of the models are quantified as the RSS of
the data points from the model and the degrees of freedom respectively.

The F ratio (F) is computed using the following equation.

_ (85, = 55,)/55; 12
dfy = dfz)/df;

where SS is the sum of squares, df is the degrees of freedom, and the

numbers 1 and 2 denote the null (simpler) and alternative (more complex)

models, respectively. The more complex model is accepted as statistically

significant when the F ratio of the two models exceeds Fo.os(df:-df2,df2)

(Motulsky and Christopoulos, 2003; Kletting and Glatting, 2009).

The Akaike Information Criterion with correction (AICc) is a method used in
model selection for comparing models based on information theory. This
method provides the means for measuring the relative quality of each
model for a given set of experimental data and hence determines the most

likely model to be correct. For the case of least square fit, the AICc is

defined as
AIC- = AIC + 2K(K +1) 33
¢ N—K-1
SS
AIC = NlIn <W> + 2K 34

Where N is the number of data points, K is the number of free parameters

fitted by the regression (+1 for the estimated sum-of-squares), and SS is
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the sum of the square of the deviations (between the measurement and
the curve). The model with the smallest value of AICc among the candidate
models is selected as the best model (Motulsky and Christopoulos, 2003;

Kletting and Glatting, 2009; Burnham and Anderson, 2002).

It has been noted that the AICc and F test do sometimes disagree in their
selection of correct model. When the competing models are very similar,
the F test tends to lean towards choosing the simpler model even when the
more complex model is correct. In contrast to the F test, the AICc is
theoretically better justified for the selection of models. Thus, in such
instances, the choice of model is based on the AICc (Ludden, Beal and

Sheiner, 1994; Kletting and Glatting, 2009).

In this work, the experimental data were fitted to the kinetic expressions in
Table 8.1. The models in Table 8.1 include five one-parameter models (K2-
0, K3-0, C2-D, C3-D, D3-D and one two-parameter model (N(n=n)). Also,
there is a further one-parameter variant of the N(n=n) with the n value
constant. The analysis procedure utilized involved selecting the model with
least value of RSS among the one-parameter models and comparing the F
ratio obtained for this model and the two-parameter model with the
corresponding 95% upper quantile of the F-distribution, Fo.os(df:-dfz,df2). If
the F-ratio of the two models is greater than the Fo.05(df:-df2,df2), then the
two-parameter model is selected as statistically significant. The result

obtained is cross checked with the values of AICc computed.

8.3 Reduction Kinetics of M5Z25-1050 Oxygen Carrier in Methane

The effect of temperature on M5Z25-1050 sample in CH4 is shown in Figure

8.1. Figure 8.1 shows that the reactivity of the OC is dependent on
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temperature such that the reactivity increases with increasing reaction

temperature.
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Figure 8.1: Fractional reduction versus time for monometallic oxygen carrier M5Z5-
1050 at 973 K, 1073 K and 1173K for the 2" reduction cycles in 10% CH4 particle
size of 75-250 uym and feed gas flow rate of 50 mil/min for the transition from
Mn304 to MnO.

Applying the Hancock and Sharp (1972) method, the plot of In(-In(1-X))
versus In t for M5Z5-1050 for temperature range 973-1173 K using 10%
CHa4 in conversion range of 0.15<X<0.5 is illustrated in Figure 8.2. The
existence of a linear relationship is evident at the three temperatures
investigated which implies that nucleation and growth process is constant
through the reduction process; that is, constant n values at given reaction
temperatures. This also means that the experimental reaction data for
M5Z5-1050 could be described by a single kinetic model. The values of n
obtained at the different temperatures ranges from 0.81 to 1.58. Models
(from Table 8.1) with suitable kinetic mechanisms associated with these n

values are: K2-O (n=0.83), C2-D (n=1.11), C3-D (1.07), and N (n=n).
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Figure 8.2: Sharp-Hancock plots for monometallic oxygen carrier M5Z5-1050 using
0.15<X<0.5 at 973 K, 1073 K and 1173K for the 2™ reduction cycles in 10% CHg,

particle size of 75-250 ym and feed gas flow rate of 50 mil/min for the transition

from Mn304 to MnO.

Figures 8.4, 8.5 and 8.6 show the fit of the experimental reaction data to

the fractional

reduction conversion versus time curve for each of the

kinetic models at temperatures 973 K, 1073 K and 1173 K respectively.
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Figure 8.3: Curve fitting of experimental data (0<X<0.95) of M525-1050 to various

kinetic models at 973 K for the 2" reduction cycle in 10% CHg4, particle size of 75-

250 ym and feed gas flow rate of 50 ml/min for the transition from Mn304 to MnO.
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Figure 8.4: Curve fitting of experimental data (0<X<0.95) of M5Z5-1050 to various
kinetic models at 1073 K for the 2" reduction cycle in 10% CH4, particle size of 75-

250 pm and feed gas flow rate of 50 ml/min for the transition from Mn304 to MnO.
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Figure 8.5: Curve fitting of experimental data (0<X<0.95) of M5Z5-1050 to various
kinetic models at 1173 K for the 2" reduction cycle in 10% CH4, particle size of 75-

250 pm and feed gas flow rate of 50 ml/min for the transition from Mn304 to MnO.

The parameters obtained for the kinetic models examined are presented in
Tables 8.2, 8.3 and 8.4. All models shown in Tables 8.2, 8.3 and 8.4 are
one-parameter models except for N(n=0.93), N(h=1.15) and N(nh=1.88).
The one-parameter model with the least RSS and highest R-squared was
selected and then compared with the two-parameter model using F-test

and AICc for each of the data sets. The nucleation models [N(n=0.93),
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N(n=1.15) and N(n=1.88)] has the highest values of R-squared and lowest
RSS values. Also, the AICC identifies the nucleation models as the most
statistically significant models. Furthermore, the F-test of the nucleation
model with regards to the other models gave values that are greater than
the 95% upper quantile of the Fisher distribution for the three
temperatures investigated. Therefore, the two-parameter nucleation model
N(n=n) is the most suitable model for describing the reduction behaviour

of M5Z5-1050 at the three temperatures studied.

Thus, the reaction of the OC proceeded through the generation of metallic
nuclei and subsequent increase in the number of nuclei formation during
the incubation period leading to increasing reaction rate. The nucleation
continues with the reaction occurring uniformly over the solid surface and
into the inner core of grains as illustrated in Figure 8.6. This reaction
mechanism is generally typified by a sigmoid curve as illustrated in Figures

8.2, 8.3 and 8.5 (Adanez et al., 2012).
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Figure 8.6: Schematic of nucleation and nuclei growth model (Hossain and de Lasa,
2010)
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The geometrical contraction models (C2-D and C3-D) also show some good
fit to the experimental reaction data at temperature of 1073 K (Figure 8.4)
whereas C3-D had a better fit than C2-D at 973 K (Figure 8.3). This result
is an agreement that nucleation process could be relatively fast at the
temperature ranges for CLC such that the geometrical contraction model
could reasonably fit the same experimental data as the nucleation model
(Szekely et al., 1976; Sedor et al., 2008). Also, the diffusion controlled
model D3-D(Jan) has decreasing quality of fit as the temperature increases
showing a poorer fit to the experimental data and thus not suitable for

describing the reduction reaction behaviour (Figure 8.3, 8.4 and 8.5).

Table 8.2: Parameters from fitting kinetic models to reaction experimental
reduction data at 973 K using 10% CHa4. 95% upper quantile of the F-distribution
Fo.05(df1-df2,df2) = 3.8501 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K
with (min-?t)
N(n=0.93)]
N(n=0.93) 0.0875 0.999 -10138 0.1317
N(n=0.5) 8.6606 0.864 -5191 105385 0.1497
N(n=1) 0.2598 0.996 -8967 2118 0.1301
C2-D 4.0593 0.936 -6007 48824 0.0463
C3-D 2.0449 0.968 -6745 24062 0.0345
K2-0 3.9935 0.937 -6024 48015 0.2506
K3-0 11.7479 0.816 -4862 143336 0.4827
D3-D(Jan) 4.8102 0.924 -5824 58054 0.0114
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Table 8.3: Parameters from fitting kinetic models to reaction experimental
reduction data at 1073 K using 10% CHa4. 95% upper quantile of the F-distribution
Fo.05(df1-df2,df2) = 3.8914 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K

with (min-?t)

N(n=1.15)]

N(n=1.15)  0.0182 0.999 -1752.5 0.6213
N(n=1) 0.1207 0.992 -1394.7 1062 0.6281
N(n=1.5) 0.4205 0.971 -1157.5 4167 0.6114
C2-D 0.1488 0.990 -1354.8 1353 0.2298
C3-D 0.0339 0.998 -1636.0 163 0.1705
K2-0 1.4870 0.897 -917.5 15210 1.1179
K3-0 3.2324 0.776 -770.0 33283 1.9705
D3-D(Jan) 2.1025 0.854 -851.7 21583 0.0525

Table 8.4: Parameters from fitting kinetic models to reaction experimental
reduction data at 1173 K using 10% CHa4. 95% upper quantile of the F-distribution
Fo.05(df1-df2,df2) = 4.1709 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K

with (min™)

N(n=1.88)]

N(n=1.88) 0.0050 0.998 -273.7 2.6851
N(n=1.5) 0.0511 0.984 -201.7 278 2.6690
N(n=2) 0.0085 0.997 -259.1 21 2.6871
C2-D 0.1564 0.952 -165.9 913 1.0308
C3-D 0.2137 0.934 -155.9 1258 0.7410
K2-0 0.7097 0.781 -117.5 4247 3.8609
K3-0 1.0373 0.680 -105.3 6221 5.7556
D3-D(Jan) 0.9907 0.694 -106.8 5940 0.1786

Figure 8.7 shows the plot of In(k(T)) versus 1/T based on the Arrhenius
equation using k values obtained for the nucleation model. The value of

activation energy obtained for the reduction of M5Z5-1050 was 142.8
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KJ/mol and the pre-exponential factor 9.84 X 10*% s'. The activation
energy obtained is somewhat similar to that obtained by Zafar et al.
(2007). The difference in the values could possibly be attributed to the
difference in material investigated (40 wt. % Mn304 on Mg-ZrOz),
temperature range (1073 K - 1223 K), and preparation method (freeze

granulation).
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Figure 8.7: Arrhenius plot for experimental data of M5Z5-1050 at 973 K, 1073 K
and 1173 K for the 2" reduction cycle in 10% CH4, particle size of 75-250 ym and

feed gas flow rate of 50 ml/min for the transition from Mn304 to MnO.

8.4 Reduction Kinetics of M525-1050 Oxygen Carrier in Hydrogen

The Hancock and Sharp (1972) method was also applied for M5Z5-1050
data for temperature range 973-1173 K using 5% H:2 as illustrated in
Figure 8.8. A linear relationship was obtained with values of n ranging from
1.15 to 1.53 for the three temperatures with potential for the nucleation
model N(n=n) and Geometrical contraction model C2-D being suitable

models.

Figures 8.9, 8.10 and 8.11 show the fit of the experimental reaction data
to the fractional reduction conversion versus time curve for each of the
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kinetic models at temperatures 973 K, 1073 K and 1173 K respectively.

The parameters obtained for the kinetic models examined are presented in

Tables 8.5, 8.6 and 8.7. Similar to the reduction reaction in CH4, the two-

parameter nucleation models (N(n=1.61), N(n=1.60) and N(n=1.89) were

the most statistically significant and suitable model for describing the

reduction behaviour of M5Z5-1050 in H2 at the three temperatures studied.
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Figure 8.8: Sharp-Hancock plots for monometallic oxygen carrier M525-1050 using
0.15<X<0.5 at 973 K, 1073 K and 1173K for the 2" reduction cycles in 5% Ha,
particle size of 75-250 ym and feed gas flow rate of 20 ml/min for the transition

from Mn304 to MnO.
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Figure 8.9: Curve fitting of experimental data (0<X<0.95) of M5Z5-1050 to various

kinetic models at 973 K for the 2" reduction cycle in 5% H,, particle size of 75-250

pm and feed gas flow rate of 20 mil/min for the transition from Mn304 to MnO.
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Figure 8.10: Curve fitting of experimental reduction data (0<X<0.95) of M5Z5-

1050 to various kinetic models at 1073 K for the 2" reduction cycle in 5% H,

particle size of 75-250 um and feed gas flow rate of 20 mil/min for the transition

from Mn304 to MnO.
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Figure 8.11: Curve fitting of experimental reduction data (0<X<0.95) of M5Z5-

1050 to various kinetic models at 1173 K for the 2™ reduction cycle in 5% H,

particle size of 75-250 ym and feed gas flow rate of 20 ml/min for the transition

from Mn304 to MnO.
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Table 8.5: Parameters from fitting kinetic models to experimental reduction data at
973 K using 5% Hz. 95% upper quantile of the F-distribution Fg os5(df1-df2,df2) =

3.883 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K

with (min-?t)

N(n=1.61)]

N(n=1.61) 0.0910 0.995 -1769 0.3704
N(n=1.5) 0.1202 0.994 -1708 72 0.3697
N(n=2) 0.3978 0.979 -1437 758 0.3713
C2-D 0.4512 0.977 -1408 890 0.1423
C3-D 0.7305 0.962 -1299 1581 0.1025
K2-0 3.5127 0.818 -942 8458 0.5455
K3-0 5.5070 0.715 -840 13387 0.8246
D3-D(Jan) 5.1950 0.731 -853 12616 0.0249

Table 8.6: Parameters from fitting kinetic models to experimental reduction data at
1073 K using 5% H.. 95% upper quantile of the F-distribution Fg.os(df1-df2,df2) =

3.908 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K
with (min™)
N(n=1.60)]

N(n=1.6) 0.0520 0.996 -1243 0.5396
N(n=1.5) 0.0708 0.995 -1197 56 0.5385
N(n=2) 0.2720 0.980 -987 652 0.5410
C2-D 0.3105 0.977 -966 766 0.2071
C3-D 0.4995 0.963 -892 1326 0.1493
K2-0 2.4079 0.820 -647 6980 0.7928
K3-0 3.7863 0.717 -576 11064 1.1959
D3-D(Jan) 3.5944 0.731 -584 10495 0.0362
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Table 8.7: Parameters from fitting kinetic models to experimental reduction data at
1173 K using 5% H,. 95% upper quantile of the F-distribution Fg.os5(df1-df2,df2) =

3.934 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K
with (min-?t)
N(n=1.89)]

N(n=1.89)  0.0597  0.994 -770 0.7420
N(n=1.5) 0.2007 0.978 -646 241 0.7313
N(n=2) 0.0694 0.992 -756 16 0.7435
C2-D 0.5377 0.942 -543 816 0.2806
C3-D 0.7028 0.924 -516 1098 0.2001
K2-0 2.0474 0.778 -404 3395 0.9907
K3-0 2.9282 0.683 -367 4899 1.4226
D3-D(Jan) 2.9937 0.675 -365 5011 0.0439

The Arrhenius plot using k values obtained for the nucleation model from
Tables 8.5, 8.6 and 8.7 is shown in Figure 8.12. The value of activation
energy obtained for the reduction of M525-1050 in Hz is 32.95 KJ/mol and
the pre-exponential factor 3.623 X 10! s!, As stated earlier in this
chapter, very limited kinetic data exist for manganese oxide-based OCs in
literature. Nonetheless, activation energy up to 96 KJ/mol has been
reported in literature for the reduction of other monometallic oxygen

carriers using Hz as fuel (Adanez et al., 2012).
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Figure 8.12: Arrhenius plot for experimental data of M525-1050 at 973 K, 1073 K
and 1173 K for the 2" reduction cycle in 5% H,, particle size of 75-250 um and

feed gas flow rate of 20 ml/min for the transition from Mn304 to MnO.

8.5 Reduction Kinetics of M5Z5-1050 Oxygen Carrier in Carbon

Monoxide

The Hancock and Sharp (1972) method was also applied for M5Z5-1050
data for temperature range 973-1173 K using 10% CO as illustrated in
Figure 8.13 to obtain linear relationships with n values ranging from 1.38
to 1.58 for the three temperatures with potential for the nucleation model

N(n=n) being the suitable model.

Figures 8.14, 8.15 and 8.16 show the fit of the experimental reaction data
to the fractional reduction conversion versus time curve for each of the
kinetic models at temperatures 973 K, 1073 K and 1173 K respectively.
Tables 8.8, 8.9 and 8.10 show the parameters obtained for the kinetic
models examined. Similar to the reduction reaction in CH4 or Hz, the two-
parameter nucleation models (N(n=1.55), N(n=1.67) and N(n=1.72) were
the most statistically significant and suitable model for describing the
reduction behaviour of M5Z5-1050 in CO at the three temperatures

studied.
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Figure 8.13: Sharp-Hancock plots for monometallic oxygen carrier M525-1050
using 0.15<X<0.5 at 973 K, 1073 K and 1173K for the 2" reduction cycles in 10%
CO, particle size of 75-250 uym and feed gas flow rate of 50 ml/min for the
transition from Mn304 to MnO.
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Figure 8.14: Curve fitting of experimental data (0<X<0.95) of M5Z5-1050 to
various kinetic models at 973 K for the 2" reduction cycle in 10% CO, particle size
of 75-250 ym and feed gas flow rate of 50 ml/min for the transition from Mn304 to
MnO.
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Figure 8.15: Curve fitting of experimental data (0<X<0.95) of M5Z5-1050 to
various kinetic models at 1073 K for the 2" reduction cycle in 10% CO, particle
size of 75-250 ym and feed gas flow rate of 50 mil/min for the transition from
Mn304 to MnO.
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Figure 8.16: Curve fitting of experimental data (0<X<0.95) of M5Z5-1050 to
various kinetic models at 1173 K for the 2" reduction cycle in 10% CO, particle
size of 75-250 ym and feed gas flow rate of 50 mil/min for the transition from
Mn304 to MnO.
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Table 8.8: Parameters from fitting kinetic models to experimental reduction data at
973 K using 10% CO. 95% upper quantile of the F-distribution Fg o5(df1-df2,df2) =
3.93 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K

with (min-?t)

N(n=1.55)]

N(n=1.55) 0.0106 0.999 -1000 0.8676
N(n=1.5) 0.0141 0.999 -972 35 0.8678
N(n=2) 0.2146 0.978 -675 2054 0.8662
C2-D 0.1379 0.986 -723 1281 0.3340
C3-D 0.2586 0.974 -655 2496 0.2430
K2-0 1.7394 0.825 -447 17407 1.3782
K3-0 2.8500 0.713 -393 28589 2.1852
D3-D(Jan) 2.4492 0.754 -410 24554 0.0650

Table 8.9: Parameters from fitting kinetic models to experimental reduction data at
1073 K using 10% CO. 95% upper quantile of the F-distribution Fo.o5(df1-df2,df2) =

4.01 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K

with (min™)

N(n=1.67)]

N(n=1.67) 0.0037 0.999 -565 1.5901
N(n=1.5) 0.0240 0.996 -456 317 1.5905
N(n=2) 0.0587 0.990 -404 858 1.5893
C2-D 0.1409 0.976 -352 2138 0.6136
C3-D 0.2252 0.961 -324 3453 0.4454
K2-0 1.1225 0.806 -230 17433 2.4823
K3-0 1.7613 0.696 -203 27386 3.8875
D3-D(Jan) 1.5505 0.733 -210 24101 0.1175
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Table 8.10: Parameters from fitting kinetic models to experimental reduction data
at 1173 K using 10% CO. 95% upper quantile of the F-distribution Fg o5(dfl-

df2,df2) = 4.01 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K

with (min-?t)

N(n=1.72)]

N(n=1.72) 0.0188 0.997 -469 1.4835
N(n=1.5) 0.0493 0.991 -414 92 1.4807
N(n=2) 0.0574 0.990 -405 117 1.4839
C2-D 0.1741 0.969 -340 471 0.5719
C3-D 0.2641 0.953 -315 744 0.4127
K2-0 1.1112 0.800 -230 3311 2.2160
K3-0 1.6944 0.696 -205 5079 3.3771
D3-D(Jan) 1.5651 0.719 -210 4687 0.1030

The Arrhenius plot using k values obtained for the nucleation model from

Tables 8.8, 8.9 and 8.10 is shown in Figure 8.17. The value of activation

energy obtained for the reduction of M5Z5-1050 in CO is 26.37 KJ/mol and

the pre-exponential factor 4.138 X 10! s'!. As stated previously, there are

very limited kinetic data for manganese oxide-based OCs in literature.

Nonetheless, activation energy up to 75 KJ/mol has been reported for the

reduction of other monometallic oxygen carriers using CO as fuel (Adanez

et al., 2012).
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Figure 8.17: Arrhenius plot for experimental data of M525-1050 at 973 K, 1073 K
and 1173 K for the 2™ reduction cycle in 10% CO, particle size of 75-250 ym and

feed gas flow rate of 50 ml/min for the transition from Mn304 to MnO.

8.6 Oxidation Kinetics of M525-1050 Oxygen Carrier

Similar results to the other reacting gases were obtained for the oxidation
reaction in air. A linear relationship was evident for the Hancock and Sharp
(1972) plot at the three temperatures investigated with values of n
obtained ranging from 1.94 to 3.09 as shown in Figure 8.18. The
nucleation model N(n=n) seems to be the only model with suitable kinetic

mechanisms associated with these n values.

Figures 8.19, 8.20 and 8.21 show the fit of the experimental reaction data

to the fractional oxidation conversion versus time curve for each of the

kinetic models at temperatures 973 K, 1073 K and 1173 K respectively.
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Figure 8.18: Sharp-Hancock plots for monometallic oxygen carrier M525-1050
using 0.15<X<0.5 at 973 K, 1073 K and 1173K for the 2" oxidation cycles in air,

particle size of 75-250 ym and feed gas flow rate of 50 ml/min for the transition

from MnO to Mn304.

1.0
-+« Exp X —N(n=2.26)
X o0.8 . —N(n=2.5) N(n=2)
s —C2-D --C3-D
= —K2-0 ---K3-0
E 0.6 - ---D3-D(Jan)
o
£04 -
=
- 2
8 | 00 =
®0.2
|18
00 *'I'? T T T T T T T T T

0.1 0.2
Time (min)

Figure 8.19: Curve fitting of experimental oxidation data (0<X<0.70) of M5Z5-
1050 to various kinetic models at 973 K for the 2" oxidation cycle in air, particle

size of 75-250 ym and feed gas flow rate of 50 ml/min for the transition from MnO

to MI’I304.
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Figure 8.20: Curve fitting of experimental oxidation data (0<X<0.90) of M5Z5-
1050 to various kinetic models at 1073 K for the 2" oxidation cycle in air, particle
size of 75-250 um and feed gas flow rate of 50 ml/min for the transition from MnO
to Mn30a.
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Figure 8.21: Curve fitting of experimental oxidation data (0<X<0.90) of M5Z5-
1050 to various kinetic models at 1173 K for the 2" oxidation cycle in air, particle
size of 75-250 ym and feed gas flow rate of 50 ml/min for the transition from MnO
to Mn30a.

The parameters obtained for the kinetic models examined are presented in
Tables 8.11, 8.12 and 8.13. The two-parameter nucleation models
(N(n=2.26) was the most suitable model at reaction temperature of 973 K.
At the temperature of 1073 K, the one-parameter model N(n=2.5) and the
two-parameter-model N(n=2.28) had the same AICc values of -157.
Nonetheless, comparison of both models using F test gave a value of 2.6
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which is lower than the 95% upper quantile of the F distribution (value of
4.26). Thus, the one-parameter model N(N=2.5) becomes the winner

model.

At the reaction temperature of 1173, N(n=2) was selected amongst the
one-parameter models having the highest R-squared and lowest RSS and
AICc values. Comparison of N(n=2) and the two-parameter model
(N=1.91) gave an F test value of 4.4 which is lower than the 95% upper
quantile of the F distribution (value of 4.45). This indicated a better
statistical significance for the simpler model N(n=2). Nevertheless,
N(n=1.91) had a lower value of AICc compared to N(n=2). As stated
previously in Section 8.2, in instances where there is a conflict between the
results from AICc and F test, the model with the lowest AICc is selected.
Thus, the nucleation model N(n=1.91) is chosen as the most suitable
model for describing the oxidation reaction of M5Z5-1050 in air at the

temperature of 1173K.

Table 8.11: Parameters from fitting kinetic models to experimental oxidation data
at 973 K using air. 95% upper quantile of the F-distribution Fo.os(df1-df2,df2) =
4.32 for all the cases compared.

F-Test
Models RSS R? AICc [Compared K

with (min-1)

N(n=2.26)]

N(n=2.26) 0.0037 0.997 -193 2.5906
N(n=2) 0.0104 0.993 -173 37 2.5306
N(n=2.5) 0.0087 0.99%4 -177 28 2.6312
C2-D 0.1911 0.867 -106 1051 0.8307
C3-D 0.2103 0.854 -103 1159 0.5768
K2-0 0.3578 0.751 -91 1986 2.3497
K3-0 0.4548 0.684 -86 2530 2.9232
D3-D(Jan) 0.5860 0.593 -80 3266 0.0806
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Table 8.12: Parameters from fitting kinetic models to experimental oxidation data
at 1073 K using air. 95% upper quantile of the F-distribution Fo.o5(df1-df2,df2) =

4.26 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K

with (min?t)

N(n=2.28)]

N(n=2.28) 0.0478 0.985 -157 3.5722
N(n=2) 0.0593 0.982 -154 5.8 3.5445
N(n=2.5) 0.0531 0.984 -157 2.6 3.5964
C2-D 0.3313 0.899 -109 142.2 1.3450
C3-D 0.3877 0.881 -105 170.5 0.9676
K2-0 0.8967 0.726 -83 425.8 5.0072
K3-0 1.2266 0.625 -75 591.3 7.4327
D3-D(Jan) 1.1751  0.640 -76 565.5 0.2371

Table 8.13: Parameters from fitting kinetic models to experimental oxidation data
at 1173 K using air. 95% upper quantile of the F-distribution Fo.os(df1-df2,df2) =

4.45 for all the cases compared.

F-Test
Models RSS R2 AICc [Compared K
with (min™)
N(n=1.91)]
N(n=1.91) 0.0040 0.998 -153 4.7579
N(n=1.5) 0.0351 0.983 -115 133.2 4.7225
N(n=2) 0.0050 0.998 -152 4.4 4.7632
C2-D 0.1058 0.948 -94 435.4 1.8205
C3-D 0.1381 0.932 -89 573.5 1.3120
K2-0 0.4415 0.783 -67 1870.2 6.9261
K3-0 0.6457 0.682 -60 2743.2 10.4314
D3-D(Jan) 0.6054 0.702 -61 2570.9 0.3245

Figure 8.22 shows the Arrhenius plot using k values obtained for the

nucleation model. The value of activation energy obtained for the oxidation

of M5Z5-1050 in air was 28.83 KJ/mol and the pre-exponential factor
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1.522 s'i. This activation energy is somewhat similar to the 20 KJ/mol

reported by Zafar et al. (2007).
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Figure 8.22: Arrhenius plot for experimental data of M525-1050 at 973 K, 1073 K
and 1173 K for the 2" oxidation cycle in air, particle size of 75-250 um and feed

gas flow rate of 50 ml/min for the transition from MnO to Mn30a.

8.7 Conclusions

The reduction and oxidation reaction kinetics of a promising monometallic
oxide (M5Z5-1050) using CH4, H2, CO and air have been investigated at
isothermal conditions (973-1173 K) using experimental reaction data from
this work. Reaction models that were the most statistically significant and
suitable for describing the reduction and oxidation behaviour of M525-1050
in the reacting gases at the three temperatures studied were selected. The
activation energy and pre-exponential factor were determined for the
reduction and oxidation reactions. Measures were taken to ensure that the
effect of mass transfer resistance was negligible. Thus, these reactions
were chemically controlled and intrinsic surface reaction determined the
overall reaction rates. The diffusion controlled model had poorer fit to the
experimental data and not suitable for describing the reduction and
oxidation reaction behaviour.

195



From the result of the kinetic study, the following conclusions can be
drawn:

e The reduction and oxidation rates were dependent on the reaction
temperatures.

e The nucleation model was the most suitable and statistically
significant model to describe the reduction and oxidation reaction of
the M5Z5-1050 in the reacting gases at all reaction temperatures.

e The values of activation energy obtained for the reduction reaction
using CH4, H2 and CO were 142.8 KJ/mol, 32.95 KJ/mol and 26.37
KJ/mol respectively. Whereas, for the oxidation reaction, the
activation energy obtained using air was 28.83 KJ/mol.

e The values of the activation energy obtained followed the order CH4
> H2 > CO. Generally, it has been reported that activation energy of
oxygen carriers appears to follow the tendency CHs4 > H> > CO

(Adanez et al., 2012).

The understanding gained from this kinetic study is of practical importance

in real CLC application.
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9 CONCLUSIONS AND FUTURE WORK

9.1 Conclusions

Novel research on co-precipitated oxygen carriers based on manganese
oxide and iron oxide with zirconia and zirconia-ceria supports for chemical
looping combustion (CLC) application has been developed. Against the
back drop that only few works have been reported for manganese oxide
and co-precipitated oxygen carriers, this study makes an original
contribution towards bridging this knowledge gap. Moreover, insight into
the fundamental behaviours of the co-precipitated Mn and Fe based OCs
would aid the design and optimization of future materials development for

CLC.

The developed oxygen carriers were evaluated for chemical looping
combustion in terms of reactivity and stability in multicycle tests using
hydrogen, carbon monoxide and methane as fuel. These materials were
evaluated by TGA and characterised by SEM-EDX, XRD, BET and
pycnometer. This study has led to the following conclusions:

1. Application of a well-desighed co-precipitated synthesis technique
yields high performance oxygen carriers for chemical looping
combustion.

2. For the synthesis of Mn and Fe oxygen carriers via co-precipitation,
the effect of mixing order of the precursor chemicals was not quite
significant on the performance of the materials.

3. Generally, the co-precipitated oxygen carriers exhibited very stable
reduction-oxidation operation in hydrogen, carbon monoxide and

methane.
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10.

. The co-precipitated monometallic Mn-oxide and Fe-oxide supported

on zirconia exhibited faster kinetics compared to the corresponding
oxides synthesized via impregnation and mechanical mixing

method.

For co-precipitated Mn-Fe Oxide oxygen carriers, zirconia content
of 44 wt. % is quite sufficient to maintain the mechanical integrity
of the particles during redox reactions compared to zirconia

content of 20 wt. %.

. The use of ceria support enhanced the performance of the Mn-Fe

oxygen carriers and these OCs exhibited activation tendency

behaviour.

. The use of combined zirconia-ceria support for bimetallic Mn-Fe

oxide reversed the characteristic progressive decrease in the

performance of the OC with equimolar composition.

. The nucleation model was the most suitable and statistically

significant kinetic model to describe the redox reaction of the most

reactive OC in the reacting gases.

. The values of the activation energy obtained followed the order CH4

> Hz > CO. The values of activation energy obtained for the
reduction reaction using CH4, H2 and CO were 142.8 KJ/mol, 32.95
KJ/mol and 26.37 KJ/mol respectively. Whereas, for the oxidation
reaction, the activation energy obtained using air was 28.83 KJ/mol
The co-precipitated manganese and iron oxide based oxygen
carriers are promising for chemical looping combustion and could
be optimized to provide a practical alternative to monometallic iron

oxide oxygen carriers which exhibit very slow kinetics.
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9.2 Suggestions for Further Work

This study has demonstrated that co-precipitated manganese oxide and

iron oxide are promising for chemical looping combustion. The following

areas of further investigation could be of interest:

To have more information about phase changes in the co-
precipitated oxygen carriers during the multicycle experiments, it is
suggested that XRD can be used to investigate the residual particles
after the reduction reactions.

Also, the oxygen -carrier particles could be characterized with
respect to strength. Although, crushing strength testing is helpful,
they are far from conclusive. Nevertheless, investigations into the
strength of the co-precipitated oxygen carriers could help to
establish any potential relationship between the crushing strength
and performance of the oxygen carriers.

Additionally, the TGA can be combined with analysis equipment
such as a mass spectrometer to measure the evolved gas
composition during the reduction and oxidation reactions.

In this work, TGA was used as the main equipment for investigating
the reduction and oxidation behaviour of the co-precipitated oxygen
carriers. However, to gain understanding of the fluidizing behaviour
of the co-precipitated Mn-Fe oxygen carriers, these materials could
be investigated in a fluidized bed reactor.

Another interesting study would be the evaluation of the co-
precipitated oxygen carriers’ effectiveness for solid fuel chemical

looping combustion.
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Appendix A: Impact of Order of Mixing of Precursor

Solutions
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Figure A.1: Fractional conversion as a function of time of M5FZ5-1050 showing
impact of order of mixing of precursor solutions for the (a) 4% reduction cycles in
5% H> and (b) 4t oxidation cycles in air at 1173 K, particle size of 75-250 ym and
feed gas flow rate of 20 ml/min for the transition from Fe;03 to Fe and from Mn304
to MnO.
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Figure A.2: Maximum mass based conversion for M5FZ5-1050 showing impact of
order of mixing of precursor solutions for the (a) 4t reduction cycles in 5% H, and
(b) 4t oxidation cycles in air at 1173 K, particle size of 75-250 ym and feed gas

flow rate of 20 ml/min for the transition from Fe,Os to Fe and from Mns0O4 to MnO.
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Appendix B: SEM-EDX Image of Mechanically Mixed

Mn/Fe Oxide with ZrO> Support
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Figure B: SEM-EDX image of mechanically mixed Mn-Fe oxide with ZrO, support,
magnification (5000X).
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Appendix C: Repeatability Runs and Effect of Gas Flows

and Mass of Sample on Rate of Reaction

Repeatability Runs
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Figure C.1: Repeatability runs for M525-450 for the 4t" reduction cycles in 5% H, at
1173 K, particle size of 75-250 ym and feed gas flow rate of 20 ml/min for the
transition from Mn304 to MnO. Coefficient of determination (R2) between the two

curves for the assumption that they are equal is 0.998.
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Figure C.2: Repeatability runs for Mn304 for reduction cycles in 5% H; at 1173 K,
particle size of 75-250 ym and feed gas flow rate of 20 ml/min for the transition
from Mn304 to MnO. Standard deviation = 0.03598 %. Mean Ro = 7.007 %.
Theoretical Ro = 7 %. Percentage Error = 0.51% [Percentage error = standard
deviation/mean) x 100%].
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Effect of Gas Flows and Mass of Sample on Rate of Reaction

Experiments conducted to check the effect of various gas flows and mass
of sample on reaction kinetics (Figures C.3 and C.4) for the oxygen carriers
with the highest rates of reaction. Results indicated that similar reaction

rates were observed with all gas flows and mass of samples.
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Figure C.3: Varying gas flow rate and maximum rate of reaction of M5Z5-1050 for
the 4% reduction cycles in 5% H; at 1173 K, particle size of 75-250 um and feed

gas flow rate of 20 ml/min for the transition from Mn304 to MnO.
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Figure C.4: Varying sample masses and maximum rate of reaction of M525-450 for
the 4% reduction cycles in 5% H; at 1173 K, particle size of 75-250 um and feed
gas flow rate of 20 ml/min for the transition from Mn304 to MnO.
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Appendix D: Calculation of Reactants Loss and Rate of

Conversion of Reactants

Calculations of the quantity of the reactants consumed or loss during the
reaction and the rates of conversion of reactants are shown in this
appendix. Values obtained from these and similar calculations were used in
mass transfer estimations and other related calculations. The OC with the
highest rates of reaction is used in this example calculation. It was shown
that the rates of reaction were not limited by the rate of flow of reacting

gases during the experiments.

Reaction of M525-1050 in H2 gas

The mass of M5Z5-1050 sample used is 20 mg, fraction of Mn304 in sample
is 0.38 and molar mass of Mn3O4 is 229 g/mol. This gives the moles of
Mn304 in sample to be 3.319 x 107>,

Mns04 reacts with Hz in the fuel reactor as follows:

Mn;0, + H, - 3MnO + H,0 D.1
From equation D.1, moles of H2 gas consumed in the reaction is given to
be 3.319 x 10°°.

The net reaction during the reduction of Mn30O4 to MnO in H2 is as shown in
Equation D.2.

2H, + 0, - 2H,0 D.2
Hence, the quantity of Oz gas needed to react with H2 to produce H20 is

=3.319 X 1075x 1/, = 1.659x 1075 mol of 0,

The comparison of the rates of reactants utilized and reactants supplied

during the reduction of M5Z5-1050 in Hz gas is presented below.
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Flow rate of H2 gas supplied = 20 ml/min (or 3.333 x 10”7 m3/s)

Maximum rate of reaction (during conversion of Mn304 to MnO) = 0.4 min!
Concentration of H2 gas supplied during reduction reaction = 5%

Maximum rate of formation (conversion) of Oz from the reduction of Mn304
to MnO is given to be

=1.659 x 1075 x 04/, ymol/s = 1.106 x 107" mol of 0, /s.

Also, the maximum rate of consumption (conversion) of Hz is given to be

=3.319 x 1075 x 04/, ymol/s = 2.212 x 107" mol of H, /s.

The molar concentration of H2 gas supplied to the TGA at temperature of =

298 K and pressure of 101.3 KPa is given by:

P

n

V RT
(where R is the universal gas constant = 8.314 J K'* mol?, n and V are the
number of moles and volume of gas respectively).
Hence, molar concentration of H2 gas

_101.3x103 /m? = 40.9 mol of H 3
—mmo/m = .7 Mol O z/m

Rate of flow of H2 gas supplied

= 40.9 x 3.333 x 1077 x 0.05 mol/s =6.817 x 107 mol of Hz/s.

Comparison of the ratio of the rate of flow/conversion of reactants (H2)
utilised as a percentage of the reactants (Hz) supplied during the reduction
of M5Z5-1050 is given to be

_ 2212 X 1077

T 6817 x10-7 0.324 or 32.4%.

Thus, the maximum rate of reaction for the reduction of M5Z5-1050 was

not limited by the rate of flow of H2 during the experiment.
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Reaction of M5Z25-1050 in CO

The maximum rate of formation (conversion) of Oz from the reduction of
Mn304 to MnO and the maximum rates of consumption (conversion) of CO
or CH4 were calculated similar to that of H.. The flow rate of CO gas
supplied = 50 ml/min (or 8.333 x 10”7 m3/s) and concentration during the
reduction reaction 10%. The maximum rate of reaction (during conversion

of Mn304 to MnO in CO) = 0.76 min™t.

For the reaction with CO, Mn304 reacts with CO in the fuel reactor as
shown in Equation D.3. Also, the net reaction during the reduction of
Mn304 to MnO in CO is as shown in Equation D.4.

Mn;0, + CO —» 3MnO + CO, D.3
2C0 + 0, — 2C0, D.4
Hence, the maximum rate of consumption (conversion) of CO gas to
produce CO2 equals 6.07 x 107 mol of CO/s.

Also, the maximum rate of formation (conversion) of Oz gas from the

reduction of Mn304 to MnO equals 3.04 x 10~7 mol of 0, /s.

In addition, the rate of flow of CO gas supplied is given to be

= 40.9 x 8.333 x 1077 x 0.1 mol/s =3.408 x 10°® mol of CO/s.

Comparison of the ratio of the rate of flow/conversion of reactants (CO)
utilised as a percentage of the reactants (CO) supplied during the
reduction of M525-1050 is

6.07 x 1077

= m =0.178 or 178%

Thus, the maximum rate of reaction for the reduction of M5Z5-1050 was

not limited by the rate of flow of CO during the experiment.
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Reaction of M5Z25-1050 in CH4

For the reaction with CH4, the flow rate CH4 gas supplied = 50 ml/min (or
8.333 x 107 m3/s) and concentration during the reduction reaction 10%
and the maximum rate of reaction (during conversion of Mn304 to MnQO) =
1.55 min,

MnsO4 reacts with CH4 in the fuel reactor as shown in Equation D.5. Also,
the net reaction during the reduction of Mn304 to MnO in CH4 is as shown
in Equation D.6.

4Mn;0, 4+ CH, » 12MnO + 2H,0 + CO, D.3
CH, + 20, — 2H,0 + CO, D.4
Hence, the maximum rate of consumption (conversion) of CH4 to produce
H20 and COz = 2.98 x 1077 mol of CH,/s and the maximum rate of formation
(conversion) of Oz gas from the reduction of Mn304 to MnO equals 5.97 x

1077 mol of 0, /s.

In addition, the rate of flow of CH4 gas supplied is given to be

= 40.9 x 8.333 x 1077 x 0.1 mol/s =3.408 x 10°® mol of CHa/s.

Comparison of the ratio of the rate of flow/conversion of reactants (CH4)
utilised as a percentage of the reactants (CHs4) supplied during the
reduction of M525-1050 is

_ 298X 1077

= 3208 x10-6 _ 2-087 0or8.7%.

Thus, the maximum rate of reaction for the reduction of M525-1050 was

not limited by the rate of flow of CH4 during the experiment.
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Appendix E: Physical Properties of the Reacting Gases

The physical properties of the reacting gas mixtures were estimated as
shown in this appendix. The physical properties calculated include:

molecular weight, dynamic viscosity, density and diffusivity.
Molecular Weight of the Reacting Gases

The molecular weight of a gas mixture

where:

M; = Molecular weight of i components, and

yi = Mole fraction of i components.

Using Equation E.1, the molecular weights of the reacting gases Hz/Na,
CH4/CO2/N2 and CO/N2 were also calculated to be 30.82 and 28.01

respectively.
Dynamic Viscosity of the Reacting Gases

The dynamic viscosity of a gas at a specified temperature is obtained by
the relation

ATE E2

U=——r"—- :
c D

1+T+ﬁ

where A, B, C and D are correlation coefficients given in Table E.1. T is the

specified temperature in Kelvin (Daubert and Fitzgerald, 1997).
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Substituting for values of temperature and the corresponding correlation
coefficients, the dynamic viscosities of the various reacting gases were

calculated as shown in Table E.2.

Table E.1: Correlation coefficients for calculating dynamic viscosity of gases
[Daubert and Fitzgerald, 1997].

Reacting A B C D
gases
H2 1.7964 x 1077 6.850 x 10! -5.8889 x 10! 1.4 x 10?
N2 6.5593 x 1077 6.081 x 10! 5.4711 x 10! 0
CHa4 5.2553 x 1077 5.901 x 10! 1.0572 x 102 0
CO2 2.1479 x 10 4.600 x 10! 2.9000 x 10? 0
02 1.1010 x 10°® 5.634 x 10! 9.6278 x 10! 0
co 1.1131 x 10°° 5.338 x 10! 9.4722 x 10! 0

Table E.2: Dynamic viscosities of gases at 1173 K and 1 atm.

Dynamic viscosity

at 1173 K and
Gases

1 atm

(Kg/m s)
H> 2.28 x 10°°
N2 4.61 x 10>
CHa 3.12 x 10°°
CO2 4.45 x 10>
02 5.45 x 10°°
Cco 4.48 x 10

The dynamic viscosity of mixture of gases is obtained from Cheremisinoff

(2000) as:
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. Yy MP® E3
" T yMPS

where:

Ui = Dynamic viscosity of ith component

Mole fraction of the ith component, and

Yi
M; = Molecular weight of the ith component.

The dynamic viscosities for the reacting gas mixtures were calculated from

equation E.3 with results shown in Table E.3.

Table E.3: Dynamic viscosities of reacting gas mixtures at 1173 K and 1 atm.

Dynamic viscosity

Reacting at 1173 K and
gases 1 atm
(Kg/ms)
H2/N2 4,58 x 10
CHa4/CO2/N2 4.45 x 10~
0O2/N2z 4.80 x 10~
CO/N2 4.59 x 10°°

Reacting Gas Densities

The density of a gas at temperature, T and pressure, P is given by

P.M o
P=RT '

where:

R = Universal gas constant, 8.314 ]J/Kg K
M = Molar mass of gas, kg/mol

T = Temperature, K

P = Pressure (atmospheric), 1.013 x 10-5 Pa.
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Also, the density of a gas mixture is given by

Pm = Z PiYi E.5

where:

Density of ith component

pi

yi = Mole fraction of ith component.
Using equation E.4 and E.5, the densities of the respective gases and gas

mixtures were computed as shown in Table E.4.

Table E.4: Densities of reacting gas mixtures at 1173 K and 1 atm.

Density at
Reacting 1173 K and
gases 1 atm

(Kg/m?3)

H2/N:2 0.2775
CH4/CO2/N2 0.3201
02/N2 0.2997
CO/N2z 0.2909

Gas Diffusivity (Diffusion Coefficient)

The Fuller-Schettler-Giddings equation was used to obtain the binary

diffusivities of the reacting gases (Fuller, Schettler and Giddings, 1966).

10—7T1.75[ML+ML]0.5
S E.6

Dyp =

pl(E )3+ E )32

where:
Das = Binary gas phase diffusivity of A in B, m?/s

T = Absolute temperature, K
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P = Absolute pressure
Ma, Ms = molecular weight of A and B

(2v)a, (2v)s = Molecular diffusion volumes (given in Table E.5).

Using equation E.6, the binary diffusivities of the reacting gases were

computed as shown in Table E.6.

Table E.5: Diffusion volumes for the reacting gases (adapted from Perry and Green,
1999).

Diffusion
Gases volume
(cm3/mol)
H> 7.07
N2 17.9
CHa4 24.42
CO2 26.9
(O)) 16.6
Cco 18.9

Table E.6: Binary diffusivity for the reacting gases at 1173 K and 1 atm.

Diffusivity

Gases (m?/s)

Hz2/N2 8.37 x 10
CHa4/CO2 1.97 x 10
CHa/N2 2.42 x 10
02/N2 2.28 x 10*
CO/Nz2 2.25x 10
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For the case of CH4 in CO2 and N2 (i.e. more than 2 gas mixtures), the

diffusivity of CH4 in the mixture was obtained by the
expression.
1-y
Dy_mixture = N—;L
i#AD,
where:

ya = Mole fraction of A in gas mixture
yi = Mole fraction of ith component in the gas mixture

Da-i = Binary diffusion coefficient of A in the ith component.

Wilkie (1950)

E.7

Substituting in equation E.7 using values from Table E.6 gave the

diffusivity of CH4 in CO2 and N2 to be 2.28 x 10™* m2/s.
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Appendix F: Mass Transfer Calculations

Mass Transfer Coefficient

A valuable method of modelling diffusive transport is to treat the fluid layer
next to a solid boundary as a stagnant film of thickness. Additionally, it is
taken that all the resistance to mass transfer is located within this
hypothetical stagnant film of thickness (8) and the properties of the fluid at
the outer edge of the film are the same as those of the bulk fluid (Fogler,

2013).

The molar flux of A through the stagnant film has been shown to be

_ Dy

Ny, = v [Cap — Cas] F.1
D
= %CTO [Yag — Yas] F.2

where,
6 = Film thickness
Cas = Concentration at external boundary

Mole fraction at external boundary

YAB

Cas = Concentration at external particle surface

yas = Mole at external particle surface.

Since the magnitude of ¢ is usually unknown, the mass transfer coefficient
is normally used. The mass transfer coefficient, k¢, is the ratio of the

diffusivity, Das to the film thickness, & (Davis and Davis, 2002). That is,

k, = 22 F.3
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Thus, the average molar flux of A, from the bulk fluid to the solid particle
surface is given by
Ny = kc(Cap — Cys) F.4

= kcCro(Yap — Yas) F.5

The maximum rate of external mass transfer of the reacting gas (H2, CO or
CH4) from the bulk gas to the particle surface could be estimated by the
following equation:

7jga5 = T[dIZch(CAB - CAS) = T[dZZJkCCAB F.6

where Cas is the bulk gas concentration of the reacting gas, mol/m?3, Cas is
the concentration of reacting gas on the particle interface, approximate to

zero and dp is a single particle diameter.

Mass transfer correlations have been established to ease the computation
of mass transfer coefficient. The Sherwood number, Sh, relates the mass

transfer coefficient to the particle diameter and its diffusivity.

kcd
Sh=-"? F.7
DAB

where,

kc is the mass transfer coefficient, m/s,

Das = Diffusivity, m?/s.

dp = Particle diameter, m.

The Sherwood number has been correlated to the Schmidt number, Sc,
and the Reynolds number, Re, for flow around spherical particles as shown
in Equation F.8 (Davis and Davis, 2002; Fogler, 2013; Perry and Green,

1999).

1 1
sh =2+ 0.6Re25c3 F.8

232



Equation F.8 is also known as Fréssling correlation.

u
Sc = F.9
PDyp
v
- F.10
DAB
upd
Re = P% F.11
u

where,

u = Dynamic viscosity, Kg/m s
v = kinematic viscosity, m?/s
u = Free stream velocity, m/s.

p = Fluid density, kg/m?3

The mass transfer coefficient and rate of external mass transfer were
computed for the M5Z5-1050 sample (having the highest observed rate of
reaction for each of the reacting gases) using Equations F.6 to F.11 and
data from Appendices D and E. The results obtained are shown in Tables
F.1, F.2 and F.3 below. The average particle size, dp for the 75-250 ym and
300-850 ym sizes are 1.63 X 10 m and 5.75 X 10* m respectively. The
gas velocities at temperatures of 1173, 1073 and 973 K are 4.64 X 1072,
4.24 X 1072 and 3.85 X 102 m/s respectively for reaction in H2 and 1.16 X
10°%, 1.06 X 10' and 9.62 X 102 m/s respectively for reaction in CO and

CHa. Particle densities are shown in Tables 3.1, 3.2 and 3.3 of chapter 3.
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Table F.1: Observed maximum rate of consumption (conversion) of H; and
computed mass transfer coefficient and rate of external mass transfer for M5Z5-

1050 at various temperatures and particle sizes.

Oxygen Reaction Mass Rate of Observed
carrier temperature transfer external maximum rate
(K) coefficient mass of consumption
Kc (m/s) transfer (conversion) of
ruz (mol/g.s) H2 (mol/g.s)
-2 -5
M5Z5-1050 900 10.63 3.85x 10 1.11 x 10
(75-250 ym 800 9.11 3.60 x 102 7.80 x 10
ticle si
particle size) 700 7.69 3.35x 102 5.37 x 10
M525-1050
(300-850 ym 900 3.10 3.17 x 1073 1.03 x 107

particle size)

Table F.2: Observed maximum rate of consumption (conversion) of CO and
computed mass transfer coefficient and rate of external mass transfer for M5Z5-
1050 at various temperatures and particle size of 75-250 ym.

Rate of Observed
. Mass .

Reaction external maximum rate

Oxygen transfer .
! temperature . . mass of consumption

carrier coefficient .
(K) Ke (m/s) transfer (conversion) of
€ rco (mol/g.s) €O (mol/g.s)

900 3.03 2.19 x 102 2.09 x 10>

M575-1050 800 2.60 2.06 x 102 2.34 x 10°°

700 2.20 1.92 x 102 1.40 x 10

Table F.3: Observed maximum rate of consumption (conversion) of CHs4 and
computed mass transfer coefficient and rate of external mass transfer for M5Z5-

1050 at various temperatures and particle size of 75-250 ym.

B O Observed
. Mass external .

Reaction maximum rate

Oxygen transfer mass .
gt temperature . . of consumption

carrier coefficient transfer .

(K) (conversion) of
Kc: (m/s) FcHa CHa (mol/g.s)

(mol/g.s) 4 2

900 3.06 2.22 x 102 1.07 x 10

M5Z75-1050 800 2.63 2.08 x 102 2.86 x 10

700 2.22 1.94 x 102 1.33 x 10
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From the results shown in Tables F.1, F.2 and F.3, it can be observed that
the rates of external mass transfer are significantly higher than the
experimental value of the maximum rate of consumption (conversion) of
the respective reacting gases. Similar values were obtained for other cases
not shown. It could also be noted that increased particle size reduced the
mass transfer coefficient proportionally as expected, though not reduced to
the extent of imposing external mass transfer limitations. Thus, it can be
concluded that the experiments conducted are free of external mass

transfer limitations.

Effectiveness Factor

Mass transfer effect on heterogeneous reaction mean that the average
reaction rate throughout a particle under isothermal conditions will almost
always be less than it would be if there were no mass transfer limitations.
The relative importance and relationship between diffusion and reaction
limitations is defined by the effectiveness factor which ranges from 0 to 1
(Satterfield, 1970; Klaewkla, Arend and Hoelderich, 2011). Thus,

effectiveness factor (n) could be defined as:

Actual (observed) reaction rate

n F.12

Reaction rate assuming no diffusion

For the first-order irreversible reaction for a spherical particle, the
effectiveness factor has been derived to be

3(@coth® — 1)
n=—-o

7 F.13

where, ¢ is the Thiele modulus.

Thiele modulus represents the ratio of reactivity over diffusivity of the

reacting species. A plot of effectiveness factor against Thiele modulus for a
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spherical particle is shown in Figure F.1. It was shown that as the particle
size reduces, the value of Thiele modulus decreases and the effectiveness
factor approaches unity resulting in the reaction rate becoming much lower
than the diffusion rate. Hence, the surface reaction becomes the rate
determining step. Conversely, at high values of Thiele modulus, the
reaction rate is fast compared to the diffusion rate and the reaction is
diffusion limited (Fogler, 2013; Klaewkla, Arend and Hoelderich, 2011;
Satterfield, 1970). A general criterion for mass transfer in heterogeneous
reactions is that, diffusional limitations are considered negligible for n =

0.95 (Satterfied, 1996).

1.0
0.8

0.6

0.4

Sphere, zero order

0.2
Sphere, first order

Sphere, second order /

0.1 | | | L1 1 |

Effectiveness factor, 1

1 2 4 6 810 20 40
Thiele modulus, og
Reaction
10 <«— Rate
08 x\\l_|m|ted
06 |- Ir_1terr_13|
Diffusion
0.4 L + Limited
=
0.2
0.1 L L1 \

Figure F.1: (a) Effectiveness factor plot for nth-order kinetics on spherical catalyst
particles (Satterfield, 1970). (b) First-order reaction indicating reaction rate limited
and diffusion rate limited regions of the effectiveness factor against Thiele modulus

plot (Aris, 1965).
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The effectiveness factor can be readily obtained from the reaction rates of
different particle sizes under identical conditions (Satterfield, 1970),
(Fogler, 2013). For two particles sizes represented by the subscripts 1 and
2 (large particle size represented by subscript 1 and small size 2), the
particle radii are Rrz and Rrz, Thiele modulus ¢: and ¢2, observed rates of

reaction r; and rz2, and effectiveness factors n: and n2, then,

Ry = 2 F.14
Rp; @,
rZRPZ _ Q)ZCOth oz - 1 F 15

rlRPI - Q)lcoth ol - 1

The values of n: and n2 can then be obtained by solving the simultaneous
equations expressing n: as a function of ¢: and n2 as a function of ¢. The
Thiele modulus and effectiveness factor for some of the OCs are as shown

in Tables F.4 and F.5.

Table F.4: Thiele modulus and effectiveness factor for oxygen carriers with high
zirconia content at different particle sizes. Large particle size: 300-850 pm; small

particle size: 75-250 pm.

Thiele modulus Effectiveness

facto
Oxygen (9 r (n)

carriers Small Large Small Large
particle particle particle particle

M5Z5-1050 H2 0.32 1.13 0.99 0.92

F5Z5-1050 H> 0.63 2.21 0.97 0.78

M5FZ5-1050 H2  0.264 0.935 0.99 0.95

M2FZ5-1050 CO 1.52 5.31 0.87 0.45

From the computed results in Table F.4, it can be observed that the single
oxides OCs with small particle size have low values of Thiele modulus and

effectiveness factors that are close to unity indicating the absence of
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internal mass transfer limitations. Similar values were computed for the
mixed oxide OC with high zirconia content which shows absence of internal
mass transfer limitations in both the small and large particle sizes. This
was not the case with M2FZ5-1050 with lower Mn content in the two

particle sizes.

Table F.5: Thiele modulus and effectiveness factor for oxygen carriers with low
zirconia content at different particle sizes. Large particle size: 300-850 um; small

particle size: 75-250 pm.

Thiele modulus Effectiveness

fact
Oxygen (#) actor (n)

carriers Small Large Small Large
particle particle particle particle

M8FZ2-1050 H> 0.78 2.75 0.96 0.70

M6FZ2-1050 H> 2.15 7.60 0.79 0.34

M5FZ2-1050 H> 1.77 6.26 0.84 0.40

M3FZ2-1050 H> 3.15 11.14 0.65 0.25

M2FZ2-1050 H2 1.02 3.61 0.94 0.60

M3Fz2-1050 CO 2.45 8.68 0.74 0.31

On the other hand, from the results in Table F.5, all OCs with low zirconia
content show some level of internal mass transfer limited reaction in both

particle sizes except M8FZ2-1050 with higher Mn content.

The rate of solid-gas reactions usually decreases with time as a result of
deactivation of the active components leading to loss of reactivity. One
category of deactivation mechanism is sintering. Deactivation by sintering

occurs when there is reduced reactivity as a result of loss of active surface
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area. The loss of the active surface area may be as a result of onset of
agglomeration leading to closure of internal pores and subsequently
limiting the internal mass transfer process from the external surface to the
internal pore surface (Klaewkla, Arend and Hoelderich, 2011; Rahaman,
2015 and Fogler, 2006). The result from material characterization (SEM
images) after reactivity show that M2FZ5-1050 and the OCs with low
zirconia content with exception of M8FZ2-1050 formed agglomerates in CO
and H: as reacting gases (see section 5.3). The agglomeration of these

OCs resulted in the internal mass transfer limited reaction.

Overall, it can be concluded that the single oxide OCs and mixed oxide OCs

with high zirconia and Mn contents in the small particle size range are free

of internal mass transfer limitations in the experiments.
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Appendix G: Brunauer—Emmett—Teller (BET) Surface

Area and Isotherms

Table G.1: BET surface area and BET parameters for OCs using Krypton sorption at

77.4 K in a Micrometrics ASAP 2420 Accelerated Surface Area and Porosimetry

System.
BET surface area BET Correlation
Samples A parameter . .
(m?/g) coefficient
(©)
M6FZ5-1050 0.408 £ 0.001 22.52 1.0000
M8FZ5-1050 0.272 £ 0.001 13.99 0.9999
M3FZ5-1050 0.940 + 0.005 41.37 0.9999
M2FZ5-1050 0.388 + 0.002 22.40 0.9999
M8FZCe5-1050 0.091 £ 0.002 11.87 0.9985
M6FZCe5-1050 0.189 + 0.001 53.09 1.0000
M5FZCe5-1050 0.180 £+ 0.003 27.32 0.9988
M3FZCe5-1050 0.097 £ 0.001 8.94 0.9996
M5ZCe5-1050 0.237 £ 0.005 19.31 0.9984
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Figure G.1: Krypton adsorption isotherm for M6FZ5-1050.
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Figure G.2: BET surface area plot for M6FZ5-1050 using a relative pressure (P/Po)
between 0.05-0.3 with nine data points.
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Figure G.3: Krypton adsorption Isotherm for M6FZCe5-1050
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Figure G.4: BET surface area plot for M6FZCe5-1050 using a relative pressure
(P/Po) between 0.05-0.3 with nine data points.
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