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Abstract

In chemical looping combustion, the combustion reaction is split into two sub-reactions linked by metal
oxide oxygen carriers to transfer oxygen from the air to the fuel. The oxygen carriers play a crucial role
in chemical looping processes and must maintain high performance during extended redox cycling at
high temperatures. The preparation of mixed metal oxides (MMOs) via the calcination of layered double
hydroxide (LDH) precursors has been shown to achieve a high degree of dispersion of active metal
oxide within the support due to the high degree of mixing of metals in the LDH structure. In this thesis,

CuO-based oxygen carriers derived from LDHs for chemical looping processes were evaluated.

Novel CuO-based oxygen carriers supported on Al,O3 and MgAl,Os were developed by tuning the
synthetic chemistry of the LDHs prepared via co-precipitation at constant pH. The choice of co-
precipitating agent was found to significantly affect the morphology of the LDHs and the dispersion of
active CuO in the aluminate support phase in the MMOs. The oxygen carriers supported on MgAl,O4
showed much higher rates of oxygen release and re-oxidation and higher chemical stability than those
supported on Al,Os. The co-precipitation pH was determined to be an important parameter for tuning
the mechanical properties of the MMOs. An increase in co-precipitation pH from 9.5 to 11 was found
to decrease the porosity and increase the crushing strength of the MMOs. The higher-strength MMOs

demonstrated near-constant conversion over extended redox cycling in a fluidised bed reactor.

For design, accurate knowledge of the intrinsic kinetics of the oxygen release reaction of the oxygen
carriers is needed to scale up chemical looping reactors. The oxygen release kinetics were determined
using an adapted effectiveness factor-based kinetic model. An activation energy of 51 + 3 kJ mol™' was

calculated using an Arrhenius expression, which agreed well with values reported in the literature.

The formation mechanism of the Cu-Mg-Al LDHs was investigated by varying the co-precipitation pH
value. The diameter and height of the LDH platelets and porosity of the bulk material were observed to
generally decrease with increasing pH, except for LDHs synthesised at pH 10. The large LDH platelet
diameters synthesised at pH 10 were attributed to an interplay of supersaturation, thermodynamic and
electrostatic factors. The more porous MMOs synthesised at pH 9, 9.5 and 10 showed much higher rates

of oxygen release than the less porous materials synthesised at pH 10.5, 11 and 11.5.

In this thesis, the LDH-MMO design strategy was shown to be effective for the development of CuO-
based oxygen carriers with extremely high chemical stability and tuneable mechanical properties. The
structural diversity of LDHs enables versatile combinations of metal ions to be highly dispersed in their
structure, which could inspire the development of highly stable oxygen carriers for many emerging

chemical looping processes.
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Chapter 1

Introduction

1.1 Problem statement

Scientists have established a clear correlation between climate change and the significant increase of
greenhouse gases (GHGs) in the atmosphere since the start of the industrial revolution.' Climate change
is a substantial global environmental problem that has far-reaching consequences for life on this planet.
Despite international agreements to reduce GHG emissions, such as the Kyoto Protocol and the Paris
Agreement, anthropogenic emissions of all major GHGs have continued to increase (Figure 1-1b). In
its latest report in 2023, the Intergovernmental Panel on Climate Change (IPCC) warned that global
GHG emissions must peak between 2020 to 2025, fall by 45% by 2030 and reach net zero by 2050 to
limit global warming by 1.5°C above pre-industrial levels.? The timeline for these reductions positions
the 2020s as the critical decade for implementing effective climate measures. The world is not currently
on track to achieve the necessary reductions and meeting the 1.5°C limit will require immediate and

decisive action to curb emissions.

Carbon dioxide, CO,, from fossil sources is the largest source of GHGs, accounting for 64% of all GHG
emissions in 2019 (Figure 1-1a).” The energy sector is an integral part of modern society. Historically,
fossil fuels have been widely used because they are cheap, readily available, reliable and have a high
energy density. Governments globally have also heavily subsidised fossil fuels to support energy
security and affordability.>* The IPCC publishes regular assessment reports to identify pathways to
reduce GHG emissions and limit the extent of climate change.'”° Strategies to reduce CO, emissions
include energy efficiency improvements and developing low-carbon energy technologies, such as

renewable energy sources, nuclear power, as well as carbon capture and sequestration/storage (CCS).
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Figure 1-1: Global net anthropogenic GHG emissions (Gtcoz,eq yr~) 1990-2019. (a) shows aggregate
annual global net anthropogenic GHG emissions by GHG from 1990 to 2019. The fraction of global
emissions for each GHG is shown for 1990, 2000, 2010 and 2019; as well as the aggregate average
annual growth rate between these decades. At the right side of (a), GHG emissions in 2019 are broken
down into individual components with the associated uncertainties (90% confidence interval) indicated
by the error bars. (b) shows global anthropogenic emissions individually for the period 1990-2019,
normalised relative to 100 in 1990. Shaded areas indicate the uncertainty range. Adapted from IPCC®.

Figure 1-2 shows a breakdown of the United Kingdom (UK) electricity generation by fuel source. From
2011 to 2021, the share of UK electricity generated from renewable sources rose from 4 to 24%,” in
line with the global average of 28.4%.® Despite the increase in renewable capacity, it is unlikely that
renewable energy will completely replace fossil fuel-based energy in the medium term due to the
flexibility that dispatchable fossil fuel-based power generation provides the electricity grid.” However,
the remaining fossil fuel-based power generation must be low-carbon. CCS is an option for
decarbonising fossil fuel-based generation, where CO, is captured from the process flue gas and
concentrated to be transported via pipeline or shipping to a storage site where it is stored in a subsurface
geological formation. Bio-energy with CCS (BECCS) is an emerging technology where CCS-enabled
power generation plants are fuelled by biomass.'” The biomass consumes atmospheric CO, and locks
in carbon as it grows, which is released when it is combusted to generate power. In BECCS, the released
CO; is captured and stored, resulting in potentially overall negative emissions depending on the
emissions intensity of the biomass source.'" The cost of CCS largely depends on the scale and CO»

concentration of the process flue gas.'? Expected costs for power generation are US$ 50 — 70 per tonne
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of CO, for CO, capture and US$ 5 — 20 per tonne of CO; for transport and storage.'? Capturing CO; is
the costliest part of the process, and research is focused on reducing this cost to make CCS a more
economically viable option for climate change mitigation. The UK government has recently committed
to an industrial CCS cluster deployment programme for CCS."* The strategy groups CO,-intensive
industries into geographical clusters to develop shared transportation and storage infrastructure to lower
the overall risks and costs associated with CCS. In its latest spring budget in 2023, the UK government
has also pledged to invest up to £20 billion over the next 20 years to deliver four carbon capture, usage
and storage (CCUS) clusters to capture 20 to 30 MtCO, yr'! by 2050.'* The significant investment shows

that CCS remains a relevant strategy for industrial decarbonisation and climate change mitigation.
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Figure 1-2: Share of UK electricity generation by fuel source, 2000-2021." Other renewables includes
stations burning biomass (e.g. wood), landfill gas and sewage sludge.

The three main approaches for CO; capture are post-combustion capture, pre-combustion capture and
15,16

oxy-fuel combustion:

6) Post-combustion capture involves capturing CO; from a flue gas after fuel combustion.
Post-combustion capture technologies include chemical absorption, physical adsorption
and membrane separation.

(i1) Pre-combustion capture involves capturing CO; before fuel combustion. Typically, the fuel
is converted to syngas via steam reforming or partial oxidation and CO; is removed from
the syngas using chemical absorption, physical adsorption and membrane separation.

(iii) Oxy-fuel combustion involves combusting the fuel in an atmosphere of pure oxygen or
oxygen and recirculated flue gas rather than air. This produces a nitrogen-free flue gas with
a high CO; concentration, which can be captured and stored. The oxygen used for oxy-fuel

combustion is typically produced using a cryogenic air separation unit.
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A major limitation of conventional CO, capture methods is the significant energy penalty associated
with separating CO, from a diluted (i.e. containing nitrogen) process stream or producing oxygen from
cryogenic distillation for oxy-fuel combustion and pre-combustion capture.'” An alternative approach
for CO; capture is chemical looping combustion.'® Chemical looping combustion involves splitting the
combustion reaction into two sub-reactions linked by an oxygen carrier, a solid metal oxide typically
based on a transition metal, to transfer oxygen from the air to the fuel. The fuel is not combusted in the
presence of nitrogen; therefore, the combustion products, steam and CO», are undiluted (i.e. nitrogen-
free) and a pure stream of CO, can be obtained through simple condensation. Compared to other CO,
capture technologies, chemical looping combustion has the significant advantage of lower process
efficiency penalties because the total heat evolved over the two reactions is the same as conventional
combustion, with inherent CO, capture.'”” Chemical looping processes have also been applied to

processes beyond combustion to produce low-carbon hydrogen and chemicals such as ammonia.?

The oxygen carriers play a crucial role in chemical looping processes and must maintain high
performance during extended redox cycling at high temperatures. One major challenge of chemical
looping combustion is to achieve complete fuel conversion when solid fuels are used.'” A variant of
chemical looping combustion is chemical looping with oxygen uncoupling,?' where the oxygen carriers
release gaseous oxygen in the presence of fuel to improve the combustion and CO» capture efficiencies
of the process.”” Oxygen carriers for chemical looping with oxygen uncoupling must have suitable
thermodynamics for oxygen release at relevant temperatures. To date, over 11000 h of operation has
been achieved in small-scale chemical looping combustion pilot facilities, with over 70% of the
operational time using synthetic oxygen carriers as opposed to natural/waste materials.'® An evaluation
of recent reviews assessing the progress in the development of oxygen carriers for chemical looping
applications identified the following key research needs:*2°
1) Design and synthesise synthetic oxygen carrier materials with desired properties for
chemical looping processes, e.g. resistance to sintering and agglomeration,
(i1) Obtain a better understanding of the structure-property relationships of oxygen carriers,
(i)  Enhance the long-term reactivity, cyclability and mechanical properties of oxygen carrier
materials over long-term redox cycling, and
(iv) Exploration of preparation methods for the large-scale production of oxygen carriers with

a high dispersion of active metal oxide within an inert support.

This PhD project has focused on these challenges by developing CuO-based oxygen carriers derived

from layered double hydroxide precursors for chemical looping processes.
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1.2 Project aims and objectives of the research project

The general aim of this research project is to evaluate the potential of CuO-based oxygen carriers
derived from the calcination of layered double hydroxide precursors. The following experimental

objectives were specified:

e Develop novel CuO-based oxygen carriers supported on Al,O3; and MgAl,O4 by tuning the
synthetic chemistry of the layered double hydroxide precursors prepared via co-precipitation at
constant pH.

e Assess the chemical, thermal and mechanical stabilities of the oxygen carriers over long-term
redox cycling in a thermogravimetric analyser and a laboratory-scale fluidised bed reactor.

e Model the intrinsic kinetics of the oxygen release reaction of the oxygen carriers to aid with the
scale-up of chemical looping reactors.

e Investigate the formation mechanism of the Cu-Mg-Al layered double hydroxides by varying
the co-precipitation pH value during co-precipitation.

o  Assess the effect of the pH value during co-precipitation on the structure of the layered double
hydroxides and oxygen carriers, as well as the performance of the oxygen carriers in chemical

looping processes.

1.3 Structure of the thesis

This thesis is comprised of eight chapters.

Chapter 2 provides a literature review of chemical looping processes for power generation with
inherent CO» capture and the desired characteristics of oxygen carriers in terms of their thermodynamic
properties and thermal, mechanical and chemical stability requirements over long-term redox cycling.
The chapter then provides an overview of oxygen carrier materials, including the most commonly used
transition metal oxides and their typical performance characteristics and more novel materials, such as
combined metal oxides and non-stoichiometric materials (e.g. perovskites). The chapter also compares
common preparation methods of oxygen carriers, highlighting layered double hydroxides as a
promising design strategy for producing oxygen carriers for chemical looping processes. A review of
common preparation methods used to synthesise layered double hydroxides is included to identify key

synthesis parameters and their effect on the characteristics of layered double hydroxides.

Chapter 3 introduces the main experimental procedures and apparatus used throughout the thesis for
material synthesis, characterisation and testing. The general operating conditions are provided in this

chapter, with the specific conditions for each investigation supplied in the relevant chapters.

23



Chapter 4 investigates the introduction of Mg into the Cu-Al layered double hydroxide system
prepared via co-precipitation using different molar ratios of Cu:Mg:Al and different co-precipitating
agents. A range of characterisation methods was used to investigate the structure and properties of the

layered double hydroxides and oxygen carriers.

Chapter 5 reports the results of the thermal, chemical and mechanical stability tests of the oxygen
carriers. Experiments were carried out in a thermogravimetric analyser and fluidised bed reactor to
assess the long-term performance of the oxygen carriers. The materials were also characterised after

cycling to investigate the effect of redox cycling on the material characteristics.

Chapter 6 models the intrinsic kinetics of the oxygen release reaction of the oxygen carriers using an
effectiveness factor-based model. The kinetic model was modified for the oxygen release reaction and
accounts for the internal mass transfer resistance of the oxygen carriers and the mass transfer resistances

of the measurement system.

Chapter 7 investigates the effect of co-precipitation pH on the material characteristics of Cu-Mg-Al
layered double hydroxides. The layered double hydroxides were co-precipitated for 300 min using an
automated co-precipitation rig that was used to supply a constant flow rate of the metal solution to a
reaction vessel, with the alkaline solution flow rate varied to maintain a constant pH. A range of material
characterisation techniques was used to explore the changes in layered double hydroxide structure
during synthesis at different co-precipitation pH values. The effect of co-precipitation pH on the

performance of the oxygen carriers was also investigated using a thermogravimetric analyser at 900°C.

Chapter 8 summarises the overall conclusions and suggests areas for future work.
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Chapter 2

Literature review

2.1 Introduction

This chapter provides an overview of chemical looping processes for power generation with inherent
CO; capture. The processes were initially developed for gaseous fuels and later adapted for solid fuels.
Solid-fuelled processes often exhibit poor performances using conventional oxygen carriers, requiring
oxygen carriers with special properties to overcome these limitations. In this chapter, the desired
characteristics of oxygen carriers are presented in terms of their thermodynamic properties and thermal,
mechanical and chemical stability requirements over long-term redox cycling. Additionally, safety and
environmental risks are briefly considered. The chapter then provides an overview of oxygen carrier
materials, including traditional transition metal oxides and their typical performance characteristics, and
more novel materials, such as combined metal oxides and non-stoichiometric materials (e.g.
perovskites). Due to their low cost and high availability, oxygen carriers derived from natural ore
sources were considered and compared to higher-cost synthetic oxygen carriers. The chapter also
compares common preparation methods of oxygen carriers, highlighting layered double hydroxides
(LDHs) as a promising design strategy for producing mixed metal oxides (MMOs) for chemical looping
processes. A review of the preparation methods used to synthesise LDHs is included to identify key

synthesis parameters and their effect on the characteristics of LDHs.
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2.2 Chemical looping processes
2.2.1 Chemical looping combustion

The fundamental chemical looping concept was demonstrated by Lewis et al. in 1951%

and patented by
Lewis and Gilliland in 1954%® for the production of pure CO, by contacting a carbonaceous fuel (e.g.
methane, coke or natural gas) with a CuO oxygen carrier in a fluidised bed reactor (FBR) at
temperatures between 800 and 1000°C. The reduced oxygen carrier was withdrawn, re-oxidised with
air back to CuO in a separate air reactor and then returned to the fuel reactor (Figure 2-1). Later, Richter
and Knoche proposed a fuel oxidation reaction scheme to reduce the irreversibility of the conventional
combustion process (higher exergetic efficiency).”” The reaction scheme separated the conventional
fuel combustion reaction into two intermediate redox reactions linked by a metal oxide oxygen carrier.

The process was later named chemical looping combustion (CLC) by Ishida et al. in 1987°° and was

first suggested as an option for efficient CO; capture in 1994.°!

From Figure 2-2, research in CLC has accelerated since the early 2000s, driven by the growing interest
in CCS technologies for climate change mitigation. Compared to other CO> capture technologies, CLC
has a significant advantage in terms of process efficiency penalties because the total heat evolved over
the two reactors is the same as conventional combustion and CO; capture is inherent to the process.
Although initially developed for power decarbonisation, the chemical looping reaction scheme has also
shown potential for areas beyond combustion, including hydrogen production, methane reforming and

the production of chemicals such as methanol, ethylene and ammonia.***

CO, = Depleted Air
Condenser COz " HzO

Air
Fuel Reactor Reactor
Me O
U x y-1 U
Fuel Air

Figure 2-1: The CLC process, where Me.O, and Me.0O,.; denote the oxidised and reduced oxygen

carrier, respectively.
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Figure 2-2: Annual publications containing the keyword “chemical looping” since 2000. Data from
Clarivate Web of Science. © Clarivate 2023. All rights reserved. The decline in publications for 2022
could be related to the impact of the COVID-19 pandemic.

A general scheme of the CLC process is shown in Figure 2-1. The reactor system is typically based on
two interconnected reactors: an air reactor and a fuel reactor. In the fuel reactor, the fuel reacts with the
oxygen carrier to produce CO; and H,O. The oxygen carrier, typically based on a transition metal oxide,
is a critical part of the process and is used to cycle oxygen between the air and fuel reactors, preventing
direct contact between the fuel and air. Since nitrogen dilution is avoided, a pure stream of CO, is
obtained after simple steam condensation, demonstrating the main advantage of CLC over other CO»
capture technologies. The reduced oxygen carrier is then reoxidised in the air in the air reactor and
recirculated to the fuel reactor to complete a cycle, or “loop”. Two interconnected FBRs is the most
commonly proposed reactor configuration for CLC,* although chemical looping systems based on

fixed** and moving bed reactors® have also been proposed.

The CLC process is highly fuel flexible. Early research focussed on gaseous fuels, e.g. natural gas and
syngas, since these fuels are straightforward to use and can be easily introduced to the system with the
fluidising gas.****>? The current challenges for the scale-up of CLC technology for gaseous fuels are a
lack of dynamic modelling, the need for highly reactive and stable oxygen carriers over long-term redox
cycling and operating the system under pressure (1-3 MPa*’) to increase the net electrical efficiency of
the process using a combined cycle.*' ™ The use of liquid fuels is a more recent development, driven

by limited studies reported on heavy fuel oils and heavy vacuum residues produced during crude oil
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refining.** ¢ In the medium-long term, coal is expected to remain a key global energy source and coal-
fuelled CLC could play a role in future CO,-restrictive energy scenarios.*’ Most types of solid fuels
have been studied, including hard coals, pet cokes, solid wastes and biomass.?"*** Biomasses are
generally more reactive than coals and the combination of bioenergy with CCS, or BECCS, has been
identified as essential to keep the rise in global temperature below 2°C above pre-industrial
levels.” Combining bioenergy and CCS opens up the possibility of power generation with negative

emissions, i.e. decreasing the atmospheric concentration of CO, while producing power.

Solid-fuelled CLC can be further classified depending on whether the fuel is directly or indirectly

introduced to the reactor:

Indirect: the solid fuel is converted to an intermediate syngas which is then combusted in a
CLC unit developed for gaseous fuels. An external gasification unit and air separation unit are

required to produce the syngas because the syngas must be free of nitrogen.”’

Direct: the solid fuel is introduced directly to the fuel reactor. This approach is further classified
based on the behaviour of the oxygen carrier: in-situ gasification CLC (iG-CLC) and chemical

looping with oxygen uncoupling (CLOU).

The direct solid fuel option is preferred because it avoids the energy penalty for producing oxygen and

the capital costs associated with the gasification and air separation units required to produce the syngas.

2.2.2  In-situ gasification chemical looping combustion (iG-CLC)

The iG-CLC reaction scheme is shown in Figure 2-3. The solid fuel is added directly to the fuel reactor,
where it is devolatilised to produce volatile matter, char and ash (reaction (2-1)). The char is then
gasified by reactions (2-2) or (2-3) depending on whether CO, or steam is used as the gasifying agent,
respectively. Direct reduction of the oxygen carrier by the volatile matter and gasification products
(mainly CO and H>) occurs via reactions (2-4) and (2-5). The reduced oxygen carrier is then transported

to the air reactor, where it is re-oxidised via reaction (2-6).
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Figure 2-3: iG-CLC fuel reactor scheme. Coal is used as a representative solid fuel, adapted from

Adanez et al.™®
Solid fuel — Volatile matter + Char + Ash (2-1)
Char (mainly C) + CO, — 2CO (2-2)
Char (mainly C) + H,0O — H, + CO (2-3)
Volatile matter + Me, O, — Me, O, + CO + H, (2-4)
CO +H; + 2Me, Oy — 2Me, Oy + CO, + H,0 (2-5)
2Me,Oy.; + O, — 2Me, Oy (2-6)

Reaction (2-5) is very fast at high temperatures, and fuel gasification (reactions (2-2) and (2-3)) is

generally considered to be the rate-limiting step in the fuel reactor.'*

If char gasification is incomplete,
some char will be transported to the air reactor with the reduced oxygen carriers. In the air reactor, any
unconverted char will react with air to produce CO; that cannot be captured, reducing the overall CO»
capture efficiency of the process. The higher volatile content of biomasses in comparison to high-rank
coals is advantageous in this respect because a greater proportion of the fuel can directly reduce the

oxygen carrier through reaction (2-4).
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A carbon stripper has been proposed to separate any unconverted char exiting the fuel reactor from the
oxygen carriers and feed it back to the fuel reactor.*** Unreacted volatiles and gasification products
have also been observed at the outlet of the fuel reactor in bench- and pilot-scale studies, indicating
incomplete combustion.”>”® An oxygen polishing step has been suggested to convert these unburnt
products to CO, using highly concentrated oxygen.”’® However, these additional downstream
processing steps can significantly increase the cost of CO, capture.”” To overcome these challenges
related to incomplete fuel conversion, research has shifted towards using materials with oxygen

uncoupling capabilities.

2.2.3  Chemical looping with oxygen uncoupling (CLOU)

Since its proposal in 2009 by Mattisson et al.,*' the CLOU process has become a significant research
area within the chemical looping community. This approach involves the release of gaseous oxygen
from the oxygen carriers at high temperatures, which can react directly with the char and volatiles in
the fuel reactor. In comparison, in iG-CLC, lattice oxygen in the metal oxide oxygen carriers reacts

indirectly with the char via its gasification by-products.

H,0/CO,

/ N\

O Volatiles .
Ash ]

Char

0,

Coal

Reduced
Oxygen
Carrier

Oxygen
Carrier

Figure 2-4: CLOU fuel reactor scheme. Coal is used as a representative solid fuel, adapted from

Adanez et al.>®

The CLOU reaction scheme is shown in Figure 2-4. As with iG-CLC, the solid fuel is devolatilised in
the fuel reactor to produce volatile matter and char (reaction (2-7)). Combustion of the volatiles and
char occurs through reactions (2-9) and (2-10), respectively, using the gaseous oxygen released by the
oxygen carriers with suitable thermodynamics for CLOU (reaction (2-8)). The reduced oxygen carrier

is then transferred to the air reactor, where it is re-oxidised via the reverse of the reaction (2-8).
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Solid fuel = Volatile matter + Char + Ash (2-7)

2Me, Oy <> 2Me, Oy 1 + O, (2-8)
Volatile matter + O, — CO, + H,O (2-9)
Char (mainly C) + O, — CO, (2-10)

2.2.4  Comparison of iG-CLC and CLOU processes

Oxygen carriers with CLOU capabilities have been shown to significantly improve the performance of
CLC units using solid fuels. A key advantage of CLOU over iG-CLC is the large reduction of oxygen
carrier and fuel residence times because the fuel conversion rates are much higher with gaseous
oxygen’; this is particularly useful for low-reactivity fuels. Combustion efficiencies close to 100% and
lower oxygen carrier inventories than equivalent iG-CLC units have also been reported.”> The steam
requirement to the fuel reactor and carbon stripper for gasification can also be avoided using CLOU
and recirculated CO, can be used as the sole fluidising gas.!’ Pérez-astray et al. carried out a
comparative study of biomass-fuelled CLC under both iG-CLC and CLOU modes.” The tar species
and concentrations at the fuel reactor outlet were extremely different under the two combustion modes.
For the same process conditions, the amount of tar generated under iG-CLC was significantly higher
and of a different type than was found in CLOU. The findings were attributed to the release of gaseous
oxygen by the CLOU oxygen carriers.

However, the reactor temperatures must be more strictly controlled in CLOU. The thermodynamics of
the oxygen release and re-oxidation reactions for each specific CLOU oxygen carrier constrain the

operating temperatures of the fuel and air reactors.>

Another important consideration is the cost of the oxygen carrier. Oxygen carriers from mineral sources,
such as ilmenite® and industrial waste materials® can be used for iG-CLC, whereas synthetic oxygen
carriers are mainly considered for CLOU, which increases the cost of oxygen carrier production.
Therefore, the cost of the oxygen carrier make-up stream required due to the periodic purging of fuel

ash is also higher for synthetic oxygen carriers, which increases the overall cost of CO; capture.

2.3 Oxygen carrier requirements

Developing oxygen carriers that can withstand extended redox cycling in chemical looping processes

remains a critical challenge to advancing the technology. In a review published in 2016, Nandy et al.*®
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estimated that over 1000 different oxygen carriers had been tested. This number has likely risen to at
least 2000, considering the rise in studies published after 2016 citing the keyword “chemical-looping”

(Figure 2-2). This section will discuss the different requirements of oxygen carriers.

2.4 Thermodynamics

Modified Ellingham diagrams have been used to screen for potential oxygen carrier materials.®' These
diagrams plot the Gibbs free energy of the fuel oxidation and oxygen carrier oxidation reactions against
temperature (Figure 2-5). For a reaction to occur, it must be thermodynamically favourable. Therefore,
the Gibbs free energy of the fuel combustion reaction must have a more negative value than the
oxidation reaction of the metal oxide. Potential oxygen carrier materials were identified by Jerndal et
al. using thermodynamic analyses of different metal oxides with CHs, H, and CO.%* Transition metal

oxides of Cu, Mn, Ni, Fe and Co were identified as the metal oxides with the greatest potential for CLC.
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Figure 2-5: Modified Ellingham diagrams for (a) Mn oxides, (b) Cu oxides, (c¢) Fe oxides and (d) Ni
oxides. Data from FactSage.®
During the initial screening of potential oxygen carriers for basic CLC, the metal oxides CuO, Mn,Os,

and Co304, were found to release oxygen at high temperatures (under atmospheric pressure).

Consequently, these materials were initially deemed unsuitable for CLC, and the use of their reduced
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forms (Cux0, Mn304 and CoO, respectively) was recommended unless the process was performed at
lower temperatures or higher system pressures.®> However, Mattisson and Lyngfelt used this oxygen
release behaviour as the fundamental principle for CLOU.?' Oxygen carriers for CLOU must have
suitable equilibrium oxygen partial pressures (poxq) at relevant combustion temperatures (800 to
1200°C) to release gaseous oxygen in the fuel reactor. This additional thermodynamic requirement
limits the selection of metal oxides for CLOU. Oxygen carriers that release gaseous oxygen are typically
single or mixed metal oxides based on Cu, Mn and Co.?*** The metal oxides CuO, Mn,0;3 and Co3;04

release oxygen via reactions (2-11), (2-12) and (2-13), respectively:

4Cu0 © 2Cu,0 + 0, @-11)
6Mn203 d 4Mn304 + 02 (2-12)
2C050, > 6C00 + 0, 2-13)

The po2eq as a function of temperature for reactions (2-11), (2-12) and (2-13) is shown in Figure 2-6. It
is crucial to select oxygen carriers with the appropriate poxeq for suitable operation of the fuel and air
reactors. If the poaeq is too low, not enough gaseous oxygen will be released for CLOU, and the oxygen
carriers will behave as conventional oxygen carriers for CLC. If the poaeq is too high, excessive oxygen
will be released, requiring a larger oxygen carrier inventory and contaminating the CO, stream from the
fuel reactor with unreacted oxygen. The maximum operating temperature of the air reactor can be
determined from Figure 2-6 for poseq=0.21. For higher po2eq, the oxygen carriers would decompose in
air. Maximum operating temperatures of ~1030, 890 and 830°C were determined for CuO-, Mn,0s-

and Co30s-based oxygen carriers, respectively.

In reality, the outlet oxygen concentration of the air reactor flue gas should be as low as possible to
avoid large gas flows and accompanied thermal losses that reduce the overall plant efficiency.®® An
outlet oxygen concentration of 5% has been set as a target in the literature,* equivalent to an excess air
ratio of 20%, which is comparable to what is used in circulating fluidised-bed boilers.®” The equilibrium
temperature corresponding to this outlet concentration of oxygen determines the maximum operating
temperature of the air reactor. For pozeq= 0.05 bar, maximum operating temperatures of ~960, 825 and
780°C were determined for CuO-, Mn»O;- and Co30s4-based oxygen carriers, respectively, using Figure

2-6.

The maximum operating temperatures of the air reactor using Co3O4- and Mn,Os3-based oxygen carriers

are much lower than the CuO-based system. Therefore, the redox rates of Mn,O3-based oxygen carriers
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have been observed to be much slower than the CuO-system at their respective equilibrium

tempera‘[ures.68
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Figure 2-6: Equilibrium oxygen concentrations of Cu0/Cu0O, Mn;03Mn;04 and CoO/Co304

systems as a function of temperature. Determined using FactSage.®

In addition to stoichiometric metal oxides such as CuO, oxides possessing a perovskite structure have
recently been used for chemical looping processes.®”’? The general crystal structure of perovskites is
AMOs;, where A is an alkaline earth or rare metal cation and M is a transition metal cation. Perovskites
have unique properties where oxygen can be released at high temperatures while maintaining their

crystal structure. For example, the oxygen release reaction for a perovskite, AMOs3:
6
AMO; & AMO;_s + 50, (2-14)

where the oxygen non-stoichiometric coefficient, §, depends on the temperature and the oxygen partial

pressure, poa.

The resulting AMOs_5 structure is stable and contains transition metal cations with mixed valences and
oxygen non-stoichiometry. Further release of oxygen from the perovskite AMO;.s may occur through
the phase transition to a brownmillerite phase, AMO, s+5, depending on the temperature and pO; in the
reactor. The perovskite structure is highly tuneable, and the choice of A (e.g. La and Sr) and M (e.g. Fe,

Cu and Co) can be optimised for different properties, such as pozeq.
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2.4.1 Oxygen capacity

The oxygen storage capacity, Ros, is a critical parameter in the design of CLC units. The Rog determines
the amount of oxygen that can be transported from the air reactor to the fuel reactor. The Ros value
quantifies the amount of oxygen that can be transferred per unit mass of the oxygen carrier (go2/goc).
The parameter can be measured experimentally by calculating the difference between the mass of the
fully oxidised (mox) and fully reduced (myq) oxygen carrier, shown in equation (2-15). For oxygen
carriers with multiple oxidation states, the extent of reduction and oxidation (and hence Ros), depends
on the reactor conditions. The oxygen release capacity, Rog, is the amount of gaseous oxygen that can
be released in the fuel reactor by a CLOU oxygen carrier and is calculated by determining the difference

between mox and the fully oxygen released (mog reicase) OXygen carrier, shown in equation (2-16).

(mox - mred)

0X

Ros = (2-15)

m -m
ROR _ ( 0X m02,release) (2_16)
ox

The oxygen capacities of some commonly used oxygen carriers are shown in Table 2-1. Using oxygen
carriers with high Ros and Ror is advantageous because it enables the transport of a greater amount of
oxygen between the two reactors for a smaller oxygen carrier inventory, thereby reducing the reactor

volumes.
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Table 2-1: Oxygen capacities of commonly studied oxygen carrier systems.

Oxygen carrier system Oxygen capacity
(Oxidised/Reduced) (go2/goc)

CuO/Cu 0.201
CuO/Cu20 0.101
Mn203/Mn304 0.034
Mn203/MnO 0.101
Co0304/Co0 0.066
Fe203/Fe304 0.033
Fe203/FeO 0.100
Fe203/Fe 0.301
NiO/Ni 0.214

2.4.2  Thermal stability

Oxygen carriers with high melting temperatures are needed to avoid the agglomeration of bed particles
during operation. The melting temperature of the oxidised and reduced metal oxides (Table 2-2) should
be above the reactor operating temperature to prevent operational issues. For processes using solid fuels,
it is important to consider any low-melting eutectics that may form due to interactions of the oxygen
carriers with ash species after devolatilisation. These eutectics can occur well below the melting
temperature of the oxygen carrier and cause agglomeration of the bed material.”>" In a fluidised system,
particle agglomeration can cause localised defluidisation, increasing the local bed temperature, which
can trigger more severe melting and further agglomeration.” Garcia-Labiano et al. developed a particle
reaction model to study temperature variations within supported Cu-, Co-, Fe-, Mn- and Ni-based
oxygen carrier particles (40 wt% active material) during redox cycling.” They found a maximum
temperature variation of 15°C for any reaction of any oxygen carrier, although this will depend on
particle size and loading of active metal oxide. The Tammann temperature is the temperature at which
atoms in the bulk exhibit mobility, i.e. the onset of sintering, and is typically approximated as half of
the melting temperature of a material. For CuO, the fuel and air reactors are likely to operate close to
the melting temperature and above the Tammann temperature of Cu oxides. Therefore, effective
stabilisation of the metal oxide is needed to prevent sintering, agglomeration and deactivation of the

oxygen carrier during operation.”’
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Table 2-2: Melting point and Tammann temperature of commonly investigated oxygen

carriers.”®

Melting point Tammann temperature
Material

(°C) ©C)

CuO 1026 526
Cu20 1235 481
Cu 1083 405
Mn203 1080 677
Mn304 1564 919
MnO 1650 1150
Co304 895 455
CoO 1935 970
Fe20s3 1560 1105
Fe3O4 1538 1094
FeO 1420 631
NiO 1955 841
Ni 1452 590

2.4.3  Mechanical stability

In a fluidised CLC unit, particle degradation is caused by a combination of thermal, mechanical and
chemical stresses.””® Thermal stresses result from rapid temperature changes, causing particles to
expand and contract. Mechanical stresses are due to particle-particle or particle-wall collisions.
Chemical stresses occur due to the redox cycling of the oxygen carriers, whereby the lattice structure is
forced to change rapidly.®! To improve the mechanical stability of the oxygen carrier, the active metal
oxide is often combined with an inert support.’**'#? The support material must be inert under relevant
reactor conditions and have high mechanical strength. Commonly used materials to support metal
oxides for CLC include TiO,, SiO», ZrO,, Al,O; and MgAl,04.*® Patzschke used the microhardness of
the support material to evaluate potential improvements to the mechanical stability of the oxygen
carrier.*® The average microhardness of the active metal oxides was ranked as: Cu,O < CuO < NiO <
Mn;04 < Fe304 < Fe;Os. The average microhardness of the inert support was as follows: MgO < TiO;
< Zr0; (CaO stabilised) < SiO> < MgAL,O* < ALOs.
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Increasing the mechanical strength of an oxygen carrier particle can reduce the rate of attrition and
increase the lifetime of the particle,* requiring lower make-up rates and improving process
economics.®® A commonly used screening tool to predict the mechanical performance of an oxygen
carrier in a fluidised system is the single particle crushing strength test.*”® For each test, a force gauge
is lowered on a particle and the final force before the particle fractures is the crushing strength. In
theory, the higher the crushing strength, the greater the stress the oxygen carrier particles can withstand
in the fluidised system. Although this method is easy to use, the results may not accurately represent
the true resistance towards mechanical stresses in-situ because the crushing force is not measured at
relevant reactor conditions, nor in a reacting environment; and the relationship between the mechanical

resistance of a particle and attrition is highly complex.®

Attrition in a fluidised system can occur via a combination of surface abrasion or fragmentation.”
Surface abrasion typically takes place in the dense region of the fluidised bed where the particles are
subjected to friction or collisions at low velocity, generating a lot of very fine particles due to the
wearing of the particle surface. In contrast, particle fragmentation occurs near the gas distributor, where
the collision energy is higher due to the high velocity fluidising gas jets. Attrition can cause a loss of
bed material due to the generation of fines which are elutriated from the reactors. The particle size
distribution of the bed may undergo a significant change, which can affect the heat and mass transfer
coefficients and reaction rates in the reactor.”” The mode of attrition may vary from pure abrasion to

total fragmentation.

The particle breakage mechanism that occurs during single particle crushing measurements is more
representative of the fragmentation mode of attrition than surface abrasion. Attrition rate measurements
using attrition rigs have been shown to provide a better indication of the rate of attrition in an industrial-
scale fluidised system.*” Rydén et al. used a jet cup to measure the attrition resistance of 25 oxygen
carrier materials.*” A jet cup is a device designed to simulate the effects of jet attrition and cyclone
attrition, typically considered to be the two main contributors to mechanical attrition in circulating
fluidised bed combustion.* No strong correlation between single particle crushing strength tests and
attrition resistance measured in the jet cup could be established. However, it was clear that particles that
recorded a crushing strength above 2 N in single particle tests demonstrated a higher attrition resistance

in the jet cup.

2.4.4 Chemical stability

The reactivity of an oxygen carrier affects the solids residence time, oxygen carrier inventory and the
size of the air and fuel reactors.”’ The choice of metal oxide, support and particle preparation method
can influence the reactivity of the oxygen carrier.'”*>* Potential oxygen carriers are often screened

using a thermogravimetric analyser (TGA)*”** or bench-scale FBR’>*® and simulating chemical looping
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conditions by alternating between oxidising and reducing gases at high temperatures. The TGA system
requires only small amounts of oxygen carriers to be produced, while FBRs require larger amounts of
materials but better simulate the actual process conditions and assess the mechanical strength and
reactivity of the oxygen carrier over extended redox cycles. Discontinuous FBR experiments are useful
as initial screening methods; however, tests in pilot plant facilities are required to gain a deeper

understanding of the oxygen carrier performance.”

Unsupported metal oxides have been shown to deactivate quickly during high-temperature operation
due to sintering and agglomeration. Active metal oxides are usually combined with a support material
to improve their chemical stability. The dispersion of an active metal oxide in a support can also provide
a higher surface area for reaction and improve the mechanical stability of the oxygen carrier during
redox cycling. ™' However, some supports may chemically interact with the active material phase,
which can have negative or positive effects on the performance of an oxygen carrier. Figure 2-7 shows
the main interactions between the main metal oxides and support materials commonly reported in the
literature. Studies investigating metal oxides supported by ZrO, or MgAl,O4 generally report limited
interaction between the support and active metal oxide. However, metal oxides supported by TiO», SiO;
or ALLOs tend to show high interaction, leading to the formation of undesired solid-state reaction

products, loss in reactivity and agglomeration at high temperatures.

The chemical interactions between the active metal oxide and the support can have a positive or negative
effect on the performance of an oxygen carrier. For example, one of the most researched oxygen carriers
is CuO supported on Al,O3. However, at high temperatures, the interaction between CuO and Al,O3 can
result in the loss of active CuO through the formation of a CuAl,O4 spinel phase, which is relatively
stable to decomposition under CLOU conditions and reduces the oxygen release capacity of the
particle.”” Conversely, Fe;O3 supported on TiO, can form FeTiO;, which has been observed to enhance
oxygen ion diffusion in the oxygen carrier and increase the oxygen carrier reactivity.”® Therefore, it is
important to have a strong understanding of the support and the metal oxide system to predict the solid
phases that may form within the oxygen carrier and the impact of these phases on the performance and

lifetime of the particle over long-term high-temperature redox cycles.
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Figure 2-7: Interactions of commonly used active phase and support combinations. Each tile
indicates the possible solid-state reaction products and their effect on the reactivity and performance
of the oxygen carriers. Green (or one diagonal line) and red outlines (or three diagonal lines) indicate
good and bad performance, respectively. The performance of the tiles with orange outlines (or two
diagonal lines) depends on the reactor conditions and amount of support incorporated in the oxygen

carrier, adapted from De Vos et al.*

2.4.5 Safety and environmental impacts

It is also important to consider the health, safety and environmental risks of oxygen carriers used in
chemical looping processes. Idziak et al. published a review of the safety and environmental risks of
using Ni-, Co-, Cu-, Mn- and Fe-based oxygen carriers.” The study determined that Ni- and Co-based
materials showed the most significant health risks due to their possibly carcinogenic properties. In
contrast, Fe and Mn-based materials were considered non-toxic and posed little risk. Cu-based materials
had considerably lower risks than Ni and Co, with the greatest risk associated with their impact on

aquatic life.
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2.5 Oxygen carrier materials

Transition metal oxides of Ni, Cu, Co, Fe and Mn have been extensively studied for the development
of oxygen carriers due to their oxygen storage capacities and suitable thermodynamic properties.®>'%
Initially, oxygen carrier development focused on monometallic oxides, but later research focused on
the use of supported single metal oxides, binary metal oxides and non-stoichiometric materials, such as
perovskites. This section provides an overview of the characteristics of common oxygen carrier

materials.

2.5.1 Supported single metal oxides

Copper

CuO-based oxygen carriers have been extensively studied due to their excellent chemical looping
properties, such as high oxygen storage capacities, fast kinetics, a low tendency towards carbon
deposition, low costs and low toxicity.'” In addition, CuO is a CLOU material that can rapidly release
gaseous oxygen through its decomposition to Cu,O at temperatures above 850°C (at atmospheric
pressure), resulting in high fuel conversion rates and CO; capture efficiencies.'” However, CuO-based
oxygen carriers have two major drawbacks, low mechanical strength and a low melting point. These
issues can lead to agglomeration of the oxygen carriers and defluidisation of the bed during
operation.'’"!% Despite the low melting temperature of Cu materials, successful operation of supported
CuO-based oxygen carriers in fluidised systems has been reported for CLOU at 950°C.'* However,
oxygen carriers used in pilot facilities are usually restricted to low loadings of CuO (<40 wt%).'%>1%
To improve their mechanical stability, CuO is often supported on Al,03.''%® However, the active CuO
can react with Al,O; to form CuAl,Os, and upon oxygen release, CuAlO,.'” The formation of CuAlO,
is detrimental to the performance of the oxygen carrier because the rate of re-oxidation back to CuAl,O4

has been shown to proceed much slower than the re-oxidation of Cu,O to CuO.'"?

The addition of Mg to the Cu-Al system has been shown to stabilise the oxygen release capacity by
inhibiting the formation of CuAl;O4 through the preferential formation of a MgAl,O4 support
phase.'””!"" Addnez-Rubio et al. investigated the oxygen release of CuO/MgAl,O4 oxygen carriers

prepared using spray drying in an FBR.'"?

The oxygen carriers exhibited the appropriate characteristics
for CLOU and did not agglomerate during operation. However, a considerable amount of fines were
generated after 40 h of continuous operation. Arjmand et al. produced CuO/MgAl,O4 oxygen carriers
via freeze granulation and reported stable reactivity for CLOU and similarly reported a low crushing
strength of only 0.5 N.'""* Therefore, CuO/MgAl,O4 appears to be a suitable oxygen carrier for the
CLOU process, but improvements in mechanical strength are necessary to improve their lifetime for

use in scaled-up processes.

41



Manganese

Mn,Os-based oxygen carriers are a non-toxic and lower-cost alternative to CuO. However, they have
lower oxygen capacities and generally demonstrate a lower reactivity with fuels than CuO-based
oxygen carriers.*™ In addition, Mn3;O4 can form stable metal oxides with most support materials, such
as AlLO3, SiO; and TiO; (Figure 2-7), that are resistant to reduction and therefore represent a loss of
active material and oxygen release capacity.®”'°*!'* Mn,0;-based oxygen carriers for CLOU have also
shown slow re-oxidation kinetics from Mn3O4 to Mn,0Os at the low temperatures required for full re-
oxidation in the air reactor (Figure 2-6). Mixed oxides of Mn with other transition metals have been

produced to overcome these thermodynamic and kinetic limitations.'"

Iron

Fe,0s is a cheap, abundant, non-toxic and environmentally benign oxygen carrier with a high theoretical
oxygen storage capacity (Ros = 0.30 for reduction to metallic Fe).'"® Fe,Os-based oxygen carriers
undergo three transitions states to metallic Fe, Fe,O3 — Fe304, Fes0s — FeO, and FeO — Fe. The
reduction and re-oxidation rates between Fe,O; and Fe;O4 are generally fast; however, the Fe;Os —
FeO and FeO — Fe transitions are slow.? Therefore, despite having a large potential oxygen storage
capacity, the most common Fe;Os-based redox cycle used for CLC is Fe;O3 < Fe;Os4, with a much
lower R, of 0.04. Serious sintering and rapid deactivation of Fe,Os-based oxygen carriers have been
reported in the literature.''”''® The metal oxide is often supported on Al,0s,'" MgAL,04,'° SiO,,"!
Ti0,*® and ZrO,'** to reduce deactivation over extended redox cycling. Chemical interactions of Fe;O3
with some supports, such as TiO,, have also been shown to produce positive effects.”® However, more
research is required to produce Fe;Os-based oxygen carriers with high loadings of active metal oxide,

high sintering resistance and high redox rates between Fe;O4, FeO and Fe.

2.5.2 Combined metal oxides

Combined metal oxides, e.g. CuMnOQO,, consist of solid solution phases of multiple metal oxides, which
have different thermodynamic and kinetic properties than their individual parent oxides. By tuning the
ratio of metals in the oxygen carrier, mixed metal oxides can overcome some of the limitations
associated with the constituent single metal oxides. Various Mn metal oxides, including Mn-Mg, Cu-
Ni, Mn-Ni and Mn-Fe, have been synthesised and tested.'"* The mixed Mn-oxides were found to
overcome the restrictive low equilibrium temperatures required in the air reactor and enabled re-
oxidation at higher temperatures where the rates are more appreciable.'” In addition, Cu-Mn metal
oxides have also demonstrated good oxygen release kinetics and overcome the stability and low melting
point issues of Cu-based oxygen carriers and the low reactivity of Mn-based oxygen carriers.'** A Cu-
Mn oxide developed by Adanez-Rubio et al. was tested in a 1.5 kW, continuous unit using biomass as
fuel.'” No unburnt compounds were present in the fuel reactor outlet, even at the lowest temperature

studied (775°C), and high CO, capture (>95%) and combustion efficiencies (100%) were achieved with
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no agglomeration. Fe and Mn have been widely studied as single metallic oxides with different support
materials.'*® Fe-Mn binary oxides have been reported with the ability to release gaseous oxygen with
good resistance to impurities such as sulphur.'*” However, X-ray studies of the phase evolution during
redox cycling showed phase segregation during reduction,'?® and the de-alloying of Mn-Fe combined

oxides during cycling reduces the synergistic effect of combining the two metal oxides.''*

2.5.3 Perovskites

Oxygen carriers based on perovskite-type (AMO3) materials have recently been explored in the
literature. These materials are extremely tuneable and can be customised for different chemical looping
applications. Some materials that have been tested in chemical looping processes include those based
on A site metals Ca, La and Sr, e.g. CaMnOs_s'*’ LaFeO;-5,'*" and StFeO;-,""! and it is also possible to
introduce different cations for the M sites, e.g. CaMn;.«Byx (where B = Al, Fe, Co and Ni).”’ Perovskites

can also have multiple metals for both A and M sites, e.g. La;—SrxCoi—yFe,055."*°

The high tunability of perovskite materials means specific properties, such as poxeq and oxygen release
capacity, can be optimised for different chemical looping applications. Lau et al. used in silico screening
to screen 5501 potential materials for chemical looping air separation (CLAS), a variant of CLOU,
which requires materials with high poseq at low temperatures.'** Three perovskite materials were
identified as the most promising candidates based on the perovskite to brownmillerite reaction and were
synthesised and tested for CLAS. SrFeOs;-s demonstrated large and stable oxygen release at low
temperatures (600°C). In future studies, the in-silico screening method could be expanded to include
quaternary and doped perovskite materials. Furthermore, Marek et al. investigated StFeQ;-; for CLC."!
During reduction, SrFeOs;-s was converted to SrO and metallic Fe and converted back to a perovskite
structure SrFeOs-; upon re-oxidation. The material showed remarkably high stability despite the severe
change in structure beyond the perovskite to brownmillerite (SrFeO, s5) phase transition. As a result, the
material demonstrated a much higher oxygen storage capacity than expected. Although more cycles are

required beyond the 30 cycles performed in this study, these results are very promising.

The €10M EU-FP7 SUCCESS (Scale-up of Oxygen Carrier for Chemical Looping Combustion using
Environmentally Sustainable Materials) project focused on the scale-up of manufacturing and
fabrication of two oxygen carriers using large-scale equipment and industrially available raw materials
for use in demonstration-scale (10 MWy;,) CLC reactors.'™ One of the oxygen carriers investigated for
SUCCESS was CaMn;TixO3-5. The perovskites were prepared at lab-scale by mixing stoichiometric
quantities of MnO,, Ca(OH),, MgO and TiO; in deionised water and homogenised using an attrition
mill prior to spray drying. The material prepared at industrial-scale required Ca(OH), to be substituted
by CaCOs; and minor changes to the spray drying process. The industrial-scale oxygen carriers

demonstrated a much lower oxygen release capacity compared to the lab-scale materials and had
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variable crushing strength and density. This was attributed to incomplete mixing, unreactive CaO
remaining in the oxygen carriers and the low purity of the perovskite phase, attributed to an
inhomogeneous calcination temperature.'** Testing in a 10 kW pilot plant found that the fuel conversion
using the industrial-scale oxygen carriers was significantly lower than the lab-scale materials.'** Marek
et al. prepared nearly phase-pure SrFeOs-s material by mechanical mixing of inexpensive Fe,Os and
SrCOs powders followed by calcination.”! The mechanical mixing technique is easily scalable
compared to other synthesis methods for oxygen carrier preparation. However, the SUCCESS project
found that the preparation of these materials at the ton scale was challenging and further optimisation

was required to achieve a homogeneous sintering temperature during calcination.'*

A comparative study of Fe;Os-, CuO-, and SrFeO;-s-based oxygen carriers for CLC of biomass char
determined that the burnout time of 0.1 g char particles at 1168 K followed the trend CuO < SrFeO3-5 <
Fe;05."%° The faster burnout of char using CuO than SrFeQ;-; was attributed to the higher amount of
oxygen released from CuO. Similar burnout times between CuO and SrFeOs-5 were observed when the

amount of CuO was reduced to match the oxygen released from SrFeOs-s.

2.6 Natural ores and synthetic materials as oxygen carriers

Both natural ores and synthetic oxygen carriers have been used in pilot-scale CLC systems. While the
choice of metal oxide in CLC has a substantial effect on the overall efficiency of energy production,
the cost of oxygen carrier replacement can affect the overall economic feasibility of a scaled-up CLC
process.'*® Oxygen carriers must withstand harsh operating conditions, including high temperatures and
impurities from the gaseous and solid fuels used for CLC. The process conditions cause unavoidable
loss of the oxygen carrier due to attrition, deactivation and oxygen carrier-ash separation.”* A trade-off
exists between the use of synthetic oxygen carriers with high fuel conversions, higher costs and often

superior lifetimes and cheaper natural ores that require minimal conditioning.

2.1.1 Natural ores

The use of natural ores as oxygen carriers have been extensively researched due to their availability and
low cost."*"3? These ores contain metal oxides that are naturally bound to other metal oxides in the ore,
such as Al,O3, TiO2 and ZrO,, much like supported synthetic oxygen carriers. As a result, natural ores
are a viable option for low-cost oxygen carriers, as they only require simple pre-treatment steps such as
crushing, sieving and calcination. Natural ores have a lifetime of only a few hundred hours, which is
sufficient considering their low cost. In contrast, synthetic materials are typically much more expensive

and require a significant increase in lifetime to achieve comparable costs to ores.

A literature review of natural Cu ores used in chemical looping processes is presented in Table 2-3.

The primary sources of Cu ore are from China, Chile, Peru and the United States."*” For the Chinese
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ores studied in Table 2-3, sulfuration and flotation are used to increase the Cu concentration in the ore,
converting natural Cu and Fe to CuS and CuFeS, respectively.'*’ A calcination process is used to oxidise
the Cu concentrates to produce the oxygen carrier material. The average composition of the oxygen
carriers based on refined Chinese Cu ore is 21 wt% CuO and 70 wt% CuFe;04, with minor amounts of
6 wt% SiO; and 1 wt% CaSOQs. These oxygen carriers have high theoretical oxygen capacities but

showed poor stability over extended redox cycling due to sintering.

Wen et al. studied three Cu ores using a TGA and FBR.'*' All three Cu ores showed high reactivity and
cyclic stability in a TGA. However, the ores with higher Cu contents experienced severe agglomeration
during operation in an FBR. Despite the lower cost of natural ores compared to synthetic oxygen

carriers, the lower Cu content required for the ore would require a substantial solid recirculation rate

and solid inventories, and hence larger reactors, increasing capital costs.

Table 2-3: Cu ores used as oxygen carriers in CLC systems, adapted from Matzen et al.'’’

Cu content

Material Process Number Performance Reference
(Wt%) of cycles
Chryscolla, Cuprite, CuO: 64.4, CLC: coal and Stable conversion, no agglomeration,
30 Tian et al.'#?
Malachite 15.7, 15 methane, TGA some loss of mechanical strength
CuO: 87.3, CLOU, TGA and Higher Cu content ores
Three copper ores 20 o Wen et al.'!
63.3,5.8 FBR agglomerate, stable reactivity
Refined Chinese Cu0: 21 CLC: coal, TGA and Slight agglomeration and sintering, Zhao et
copper ore CuFex04: 70 FBR stable performance after 1 cycle al.'®
Refined Chinese CuO: 21 CLC: syngas, TGA 18 Decrease in activity stabilises after Yang et
copper ore CuFe204: 70 and FBR 10 cycles al.'®
Refined Chinese Cu0: 21 CLC: pine sawdust, Stable O transport capacity, slight
21 o o Guo ef al.'*
copper ore CuFe04: 70 TGA and FBR sintering, good fluidisation
Refined Chinese Cu0: 21 CLC: coal, TGA and Wang et
Some agglomeration at 950°C
copper ore CuFe204: 70 FBR al. ¥
Refined Chinese Cu0: 21 CLC: syngas with ) Wang et
10 CuzS and FeS formation
copper ore CuFe>Oq: 70 H»S, TGA and FBR al. 14
Refined Chinese Cu0: 21 CLC: syngas and Sintering, decrease of O transport
20 . Tian et al.'¥
copper ore CuFe204: 70 coal, TGA and FBR and methane conversion
Refined Chinese Cu0: 23 Sintering, decrease of Oz transport
CLC: methane, TGA 20 ) Gu et al.14
copper ore CuFeOu: 57 and methane conversion
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2.1.2 Synthetic oxygen carriers

Table 2-4 presents the standard methods used to prepare oxygen carriers in the literature, including
mechanical mixing, impregnation and co-precipitation. The preparation of oxygen carriers involves two
main steps: mixing of the precursors and the formation of particles. Although there has been significant
progress in the development of oxygen carriers, the large amounts of oxygen carriers required for large-
scale continuous CLC reactors require laboratory-scale preparation methods to be suitable for scale-up
without compromising material characteristics. Currently, oxygen carriers prepared using freeze

104150 and impregnation'™ methods have been demonstrated in pilot-scale

granulation,'® spray drying
CLC units (<10 MWy,). The preparation conditions, active metal loading, crushing strength and
performance of synthetic CuO-based oxygen carriers supported on Al,O3 or MgAl,O4 published in the

literature are shown in Table 2-5.

Table 2-4: Common preparation methods used to synthesise oxygen carriers for chemical looping

processes.'>!

Preparation
Principle
method

Mechanical mixing of metal oxide powders, usually carried out in a ball mill. The materials can be
Mechanical mixing formed into oxygen carrier particles through pelletisation or extrusion followed by calcination, or the
milled material can be calcined, crushed and sieved to the desired size fraction.
Mechanical mixing followed by the addition of ~5 wt% of an organic solvent, e.g. isopropanol. The
Mechanical mixing ) ) ) )
) ) slurry is then milled and sprayed through a nozzle into a drying chamber where the droplets dry
with spray-drying
instantaneously.
Mechanical mixing Mechanical mixing of metal oxide powders followed by the addition of ~5 wt% of an organic solvent,

with freeze- e.g. isopropanol. The slurry is then homogenised using a mill and sprayed through a nozzle into liquid

granulation nitrogen, where the droplets freeze instantaneously. The particles are then dried by freeze-drying.

Deposition of an active metal precursor on a support material by immersing an inert support in a metal

salt solution. The mixture is then aged, followed by the removal of the liquid by drying. The material

Impregnation ) ) ) ) o )
may undergo several impregnations to increase the loading before the material is calcined to convert
the impregnated metal salts into metal oxides.
Mixing of a metal cation solution and precipitating agent in a reaction vessel to form a precipitate
Co-precipitation which is then washed and dried. The dried precipitate is calcined, crushed and sieved to the desired

size fraction.
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Table 2-5: Preparation and testing of CuO/Al,O; and CuO/MgAlLO4 oxygen carriers for CLC

and CLOU.
CuO Crushing Process
content Suppo.rt Preparatlonstrength Calc1.n‘at10n Performance Reference
material method conditions (cycles)
(Wt%) N)
CLC (65h), Decrease of crushing strength  Izquierdo et
14 ALOs ™M 2.0 850°C, 1 h
FBR from 3 to 2 N over 60 h al.'?
Initial low reactivity, further Adanez-Rubio
15 ALO3 M 2.5 850°C,6h  CLOU, TGA
decreased over cycling et al. '
Initial low reactivity, further Adanez-Rubio
15 ALOs ™M 4.6 850°C,6h  CLOU, TGA )
decreased over cycling et al.'®
Initial low reactivity, further Adanez-Rubio
33 ALO3 M 3.0 850°C,6h  CLOU, TGA
decreased over cycling et al. '
CLOU (5), Agglomeration at high
42 ALOs M 0.9 950°C,6 h Song et al.'>
TGA temperatures
Adanez-Rubio
80 ALO3 MM 2.6 1100°C,6 h CLOU, TGA Low reactivity 108
et al.
CLC (18),
82.5 AlLO3 CP 3.0 950°C, 2 h FBR No agglomeration Chuang et al.”’
Adanez-Rubio
15 MgALOs IM 2.1 850°C,1h - -
et al.'
Adanez-Rubio
21 MgALOs IM 0.8 850°C,1h - -
et al 1%
CLOU (3), N .
40 MgALOs SD 1.4 1100°C, 4 h FBR No defluidisation Jing et al.'>*
No agglomeration, high Adénez-Rubio
60 MgAL:Os MM-P 1.9 1100°C, 6h CLOU,FBR o
attrition rates (20 h lifetime) et al 1%
No agglomeration, lower )
Adanez-Rubio
60 MgALlOs MM-P 2.2 1100°C, 12 h CLOU, FBR attrition rate (500 h lifetime 103
et al.
predicted)
CLC (34),  No agglomeration, maintain Adanez-Rubio
60 MgALOs SD 2.4 1100°C, 24 h
FBR reactivity et al.'>»
CLC (16), ) Arjmand et
60 MgALOs FG <0.5 1050°C, 6 h No agglomeration
FBR al'"

Footnote: MM = mechanical mixing; MM-P = mechanical mixing following by pelletising by pressure;

FG = freeze-granulation; IM = impregnation; SD = spray-drying
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From Table 2-5, comparison of the performance of oxygen carriers prepared using different synthesis
techniques is difficult due to differences in calcination temperatures and durations, CuO loadings and
testing conditions. However, a few trends were observed from the literature review. The average
crushing strength of the Al,Os-supported oxygen carriers was 2.7 N compared to 1.6 N for the MgA1,0O4
oxygen carriers, which is consistent with the microhardness of the supporting materials. The average
crushing strength for the MgAl,O4 oxygen carriers is below the 2 N threshold recommended by Rydén
et al. for durability in fluidised systems.*” Therefore, additional considerations are needed to increase
the mechanical characteristics of these oxygen carriers. The performance of the Al,Os-supported
materials in FBRs is generally characterised by severe agglomeration and sintering unless low CuO
loadings are used. In comparison, the MgAl,O4-supported materials showed no defluidisation or

agglomeration due to the effective stabilisation of CuO in the inert support.

Chuang et al. compared the performance of three CuO/Al,O3 oxygen carriers for CLC prepared using
mechanical mixing, wet impregnation and co-precipitation synthesis methods.”” The oxygen carriers
prepared via co-precipitation performed significantly better than those prepared by mechanical mixing
and impregnation. The poor performance of the mechanically mixed and impregnated oxygen carriers
was attributed to the poor dispersion of active metal in the support, which resulted in severe sintering
and agglomeration. From Table 2-5, the oxygen carriers prepared by impregnation are often limited to
low loadings. The active metal is generally deposited on the surface of the support rather than the
homogenous dispersion of the active metal in the support observed for co-precipitated materials. The
synthesis pH was found to be a significant synthesis parameter for co-precipitation. The oxygen carriers
derived from co-precipitation at a higher pH value of 9.7 were less porous with higher mechanical
stability than those produced at pH 7.1, which were more porous and had lower strength and showed
poor performance in the FBR. The results of this study highlight the importance of achieving a high

degree of dispersion of CuO within an inert support for the long-term stability of the oxygen carrier.

2.1.3  Preparation of structured oxygen carriers

CuO-based oxygen carriers prepared using traditional synthesis techniques (i.e. those based on
mechanical mixing and impregnation) often fail to provide the high degree of dispersion required to
prevent sintering and agglomeration over extended redox cycling at high temperatures. To overcome
these issues and use the favourable oxygen carrier properties of CuO, researchers have investigated
producing structured oxygen carriers with a high degree of dispersion of active CuO within a stable

support.

Song et al. prepared Cu-Al oxygen carriers from layered double hydroxides precursors synthesised via
co-precipitation.'>® LDHs are a class of two-dimensional nanostructured anionic clays that consist of

brucite-like layers formed of divalent and trivalent metal cations, with the general formula
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[M* LM ((OH)2]x (A™ )xn'yH20, where M?* and M*" are di- and trivalent cations and A™ is the
balancing anion in the interlayer. The use of LDHs as a precursor enabled the homogeneous mixing of
metals at the molecular level, giving a high degree of dispersion of the active material within the support
after calcination. Na originating from co-precipitation leads to the formation of dawsonite, which tends
to react with Al,O3 and form a variety of species (i.e. Na,Al, ) after calcination.'*® Therefore, MMOs
of well-dispersed CuO nanoparticles in an amorphous Na—Al-O support were produced after
calcination. The reactivity and stability of the oxygen carriers were determined over 100 CLOU cycles
in an FBR. The presence of Na was effective in inhibiting the formation of CuAl>O4 due to the formation
of NaAl,O4. Owing to the high dispersion of elements at the molecular level in the LDH precursor and
Na-stabilisation, the active Cu phase in the calcined product remained highly dispersed and showed

strong resistance to sintering.

Further testing of the LDH-derived Na-stabilised Cu-Al oxygen carrier was carried out for CLC of solid
fuels (i.e. cycling between CuO and Cu,0) and gaseous fuels (i.e. cycling between CuO and Cu)."”” The
oxygen carriers demonstrated high thermal stability, which was attributed to the high degree of
dispersion of the active Cu phases in the support. The Na-containing phases stabilised the Cu phases in
the support and inhibited the formation of copper aluminates. However, it remains challenging to
precisely control the content of Na-containing species, which originate from the co-precipitating agent
during co-precipitation. Evaporation of Na at high temperatures would result in a loss of this stabilising
agent, which might cause the material to fail over extended redox cycles. Other LDHs that have shown
successful performance are oxygen carriers derived from Fe-Ni-Al LDHs for chemical looping
gasification'*® and Ca-Fe-Mg LDHs for chemical looping reforming.'> For both cases, the use of the
structured precursor generated oxygen carriers with a fine dispersion of Fe,Os;. The high dispersion of
active metal in a support reduced the prohibitive sintering commonly experienced by Fe,Os-based
oxygen carriers in chemical looping systems.''”'"® The preparation of LDHs is covered in detail in the

next section.

Core-shell structured oxygen carriers have also been developed for chemical looping processes.
Typically used for catalysis,'® core-shell designs are used to limit the sintering of metal oxides by
encapsulating metal oxide cores within an inert or functional support material shell.'® The metal oxide
core acts as a source of lattice oxygen and the shell is designed to prevent direct contact between the
fuels and the core by facilitating lattice oxygen migration through the shell.'*® The shell layer increases
mass transfer resistances, but this can be partially overcome by doping and control of the particle
dimensions, e.g. core size and shell thickness.'®® The core-shell design has been mainly applied to
Fe,0s-based oxygen carriers due to the serious sintering and rapid deactivation reported in the
literature.'''"® Park et al. developed a Fe,O;@SiO; oxygen carrier for CLC using methane.'®* They

observed that the encapsulation of a Fe;Os core by the SiO; shell enhanced the sintering resistance of

49



the oxygen carrier at 700°C in an FBR. Ma ef al. prepared a Fe,O3;@CeO- oxygen carrier with a core-
shell structure and a composite Fe,03/CeO, oxygen carrier as a reference material.'®® They studied the
performance of the oxygen carriers in a fixed bed reactor using steam as the oxidant to produce
hydrogen at 850°C. The Fe,O3@CeO, showed much higher reactivity and hydrogen yields compared
to the composite Fe;03/CeO, oxygen carrier, which was observed to deactivate due to sintering over 15
cycles. A comparison of the Fe,Os crystallite sizes found that the size of the Fe,03/CeQ; increased after
15 cycles. In contrast, the crystallite sizes of Fe,Os; and CeO; in the Fe,O3@CeO; oxygen carrier

decreased, demonstrating the sintering resistance benefits of the core-shell design approach.

For CuO-based oxygen carriers, Xu et al. reported the synthesis of a core-shell ALO3@TiO,-CuO
oxygen carrier supported by Al,O; and stabilised by TiO» for CLC and CLOU.'% Unlike typical core-
shell oxygen carriers reported in the literature, the active metal oxide CuO was in the shell with TiO,
and the core was formed of Al,Os. A modified sol-gel process was used to prepare the oxygen carrier
precursor. Initially, an electrostatic self-assembly process was used to form a core of
Al,O3 microparticles and a shell of TiO; nanoparticles (prepared by flame synthesis technology) by
altering the pH of the solution. Cu nitrate and urea were added to the solution and stirred to form a sol-
gel. The mixture was dried and calcined in air to produce a CuO-based crystalline layer deposited on a
nanostructured shell of TiO,. The final chemical composition of the oxygen carrier was 78 wt% CuO,
17.5 wt% AlL,O3 and 5 wt% TiO,. The oxygen carriers were cycled under CLOU conditions in a TGA
and CLC conditions in an FBR. The oxygen carrier showed high reactivity and oxygen release and
storage capacities over 10 to 15 redox cycles. The TiO, was found to be an effective barrier to prevent
the formation of deleterious CuAl,O4 and CuAlO; and inhibited the sintering of CuO. However,
characterisation of the oxygen carrier post-cycling was carried out on the samples cycled for 15 CLOU
cycles in a TGA and not reported for oxygen carriers cycled for 10 CLC cycles in the FBR. The oxygen
carriers maintained their mechanical strength over 15 cycles in the FBR. However, since CuO is a soft
transition metal oxide, further testing is required to investigate the mechanical evolution of the particles
using Al,Oj3 as the core material instead of the shell. It also needs to be determined if a small amount of
TiO; sufficiently stabilises the CuO shell to prevent agglomeration over long-term redox cycling due to
the low melting temperatures of Cu, Cu,O and CuO. If CuO were used as the core material, then
agglomeration may be prevented by effective encapsulation, but this would result in lower rates of
oxygen release due to the higher mass transfer resistances for gaseous oxygen diffusion from the core

through the shell to the bulk.

2.1.4 Cost

The cost of the oxygen carrier adds to the cost of CO; captured by the process. Lyngfelt and Leckner
investigated the scale-up of CLC to the 1000 MWy, scale and introduced the parameter cost per tonne
of CO, captured caused by the oxygen carrier, CCCoc, given by equation (2-17).>” The cost of safe
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disposal of residues generated during synthesis was not considered, nor was recycling spent oxygen

carriers to recover material.

Coc SI
SE 77C02 tlifetime

CCCq¢ = (2-17)

where CCCocis in € / tonne CO; captured, Coc is an estimated cost of oxygen carrier in € / tonne, SI is
the solids inventory in tonne / MWth, SE is the specific emission of the fuel in tonne CO2/ MW, tiifetime

is the average lifetime of the oxygen carrier, and 7¢, is the CO> capture efficiency

The production of low-cost oxygen carriers is crucial for the scale-up of chemical looping applications.
As shown by equation (2-17), the CCCoc inversely depends on the particle lifetime. Therefore, any
increase in cost due to the synthesis procedure must be compensated by an increase in particle lifetime.
The cost of an oxygen carrier is the sum of several factors, including the cost of the metal oxide, the
inert support, and synthesis method.’” Production costs are lower if pure metal oxides are used; however,
pure metal oxides generally have low reactivity and poor thermal and mechanical stabilities.'™ Abad et
al. found the impact of oxygen carrier cost on process economics depends primarily on the lifetime of
the particles.'®” Ideally, the oxygen carrier would be able to be redox cycled infinitely; however, a
makeup flow of new particles is necessary to compensate for the loss of oxygen carrier by elutriation,
attrition, and fouling during process operation.'®® Abad et al. found a particle lifetime of 300 h (based
on impregnated Fe,03/A>0; and NiO/Al,O3; oxygen carriers) was cost equivalent to the makeup of
amine in a commercial MEA adsorption plant for CO; capture.'®’ In addition, particles with a lifetime
of 100 h were still found to fulfil the target range of $ 20-30 per tonne of CO, avoided, the metric

proposed for CO; capture processes.

The cost of producing the oxygen carrier increases with each additional synthesis step and modification
of the oxygen carrier. For the structured materials, the LDHs are produced via simple co-precipitation,
which is widely applied in research laboratories and industry at large scales to produce precursors for
catalysts and catalyst supports.'®® Materials such as core-shell catalysts have a more complex synthesis
route with more steps and reactants. The synthesis process for the core-shell CuO-based oxygen carrier
supported by Al,Os and stabilised by TiO, oxygen carrier reported by Xu et al. involves a multi-step
sol-gel process.'®® The modified sol-gel process also has multiple temperature, pH and mixing
requirements which may require additional efforts to yield a homogenous oxygen carrier precursor in a
scaled-up synthesis process. The use of TiO, nanoparticles, produced via flame synthesis technology,
used to stabilise the CuO phase would be more expensive than the intrinsic stabilisation of the CuO due
to the LDH structure reported by Song et al., prepared by mixing metal nitrate and alkaline (NaOH and

Na,CO3) solutions at room temperature while maintaining a constant pH.'>
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2.7 Layered double hydroxides

LDHs, also known as hydrotalcite-like compounds, are a class of two-dimensional nanostructured
anionic clays composed of brucite-like layers formed of divalent and trivalent metal cations. The general
formula is [M*" - M**\(OH),]x " (A™ )xn'yH20, where M** could be Mg, Cu, Ni, Co, etc., and M** could
be Al, Fe, Mn etc. and A™ is the charge balancing anion that exists in the interlayer with interlayer
water molecules (Figure 2-8). The chemical composition of the LDH can be represented by the mole
fraction of trivalent cations, x, or the molar ratio of divalent to trivalent cations, M>*/M>*. The value of
x is generally limited to between 0.2 to 0.33 due to Pauling’s rule of cation avoidance, which
corresponds to an M?*/M** ratio of 4 and 2, respectively.'”® Therefore, the most commonly studied LDH
compositions are within this range.'”" Values of x beyond these limits may result in the formation of
metal hydroxide impurity phases. Calcination of the LDHs results in the formation of MMOs which
have shown excellent catalytic properties for many processes due to the high dispersion of metals in the
precursor structure.'’”” The most well-known naturally occurring LDH is the mineral hydrotalcite,
MgsAl,(OH)16CO3-4H,0, and others are shown in Table 2-6. The variety of transition metals that can
be incorporated into the LDH structure make them tuneable for many applications beyond catalysis,
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such as CO; adsorbents'” and as oxygen carrier precursors for high-temperature chemical looping
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processes.
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Figure 2-8: Idealised structure of Cu-Mg-Al LDHs produced using GSAS-IL.""*
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Table 2-6: Chemical formulae of naturally occurring hydrotalcites.'”

Name Chemical Formula
Hydrotalcite MgsAl2(OH)16CO3-4H20
Manasseite MgsAl2(OH)16CO3-4H20
Pyroaurite MgeFea(OH)16C0O3-4.5H20
Stichtite MgsCr2(OH)16CO3-4H20
Takovite NicAl2(OH)16CO3-4H20
Reevessite NicFe2(OH)16C0O3-4H20
Desautelsite MgsMn2(OH)16CO3-4H20

The LDH formation process is highly complex and not entirely understood.'’® Some factors thought to
affect the stability of LDHs include the thermodynamic stabilities and pH of formation of the constituent
metal hydroxides'”” and the synthesis method. The most widely used methods to prepare LDHs are co-

precipitation'”® and urea hydrolysis.'”

2.7.1 Preparation via co-precipitation

Co-precipitation is a simple ‘one-pot’ method used to prepare LDHs by mixing a metal cation solution
containing the chosen M*" and M*" cations with an alkaline solution that contains the desired interlayer
anions. The metal cation solution is generally prepared by dissolving metal nitrate or chloride salts in
water and the alkaline solution usually contains an ionic compound of the anion, e.g. Na,COs. Co-
precipitation is carried out under supersaturation conditions by controlling the pH using a strong base,
e.g. NaOH. If the pH value is too low, then complete precipitation of all metallic cations may not be
possible depending on the solubilities of the metal hydroxides, while a pH value that is too high may
result in the leaching of metallic ions into solution.®®'®! Two co-precipitation methods are used
depending on the method of addition of the strong base, the constant pH method at low supersaturation

conditions and the variable pH method at high supersaturation conditions.

For the constant pH method at low supersaturation conditions, the metal cation solution is added to a
reaction vessel containing the alkaline solution of the desired interlayer anion. A second alkaline
solution containing the strong base is co-added to maintain a constant pH. An alternative scheme of this
process is adding the metal cation solution to a reaction vessel containing water and co-adding an
alkaline solution containing the desired interlayer anion and strong base, e.g. a solution of Na,COs and
NaOH. The flow rate of the alkaline solution is adjusted to maintain a constant pH. LDHs synthesised
using this method have been reported to have high crystallinity due to the low rate of nucleation at low

supersaturation conditions resulting in a high crystal growth rate.'®
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For the variable pH method carried out at high supersaturation conditions, a metal cation solution is
added to a reaction vessel containing an alkaline solution containing the desired interlayer anion and
strong base. The pH of the reaction vessel continuously changes throughout the addition of the metal
ion solution. If the metal cation solution is added to the alkaline solution, the reaction vessel pH
decreases over the synthesis time and is named the decreasing pH method. If the alkaline solution is
added to an acid solution, the solution pH increases and is termed the increasing pH method. Under
high supersaturation conditions, the rate of nucleation is high and a large number of primary LDH
particles are formed with low crystallinity'®*'®3 and the undesired M**/M>" ratio'”® due to the formation

of impurity hydroxide phases.'®

Yun et al. prepared Mg-Al LDHs with a molar Mg/Al ratio of 2, 3 and 4 via co-precipitation at low and
high supersaturation conditions.'®> They reported LDHs with Mg/Al ratios close to their target ratios
for both preparation methods. The LDHs prepared by the variable pH method were smaller, with higher
surface areas and rougher surfaces than the LDHs prepared using the constant pH method. The pore
size distribution of the LDHs also changed with the co-precipitation method. The variable pH materials
reported narrower pore size distributions centred at a pore diameter of ~40 nm, determined using N>
adsorption. In contrast, the materials produced using the constant pH method were larger with smoother

surfaces and broader pore size distributions centred at higher pore diameters (ca. 100 nm).

Table 2-7 provides a summary of the synthesis conditions, observed Mg/Al ratio and XRD phases of
Mg-Al LDHs reported in the literature prepared using the constant pH method. Table 2-8 presents the
effects of some of the main synthesis parameters that affect the final characteristics of the LDHs. The
co-precipitation pH value was found to significantly impact the final Mg/Al ratio of the LDHs. Wang
et al. investigated the LDH formation mechanism prepared using the constant pH method by increasing
the co-precipitation pH value for each synthesis from 6.5 to 14 for Mg-Al LDHs with a target Mg/Al
ratio of 3."% They observed an Mg/Al ratio of 0.6 at pH 7, which increased to 1.5 at pH 8 and 2.3 at pH
9 before stabilising around the target value of 3.1 at pH 10. Between pH 6.5 and 9, the authors observed
the formation of an AI(OH); phase with the Mg®" remaining in the solution. Seron & Delorme
investigated the formation mechanism of Mg-Al LDHs with a target Mg/Al ratio of 3 using the
increasing pH method and measuring the Mg/Al ratio during co-precipitation.'®” Below a pH value of
8.5, they observed the formation of an Al species, likely AI(OH);."** At a pH value of 8.5 they observed
the formation of an Mg-deficient LDH species, which incorporated more Mg until the target Mg/Al
ratio was achieved at a pH of 10. The results of these studies show that the formation mechanism of the
LDHs may depend on the co-precipitation method used. However, regardless of the co-precipitation
method, a co-precipitation pH value close to 10 was necessary for the complete precipitation of Mg-Al

LDHs, as shown in Table 2-7.
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Table 2-7: Preparation conditions and material characteristics of Mg-Al LDHs synthesised via

co-precipitation at constant pH.

Target Observed
Mg/Al Temperature [Metal] [Alkaline] Aglng pH Mg/Al XRD Phases Reference
molar time molar
ratio ratio
2 70 025 1MNaOH* 24 10 2.7 LDH Cheah et al.'®
3 70 0.25 1 M NaOH* 24 10 3.0 LDH Cheah et al.'88
4 70 0.25 1 M NaOH* 24 10 4.0 LDH Cheah et al.'88
2 M NaOH 1
2 40 1 40 10 2.2 LDH Yun et al.'®
NaxCOs**
2 M NaOH 1
3 40 1 40 10 33 LDH Yun et al.'$
NaxCOs**
2 M NaOH 1
4 40 1 40 10 4.1 LDH Yun et al.'¥
NaxCOs**
3 RT 1 3.4 M NaOH* 24 6.5 0.5 Poorly crystalline LDH ~ Wang et al.'%¢
3 RT 1 3.4 M NaOH* 24 7 0.6 Poorly crystalline LDH ~ Wang et al.'%¢
3 RT 1 3.4 M NaOH* 24 8 1.5 Poorly crystalline LDH ~ Wang et al.'$
3 RT 1 3.4M NaOH* 24 9 2.3 LDH Wang et al.'%
3 RT 1 3.4 M NaOH* 24 10 3.1 LDH Wang et al.'%
3 RT 1 3.4 M NaOH* 24 11 3.1 LDH Wang et al.'%
3 RT 1 3.4 M NaOH* 24 12 32 LDH Wang et al.'8
3 RT 1 3.4 M NaOH* 24 13 32 LDH Wang et al.'%
3 RT 1 3.4M NaOH* 24 14 32 LDH Wang et al.'%

Footnote: RT = room temperature; metal and alkaline solutions * added to a reaction vessel containing

Na,COjs solution; ** added to water

Table 2-8: Main synthesis parameters for LDH prepared via co-precipitation

Parameter

Influence

Co-precipitation pH
Temperature

Aging time

Ratio of metal cations

Solution concentration

Degree of supersaturation, formation of pure LDH phase, crystallite size and crystallinity
Crystallinity, impurity phases

Crystallite size and crystallinity

Formation of pure LDH phase

Degree of supersaturation, crystallite size and size distribution
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2.7.2  Preparation via urea hydrolysis

LDHs can also be prepared via urea hydrolysis. This technique is similar to co-precipitation but is
generally considered to be a different preparation method. Urea is a very weak Breonsted base (pKp =
13.8) which gradually hydrolyses in water at high temperatures. The hydrolysis reactions occur through
equations (2-18) to (2-21), where urea decomposes to form ammonium cyanate, which reacts to produce
ammonium carbonate. The process starts at a low pH, and the presence of ammonia and carbonate ions
gradually releases hydroxide ions to raise the pH value to around 7 to 9. Due to the slow release of
hydroxide ions, the precipitation is very finely controlled, resulting in very large and highly crystalline
LDHs.'”!*3-1% The hydrolysis rate is highly temperature sensitive and increases significantly by around
200 times with a temperature increase from 60 to 100°C. Therefore, the release of hydroxide ions and

control of the pH can be achieved by adjusting the temperature.

CO(NH,), —» NH,CNO (2-18)
NH,CNO + 2H,0 — 2NH} + C0%" (2-19)
NH} + H,0 - NH; + H;0% (2-20)
CO%™ + H,0 - HCO3 + OH~™ (2-21)

A summary of the synthesis conditions, observed Mg/Al ratios and XRD phases of Mg-Al LDHs
reported in the literature prepared via urea hydrolysis is presented in Table 2-9. As for the increasing
pH co-precipitation method, LDHs synthesised via urea hydrolysis have been reported to have lower
Mg/Al ratios than their target ratios, indicating incomplete co-precipitation of Mg®". Cheah et al.
prepared Mg-Al LDHs with target Mg/Al ratios of 2, 3 and 4 using the urea hydrolysis and constant pH
co-precipitation methods.'®® The LDHs synthesised at a constant pH of 10 successfully formed LDHs
with Mg/Al ratios close to their target values of 2, 3 and 4. In contrast, LDHs produced via urea
hydrolysis had Mg/Al ratios of 0.9, 0.8 and 1.7 for target Mg/Al ratios of 2, 3 and 4, respectively.
Adachi-Pagano et al. prepared LDHs via urea hydrolysis and observed the formation of AI(OH); during
the early stages of the reaction at low pH values. As the reaction progressed, the pH of the solution
gradually increased and Mg®" was slowly incorporated into the solid hydroxide. The final Mg/Al ratio
was reported to be much lower than the target ratio of 3. As previously discussed, the formation of Al-
rich (or Mg-deficient) LDHs was also observed for Mg-Al LDHs synthesised via the increasing pH co-
precipitation method."*®'®” Therefore, the pH during the early stages of urea hydrolysis is too low for
the Mg?* to be co-precipitated with Al**. Many authors also report that a final pH value of 9 is achieved

using urea hydrolysis. However, from Table 2-9, the final pH after urea hydrolysis is between 7 and 8,
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which is likely too low for the complete incorporation of Mg into the initially formed AI(OH)s, resulting
in LDHs with Mg/Al ratios below their target values.

The solution temperature during urea hydrolysis is an important synthesis parameter as it controls the
rate of hydrolysis to ammonia and carbonate and, therefore, the release of hydroxide ions into
solution.'” A final pH value of 9 is targeted in the literature to precipitate a large range of metal
hydroxides. The solution pH also depends on the urea concentration to metal ion concentration ratio
([urea]/[metal ion]). To investigate this parameter, Zeng et al. prepared Mg-Al LDHs with an Mg/Al
molar ratio of 4 and varied the [urea]/[NOs] ratios from 1 to 6."°° Although the authors did not report
the Mg/Al ratio of the final materials, it could be inferred by the yields. The yields were reported to
increase from approximately 15, 40, 70 to 90% for [urea]/[NOs] ratio equal to 1, 2, 3 and 4, respectively.
Further increase of the [urea]/[NOs] ratio did not significantly improve the yield. The increased yield
for the higher ratios of [urea]/[NOs3] was attributed to a greater increase of the solution pH due to the

larger amount of hydroxide ions released into the solution.

From Table 2-9, an increase in synthesis time was also found to result in Mg-Al LDHs with Mg/Al
ratios closer to their target values. Berber et al. found that the Mg/Al ratio of the materials increased
with synthesis time from 3 to 12 h."”! The urea hydrolysis reaction is relatively slow; therefore, the
longer synthesis time allowed the solution pH to reach a value sufficient for the precipitation of the
Mg*". In general, the synthesis time for urea hydrolysis must be chosen to ensure sufficient amounts of

hydroxide ions are released into the solution to raise the pH value.

The effect of metal ion concentration was investigated by Oh et al., where Mg-Al LDHs were prepared
using extremely long reaction times of 672 h using metal ion concentrations between 0.065 and 0.87 M
while keeping all other synthesis parameters constant.'® The LDH particle size was found to increase
with decreasing metal ion concentration, from 1170 nm at 0.87 M to 4470 nm at 0.065 M. The effect
of the metal ion concentration on the particle size was explained using the classical crystal growth
mechanism, where the supersaturation ratio is proportional to the metal ion concentration. Therefore,
higher concentrations resulted in a larger number of primary nuclei and lower crystal growth during the

precipitation process.
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Table 2-9: Preparation conditions and material characteristics of Mg-Al LDHs synthesised via

urea hydrolysis.

[Urea] Synthesis Qpserved

Mg/.A 1 Temperature  [Metal) time Mg/Al  XRD Phases  Final pH Reference
ratio (°C) ™ ratio

2 90 0.25 33 48%* 0.9 LDH 7-8 Cheah et al.'38
3 90 0.25 33 48%* 0.8 LDH 8 Cheah et al.'38
4 90 0.25 33 48* 1.7 LDH 8 Cheah et al.'38
3 100 0.1 33 36 2.8 LDH (1) - Costantino et al.'”
5 100 0.5 4 36 3.1 LDH (fg) - Costantino et al.'”
4 100 0.5 2 36 2.4 LDH (g) - Costantino et al.'”
4 100 0.5 3.3 36 3.1 LDH (vg) - Costantino et al.'”
4 100 0.5 4 36 2.9 LDH (m) - Costantino et al.'”
3 100 0.5 2 36 2.6 LDH (g) - Costantino et al.'”
3 100 0.5 3.3 36 2.9 LDH (vg) - Costantino et al.'”®
3 100 0.5 4 36 2.9 LDH (vg) - Costantino et al.'”
3 100 0.5 6 36 2.8 LDH (m) - Costantino et al.'”

2.5 100 0.5 4 36 2.5 LDH (vg) - Costantino et al.'”
3 100 1 3.3 36 2.8 N/A - Costantino et al.'™
2 120 1 0.5 24 0.6 No LDH 5.4 Berber et al.'®!
2 120 1 1 24 0.9 No LDH 6.0 Berber et al.!*!
2 120 1 1.5 24 1.5 LDH 7.1 Berber et al.™!
2 120 1 2 3 1.0 No LDH 6.6 Berber et al.'!
2 120 1 2 6 1.7 LDH 7.3 Berber et al.'!
2 120 1 2 12 2.0 LDH 7.5 Berber et al.'!
2 120 1 3 12 2.0 LDH 7.9 Berber et al.!*!
2 120 1 3.5 12 2.0 LDH 8.2 Berber et al.™!
2 120 1 2 18 2.0 LDH 7.8 Berber et al.'!
2 120 1 3 18 2.0 LDH 8.2 Berber et al.'®!
2 120 1 3.5 18 1.9 LDH 83 Berber et al.'!

Footnote: g = good; m = medium; | = low; f = fairly; v = very

58



2.7.3 Hydrothermal treatment

A post-synthesis hydrothermal treatment step is often used to improve the characteristics of the
LDHs.'**' Hydrothermal treatment is generally performed in an autoclave with water at elevated
temperatures and pressures. Hickey et al. reported that hydrothermal treatment of LDHs produced via
co-precipitation at constant pH 10 resulted in LDHs with larger particle sizes."”* They also found that
treatment in water rather than in the mother liquor resulted in a material with greater crystallinity. These
effects may be explained by the Ostwald ripening phenomenon, in which smaller LDH particles
dissolve back into solution and deposit on larger particles. Labajos and Rives reported that hydrothermal

treatment of unwashed LDHs increased the Mg/Al ratio in the LDHs.'*

2.8 Concluding remarks

CLC technology has successfully been applied to gaseous fuels, such as natural gas. The use of CLC
for solid fuels, such as biomass and coal, is more complicated due to the additional gasification step
required to overcome the slow reactions between the solid oxygen carrier and fuel char. CLOU is a
variant of CLC that has been proposed to overcome the char gasification step by using oxygen carriers
that can release gaseous oxygen in the fuel reactor. The gaseous oxygen can react with the char directly,
increasing the fuel conversion rate. Therefore, the key advantages of CLOU over iG-CLC are the large
reduction of oxygen carrier and fuel residence times, lower oxygen carrier inventories, combustion

efficiencies close to 100% and higher CO, capture efficiencies.

Oxygen carriers for CLOU must have suitable equilibrium oxygen partial pressures at relevant
combustion temperatures (800 to 1200°C) to release gaseous oxygen in the fuel reactor. This additional
thermodynamic requirement limits the selection of metal oxides for CLOU. Oxygen carriers capable of

releasing gaseous oxygen are typically single or mixed metal oxides based on Cu, Mn and Co.

Of the potential oxygen carrier candidates, CuO-based oxygen carriers have received a great deal of
attention due to their high reactivity, high oxygen storage capacity and absence of thermodynamic
limitation for the complete combustion of fuels. In addition, CuO/Cu,O has a high oxygen capacity for
the release of gaseous oxygen (0.101 goa/goc). Despite these attractive features, CuO-based oxygen
carriers are prone to sintering and tend toward agglomeration due to the low CuO, Cu,O and Cu
Tammann temperatures of 526, 481 and 405°C, respectively. In practice, sintering of pure CuO oxygen
carriers can occur at temperatures as low as 800°C. Therefore, CuO requires stabilisation on a support

material.

Many CuO-based oxygen carriers have been synthesised in the literature using Al,Os as a support due

to its abundance and low cost. However, CuO and Al>,O; can form the spinel CuAl,O4 during high-
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temperature calcination and redox cycling. This spinel is relatively stable to decomposition during

CLOU and, therefore, reduces the oxygen release capacity of the oxygen carrier.

In order to stabilise CuO, a high degree of dispersion within the support is required. The preparation of
oxygen carriers using conventional methods is limited to low loadings of active metal oxides due to its
poor dispersion in the support. Oxygen carriers with poor dispersions of CuO perform poorly during
operation due to sintering and agglomeration over long-term redox cycling. Chaung et al. showed that
oxygen carriers prepared via co-precipitation achieved better dispersion of active material and support.”’
Co-precipitation is a widely applied technique for synthesising catalysts and catalyst supports at an

industrial scale.

To use CuO as a high-performance oxygen carrier, researchers have investigated using structured
materials to target a high degree of dispersion of active CuO within a stable support. Song et al.
synthesised Cu-Al oxygen carriers from LDH precursor materials synthesised via co-precipitation.'>
The use of LDHs as a precursor enabled homogeneous mixing at the molecular level, giving the active
material a high degree of dispersion within the support after calcination. The reactivity and stability of
the oxygen carriers were maintained over 100 cycles in FBR experiments. It was found the presence of
Na was effective in inhibiting the formation of CuAl,O4 due to the formation of NaAl,O4. However, it
remains challenging to precisely control the content of Na species which originate from the precipitation
agent used for co-precipitation. Evaporation of the Na at high temperatures will result in a loss of this
stabilising agent, which could lead to the formation of copper aluminate phases and the deterioration of
the materials over extended redox cycles. Therefore, it is desirable to tune the synthetic chemistry of
the LDH precursors to minimise the formation of Na-containing impurities to achieve a more stable

long-term cycling performance.

The most commonly used methods for synthesising LDHs are co-precipitation and urea hydrolysis. A
review of the literature was carried out to identify the main synthesis parameters affecting the final
material characteristics of the Mg-Al LDHs. The review found that LDHs produced using the constant
pH co-precipitation method had Mg/Al ratios much closer to their target values than those prepared via
the varying pH co-precipitation method and the urea hydrolysis method. The pH was determined to be

a crucial synthesis parameter for achieving the desired Mg/Al ratio.

The addition of Mg to the Cu-Al system has been shown to stabilise the oxygen release capacity by
inhibiting the formation of CuAl,O4 through the preferential formation of a MgAl>O4 support phase.
Therefore, this thesis investigates the preparation of CuO/Al,O3; and CuO/MgAl,O4 oxygen carriers
derived from the calcination of Cu-Al and Cu-Mg-Al LDHs, respectively, prepared via co-precipitation
at constant pH.
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Chapter 3

Experimental methods for material synthesis,

characterisation and testing

3.1 Introduction

In this chapter, the experimental procedures and apparatus used throughout this thesis are presented.
The methods are separated into those for preparing the LDHs and MMOs, material characterisation,
and testing of the oxygen carriers in chemical looping processes using bench-scale equipment. The
general operating conditions are provided in this chapter, with the specific conditions for each

investigation provided in the relevant chapters.

3.2 Material synthesis

3.2.1 Co-precipitation of layered double hydroxide precursors

The LDHs were prepared via co-precipitation at room temperature and atmospheric pressure using an
automated co-precipitation rig (Figure 3-1). A 2 M metal nitrate solution was prepared by dissolving
Cu(NO3)2-2.5H,0, Mg(NO3),-6H,0, and AI(NO3)3-9H,0 in the desired molar ratio in de-ionised (DI)
water. A 1 M NaOH and 1 M Na,COs alkaline solution was also prepared by dissolving appropriate
amounts of NaOH and Na,COj in DI water. The chemical reagents used for co-precipitation are shown
in Table 3-1. For each experiment, the reaction vessel was primed with a small amount of DI water
(~10 ml). A control programme written in Agilent VEE was used to maintain a constant pH during co-
precipitation, measured using a pH probe. Unless otherwise stated, the flow rate of the acidic solution
was set at 10 ml min"'. The flow rate of the alkaline solution was controlled by the Agilent VEE
programme to maintain a constant pH. A three-point calibration was used to calibrate the pH probe

(Table 3-1). The reaction vessel was stirred at 350 rpm by a magnetic stirrer.
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Figure 3-1: Schematic of the automated co-precipitation rig. The pH of the reaction vessel was

maintained by controlling the rate of alkaline solution addition, adapted from Patzschke.'"

Table 3-1: Reagents used for synthesis of the co-precipitated LDH precursors.

Reagent Purity (mol%) Supplier
Cu(NO3)2-2.5H20 98 Alfa Aesar
Mg(NO3)2:6H20 98 Alfa Aesar
Al(NO3)3-9H20 98 Alfa Aesar
NaOH >97 VWR
Na2COs3 >99.6 ARCOS Organics
Buffer solution pH 4.0 - Fluka
Buffer solution pH 7.0 - Fluka
Buffer solution pH 11.0 - Fluka
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The materials were co-precipitated until complete depletion of the acid solution (or for a specified
period of time in some cases). An example of the pH profile during co-precipitation using the automated
rig is shown in Figure 3-2. After co-precipitation, the precipitate was aged for 30 min with no additional
stirring. The precipitate was then washed with DI water to remove residual Na until the ionic
conductivity of the wash water measured below 150 uS. The washed precipitate was recovered by

vacuum filtration and dried overnight at 50°C in a well-ventilated oven.
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Figure 3-2: Example pH profile during LDH synthesis using the automated co-precipitation rig.

Target constant pH value of 9 during co-precipitation.

From chapter 2, the literature review of LDH syntheses highlighted the co-precipitation pH, solution
concentrations and aging time as critical synthesis parameters. This thesis builds upon previous work
carried out by Song et al. to develop Cu-Al LDHs and MMOs for chemical looping processes.'>
Therefore, the synthesis conditions used in Song ef al. were adopted as the initial conditions in this
work, specifically, 2 M concentrations of metal nitrate and alkaline solutions, a co-precipitation pH of
9.5 and aging the precipitate for 3 h. The co-precipitation conditions were then partially optimised by
varying each synthesis parameter and characterising the LDHs using the material characterisation
techniques outlined in this chapter. The results presented in Appendix Al show that the solution
concentration (0.5, 1 and 2 M) did not significantly impact the structure of the precipitated materials.
Therefore, a 2 M concentration was used for each solution to increase the amount of material
synthesised per unit volume. The aging period after co-precipitation (30 min, 3 h and 6 h) also did not
have a considerable impact on the characteristics of the precipitates. Therefore, an aging time of 30 min

or 3 h was used. The co-precipitation pH (9.5, 10.5 and 11.5) was found to have a significant effect on
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the XRD patterns and pore size distributions of the LDHs. Therefore, the effect of co-precipitation pH
was investigated throughout this thesis, and a pH value of 9.5 was used for the initial co-precipitation

experiments.

3.2.2  Preparation of mixed metal oxides

The MMOs were prepared by calcining the dried LDH precipitate in a horizontal tube furnace for 6 h
at 975°C using a heating rate of 15°C min™" and an air flow rate of 2 L min™ (SATP). The MMOs were
crushed and sieved to produce particles in the 300-425 um size range for characterisation and testing as

oxygen carriers for chemical looping processes in bench-scale reactors.

3.3 Material characterisation

3.3.1 Powder X-ray diffraction

Ex-situ powder X-ray diffraction (XRD) analysis was performed using an X’Pert PRO (PANalytical)
under Bragg-Brentano orientation operating at 40 kV with a tube current of 20 mA, producing Cu-Ka
radiation with a characteristic wavelength of 0.1541 nm. A diffractogram (the XRD pattern) is generated
by plotting the intensities of the diffracted X-rays (measured in counts) against the Bragg angle, 26. The
diffractogram contains several peaks (reflections) that are characterised by their position, intensity and
profile. Table 3-2 outlines the general information that can be obtained from each peak. By applying
Bragg's law (equation (3-1)), the spacing between planes of atoms in the crystal lattice can be related

to the position of the peaks and the wavelength of the incident X-ray.

2dsin(8) = nA (3-1)

where d is the interplanar spacing, n is the diffraction order, 0 is the angle between the incident X-ray

and the diffracting plane, and A is the wavelength.
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Table 3-2: Insights from powder diffractogram peak features.'*’

Peak feature Cause Insight

Periodic arrangement of atoms
Qualitative phase analysis
Position Wavelength of X-rays
Lattice parameters
Instrument contributions

Crystal structure
Quantitative phase analysis
Wavelength of X-rays
Intensity Crystal structure
Sample preparation
Preferred orientation
Instrument contributions

Lattice distortions Micro-strain
Profile (shape)
Instrument contributions Crystallite size

In a typical experiment, the sample was ground into a fine powder by manual grinding with a pestle and
mortar and sieved to below 50 um. The powdered sample was loaded onto a graphite disk slide mount
sample holder and pressed with a glass slide to produce a matte finish. A typical program scanned in
the 20-range from 5 to 85° using a step size of 0.0334° and a time per step of 85.1 s (scan speed = 0.05°
per s). X pert HighScore Plus software was used to identify the phases present in the diffraction pattern.
The software compares the measured pattern with spectra from the International Centre for Diffraction

Database (ICDD).

The crystallite size was estimated using Scherrer’s equation (equation (3-2))"*°

and the peak broadening
used in the calculation was taken as the difference of the observed peak broadening and the instrument
broadening. The instrument broadening was determined experimentally to be 26 = 0.144° using the

(111) peak of an Si standard.

_ KA
B (Bobs — By)cos(B)

L (3-2)

where K is the crystallite-shape factor (for LDH crystallites, K = 0.886'%7), 4 is the wavelength of the
incoming Cu-Ka radiation, § is the peak position, B, is the observed peak broadening of the sample
equal to full width at half maximum (FWHM), and B; is the peak broadening of the instrument

calibration standard.

In-situ high-temperature XRD was performed using an Empyrean (PANalytical) under Bragg-Brentano

orientation with Cu-Ka radiation and within a hermitically sealed Anton-Paar HTK 1200N furnace
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chamber (Figure 3-1). The gas flow rate (N, or air) was controlled at 50 ml min™' using two digital mass
flow controllers (Bronkhorst) and gas switching between air and N, controlled by the FlowView
program (Bronkhorst). The phase changes during redox reactions at 900°C were investigated by

switching gas flows between air and N, and repeatedly scanning the 26 range 34 to 40° at a step size of

0.013°. Each scan had a duration of approximately 90 s once the goniometer had repositioned to the
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Figure 3-3: Simplified schematic of the in-situ XRD diffractometer used for high temperature XRD

analysis. Adapted from Patzschke.'”

3.3.2  X-ray fluorescence spectroscopy

X-ray fluorescence spectroscopy (XRF) was carried out using an Epsilon 3XLE X-ray Spectrometer
(PANalytical). The Epsilon software was used for semi-quantitative analysis. XRF is an analytical
technique used to identify and quantify the elements in a sample. The technique works on the principle
of the excitation of individual atoms by high-energy X-rays which causes the atoms to emit secondary
X-rays of a characteristic energy or wavelength. When an X-ray hits an atom in the sample, one of its
inner-shell electrons may be ejected, resulting in a vacancy in the inner shell. An electron from the outer
shell then moves to fill the inner shell vacancy and releases an X-ray of characteristic energy unique to
the atom. The elements present in the sample can be identified and quantified by measuring the energies

and intensities of the X-rays emitted by the sample.
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In a typical experiment, 1-2 g of powdered sample (<50 um) was tightly packed into a sample container
sealed with a thin prolene film. XRF was conducted on each sample three times for analysis. The results
of XRF analysis were converted from mass fractions of the elements to mass fractions of the oxides

using the relative molecular weights of the compounds.

One limitation of using XRF for Cu-Mg-Al LDHs is that Mg and Al have relatively low atomic
numbers. As a result, the X-ray emissions of Mg and Al are less intense than heavier elements. The
equipment uses a He gas purge to improve the measured intensities of these low atomic number
elements. However, the detection of these metals is still at the lower resolution limit of the equipment,
and their low signal can lead to challenges in quantifying the amount of these metals in samples. To
overcome this limitation, Mg and Al were calibrated using eight mechanically mixed samples of known
oxide compositions. The mass fractions measured using XRF were plotted against the expected mass

fractions to determine the calibration functions shown in Figure 3-4. For each metal, the R? for each

calibration function is close to 1.
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Figure 3-4: The results of the XRF calibration. Mass fractions measured by XRF against the actual

mass fractions of the samples prepared via mechanical mixing for the determination of the (a) MgO

and (b) AL,Os calibration function.

3.3.3 Nitrogen adsorption

N> adsorption was performed using a TriStar 3000 (Micromeritics) gas adsorption analyser. N>
adsorption analysis is used for the characterisation of porous material, e.g. measurement of the surface
area, pore size distribution, pore structure and pore volume. The technique works on the principle of
the physical adsorption of N, gas onto the surface of a material at cryogenic temperatures (~77 K). The

amount of gas adsorbed onto the surface is measured as a function of increasing and decreasing pressure.

67



The adsorption/desorption volumes are then plotted at each pressure to generate an adsorption-

desorption isotherm.

In a typical experiment, 200-300 mg of samples were degassed at 120°C under vacuum in a sample
tube for at least 12 h to remove any moisture or volatile impurities on the surface of the materials. The
sample tube was loaded into the instrument and cooled to 77 K. N> was then introduced into the sample
chamber. The pressure was increased to the saturation pressure of Ny, then decreased to generate the
adsorption and desorption isotherms. The Barrett—Joyner—Halenda (BJH) theory was used to determine
pore size distributions and the pore volume of micropores, mesopores and small macropores below 200
nm in diameter. The BJH theory is based on a modified Kelvin equation using a correction for the
multilayer thickness of N; to evaluate pore width from the filling pressure. It is known that the BJH
method can significantly underestimate the pore volume of pores with diameters below 10 nm by 20 to
30%.'"® However, preliminary analysis suggests few pores exist with this diameter in the LDH and

MMO materials.

3.3.4 Helium pycnometry
Helium pycnometry was carried out using an AccuPyc II 1340 (Micromeritics). This technique is non-
destructive and measures the volume of gas displaced by He under high pressure to calculate the skeletal

density, ps, of a sample.

To perform the measurements, a 1 cm® sample holder was filled with an appropriate amount of sample.
The sample holder was loaded into the instrument, which was then evacuated. After evacuation, helium
gas was introduced into the chamber to rapidly fill pores as small as 1 A in diameter and then expanded
into a second chamber of known volume. By measuring the pressure difference before and after
expansion, the ps was calculated using the mass of the sample. The p« values are the average of ten

measurements.

3.3.5 MIP

Mercury intrusion porosimetry (MIP) was carried out using an AutoPore IV 9500 (Micromeritics) to
measure the pore size distribution and pore volume of a sample. Mercury has exceptionally high
interfacial tension and therefore behaves as a non-wetting fluid and will not spontaneously penetrate
pores by capillary action — it must be forced into the pores by the application of external pressure. The
required pressure is inversely proportional to the pore diameter. By measuring the volume of mercury
that intrudes into the sample with each pressure change, the volume of pores at different stages of

intrusion (and pore diameters) is known.

In a typical experiment, a penetrometer was filled with 200-300 mg of particles in the size range 300-

425 um and loaded into the instrument. After calibration of the pressure transducers, the stem of the
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penetrometer was evacuated, and Hg was introduced at low pressures. As the pressure was slowly
increased, the mercury first filled the inter-particle voids, followed by the pores on the surface of the
particles and the pores within the particles. A total pressure range of 0.7 —2275 bar was used for mercury
intrusion, corresponding to a pore diameter range of 18 pum — 5 nm, respectively. However, only the
pore volumes for the pore diameter range 5 to 10000 nm were used for further calculations (for further
discussion see Appendix A2). MIP was used to analyse the pore size distribution of the materials beyond

the resolution of N, adsorption.

The porosity, €, of the materials was calculated by solving equations (3-3) and (3-4) iteratively by
varying the envelope density, p,.'”” The ps was taken from helium pycnometry and the pore volume,

Vp, was found using MIP analysis.

Pp
E=1—— 3-3
Psk ( )
e=pV, (3-4)

3.3.6 FTIR

Fourier-transform infrared spectroscopy (FTIR) was carried out using an Elmer Spectrum 100 FTIR
spectrometer (Perkin) equipped with an attenuated total reflectance (ATR) accessory. FTIR
spectroscopy is based on the interaction of infrared radiation with the chemical bonds in a sample. When
infrared radiation is absorbed, it causes the chemical bonds to vibrate and bend in a characteristic way

to specific groups.

The samples were dried at 50°C for at least 12 h before analysis. A small amount of LDH sample was
loaded into the sample cell and pressed into a disk for analysis. Infrared radiation was passed through a
sample, and the resulting absorbance spectrum was measured. Sixteen spectra were collected per sample
to obtain an averaged spectrum over the 5004000 cm™ infrared wavelength range with a resolution of
2 cm™'. The FTIR spectra provide information about the vibrational modes of the metal-oxygen groups

and species in the interlayer of the LDH.

3.3.7 Electron microscopy

The surface morphology of the materials was investigated using a scanning electron microscope (SEM)
type LEO Gemini 1525 or Hitachi S5500. Prior to SEM analysis, the samples were dispersed onto a
stub coated with a layer of electrically conductive carbon tape and sputter-coated with a thin conductive
layer of gold (for 30 s at 20 mA). In the microscope, an electron gun was used to produce a beam of

electrons that was accelerated towards an anode and focused through lenses. The electrons interact with
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the atoms on the surface of the sample and produce signals, such as secondary and backscattered
electrons. These signals are detected and processed to create an image of the sample surface to study

the surface morphology of the sample.

The morphology and chemistry of the materials were further analysed by using a JEOL JEM-2100F
TEM equipped with an EDX X-Max detector (Oxford Instruments) and carried out in collaboration
with Dr Oriol Gavalda-Diaz. Samples were prepared on a carbon film on a gold TEM grid and imaged

at an accelerating voltage of 200 kV.

3.3.8 Thermal analysis

Calcination of the LDHs in air was studied using a Q5000 TGA (TA Instruments). For each experiment,
a platinum pan was loaded with 10 mg of the LDH sample (<50 um) and heated to 50°C for 1 h. The
temperature was then increased to 900°C using a heating rate of 10°C min~'. Additionally, a TGA
coupled with a mass spectrometer (Netzsch) was used for specific samples to identify the gases released

from the LDHs during calcination under Ar.

3.3.9 Crushing strength

The crushing strength of an oxygen carrier refers to its capacity to withstand physical stresses without
breakage and is an important parameter for screening oxygen carriers for fluidised bed systems. The
mechanical strength of an oxygen carrier was determined by measuring the force required to break a
single particle in the size fraction 300425 um using a 50 N Series 3 Force Gauge (Mark-10) operating
at a sampling rate of 2000 Hz. For each experiment, the force gauge was manually lowered onto the
particle as the MESUR™ gauge software recorded the experimental results. A typical crushing force
profile is shown in Figure 3-5. The crushing force reaches a certain value where the particle breaks
(2.45 N in Figure 3-5), which results in a sudden decrease in the measured force. Measurements were
carried out on 30 randomly chosen particles, and an average was calculated to obtain a reliable estimate

of the crushing strength of the MMOs.
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Figure 3-5: Crushing force measurement of an MMO particle in the 300-425 um size range. MMOs
were calcined from LDHs co-precipitated at pH 11 for 300 min.

3.4 Oxygen carrier testing

3.4.1 Thermogravimetric analyser

A Q5000 (TA Instruments) type TGA was used to investigate the long-term stability of the oxygen
carriers over extended redox cycling under different chemical looping modes (CLOU and CLC). The
experimental set-up of the TGA is presented in Figure 3-6. The TGA software could only control the
flow rate of N, into the furnace via internal mass flow controllers (MFCs). Therefore, an external gas
supply system was required to achieve the desired gas compositions and flow rates of the reducing and
oxidising gases for the redox cycling experiments. Three MFCs (Brooks) controlled the external system
using feed gases of CO/N,, N, and laboratory air, as indicated. The external MFCs were controlled via

a separate computer programme written in the software Agilent VEE 9.0.

To synchronise the TGA programme with the external MFC control program written in Agilent VEE,
a DAQ module was connected to the TGA. The cycling programme written in the TA software
communicated with the Agilent VEE programme via a binary signal of the position of an external event
switch (on/off). The Agilent VEE code interpreted the sequence of external events to supply the external
gas flow rates required for each cycle phase. The gases supplied through the external gas mixing set-up
and the N controlled by the TGA were combined using a 3-way solenoid valve. To minimise the
response time of gas switching, the flow rates were initialised by the Agilent VEE programme and

vented for a few seconds before the TGA required them.
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For CLOU cycling experiments, a two-phase programme was used, where the MMOs were placed in a

platinum crucible (1.5 mm high and 9.8 mm in diameter) and exposed to n cycles of, for example,

(1)
(i)

decomposition in N for a specified duration,

re-oxidation in air for a specified duration.

For CLC cycling experiments, a four-phase programme was used, where the MMOs were exposed to n

cycles of, for example,

(1) reduction in 10% CO/N; for a specified duration,
(i1) a N purge for 1 min to prevent mixing of the oxidative and reductive atmospheres,
(iii)  re-oxidation in air for a specified duration,
(iv) a Ny purge for 1 min.
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Figure 3-6: TGA and external gas supply set-up. Adapted from Patzschke.
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Minimising external mass transfer resistances in the TGA

The TGA was also used to study the kinetics of the oxygen release reaction in chapter 6. It is possible
that the measured reaction rates during the TGA experiments could be affected by external mass transfer
— despite using the maximum gas flow rate permitted by the instrument (200 ml min™") to sweep the
oxygen released from the MMOs from the TGA pan to minimise these effects. In later chapters, the
maximum rate of oxygen transfer from the particle surface to the bulk was calculated using equation
(3_5)110’

T d? 1— Y020
Ny, =C-D-—P2.] 92, 3.5
02 4h n<1—)’02,s (3-5)

where No; is the molar flow rate of oxygen, C is the molar gas concentration, D is the molecular
diffusivity of O; in N>, dpan and h are the diameter and height of the TGA pan, respectively, and ys and
yp are the mole fractions of oxygen at the particle surface and in the bulk of the TGA, respectively.

The molecular diffusivity was calculated using the Chapman—Enskog theory*® (equation (3-6)),

b 1.86 - 1073 T3/2 (1/M, + 1/M,)*/?
170122Q

(3-6)

where T is the absolute temperature, M; are the molecular weights of the gases, o7 and Q are the
collision diameter and collision integral, respectively and are characteristic molecular properties of the
Chapman and Enskog theory. The g, was determined by the arithmetic average of the two species
(equation (3-7)). The £ depends on an integration of the interaction between the two species and is
described by the Lennard—Jones 12-6 potential.*** The resulting integral varies with the temperature and
the energy of interaction. This energy &;, is a geometric average of contributions from the two species
(equation (3-8)). Once &1, is known, ) can be found as a function of kgT/g;, using the literature

correlations.
1
012 = 5 (01 + 03) (3-7)

€12 =4/ &1&2 (3-8)

For comparison the molecular diffusivity was also calculated using an empirical correlation proposed

by Fuller, Schettler and Gidding (equation (3-9)).2!
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(3-9)

where (3 v); are the diffusion volumes of species i

The parameters used for the calculation of the molecular diffusivities are given in Table 3-3. For
equation (3-6), Q was found to be 0.72.%> There was good agreement between the calculated molecular
diffusivities using the two methods. The molecular diffusivity was calculated to be 2.16 cm* s using

equation (3-6) and 2.27 cm” s™! using equation (3-9).

Table 3-3: Parameters for the calculation of molecular diffusivity in the TGA.

Parameter 02 N2

M;i (g mol ) 32 28
a; (A) 22 3.467 3.798

&;/ks (T) 202 106.7 71.4
Cv); 16.3 18.5

3.4.2  Fluidised bed reactor

An FBR was also used to investigate the long-term cycling performances of the MMOs. In addition to
the thermo-chemical stresses experienced in the TGA due to high-temperature chemical reaction, the
MMO particles in the FBR are also exposed to additional mechanical stresses arising from collisions

between oxygen carriers with other particles and the reactor walls.

The 1.5 kWe FBR used for CLOU experiments is shown in Figure 3-7. Typically, FBRs have a
distributor (a porous disk located near the inlet of the reactor) which create a bubbling fluidised bed
within the reactor vessel. However, the FBR in this work is operated as a spouted bed reactor. The inlet
gas is introduced into the reactor through a small opening at the bottom of the reactor liner, resulting in
the formation of an open cylindrical cavity (or central lean solid phase) that extends to the surface of
the bed, referred to as the spout. The solid particles are entrained by the gas flow in the spout region,
while the remaining particles are in a dense downward solid phase surrounding the spout (annular
region), shown in the inset of Figure 3-7. Compared to an FBR with a distributor, a spouted bed
typically exhibits a lower pressure drop and better mixing, but the bed material suffers significant

attrition in the spout region.*™*
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The FBR was designed, built and used by previous PhD students in the Fennell group.*”> The main body
of the reactor is constructed from Incoloy® Alloy 800HT and positioned between two sets of flanges
connected by eight stainless-steel bolts. A quartz liner tube (internal diameter = 30 mm) with an inverted
cone-shaped base (0conc = 60°) was placed on top of a support disc and connected to the gas inlet tube.
To ensure a tight fit between the quartz liner and the support disc, a layer of Superwool® 607Max
blanket was used as a seal. A cylindrical counterweight was then placed on top of the quartz liner to
compress the seal and fix the liner in place. Copper O-rings were positioned between the flanges and
the reactor body at both ends to form a tight seal upon thermal expansion during heating. The reactor
was heated using an electric furnace (Lenton) and the temperature inside the spouted bed and at the

reactor wall were monitored using thermocouples.

An automated gas supply system was used to provide gases for each phase of the CLOU redox cycling
(oxygen release and re-oxidation). The gas supply system consisted of four MFCs and two solenoid
valves. The MFCs have a ramp-up period before reaching the set flow rate which could impact the
stability of the spouted bed (i.e. cause defluidisation) and measurement of the reaction rate. Therefore,
solenoid valves were used to minimise this effect by enabling the set points of the gas flow rates of the
next cycle phase to be reached and vented to the exhaust for a few seconds before the end of the current
phase. The solenoid valves were then switched from the vent to the inlet of the reactor to maintain the
desired flow rate based on the minimum fluidisation velocity of the bed materials. The flow rates and

duration of each cycle phase during redox cycling were controlled using an Agilent VEE programme.

The off-gas from the reactor was passed through a U-bend packed with glass wool to trap any fines
generated by mechanical stresses in the reactor to preserve the integrity of the downstream equipment.
The gas was then directed through a CaCl, trap to remove any moisture and split into a vent and sample
gas stream. The sample gas stream was analysed by an MGA3000 Multi-Gas Analyser (ADC Gas
Analysis), which used infrared gas analysis to measure the concentrations of CO,, CO and CHs. An
electrochemical oxygen sensor built into the gas analyser was used to measure the concentrations of O,.
To ensure accuracy, the O, sensor was calibrated before and after each experiment using N, 10 vol%

O, and air from BOC gas cylinders.
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Figure 3-7: Set-up of the 3kWe FBR, adapted from Patzschke.'” Inset shows the behavior of a
bubbling spouted bed reactor, adapted from Zhang **

A 3kW. FBR was used for CLC experiments. The dimensions and set-up of the reactor were similar to
the FBR used for the CLOU experiments. However, the heating was supplied by two sets of copper
electrodes connected at the top and bottom of the reactor instead of an electric furnace. An electrical
current was passed through the electrodes using a high-output transformer (2.5 V, 1600 A) to generate
electrical resistance heating. An Agilent VEE code was used to control the gas flow rates, system
pressure, as well as the wall and bed temperatures. The off-gas from the reactor was passed through a
filter trap to remove particulates and a CaCl; trap to remove moisture before being split into two separate
vent and sample gas streams. The sample gas stream was analysed by an MGA3000 Multi-Gas Analyser
(ADC Gas Analysis). The CH4 and CO signals were calibrated when required using BOC calibration

gases.

Calculation of minimum fluidisation velocity

For operation of the FBRs, it was crucial to determine the appropriate gas inlet flow rate to fluidise the
bed and ensure optimal gas-solids mixing. The minimum fluidisation velocity, ums, represents the lowest
velocity required for fluidisation, where the bed of particles begins to exhibit fluid-like behaviour, and
the upward drag on the particles balances the gravitational force. The unr depends on the properties of

the fluidising gas and particles, and it can be calculated using equation (3-10),
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Uy = —2—1 (3-10)

where ug and p, are the viscosity and density of the fluidising gas mixture, d,, is the mean bed particle

diameter, and Re,f is the Reynolds number at minimum fluidisation and can be calculated using,
Repy = [ag? + PrAT]Y? — ay (3-11)

Where ay and S are constants that have the value of 33.7 and 0.0408, respectively, and Ar is the

Archimedes number as is given by,

d2py(py —
Ar = ”pg(‘zpz P) 9 (3-12)
g

where p,, is the density if the bed particle, g is the acceleration due to gravity.

The result of the ums calculation for sand (p, = 2600 kg m™) using N as the fluidising gas at 900°C is
shown in Table 3-4. The unr was used to determine the required the hot fluidising flow rate (Vg pot)

and the MFC flow rates (Vg sarp)-

Table 3-4: Minimum fluidisation velocity calculation. Based on the envelope density of inert sand

bed material (2600 kg m™).

T Pg Uy Ar Rems Unmf Vg,hot Vg,sATP
(W9 (kg m™) (kg m s) O] O] (ms™) (L min™) (L min™)
900 0.291 4.61E-05 166 0.101 0.0440 1.864 0.474

Deconvolution of the measured gas analyser signal

The gas concentrations from a reaction in an FBR change during the path from the reactor exit to the
gas analyser. It is important to account for these changes to ensure that the measured concentration
profiles by the gas analyser are as close as possible to those during the reaction in the bed. Dead time
is introduced by the finite rate at which the gas can be transported from the bed to the gas analyser
through the piping. Additionally, mixing of gases may occur in the freeboard of the reactor and within
the piping, which further convolutes the true concentration. The electrical and internal piping of the gas

analysers also has an inherent response time to changes in concentration.
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Deconvolution is a signal processing technique that reconstructs the input to a system from the measured
output. Deconvolution was achieved by using a mathematical model of the system to create a transfer
function to account for the convolution effects of the measurement system following a procedure
developed by Fennell et al.**® The contributions from each component of the measurement system were
modelled as a period of dead time (ts) followed by two continuously stirred tank reactors (CSTRs) in
series with residence times tgm and tGa to account for the convolution of the signal due to the gas mixing

in the piping and the response time of the analyser, respectively.*"’

Cor(t-ty) | 7o o Toa O COZ,m (r-1,)

N

® Co, (2)

Y

dead time = ¢,

COZ, GM CO2, GA

(b)

Coz (t'td)' ax | Coom (t'-’fd)=
Cozmix

Coz2() Cp,(2)

dead time = ¢,

Figure 3-8: Diagram of the measurement system modelled as dead time and (a) series of CSTRs and

(b) a single CSTR, adapted from Patzschke.'”

The deconvolution model is shown in Figure 3-8a and given by equation (3-13) for the concentration

of oxygen in the bed, Co», and the measured oxygen concentration from the gas analyser, Cozm.

dCOZ GM dCOZ GA
' : 3-13
FTECLPT: G-13)

Co2(t —tg) = Cozm + Tom
The total response time is approximately additive; therefore, the overall response time was modelled
using a single CSTR with residence time tvix (Figure 3-8b). Co, can then be estimated from the

measured gas concentration using equation (3-14),

dCOZ,m

1t (3-14)

Coz(t —tq) = Cozm + Tmix

To calculate Tvix, the inlet gas entering the FBR was alternated between 10 vol% O; and N». Around
40 g of inert sand was added as bed material to the FBR at 875°C. The inlet gas flow rate was 2.45 L
min™' (SATP), and the flow rate into the gas analyser was 300 ml min™ (SATP). Gas switching was
performed five times, and the profiles for the last three cycles were averaged. From Figure 3-9, t; was
determined to be approximately 14.5 s. After tq, the measured molar fraction of oxygen decreased to
zero and was compared to a step function. Then, the value of Tmix was adjusted to minimise the square

error between the deconvoluted oxygen fraction (equation (3-14)). The deconvoluted signals for twix
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equal to 3, 5 and 7 are shown in Figure 3-9. The results show that the deconvoluted signal more closely
resembled the step function as tvix increased. However, at high tvix (i.e. 7), the measured signal was
overcorrected and the deconvoluted signal went below 0. An optimal tvix of 5.3 was determined for the
experiment performed at 875°C. Inert cycles were performed for each FBR experiment carried out in

this thesis to establish a baseline for gas switching in the absence of the oxygen carriers and tvmix was
calculated to deconvolute the signal.
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Figure 3-9: Measured and deconvoluted signal from the gas analyser. Gas switching between 10 vol%
O: and N> at 875°C in the FBR (u/uny = 4) compared to a step function.
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Chapter 4

Development of Cu-Mg-Al layered double
hydroxides and derived oxygen carriers for

chemical looping processes

4.1 Introduction

Although significant efforts have been devoted to the development of CuO-based oxygen carriers, an
alternative approach is desirable to control the synthetic chemistry of the precursors for improved long-
term reactivity and stability of their derived MMOs. The synthesis of Cu-Al LDH precursors and
derived MMOs have been reported for chemical looping processes.'*® Although LDH chemistry and
MMOs have been well studied for decades, especially for catalysis applications,”** ' the use of LDH-
derived materials as oxygen carriers for high-temperature chemical looping processes is still an

innovative approach.

Owing to the high dispersion of elements in the Cu-Al LDH precursors, the calcined MMOs consist of
a highly dispersed active CuO phase within a support that have shown fast oxygen release rates and
redox stability.'*® Furthermore, the residual alkaline species (Na or K) was previously found to
effectively stabilise the MMOs during long-term thermochemical redox-cycling by reacting with
ALOs to form a variety of species (i.e. Na,Al,0.)."> However, it remains challenging to precisely
control the content of Na-containing species which originate from the co-precipitating agent used for
co-precipitation. Evaporation of the Na at high temperatures may result in a loss of this stabilising agent,

which could lead to material deterioration over extended redox cycling. Therefore, it is desirable to tune
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the synthetic chemistry of the LDH precursors to minimise the formation of Na-containing impurities

and achieve a more stable long-term cycling performance.

From chapter 2, the introduction of Mg into the Cu-Al system has been shown to stabilise CuO-based
oxygen carriers over many cycles by inhibiting the formation of CuAl,O4 through the preferential
formation of a MgA1,O4 support phase.'*”?!! In this chapter, the introduction of Mg into the Cu-Al LDH
system was investigated. Cu-Mg-Al LDHs were prepared via co-precipitation using a molar ratio of
Cu:Mg:Al equal to 3:x:2, where x varied from 0 to 1 in steps of 0.2. The effect of the co-precipitating
agent on the LDH characteristics was investigated using two different co-precipitating agents, either (i)
1 M NaOH and 1 M Na,COs, or (ii) 2 M NaOH. Characterisation methods, including XRD, XRF, SEM
and TEM, were used to investigate the effect of the co-precipitating agent on the structure and properties

of the LDHs and calcined MMOs.

4.2 Incorporation of Mg into the Cu-Al layered double hydroxide

system

4.2.1 Synthesis of LDHs using a co-precipitating agent of 1 M NaOH and 1 M Na>COs
Cu-Mg-Al LDH precursors were synthesised via co-precipitation at constant pH. A metal nitrate
solution with a total metal ion concentration of 2 M was prepared by dissolving appropriate amounts of
Cu(NO3),-2.5H,0, AI(NO3)3-9 H,O, and Mg(NO3),-6 H>O in the desired ratios in de-ionised water (DI
water). An aqueous alkaline solution was prepared that contained 1 M NaOH and 1 M Na,COs. The
metal nitrate solution and alkaline solution were mixed by dropwise addition of both solutions into a
reaction vessel under constant stirring (at 300 rpm). A pH value of 9.5 = 0.2 was maintained by adjusting
the flow rate of the acidic and alkaline solutions. After the complete addition of the metal nitrate
solution, the mixing was stopped, and the suspension was aged for 3 h at room temperature. Then, the
supernatant was carefully decanted, and the precipitate was mixed with fresh DI water. This washing
procedure was repeated until the conductivity of the wash water measured below 50 uScm™'. The
precipitated solids were separated from the liquid phase first by decanting and then by vacuum filtration.
The solids were then dried at 60°C for at least 12 h in a ventilated oven. After drying, the samples were
calcined in a horizontal tube furnace at 950°C for 3 h in an airflow of about 1 L min' at standard
atmospheric temperature and pressure (SATP, i.e. 20°C and 101.3 kPa), using a heating rate of 15°C
min~'.

To investigate the effect of Na substitution by Mg in the LDH and derived MMO structure, the molar
ratio of Cu:Mg:Al was varied from 3:0:2 to 3:1:2. The concentration of the metal ion and co-

precipitating solutions were kept constant at 2 M.
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4.2.2  XRD and chemical characterisation

A range of characterisation analyses were performed to understand the structure and properties of the
LDH precursors. The X-ray diffraction patterns of the precursors (Figure 4-1a) contain the
characteristic peaks of LDHs, for example, the (003) and (006) basal peaks at 26 of 12° and 24°,
respectively, and non-basal peak (110) at 26 of 60°, which confirmed the formation of LDH structures
for each synthesis. A comparison with reference patterns (drawn under the measured patterns) indicated
that the structures are a hybrid between Cu-Al hydrotalcite and Mg-Al hydrotalcite, with the peaks
matching best with CuAl hydrotalcite (JCPDS 46-0099), CusAl,(OH)CO3-4H>O (JCPDS 37-0630)
and MgeAl(OH)16CO3-4H,O (JCPDS 22-0700). With increasing molar Mg concentration, the basal
peaks shift to lower Bragg angles, i.e. the material resembles decreasingly the CuAl LDH and
increasingly the MgAl LDH. The crystallite size, L, of the LDHs was calculated using Scherrer’s
equation (Table 4-1). The height of the LDH crystallites (Loo3) was estimated from the (003) peak at ~
11° and the diameter of the LDH crystallites (L110) was estimated from the (110) peak at ~ 60°.

(a) (b)
Cu-Al hydrotalcite  ==--- Cu,Al,(OH),,CO, - 4 H,O CuO
----- MgAL(OH),CO,-4H,0 | |}
. 3:0:2 _ oz
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Figure 4-1: XRD patterns of Cu-Mg-Al LDH precursors and calcined mixed metal oxides prepared
using 1 M Na,CO; and 1 M NaOH. (a) XRD patterns of CuMgAIl-LDHs and (b), CuMgAIl-MMO. The
crystalline pattern in (a) corresponds to CuAdl hydrotalcite (JCPDS 46-0099, 37-0360; vertical lines),
CusAl>(OH) 1sCO34H,O (JCPDS 37-0630) and MgsAl:(OH)sCO34H,O (JCPDS 22-0700; vertical
dashed lines). Crystalline patterns in (b) correspond to CuO (JCPDS 80-1268; vertical lines) and
MgAl;O4 (JCPDS 73-1959, vertical dashed lines), respectively. The molar ratio of Cu:Mg:Al in the
LDHs varies from 3:0:2 to 3:1:2, as indicated.

After calcination at 950°C for 3 h in air, the active phase of the MMOs consisted of CuO (JCPDS 80-
1268) as analysed by XRD (Figure 4-1). Additionally, the samples with a molar composition of 3:x:2
withx>0.2 also showed peaks at positions corresponding to those of the reference for

MgALOs (JCPDS 73-1959), with their peak intensity increasing with an increase in the molar
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concentration of Mg. When increasing the Mg loading, the crystallite size of MgAl,O4 also increased
steadily from 16.6+ 1.7 nm to 43.9 + 8.8 nm, while the crystallite size of CuO remained relatively
constant in the range of 37 to 54 nm. The results of the crystallite size calculation are presented in Table
4-1. The XRD patterns of the freshly calcined samples were compared with the reference pattern for
CuAl,O4 (JCPDS 00-33-0448), which confirmed that synthesis using 1 M Na,CO; and 1 M NaOH as
the co-precipitating agent was effective in inhibiting the unfavourable formation of this spinel oxide in

all samples.

Table 4-1: Crystallite size of the LDHs produced using 1 M NaOH + 1 M Na,COs, and crystallite
size of the active and support phases of the calcined MMOs.

LDH MMO
Molar ratio of
Cu:Mg:Al Loos Lo Lcuwo Lygarzoa
(nm) (nm) (nm) (nm)

3:0:2 27+5 16+3 37+6
3:0.1:2 24 +2 13+4 54+ 13
3:0.2:2 27+5 18+5 39+ 13 19+2
3:0.5:2 22+4 9+3 44 +£9 2242
3:0.8:2 22+4 10+3 44 +9 28+4
3:1:2 22+4 11+3 39+ 10 44 +£9

Footnote: The crystallite size was calculated using Scherrer’s equation (L= K A / (B cos (8)) with K =
0.9 and A = 0.15406 nm. The peak broadening of the instrument was determined experimentally as

0.144 FWHM (°26) using the (111) peak of a Si standard.

To study the composition of the LDH precursors and calcined oxides, XRF and ICP analyses were
performed to quantify the content of Na and Mg. The results of ICP and XRF are presented in Table
4-2. Figure 4-2 shows the mass fractions of Na and Mg in the LDH and MMO samples, which were
converted to mass fractions of the oxides using stoichiometry and the relative molecular masses of the
compounds. In previous work on Cu-Al LDHs, Na-containing species such as dawsonite
(NaAICO3(OH),;) were formed when the co-precipitation was performed using Na,COs; as a co-

t'°%. The calcination of dawsonite led to the formation of Na aluminates (NaAlO, and

precipitating agen
other phases) during calcination and inhibited the undesired solid-state reaction of CuO and Al,Os to
CuAl,O4. From Table 4-2 and Figure 4-2, in the absence of Mg, significant amounts of Na were
incorporated into the materials (XRFna20: 3 wt%) due to the formation of dawsonite during co-

precipitation of the Cu-Al LDHs. The measured mass fraction of Na,O was observed to decrease with
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an increase in the loading of Mg, indicating that the formation of dawsonite was suppressed during co-
precipitation with Mg (Figure 4-2). The Mg is expected to perform a similar role as the Na-rich phases
in the Cu-Al LDH by inhibiting the formation of deleterious CuAl,O4 upon calcination. A discussion

of the inhibition of Na-containing species by the presence of Mg is given in section 4.3.
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Figure 4-2: Normalised weight percentage of Na,O and MgO in the LDH precursors and calcined

MMOs calculated from ICP and XRF measurements.

Table 4-2: Composition of LDH precursors and derived MMOs prepared using 1 M NaOH + 1
M Na,CO;, calculated from XRF and ICP measurements.

LDH MMO

Molar ratio 1 heoretical (wt%)

of Cu:Mg:Al ICP XRF XRF

CuO MgO ALO3; CuO MgO ALO3 Na;O CuO MgO ALO3 Na:O CuO MgO AlLO3 Na:O

3:0:2 70.1 00 299 695 00 276 29 649 02 328 22 618 02 347 33

3:0.1:2 692 12 296 690 08 279 23 628 10 344 1.7 627 1.0 324 39

3:02:2 684 23 292 707 12 259 23 641 20 317 22 694 13 279 13

3:05:2 662 56 283 704 32 255 08 673 35 287 06 667 37 290 0.7

3:0.8:2 640 87 273 690 52 254 04 615 64 319 02 659 57 281 03

3:1.0:2 627 106 268 66.1 86 253 01 609 92 299 00 613 98 289 0.0

Footnote: LDHs were synthesised at a pH of 9.5.
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4.2.2 Morphological and structural characterisation

The LDH precursors and calcined MMOs were characterised using electron microscopy techniques to
understand the morphological and structural evolution of the LDH precursors. Scanning transmission
electron microscopy (STEM), high-angle annular dark-field (HAADF)-STEM, and energy dispersive
spectroscopy (EDS) analysis (Figure 4-3a-c) confirmed the platelet-like structure and uniform
elemental distribution in the LDH precursors. The SEM image of the Cu-Mg-Al LDH precursor (Figure
4-3d) showed a well-defined platelet-like structure with the longer dimension of the platelets measuring
on average 110+46 nm (the interval denotes the standard deviation when analysing 120 randomly
selected platelets). Correspondingly, the average measured size for the shorter dimension of the platelets
(i.e. their thickness) was 24.8 £4.8 nm. Upon calcination, the platelets coalesced to form larger, more

spherical platelets, which have partially developed grain-like features (Figure 4-3e).

Figure 4-3: Characterisation of the Cu-Mg-Al LDH. (a) STEM and (b) HAADF-STEM images of the
Cu-Mg-Al LDH precursor (c) element mapping of the Cu-Mg-Al-LDH precursor, Cu (red), Al (green),
Mg (vellow), and O (blue); SEM images of the (d) Cu-Mg-Al LDH and (e) derived-MMO. The LDH

precursor sample was prepared using a molar Cu:Mg:Al ratio of 3:1:2.

TEM images of the MMOs calcined at 800°C show highly dispersed CuO (10-20 nm) with a high
dispersion in the support phase (Figure 4-4d-e). The fast Fourier transform (FFT) patterns of different

regions suggest the formation of crystalline domains, however specific assignment of crystalline phases
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could not be obtained, which might be due to defects in the CuO phases, interactions between CuO and

the Mg-Al oxide support at their interfaces or partial incorporation of CuO into the support.

by

Enm

Figure 4-4: Characterisation of the Cu-Mg-Al MMO. (a-b) STEM image of the Cu-Mg-Al MMO; (c¢)
HR-TEM images of the Cu-Mg-Al MMO; (d) STEM image of the calcined the Cu-Mg-Al MMO; (e) HR-
TEM image of the Cu-Mg-Al MMO with insets showing the fast Fourier transform (FFT) patterns of
different regions. The Cu-Mg-Al MMO sample was prepared by calcining up the CuMgAl-LDH
(Cu:Mg:Al = 3:1:2) to 800°C and cooling down to room temperature.
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4.3 Thermodynamic analysis of the inhibition of Na-containing
species in Cu-Mg-Al layered double hydroxide precursors

The formation of dawsonite, NaAICO3(OH),, plays an important role in the formation of Na-containing
species in Cu-Al LDH precursors and derived MMOs. Thermodynamic calculations were carried out to
investigate this relationship using SPANA (formerly MEDUSA),?!* which is based on the procedures
developed by Kakolowicz et al.*'* and Eriksson.?'* The calculations were performed for Mg-Al LDHs

due to an absence of thermodynamic data for Cu-Mg-Al LDHs.

In the pH values range used during co-precipitation in this thesis (i.e. pH 9 — 11.5), the overall reaction

212

for dawsonite formation is shown in equation (4-1)*'°, with its intermediates typically forming

according to equations (4-2) to (4-4).

A3t 4+ Nat + HCO3 + 2 H,0 — 3H' & NaAl(CO3)(0H), 4-1)
AIB* + 3 0H™ © AlI(OH), (4-2)

2 NaOH + 2 AI(OH); < 2 NaAl(OH), (4-3)
NaAI(OH), + CO32 + 2 H* & NaAl(CO5)(0H), + 2H,0 (4-4)

SPANA was used to compare the predicted thermodynamic equilibrium in the presence and absence of
Mg ions. A thorough screening of the available species in SPANA’s standard database DATABASE
found that relevant compounds, such as dawsonite and bimetallic LDHs, were not included in the
standard database. Therefore, equilibrium constants for these compounds were found in the literature

and added to DATABASE (Table 4-3).

Table 4-3: Values for the equilibrium constants (k) and structures for the compounds added to

the dataset used for the thermodynamic calculations with SPANA.

Formula Name Log kr298k° Reference (Database)
Mg:CO3(OH)s-3H20 Artinite 19.66 215216 (EQ3/EQ6)
NaAlICO3(OH)2 Dawsonite 435 215216 (EQ3/EQ6)
Mgs(CO3)4(OH)2-4H20 Hydromagnesite 32.55 215216 (MINTEQAZ2)
NaAICO3(OH): Dawsonite 435 215216 EQ3/EQ6)
Mg:Al(OH)12(COs)- 2H20 COs-hydrotalcite 51.14 217219
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Figure 4-5: Plots of equilibrium compositions (a) in the absence and (b) presence of Mg ions as a
function of the pH value. The plots were generated with SPANA (formerly MEDUSA) using data from
DATABASE (formerly HYDRA),*'? as well as literature values for the compounds listed in Table 4-3.

The results of the thermodynamic calculations using SPANA’s standard database and additionally
dawsonite and MgsAl>(OH)12(CO3)-2H,0 with data from Table 4-3, in the presence and absence of Mg
are presented in Figure 4-5a-b, respectively. From Figure 4-5a, the formation of dawsonite occurs
over a wide pH range. However, when the calculation was repeated with Mg ions being present, as
shown in Figure 4-5b, the presence of Mg thermodynamically suppresses the formation of dawsonite
and favours the formation of intermediates required for the formation of Mg-Al LDHs (e.g. MgCOs and
Al(OH)3) at moderate pH values (i.e. pH 6.0-9.5). At higher pH values (pH > 9.5), significant Mg-Al
LDH formation was predicted (log concentration >0.1). Though dawsonite is predicted to form over a
wide pH value range, its equilibrium concentration is significantly lower when Mg is present. This
thermodynamic suppression and fast kinetics of the formation of Mg-Al LDHs and its intermediates are
likely to effectively inhibit dawsonite formation. Other Na-containing species remain dissolved or are

soluble, allowing their removal from the system upon extensive washing of the precipitate.
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The formation of Mg-Al LDHs is possible via an ion exchange reaction with the NaAl(OH),, produced

according the reactions shown in Equations (4-7) and (4-8):

NaAl(OH), + Mg?* + 2 H,0 = AIMg(OH)s + NaOH + 2 H* (4-7)
2 NaAl(OH), + 4 Mg?* + 11 H,0 = Mg,AlL,(OH),, - 3H,0 + 2 NaOH + 8 H*  (4-8)

Since hydrated sodium aluminate can also dissociate, a two-step reaction during which the dissociated

aluminium hydroxide reacts with an Mg-ion is also a possible pathway:

2 Na[Al(OH),] = 2 NaOH + 2 Al(OH), (4-9)
Al(OH)3; + Mg?* + 2 H,0 — AIMg(OH)s + 2 H* (4-10)
2 AI(OH); + 4 Mg?* + 11 H,0 - Mg,Al,(OH), - 3H,0 + 8 H* (4-11)

In these reactions, Mg-species are likely to effectively scavenge carbonate groups and Al from either
dawsonite or from the mix of ions required for dawsonite formation. In the final stage, the positively
charged Al-Mg hydroxide forms two-dimensional layers while intercalating carbonate groups

according to the reaction such as equation (4-12) as predicted by SPANA:

Mg,Al,(OH), - 3H,0 + CO5™ + 2 HY - Mg,Al,(0H);,CO5 - 2H,0 + 3 H,0 (4-12)

Following the formation of the Mg-Al-COs layered double hydroxide, all the Na remains soluble in the
solution as NaCOs and Na® (Figure 4-5b). These soluble Na-species are then separated from the
precipitate and removed with the supernatant during the repeated DI-water washing step of the synthesis

procedure.

In a binary Cu-Al LDH system, such as the one investigated by Song et al.,'*® the absence of Mg enabled
the formation of dawsonite. The precipitation of dawsonite in the solid phase prevented the complete
removal of the Na from the materials during the subsequent DI washing procedure, and therefore Na

remained as a contaminant in the calcined MMOs.

The inhibiting effect of Mg on dawsonite formation has also been observed in natural subsurface
dawsonite reservoirs in “Mg-poor environmental conditions”.”?* In lab experiments, the authors
reproduced potential dawsonite formation conditions and likewise observed an inverse relationship

between the concentration of Mg and the formation of dawsonite.**’
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4.4  Effect of co-precipitating agent

4.4.1 Synthesis of layered double hydroxides using 2 M NaOH

To further investigate the influence of Mg on the composition of the MMOs, Cu-Mg-Al LDH were
synthesised using an aqueous solution of 2 M NaOH as the co-precipitating agent. As for the LDHs
synthesised using 1 M Na,COj; and 1 M NaOH, the molar ratio of Cu:Mg:Al was varied from 3:0:2 to
3:1:2 while the concentration of the metal ion solution was kept constant at 2 M, and a constant pH

value of 9.5 was maintained during co-precipitation.

4.4.2 XRD and chemical characterisation

A range of characterisation analyses were performed to understand the structure and properties of the
LDH precursors. XRF and ICP analyses were performed to quantify the content of Na and Mg in the
LDHs and calcined MMOs (Table 4-4). The results show that Mg was successfully incorporated into
all the materials for each molar ratio of Cu:Mg:Al. However, in contrast with the materials synthesised
using NaOH and Na,COs3, no Na,O was detected in the materials synthesised using solely NaOH. From
section 4.3, dawsonite formation requires the presence of CO5*" and no other insoluble Na species were
predicted to form (Figure 4-5b). Therefore, any residual Na” was removed from the materials during

washing which was carried out until the wash water ionic conductivity measured below 50 uS cm™.

Table 4-4: The composition of LDH precursors and derived mixed metal oxides, prepared with

2 M NaOH calculated from XRF and ICP measurements.

LDH MMO

Sample Theoretical (Wt%)
ICP results XRF XRF

Cu: Mg: Al CuO MgO ALO3; CuO MgO ALO3; Na2O CuO MgO ALOs; Na;O CuO MgO ALOs; NaO

3:0:2 70.06 0.00 29.94 74.85 0.00 25.15 0.00 70.02 0.26 29.71 0.01 68.52 0.40 31.08 0.00

3:01:2 6924 1.17 29.59 76.16 0.00 23.84 0.00 65.75 1.33 32.89 0.03 68.62 1.18 30.19 0.00

3:0.2:2 68.44 231 29.24 7292 198 25.10 0.00 6436 246 33.18 0.00 71.68 1.96 2636 0.00

3:05:2 66.15 559 2826 68.08 4.64 2728 0.00 63.66 494 3140 0.00 62.18 5.65 32.18 0.00

3:08:2  64.01 865 2735 67.01 7.02 2597 0.00 6574 6.84 2742 0.00 57.53 9.52 32.95 0.00

3:1.0: 2 62.65 10.58 26.77 65.11 9.16 25.73 0.00 64.39 8.75 26.86 0.00 5829 11.04 30.68 0.00

Footnote: LDHs were synthesised at a pH of 9.5. Most of the variations are within a range of 5%

measurement error.
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The XRD spectra show low-crystallinity LDHs were produced using NaOH solely as the co-
precipitating agent (Figure 4-6a), compared to the high-crystallinity LDHs produced when using NaOH
+ Na,COj; (Figure 4-9¢). The XRD results show that a significant amount of CuAl,O4 was formed in
the Cu-Al MMO, while addition of the Mg (i.e. Cu-Mg-Al LDHs) limited the formation of
CuAl,O4 (Figure 4-6b). The results of the crystallite size calculation of the MMOs are presented in
Table 4-5. When increasing the Mg loading, the crystallite size of CuAl,O4/MgAl,O4 decreased steadily
from 102+ 11 nm to 70 =7 nm, while the crystallite size of CuO remained relatively constant in the
range of 58 to 69 nm. The crystallite size of the aluminate and CuO phases of the MMOs derived from
LDHs produced using NaOH were much larger than those precipitated using NaOH + Na,COs; (Table
4-1).

(a) (b)

PDF#37-0630-Cu, AlL(OH), €O, - 4 H,0

PDF#80-1268-Cu0

PDF#73-1959-MgALO,
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Figure 4-6: XRD patterns of Cu-Mg-Al LDH precursor and calcined MMOs prepared using 2 M
NaOH. (a) XRD patterns of Cu-Mg-Al LDHs and (b) Cu-Mg-Al MMO. The crystalline patterns
in (a) correspond to Cu-Al hydrotalcite (JCPDS 37-0360), and in (b) correspond to CuO (JCPDS 80-
1268, vertical lines) and MgAl;O4 (JCPDS 73-1959, vertical dashed lines), respectively. The molar
ratio of Cu:Mg:Al in the MMOs varies from 3:0:2 to 3:1:2, as indicated, and calcined at 950°C for 3 h

for analysis.
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Table 4-5: Crystallite size of the MMOs derived from LDHs produced using 2 M NaOH and 1 M
NaOH + 1 M Na,COs.

NaOH NaOH + Na:COs3
Molar ratio of
Cu:Mg:Al Lcuo Lmgazo4 or Lcuanzo4 Lcuo Lcuanos
[nm] [nm] [nm] [nm]

3:0:2 63+6 102+ 11 37+6
3:0.1:2 63+13 98+9 54+13
3:0.2:2 63+13 92+7 39+13 19+2
3:0.5:2 64+9 81£5 44+9 22+2
3:0.8:2 58+9 79+7 44+9 28+4
3:1:2 69+ 10 70+ 7 39+10 44+9

Footnote: The crystallite size was calculated using Scherrer’s equation (L= K A / (B cos (8)) with K =
0.9 and A = 0.15406 nm. The peak broadening of the instrument was determined experimentally as

0.144 FWHM (°26) using the (111) peak of a Si standard.

4.2.3 Morphological and structural characterisation

FTIR spectra for the LDHs co-precipitated using solely NaOH and NaOH + Na,COs are presented in
Figure 4-7a and Figure 4-7b, respectively. Bands associated with interlayer NO3™ (from the metal
nitrate reagents) were observed at 1381 cm™ and 1039 cm™ in Figure 4-7a indicating that the interlayer
anions of the LDHs synthesised using NaOH are a mixture of NOs;™ and CO;*, despite the co-
precipitating agent containing no Na,COs. This is likely due to the ingress of ambient CO, into the
reaction vessel due to the strong affinity of the LDH for COs?, as has been reported elsewhere.*! The
absence of the bands associated with NO3™ in Figure 4-7b shows that the interlayers anions of the LDHs
prepared using NaOH and Na,COs are primarily CO;”. The band at 1352 cm™ associated with COs* is
much weaker for the precursors prepared with NaOH than for those prepared using NaOH and Na,CO3
(Figure 4-7). Despite the incorporation of some COs” into the interlayer, the absence of the shoulder
at 630 cm™' indicates that the quantity of COs* in the interlayer is lower than in the samples precipitated

with NaOH and Na,COs.

The use of Na,COs for co-precipitation has been suggested to increase stacking in the c-direction,
perpendicular to the LDH sheets, due to the stronger electrostatic bonds between CO3* (versus NOs")
and the brucite layers.””**** As such, LDHs with NOs as the interlayer anion have been observed to be
less crystalline, less stable, more disordered, and form denser aggregates than LDHs with CO;* as the
interlayer anion.”** Therefore, the LDHs produced using solely NaOH possess lower crystallinity

because the primary interlayer is NOs™ and those produced using NaOH + Na,COs; have higher
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crystallinity because the primary interlayer is CO5%, as observed by XRD (Figure 4-1a and Figure 4-6a,
respectively) and SEM (Figure 4-9). The formation of a mixture of LDHs with different interlayer
anions (COs* and NOs") for the LDHs synthesised using solely NaOH could explain the mixture of
sharp and broad peaks observed in the XRD spectra (Figure 4-6a) that are associated with LDHs with

high and low crystallinity, respectively.
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Figure 4-7: FTIR spectra of LDH precursors co-precipitated using (a) 2 M NaOH and (b) I M NaOH
and 1 M Na;COs, with varying molar compositions of Cu:Mg:Al =3 : 0 : 2 to Cu:Mg:Al =3 :1:2. All

samples were prepared at a constant pH of 9.5.

The results of BET surface analysis from N; adsorption are shown in Figure 4-8. The LDHs and MMOs
prepared using solely NaOH generally showed a lower surface area compared to those prepared using
a mixture of NaOH and Na,COs. Analysis of the materials using SEM found the LDHs produced using
solely NaOH were much smaller than those produced using NaOH and Na,CO; and the aggregate

structure was much denser (Figure 4-9).
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Figure 4-8: BET surface areas of the LDHs prepared using 2 M NaOH and 1 M NaOH and 1 M
Na;CO0s, and calcined MMOs for varying molar concentrations of Mg. All samples were prepared at
a constant pH of 9.5.

Figure 4-9: SEM images of LDH and MMO materials. (a) LDH precursor produced using 2 M NaOH
and (b) derived MMO, and (c) LDH precursor produced using 1 M NaOH and 1 M Na:>CO3 and (d)
derived MMO. All samples were prepared at a constant pH of 9.5. All MMOs were calcined at 950°C
for 3 h for analysis.
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The degree of elemental dispersion in the MMOs critically determines their redox activity and thermal
stability. To compare their elemental dispersion and morphology, HAADF-STEM imaging analysis and
EDS elemental mapping were carried out for the following MMOs:

e Cu-Al MMOs, where Cu:Mg:Al = 3:0:2, prepared using 2 M NaOH

e Cu-Mg-Al MMO, where Cu:Mg:Al = 3:1:2, prepared using 2 M NaOH

e Cu-Al MMOs, where Cu:Mg:Al = 3:0:2, prepared using 1 M NaOH and 1 M Na,COs3

e Cu-Mg-Al MMO, where Cu:Mg:Al = 3:1:2, prepared using 1 M NaOH and 1 M Na,COs

The Cu-Al MMO derived from Cu-Al LDH precipitated using NaOH showed a poorer dispersion of Cu
and Al due to the phase separation of CuO and CuAl,O4 (Figure 4-10). Similarly, Cu-Mg-Al MMO
calcined from low-crystallinity precursor precipitated using solely NaOH showed a dense aggregation
of nanoparticles and the formation of large CuO particles (Figure 4-11). The formation of fine CuO
nanoparticles dispersed in an amorphous matrix was observed for the Cu-Al MMO with residual Na
prepared using a co-precipitating agent containing NaOH and Na,COs (Figure 4-12). In contrast, Cu-
Mg-Al MMO calcined from high-crystallinity Cu-Mg-Al LDH with no residual Na showed
homogeneous distribution of CuO (about 30—40 nm) at the nanometer scale (Figure 4-13). A higher
degree of dispersion is expected to stabilise the CuO phase and improve the resistance to sintering,
enabling higher redox activity and faster kinetics. A side-by-side comparison of the elemental mapping

of each MMO is shown in Figure 4-14 for easier comparison of the varying degrees of dispersion.

Cu Kal Al Kal

500 nm
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Figure 4-10: Characterisation of Cu-Al MMOs derived from Cu-Al LDH prepared by precipitation
with 2 M NaOH without residual Na. (a) HAADF-STEM image of Cu-Al MMO calcined at 950°C. (b)
EDX mapping showing the distribution of Cu (Red), Al (Green), and O (Blue), and overlay map of Cu
and Al
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Figure 4-11: Characterisation of Cu-Mg-Al LDH precursor prepared by precipitation with 2 M
NaOH and calcined MMOs. (a) STEM image of Cu-Mg-Al LDH precursor. (b) STEM image and (c)
HRTEM image of Cu-Mg-Al MMOs calcined at 800°C for 3 h (Cu:Mg:Al = 3:1:2). (d) HAADF-STEM,
(e) BF-STEM and (f) STEM images of Cu-Mg-Al MMO calcined at 950°C. (g) EDX mapping showing
the distribution of Cu (Red), Al (Green), Mg (Yellow), and O (Blue), and (h) overlay of Cu and Al.
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Figure 4-12: Characterisation of Na-stabilised Cu-Al MMOs derived from Cu-Al LDH prepared by
precipitation with an aqueous solution containing 1 M NaOH and 1 M Na;CO;. (a) HAADF-STEM,
(b) BF-STEM and (¢) STEM images of Cu-Al MMO calcined at 950°C. (d) EDX mapping showing the
distribution of Cu (Red), Al (Green), Na (Yellow), and O (Blue), and (e) overlay map of Cu and Al
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Figure 4-13: Characterisation of Cu-Mg-Al LDH precursor and calcined MMOs prepared by
precipitation with 1 M NaOH and 1 M Na;COs. (a) STEM image of Cu-Mg-Al LDH precursor. (b)
STEM image and (¢) HRTEM image of Cu-Mg-Al MMOs calcined at 800°C for 3 h (Cu:Mg:Al = 3:1:2).
(d) HAADF-STEM, (e) BF-STEM and (f) STEM images of Cu-Mg-Al MMO calcined at 950°C. (g) EDX
mapping showing the distribution of Cu (Red), Al (Green), Mg (Yellow), and O (Blue).
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Figure 4-14: Comparison of the phase dispersion of the MMOs calcined from LDHs prepared using
different synthesis conditions. Diagrams illustrating the composition and phase dispersion of the
MMO:s: (a) CuO/CuAdl;O4 derived from Cu-Al LDH, (b) CuO/MgAl;Oy derived from low-crystallinity
Cu-Mg-Al LDH, (¢) CuO in Na-stabilised support, and (d) CuO in MgAl,O support derived from high-
crystallinity Cu-Mg-Al LDH. (e) HAADF-STEM image and (f) element mapping of Cu-Al MMO
synthesised from Cu-Al LDH, consisting of CuO/CuAl;Oy. Cu:Al = 3:2, 2 M NaOH. (g) HAADF-STEM
image and (h) element mapping of Cu-Mg-Al MMO derived from low-crystallinity Cu-Mg-Al LDH.
Molar ratio of Cu:Mg:Alis 3:1:2, 2 M NaOH. (i) HAADF-STEM image and (j) element mapping of Cu-
Al MMO derived from Cu-Al LDH with residual Na. The molar Cu:Al ratio is 3:2, 1 M NaOH + I M
Na>COs. (k) HAADF-STEM image and (1) element mapping of Cu-Mg-Al MMO calcined from high-
crystallinity Cu-Mg-Al. Molar ratio of Cu:Mg:Al is 3:1:2, 1 M NaOH and 1 M Na,CQOs. The combined
element maps (f, i, I, o) only consist of Cu and Al. All the samples were calcined at 950°C for 3 h.

4.5 Thermodynamic analysis of the inhibition of CuAl>O4 by Mg

To predict the inhibiting effect of Mg on the active phase-support interactions, thermodynamic
calculations were carried out using FactSage for the calcined system in the absence (Figure 4-15a-b)
and presence (Figure 4-15¢-d) of Mg.®® The calculations were carried out at 600°C and 1000°C to cover

a wide range of potential temperatures for CLC.
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The equilibrium compositions have been plotted as a function of the oxygen concentration since the
mechanisms of active phase-support interaction for the Cu-Al-O system (which is prone to these
interactions) does not become apparent in the fully oxidised state (Figure 4-15a and b with x in Cu + 2
Al+ x O, =2.0). Here, CuO and Al,Os are thermodynamically stable. These two species are also stable
in the fully reduced state (x = 1.5). However, at intermediate oxidation states or upon oxygen removal
during the thermal decomposition of CuO, a mixture of CuAlO,, AlbO; and Cu or CuO is
thermodynamically stable. This allows for the unfavourable Cu-Al oxide formation, which has been
observed in the literature.”>*** For the trimetallic-system Cu-Al-Mg-O (Figure 4-15¢ and d),
interactions between the active phase and the supporting phase are thermodynamically not favourable
in the temperature range 600—1000°C and oxygen concentrations in the range occurring between full
reduction and oxidation.”® Therefore, the thermodynamic calculations in the presence of Mg confirm

that MgAl,O4 forms and remains stable while the formation of CuAl,O4 and CuAlO; is inhibited.
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Figure 4-15: Plots of the thermodynamic equilibrium composition as a function of the oxygen
concentration. (a, b) Cu-Al-O and (c, d) Cu-Al-Mg-O, and the temperatures (a, c) 600°C and (b, d)
1000°C. Data taken from FactSage and expanded with CuAl;Oy using Gibbs free energy data for the

systems.
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The phase evolution during calcination of the LDHs to MMOs was studied using ex-situ XRD (Figure
4-16). To prepare samples for XRD analysis, LDH precursors were calcined for 3 h at temperatures of
400, 600, 800 and 950°C using an air flow of 1 L min™". The LDH precursors synthesised using NaOH
(Figure 4-16a-b) have a lower thermal stability than the precursors synthesised using NaOH and
Na,CO; (Figure 4-16c-d) as shown by the formation of crystalline CuO (sharper peaks) at lower
temperatures. The Na-inhibition effect can be clearly seen for Cu-Al LDHs prepared using different co-
precipitating agents. For Cu-Al LDHs prepared using NaOH and Na,COs, (Figure 4-16¢), the formation
of CuAl,O4 was limited by the presence of Na-containing species, whereas the Cu-Al LDHs prepared
using solely NaOH (Figure 4-16a), which contained no Na, recorded very intense peaks related to
CuAl,O4. From the thermodynamic calculations in Figure 4-15, the formation of spinel phases is
feasible at 600°C. However, no peaks associated with spinel phases were observable in the XRD
patterns at this temperature. Although, these peaks may have been obscured by the broad peaks
associated with CuO at this temperature. The peaks associated with spinel phases did appear in the XRD

patterns for materials calcined at 800°C, which also contained shaper peaks associated with CuO.
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Figure 4-16: The phase composition as a function of the calcination temperature. (a) Cu-Al LDH
with a Cu:Al molar ratio of 3:2, with co-precipitating agent of 2 M NaOH, (b) Cu-Mg-Al LDH with a
Cu:Mg:Al molar ratio of 3:1:2, with co-precipitating agent of 2 M NaOH, (c) Cu-A! LDH with a Cu:Al
molar ratio of 3:2, with co-precipitating agent of 1 M NaOH + I M Na>COs3, (d) Cu-Mg-Al LDH with
a Cu:Mg:Al molar ratio of 3:1:2, with co-precipitating agent of 1 M NaOH + 1 M Na>COs. The

treatment temperatures were the following: (i) room temperature, (ii) 400°C, 3 h (iii) 600°C, 3 h (iv)
800°C, 3 h (v) 950°C, 3 h. The reference crystalline patterns are: CuO: JCPDS 80-1268, CuAl,Oy:
JCPDS 76-2295, MgAl,O4: JCPDS 73-1959, CusAl>(OH)1sCO3-4H,0: JCPDS 37-0630.
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4.6 Concluding remarks

This chapter investigated the introduction of Mg into the Cu-Al LDH system. Two series of materials
were produced, (i) LDHs co-precipitated using 1 M NaOH and 1 M Na,COs, and (ii) LDHs co-
precipitated using 2 M NaOH. For each series of materials, the molar ratio of Cu:Mg:Al was 3:x:2,

where x varied from 0 to 1 in steps of 0.2, and a range of characterisation techniques was performed.

For all LDHs synthesised, the XRD spectra showed that the LDH structure was successfully obtained
(Figure 4-1 and Figure 4-6). For the LDHs produced using Na,COs3; and NaOH, the XRD spectra less
closely resembled Cu-Al LDHs and more closely resembled Mg-Al LDHs with an increase in the
loading of Mg. This indicates that Mg was successfully incorporated into the LDH structure (Figure
4-1). In addition, the Na content in the LDH precursors and derived MMOs was observed to decrease

with increasing amounts of Mg (Figure 4-2 and Table 4-1).

Thermodynamic calculations determined that the formation of insoluble Na species (i.e. dawsonite) was
thermodynamically suppressed in the presence of Mg. The other possible Na species were either soluble
or predicted to remain dissolved in the solution, which allowed for their removal from the system during
washing. For the LDHs synthesised using solely NaOH, the results of ICP and XRF showed that no Na
was retained in the material after washing. From the thermodynamic calculations, the formation of
dawsonite requires the presence of CO3”". Therefore, Na was not retained in the LDH or MMOs for any

Mg loading.

Ex-situ XRD was performed to study the evolution of the crystalline phases formed during the
calcination of the LDHs to MMOs. The LDHs precipitated using NaOH (Figure 4-16a-b) were found
to be less thermally stable than the precursors synthesised using NaOH and Na,CO; (Figure 4-16¢-d).
The formation of significant quantities of deleterious CuAl,O4 spinel was observed in the temperature-
evolved XRD patterns for the Cu-Al LDHs prepared using NaOH (Figure 4-16¢) but not in the patterns
of the Cu-Al LDH precursors produced using NaOH and Na,COs (Figure 4-16a) due to the Na

stabilisation effect, as observed in the literature.'>®

HAADF-STEM imaging analysis and EDS elemental mapping was carried out to compare the
elemental dispersion and morphology of the MMOs prepared using different synthesis conditions
(Figure 4-14.). A summary of the findings for each LDH material synthesised in this chapter is shown
in Table 4-6.
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Table 4-6: Summary of findings regarding Cu-Al and Cu-Mg-Al LDHs prepared via co-
precipitation using NaOH and Na,CO; or NaOH.

Co-precipitatin
MMO precip g
agent

Molar ratio of

Cu:Mg:Al

Comments and observations

1 2 M NaOH

2 2 M NaOH

1 M NaOH and
1 M NaxCOs

1 M NaOH and
1 M Na2COs

3:0:2

3:0:2

XREF: zero Na content

XRD: low crystallinity LDH precursor

EDS: poor dispersion of Cu and Al due to the phase separation
of CuO and CuAl204

XRF: zero Na content

XRD: low crystallinity LDH precursor

EDS: dense aggregation of nanoparticles and the formation of
large CuO particles.

Previous work by Song et al. 13

XRF: high Na content

XRD: high crystallinity LDH precursor

EDS: dense aggregation of nanoparticles and the formation of

large CuO particles

XRF: zero Na content
XRD: high crystallinity LDH precursor

EDS: fine CuO nanoparticles dispersed in an amorphous matrix

The Mg introduced into the Cu-Al LDH system is expected to perform a similar role as the Na-rich

phases in the previously studied Cu-Al LDHs by inhibiting the formation of deleterious CuAl,O4 upon

calcination and during redox cycling. Based on the observations in Table 4-6, the redox performance

of MMOs derived from LDHs with a Cu:Mg: Al molar ratio of 3:1:2 synthesised using NaOH + Na,COs

(Table 4-6, sample 4) will be investigated in the next chapter and compared against MMOs derived

from LDHs with a Cu:Mg:Al molar ratio of 3:0:2 synthesised using solely NaOH (Table 4-6, sample

).
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Chapter 5

Long term redox cycling of Cu-Mg-Al layered
double hydroxide-derived oxygen carriers in

thermogravimetric and fluidised bed systems

5.1 Introduction

A challenge for chemical looping processes is the development of high-performance sintering-resistant
oxygen carriers that can reversibly transfer oxygen over multiple redox cycles.””” CuO-based mixed
oxides have been studied extensively owing to their high oxygen capacity (CuO/Cu: 0.201 gO,/gCuO;
CuO/Cuy0: 0.101 gO,/gCuO0), fast rates of reaction, and absence of thermodynamic limitations for the
complete combustion of fuels. To increase their mechanical strength, CuO is often supported on
ALOs.'™ However, the attrition and agglomeration of these materials leads to performance
degradation.”*® Furthermore, over extended periods of redox cycling, the CuO reacts with A1,Os to form
the CuAL,Oy spinel oxides.”” At typical CLOU operating temperatures, CuAl,O4 has a lower oxygen
equilibrium partial pressure, slower oxygen release rates, and a lower oxygen release capacity than pure
CuO.'"” Thus, it is desirable to develop a material that inhibits the formation of CuAlOs. Co-
precipitation has been used to prepare Cu-Al mixed oxides;”’ however, it remains difficult to control

the Na content in the precursor for effective stabilisation of the CuO phase.

In this chapter, the long-term cycling performance of CuO-based MMOs developed from LDH
precursors was studied using TGA and FBR systems. In chapter 4, LDH precursors were produced
using different molar ratios of Cu:Mg:Al and co-precipitating agents. The chemical and structural
evolution of these LDHs to MMOs upon calcination was investigated and two MMOs were selected for

further testing and characterisation in this chapter. The MMOs selected for analysis are derived from
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(i) LDHs with a Cu:Mg:Al molar ratio of 3:1:2 co-precipitated using 1 M NaOH and 1 M Na,COs, and
(i) LDHs with a Cu:Mg:Al molar ratio of 3:0:2 co-precipitated using 2 M NaOH. Upon calcination,
the LDHs with a Cu:Mg:Al molar ratio of 3:1:2 and 3:0:2 form CuO/MgAl,O4 and CuO/CuAl,O4
MMOs, respectively. The MMOs were cycled under CLOU (oxygen release in N») and CLC (reduction
in CO/N,) modes to investigate their long-term chemical stability during redox cycling and the
effectiveness of the Mg stabilisation strategy. The MMOs were also tested in an FBR. In addition to the
thermal and chemical stresses experienced in a TGA, particles in a FBR are also exposed to mechanical
stresses due to high-velocity collisions with other particles and the reactor wall. From the literature
review conducted in chapter 2, the average crushing strength of the Al,Os-supported oxygen carriers
was 2.7 N compared to 1.6 N for the MgAl,O4 oxygen carriers. The 1.6 N for the MgAl,O4 oxygen
carriers is below the 2 N threshold Rydén et al. recommended for survivability in fluidised systems.®

Therefore, the synthesis procedure was altered to increase the crushing strength of the oxygen carriers

used in the FBR.

One promising application of CLC is for industrial gas purification. An example is argon recycling in
the solar photovoltaic manufacturing industry, where a significant amount of high-purity argon gas is
used in the fabrication of silicon wafers for solar panels. The exhaust gas stream usually contains
contaminated gases such as CO and H; at several thousand ppm, along with traces of other combustible
gases. Chemical looping combustive purification (CLCP) has been developed to remove these
contaminants to below ppm levels. The oxygen carriers oxidise the combustible gases to CO; and H,O,
which are subsequently removed by molecular sieve sorbents. The reduced oxygen carriers are then
regenerated by oxidation in air. CLCP has been successfully scaled up for argon or helium recovery
and purification in industry.*° In a broad context, this principle can be applied to replace conventional
regenerative thermal oxidisers operated at high-temperature for clean-up of low-concentration
hydrocarbons, such as methane from landfills or volatile organic compounds, at lower temperatures.
The performance of MMOs with a 3:1:2 molar ratio of Cu:Mg:Al as oxygen carriers for CLCP were

investigated using an FBR and a feed gas of low concentrations of CO or CHa.

5.2 Redox cycling in a thermogravimetric analyser

5.2.1 Methods

The MMOs initially investigated in this chapter were prepared from LDH precursors synthesised via
co-precipitation at a constant pH value of 9.5. The Cu-Al MMOs (molar ratio 3:2) were synthesised
using 2 M NaOH and the Cu-Mg-Al MMOs (molar ratio 3:1:2) were synthesised using 1 M NaOH and
1 M Na,COs. After drying the precipitate, the LDHs were calcined in a horizontal tube furnace at 975°C
for 6 h in an airflow of 1 L min ! using a heating rate of 15°C min '. After calcination, the solids were

crushed and sieved into the desired particle size ranges.

106



Thermogravimetric analysis was carried out in a Q5000 (TA Instruments, set-up detailed in chapter 3)
to evaluate the chemical stability of the MMOs. In a typical experiment, 3—4 mg of the calcined MMOs
(size fraction 300-425 pm) were placed in a platinum crucible (1.5 mm high and 9.8 mm in diameter)

and cycled for 100 redox cycles. For CLOU experiments, a two-step cycle was used,

) Oxygen release in N for 5 min,

(i1) Re-oxidation in air for 3 min.
For CLC experiments, a four-step cycle was used,

(1) Reduction in 5 vol% CO balanced with N, for 7 min,
(i1) N> purge for 1 min to prevent gas mixing of the reducing and oxidising gases,
(ii1) Re-oxidisation in air for 3 min,

(iv) N> purge for 1 min.

All experiments were performed at 900 °C, and the total gas flow rate was kept constant at
200 ml min~' (SATP). The observed oxygen release capacity (CLOU) and oxygen storage capacity
(CLC) were defined as the difference of the relative weights at the beginning and the end of the oxygen

release or reduction period, respectively.

5.2.2  Result of long-term redox cycling in a thermogravimetric analyser

Isothermal redox reactions were performed in a TGA at 900°C to investigate the chemical stability and
reactivity of the MMOs. Figure 5-1a shows the weight change of the MMOs over 100 redox cycles
between CuO and Cu,O, which were performed by oxygen release in N, and re-oxidation in air (CLOU)).
The chemical stability of the MMOs was further investigated by cycling under CLC mode, with deep
reduction of CuO to Cu under 5 vol% CO/N;, followed by re-oxidation in air. The oxygen storage
capacity of the MMOs over 100 CLC cycles is shown in Figure 5-1b. The first cycle weight profiles
for CLOU and CLC cycling are shown in Figure 5-1c and Figure 5-1d, respectively.

From Figure 5-1¢, the Cu-Mg-Al MMOs showed faster rates of oxygen release and oxidation than
those observed for the Cu-Al MMOs (consisting of CuO and CuAl,Os4). The Cu-Mg-Al MMOs showed
almost no deactivation over 100 continuous redox cycles, with the oxygen release capacity remaining
constant at 6.4 wt% (Figure 5-1a). In comparison, the Cu-Al MMOs were found to deactivate very
quickly during CLOU redox-cycling, with the oxygen release capacity decreasing from an initial 5 wt%
to 3.9 wt% after 100 cycles. The decline of the oxygen release capacity of the Cu-Al MMO can mainly
be attributed to the formation of CuAl,O4/CuAlO,, which have significantly slower rates of oxygen
release and re-oxidation than CuO/Cu,0,”' as observed in Figure 5-1c. Interestingly, the oxygen

storage capacity of each MMO tested under full reduction and re-oxidation (i.e. redox between CuO
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and Cu) remained stable over 100 cycles (Figure 5-1d), i.e. ~14.1 wt% and 13 wt% for the Cu-Al and
Cu-Mg-Al MMOs, respectively, and will be discussed in section 5.2.4.
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Figure 5-1: Redox cycling of Cu-Al MMO and Cu-Mg-Al MMO in a TGA at 900°C. (a) relative
weight profiles for the first CLOU cycle, phase change between CuO and CuO. The oxygen release
was carried out under N for 5 min, followed by re-oxidation in air for 3 min. (b) oxygen release
capacities of the MMOs over 100 CLOU redox cycles. (c) relative weight profiles for the first CLC
cycle, phase change between CuO and Cu. The reduction was carried out for 7 min in 5 vol% CO
balanced with N, followed by a 1 min N, purge. The samples were then re-oxidised for 3 min in air,

followed by a further 1 min in pure N.. (d) oxygen storage capacities of the MMOs over 100 CLC redox

cycles.

The Cu-Mg-Al MMOs were cycled for an additional 500 CLOU cycles at 900°C to further investigate
the effectiveness of the MgAl,Oj stabilisation strategy. The first and last CLOU cycle profiles are shown
in Figure 5-2a. The MMOs showed almost no deactivation over 500 continuous redox cycles, i.e.

neither a significant reduction in observed rates (similar gradients of oxidation and reduction) nor in the
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observed oxygen release capacity (6.4 wt%, Figure 5-2b). The variation in oxygen release between

cycles 225 to 300 was attributed to disturbances in the external lab environment.
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Figure 5-2: TGA profiles of long-term redox cycling of Cu-Mg-Al MMO. (a) relative weight profiles
for the first and last CLOU cycle, phase change between CuO and Cu;O. The oxygen release was
carried out under N; for 4 min, followed by re-oxidation in air for 2.5 min (b) oxygen release capacity

over 500 cycles of oxygen release and re-oxidation. (c) entire relative weight profile.

5.2.3 Material characterisation

Ex-situ XRD was used to track the phase changes of the Cu-Mg-Al and Cu-Al MMOs during CLOU
cycling (Figure 5-3a and b, respectively). XRD analyses confirmed the chemical stability of
CuO/MgAl,04 in the Cu-Mg-Al MMOs during redox cycling (Figure 5-3a). Owing to the stabilisation
by the MgAl,O4 support, CuO decomposed to Cu,O and regenerated to CuO without forming CuAlO».
In contrast, the formation of CuAlO, over extended redox cycling in the Cu-Al MMOs was confirmed
in the cycled samples (Figure 5-3b). Interestingly, CuAlO; was not observed in the XRD profile of the
oxygen release Cu-Al sample. The formation and re-oxidation of CuAlO; has been reported to be

significantly slower than that of CuO.?' Therefore, it is likely that the CuAlO, content in the MMOs
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gradually increases over 100 cycles. The oxygen release and re-oxidation reaction mechanisms of the

Cu-Al MMOs are discussed in section 5.2.4.

The phase changes of the Cu-Mg-Al and Cu-Al MMO during CLC cycling are shown in Figure 5-3¢
and d, respectively. The formation of Cu/MgAl,O4 upon reduction and solely CuO/MgAl,O4 upon re-
oxidation confirmed the chemical stability of the Cu-Mg-Al MMOs during CLC cycling (Figure 5-3¢).
For both CLOU and CLC cycling, the XRD analyses show an increase in the intensity of the peaks
associated with MgAl,O4 in the cycled sample compared to the fresh sample. This was attributed to the
sintering of the MgAl,O4 phase. For the Cu-Al samples, XRD analyses confirmed the reduction of the
MMO to Cu/Al,O3 and re-oxidation to CuO/CuAl,O4. Interestingly, the formation of CuAlO, was not

observed in the cycled sample, which is discussed in section 5.2.4.
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Figure 5-3: XRD patterns of fresh, oxygen released/reduced and cycled Cu-Al MMOs and Cu-Mg-
Al MMOs. XRD patterns of (a) Cu-Mg-Al MMOs and (b) Cu-Al MMOs during CLOU cycling in a TGA.
XRD patterns of (¢c) Cu-Mg-Al MMOs and (d) Cu-Al MMOs during CLC cycling in a TGA.
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The phase changes of the MMOs during CLOU cycling were also studied using in-situ high-temperature
XRD by exposing the MMOs to alternating N» and air gas streams at 900°C in a high temperature XRD
stage (set-up detailed in chapter 3). The results show the CuO phase disappeared at a similar rate for
each material. However, the XRD set-up did not permit the use of high gas flow rates. Therefore, the
oxygen released from the sample may not have been effectively swept from the XRD stage, reducing
the thermodynamic driving force for oxygen release and obscuring differences between the rates of
oxygen release for the two samples. The intensity of the MgAl,O4 and CuAl,O4 phases remained
relatively unchanged during cycling (Figure 5-4). However, any change in the intensity of the CuAl,O4
peak at 26 = 36.6° may have been obscured by the growth of the Cu,O phase (intense peak at 26 =
36.4°). In addition, the low gas flow rates may have resulted in an oxygen partial pressure across the

stage that was too high for the formation of CuAlO, to occur.
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Figure 5-4: In situ high temperature XRD analyses. XRD profiles of Cu-Mg-Al MMO with (a) oxygen
release in N> and (b) oxidation in air. XRD profiles of Cu-Al MMO, with (c) oxygen release in N> and

(d) re-oxidation in air. All runs were performed at 900 °C.
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5.2.4 Thermodynamic analysis of the Cu-Al MMO system

The thermodynamics of the Cu-Al-O system was studied to improve the understanding of the redox
reactions of the Cu-Al MMO during cycling in the TGA. A phase diagram was produced using the
Gibbs free energy data reported by Jacob & Alcock'” for the Cu-Al system with a molar ratio of 1:1
(Figure 5-5).
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Figure 5-5: Cu-Al-0O system equilibrium phase diagram for a 1:1 molar mixture of CuO and Al0;.
The region for oxygen release and re-oxidation during CLOU are demarcated, calculated using

thermodynamic data from Jacob & Alcock.'”

From Figure 5-5, calcination of Cu-Al LDH precursor in air at 975°C (log(po2)=0.68) produces MMOs
of CuO and CuAl,Os, formed through reaction (5-1), as confirmed by XRD analysis (Figure 5-3b,
fresh).

CuO + Al,0; = CuAl,0, (5-1)

During redox cycling at 900°C, the oxygen partial pressure is sufficiently low (Figure 5-5, CLOU

demarcation) for CuO to decompose to Cu,O and oxygen through reaction (5-2),
4CuO = 2Cu,0 + 0, (5-2)

The CuO can also react with CuAl,O4 to form CuAlO, and release oxygen through reaction (5-3),
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2CuAl,0, + 2Cu0 = 4CuAl0, + 0, (5-3)

The CuAl,O4 could also react to form CuAlO; and Al,O; and release oxygen through reaction (5-4),

4CuAl,0, = 2CuAl0, + 241,05 + 0, (5-4)

Although all three reactions are thermodynamically feasible, the rapid oxygen release of CuO (reaction
(5-2)) observed in the in-situ XRD experiments (Figure 5-4¢) suggests that the formation of CuAlO; is
unlikely to occur via solid-solid reaction (5-3).*' The absence of CuAlO; in the XRD pattern of the O,
released sample (Figure 5-3b) and appearance in the cycled material pattern (Figure 5-3b) indicates
that reaction (5-4) is kinetically limited. Therefore, oxygen release from the Cu-Al MMOs is likely to
occur in two stages, (i) rapid oxygen release from CuO/CuAl,O4 via reaction (5-2), followed by (ii)

oxygen release via the much slower reaction (5-4).

For re-oxidation, the CuAlO; peaks in the cycled material XRD pattern (Figure 5-3b) confirm some of
the initial active CuO was not regenerated during re-oxidation. This is confirmed experimentally by the
decrease in experimental oxygen release capacity observed over 100 redox cycles in a TGA (Figure
5-1b). The CuAlO; peaks in the cycled materials indicates that oxidation of CuAlO; is kinetically
limited. Therefore, the active CuO and initial oxygen release capacity could be recovered if the time for
re-oxidation was sufficiently increased. However, this would severely impact the operation and

economics of the process.

While the oxygen release capacity of the Cu-Al MMOs was observed to decrease over 100 CLOU
cycles, the oxygen storage capacity remained constant over 100 CLC cycles in a TGA (Figure 5-1b).
In addition, no peaks associated with CuAlO, were observed in any of the XRD profiles (Figure 5-3d).
The reduction of Cu-Al MMOs was found to produce solely Cu and Al,Os, and the cycled samples
contained CuO and CuAl,O4. Therefore, it is likely that during re-oxidation, the formation of CuO
occurred via the fast reactions, reaction (5-5) and the reverse of reaction (5-2), and the formation of
CuAl,O4 occurred via reaction (5-1). The rates of these reactions are likely to occur at such a rate that
the formation of any CuAlO; is inhibited, and therefore the re-oxidation rate and oxygen storage

capacities were largely unchanged over long-term redox cycling in the TGA.

4Cu + 0, = 2Cu,0 (5-5)
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5.3 Redox cycling in a fluidised bed reactor

5.3.1 Methods

In addition to the redox experiments in the TGA, an FBR was used to investigate the long-term cycling
performances of the MMOs (set-up detailed in chapter 3). In addition to the thermo-chemical stresses
experienced in the TGA due to chemical reactions, the MMO particles in the FBR are also exposed to
mechanical stresses owing to collisions of particles with other particles and the reactor walls. In a typical
FBR experiment, 15 g of MMOs in the particle size range of 300—425 pm were used. Inert cycles were
carried out by repeated automated gas switching between N; and air in the absence of the MMO
particles to generate a baseline gas switching concentration profile. Then, the MMOs were added to the
reactor and cycled for 100 redox cycles at 900°C. Two cycling modes were used to test the stability of
the metal oxides: partial cycling and full cycling. Partial cycling comprised of five 20-cycle segments
consisting of 19 short cycles where the oxygen release period (360 s) was not long enough to fully
decompose the MMOs, followed by one longer cycle where the oxygen release period (1800 s) allowed
complete oxygen release from the oxygen carriers. The full cycling mode consisted of 100 cycles of
oxygen release and re-oxidation, where the time was sufficient for the complete oxygen release and re-
oxidation during each cycle. The molar fraction of oxygen calculated from the gas analyser
measurements of the gas leaving the reactor during inert cycles (yoz,inert) and during redox cycling of

the oxygen storage materials (yo2,samplc) Were used to calculate the conversion by,

_MW(0,) [

XOZ,release -

mOCROR 0 nout(yOZ.Sample - yOZ,ingrt)dt (5_6)

where moc is the mass of oxygen storage materials loaded into the reactor (g); #ou is the molar flow rate

1

of the effluent gas in mol s '; MW(0O,) is the relative molecular mass of oxygen (32 g mol ') and Rog is

the gaseous oxygen release capacity determined by thermogravimetric analysis (wt%).

The performances of the MMOs as oxygen carriers for CLCP were also analysed in an FBR. Two
gaseous fuels were investigated, 1 vol% CH4/N; at 800°C, and 2 vol% CO/N, at 400 and 800°C. Low
volume fractions of the reactive gases were used to simulate industrial gases with low amounts of
combustive contaminants.*’ In a typical FBR experiment, 15 g of MMOs in the particle size range of
300-425 um were used. Inert cycles were carried out by repeated automated gas switching between
gaseous fuel, N, purge, air, and another N, purge without the presence of the samples. Then, the MMOs
were added to the reactor and cycled for 20 redox cycles of reduction to Cu and re-oxidation to CuO.
For CLCP cycling, one cycle consisted of a reduction period of 45 min, followed by an N, purge
(2.5 min) to prevent the mixing of oxygen and the reducing gas, oxidation in 10 vol% O, (12 min), and
another N, purge (2.5 min). The total gas flow rates were 2.25 L min ' and 2 L min' at SATP for the
CLCP experiments using CO at 400 and 800°C, respectively, and 1 L min~' for CH, at 800°C. The
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conversion of metal oxides (CuO to Cu) during the reduction period was calculated by the ratio of the
total amount of oxygen reacted with gaseous fuel to the total amount of available oxygen in the oxygen

carriers. The conversion of the MMOs for CO (Xreqco) and CHy reduction (Xred,cra) are:

_ Mw(oy) gt (5-7)

red,CO 2mocRos ), outYC02 gyt
_2Mw(0,) (* p 5
XreacH, = “mocRos Nout Y024y, At (5-3)

where Ros is the oxygen storage capacity determined by thermogravimetric analysis (Wt%). ycoz,out 1S

the mole fraction of COs in the product gas.

5.3.2  Results of long-term redox cycling in a fluidised bed reactor

To assess their chemical, thermal and mechanical stabilities, Cu-Al MMOs and Cu-Mg-Al MMOs were
tested for 100 cycles of partial oxygen release and re-oxidation in an FBR at 900 °C, with one cycle of
full oxygen release and re-oxidation approximately every 20 cycles. The oxygen profiles during the full
oxygen release and re-oxidation cycles for the Cu-Al MMOs are shown in Figure 5-6a-b, respectively,
and the conversion over 100 cycles is shown in Figure 5-6e. The Cu-Al MMOs experienced severe
attrition during the early stages of operation (<0.70 conversion during the first full oxygen release
phase); therefore, the operation of the FBR ceased after 9 cycles to prevent fouling of the downstream
equipment (i.e. the gas analysers). The oxygen profiles for the Cu-Mg-Al MMOs are shown in Figure
5-6¢-d. The area between the inert and oxygen profiles for each cycle is proportional to the conversion
of the oxygen carriers. From Figure 5-6¢, the time required for full oxygen release of the MMO
inventory decreases from around 1700 to 1100 s over 100 cycles. Accordingly, the calculated
conversion during the full redox cycles decreased from 0.98 to ~ 0.83 over the first 30 cycles, where it
remained stable until cycle 80, and the conversion again decreased to 0.62 at cycle 100 (Figure 5-6e).
The decrease in overall conversion from 0.98 to 0.62 for the Cu-Mg-Al MMO was also attributed to the

attrition of the oxygen carriers.
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Figure 5-6: Redox cycling of Cu-Al and Cu-Mg-Al in an FBR at 900°C. Oxygen profiles during full
cycle periods for (a) oxygen release and (b) oxidation of the Cu-Al MMOs. Oxygen profiles during full
cycle periods for (c) oxygen release and (d) oxidation of the Cu-Mg-Al MMO:s. (e) conversion of the
MMOs. Where PC is partial cycling (100 cycles of partial oxygen release and oxidation with full cycles
every 20 cycles), and FC is full cycling (100 cycles of full oxygen release and oxidation).
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5.3.3  Optimisation of mechanical properties of the Cu-Mg-Al mixed metal oxides

The high attrition rate of the Cu-Mg-Al MMOs during operation in scaled-up fluidised chemical looping
systems would be uneconomical considering the higher cost of the preparation procedure compared to
other methods, such as spray drying. Furthermore, the large amounts of fines generated could cause
damage to downstream process equipment. Therefore, the mechanical strength of the particles were
optimised in order to use the LDH-derived MMOs as oxygen carriers in FBRs. Generally, there is an
inverse correlation between the porosity and crushing strength of a particle. Therefore, MMOs with
lower porosities were targeted to obtain particles with higher crushing strengths. New Cu-Mg-Al LDHs
(Cu:Mg:Al molar ratio of 3:1:2) were synthesised using a higher pH value of 11 during co-precipitation
using 1 M NaOH and 1 M Na,COj3 as the co-precipitating agent. The Cu-Mg-Al materials in this section
will henceforth be referred to as “metals material-pH”, i.e. the Cu-Mg-Al MMOs synthesised from
LDHs co-precipitated at pH 9.5 are referred to as Cu-Mg-Al MMO-9.5.

XRD analysis (Figure 5-8a), SEM imaging (Figure 5-9b) and STEM imaging (Figure 5-9f) confirmed
the LDH structure and nanoplatelet morphology of the Cu-Mg-Al LDH-11 was obtained. Visual
inspection of the platelets showed they were more densely aggregated compared to those of the
precursors prepared at the lower pH value of 9.5 (Figure 5-9). From N, adsorption, the pore size
distribution was found to narrow and shift to a lower average pore diameter with an increase in the pH
value (Figure 5-8b). The shape of the two isotherms is similar and follows a Type IV hysteresis loop,

characteristic of the N, physisorption between aggregates of platelets (Figure 5-8b).
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Figure 5-7: XRD patterns of the Cu-Mg-Al LDH precursors co-precipitated at pH 9.5 and 11 and

derived MMOs.
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Figure 5-8: Characterisation of the pore structure of Cu-Mg-Al MMO-11. (a) The N adsorption-
desorption isotherms and (b) N: desorption and MIP pore size distributions for the Cu-Mg-Al LDH
precursors and MMOs, respectively.

An increase of the pH value during precipitation from 9.5+0.2 to 11.0 £ 0.2 resulted in the formation
of smaller LDH platelets, which further aggregated into dense particles after calcination as observed by
SEM (Figure 5-9c-d). The porosities of the MMOs were estimated by combining MIP (Figure 5-8b)
and He pycnometry. The porosity was found to decrease from 74% to 38% when the co-precipitation
pH was increased from 9.5 to 11. Furthermore, the crushing strength of the calcined particles increased

from2.3+1.1Nto5.7+2.6N.
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Figure 5-9: Shape and morphology evolution of Cu-Mg-Al LDHs and MMOs. (a) SEM image of the
Cu-Mg-Al LDH-9.5. (b) SEM image of the freshly calcined the Cu-Mg-Al MMO-9.5. (c¢) STEM image
of the Cu-Mg-Al LDH-9.5 precursor. (d) SEM image of the Cu-Mg-Al LDH-11. (e¢) SEM image of the
freshly calcined the Cu-Mg-Al MMO-11. (f) STEM image of the Cu-Mg-Al LDH-11 precursor.

Isothermal redox reactions were performed in a TGA at 900°C to investigate the reactivity and stability
of the Cu-Mg-Al MMO-11 as oxygen carriers. The results are shown in Figure 5-10 and compared to
those in Figure 5-1. Both Cu-Mg-Al MMOs showed faster rates of oxygen release and re-oxidation
than those observed for the Cu-Al MMOs (consisting of CuO and CuAl;O4). The slightly slower rate
of oxygen release and re-oxidation for Cu-Mg-Al MMO-11, compared to Cu-Mg-Al MMO-9.5, is likely
aresult of the lower porosity of the MMOs leading to greater intraparticle mass transfer effects. Overall,
the highly stable oxygen release capacity (6.4 wt%, Figure 5-1¢) and oxygen storage capacity (13.0
wt%, Figure 5-1d) over 100 redox cycles in a TGA demonstrate that the higher strength Cu-Mg-Al
MMO-11 are good candidates for further testing in an FBR.
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Figure 5-10: Redox cycling of Cu-Mg-Al MMO-11 in a TGA at 900°C. (a) oxygen release and storage
profiles (CLOU), phase change between CuO and Cu;O. The oxygen release was carried out under N,
for 5 min, followed by re-oxidation in air for 3 min. (b) cyclic reduction and oxidation (CLC), phase
change between CuO and Cu. The reduction was carried out for 7 min in 5 vol% CO balanced with N,
followed by a 1 min N> purge. The samples were then re-oxidised for 3 min in air, followed by a further
1 min in pure N>. (c) oxygen release capacities of the MMOs over 100 CLOU redox cycles. (d) oxygen
storage capacities of the MMOs over 100 CLC redox cycles.

5.3.4 Results of long-term redox cycling of Cu-Mg-Al MMO-11 in an FBR

The oxygen carriers were tested for 100 cycles of partial oxygen release and re-oxidation in an FBR at
900°C to assess the chemical, thermal and mechanical stability of the Cu-Mg-Al MMO-11. The cycling
scheme consisted of a repeating 20 cycle segment of 19 partial cycles of oxygen release and re-oxidation
followed by one cycle of full oxygen release and re-oxidation. The oxygen profiles during the partial
oxygen release and re-oxidation cycles for the Cu-Mg-Al MMO-11 are shown in Figure 5-11a and b,

respectively, and the conversion over 100 cycles is shown in Figure 5-11e; the previously tested MMOs
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are included for comparison. From Figure 5-11e, the conversion of the Cu-Mg-Al MMO-11 decreased
from 0.97 to 0.82 over 100 cycles under the partial cycling mode, compared to a decrease of 0.98 to
0.62 for the Cu-Mg-Al MMO-9.5. The observed lower rate of attrition of the Cu-Mg-Al MMO-11

agreed well with the lower porosity and higher crushing strength determined for the oxygen carriers.

After the successful testing of the Cu-Mg-Al MMO-11 under the partial cycling mode, the oxygen
carriers were rigorously tested in an FBR for 100 full oxygen release and re-oxidation cycles. The
oxygen profiles for selected cycles of oxygen release and re-oxidation are shown in Figure 5-11c-d. As
shown in Figure S-11e, the conversion remained generally constant at 0.90 + 0.05 (of the theoretical
conversion) without significant attrition or agglomeration occurring over 65 h of operation. The slight

decrease in conversion observed in the FBR may be attributed to three main factors:

) loss of material when loading the bed,
(i1) attrition suffered by the oxygen carriers during operation, and

(ii1) loss of active material due to the formation of CuALOa.
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Figure 5-11: Redox cycling of Cu-Mg-Al MMO-11 in an FBR at 900°C. Oxygen profiles during full
cycle periods for (a) oxygen release and (b) oxidation during partial cycling of Cu-Mg-Al-11. Oxygen
profiles during full cycle periods for (a) oxygen release and (b) oxidation during partial cycling of Cu-
Mg-Al-11. (e) conversion of the MMOs. Where PC is partial cycling (100 cycles of partial oxygen
release and oxidation with full cycles every 20 cycles), and FC is full cycling (100 cycles of full oxygen

release and oxidation).
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5.3.5 Material characterisation

The Cu-Mg-Al MMO particles cycled in the FBR were collected and characterised to understand the
structural evolution during redox cycling. The Cu-Mg-Al MMOs collected after FBR experiments were
subjected to further TGA cycling to measure the oxygen release capacity (Figure 5-12a). The oxygen
release capacity of the Cu-Mg-Al MMO-11 cycled under partial and full cycling modes corresponded
with that of the fresh MMOs (6.4 wt%). Analysis of the XRD patterns of the cycled materials also show
an absence of CuAl,O4 spinel oxide peaks (Figure 5-12b). These results confirm the decrease in

conversion observed during redox cycling in the FBR was not due to the formation of CuAl,Oa.

N, 0,/N,
(a) CuO/MgALLO, i CuO/MgALQ, (b) + Cu0 ¢ MgALO,
100 4= g
Y +
_ i M
S ;
H H ~ R
2 984 q = o 5 : 0 M nt o e0?
- i < Mo- :
Eﬂ _ = .t Cu-Mg-Al MMO-11
3] 2
= %7 Z )
2 i 3 ! Yol oo ¢0t
= i Cu,O/MgAlO, = ot Cu-Mg-AIMMO-11 (PC)
o 944 ! -
o !
| Cu-Mg-Al MMO-11 0. a0
92 | Cu-Mg-Al MMO-11 (PC) -~ A2
N S Cu-Mg-Al MMO-11 (FC) Cu-Mg-Al MMO-11 (FC)
* T T T T : T T T T T T T T T
0 2 4 6 8 10 20 30 40 50 60

Time (min) Bragg angle, 26 (deg.)

Figure 5-12: Post-cycling characterisation of the MMOs. (a) TGA profiles of freshly calcined
particles, particles cycled for 100 cycles in an FBR with partial oxygen release (PC) and oxidation with
full oxygen release every 20th cycle in an FBR; and particles cycled for 100 cycles with full oxygen
release and oxidation in an FBR (FC) at 900 °C. (b) XRD patterns of fresh and cycled materials.

SEM images of the particles and particle surfaces before and after cycling are shown in (Figure 5-13).
As shown in Figure 5-13f and i, the cycled particles maintained the initial shapes and sizes over 100
redox cycles. The surface morphology of the samples recovered after redox cycling was slightly
smoother than the surface of the freshly calcined material, which indicated a small amount of surface
attrition in the FBR. After 100 cycles of partial oxygen release and re-oxidation, the evolved surface

morphology showed the aggregation of platelets into grains (Figure 5-13g and j).
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Figure 5-13: Morphological evolution of Cu-Mg-Al MMO-11 using imaging. Photos of Cu-Mg-Al
LDH-11 precursors and derived MMOs in different states: (a) LDH precursor powders, (b) freshly
calcined MMOs, (¢) decomposed MMOs (Cu;0/MgAl,Oy), (d) reduced MMOs (Cu/MgAl>0y)
reduction under 5 vol% CO balanced with N,, () MMOs after 100 cycles in the FBR. SEM image of
the (f) freshly calcined MMOs and (g) their surface, and (h) STEM image. SEM image of the (i) cycled
MMOs and (j) their surface, and (k) STEM image.

Using MIP (Figure 5-14a) and helium pycnometry, the porosity of the Cu-Mg-Al MMO-11 samples
was found to decrease from 38 to 34% over 100 full cycles in the FBR. The results of MIP also indicate
the change of pore size distributions for each material, showing the collapse of mesoporous pores and
a shift towards larger pore diameters. The change of pore size distribution shows an increase in average
pore diameter (towards the mesoporous range) for the Cu-Mg-Al MMO-11, but also a shift from uni-
modal to bi-modal pore volume distribution. The change in porosity and pore size distribution of the
Cu-Mg-Al MMO-9.5 was also investigated. The porosity decreased from 74 to 64%, and the pore size
distribution similarly showed a shift towards large pore diameters and collapse of mesoporous pores.
The greater rate of attrition of these materials during cycling was attributed to their higher porosity,
larger pore diameters and lower crushing strengths than the Cu-Mg-Al MMO-11. The results of this
study confirmed the high chemical stability and high thermal stability of the Cu-Mg-Al MMO-11 during
redox cycling, although the mechanical properties of the materials may need to be improved using

advanced particle engineering and manufacturing techniques in the future.
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Figure 5-14: Pore size distributions of fresh and cycle MMQOs from MIP analysis. (a) pore size
distribution of fresh Cu-Mg-Al MMO-11 and cycled samples in FBR reactor derived from MIP, and (b)
pore size distribution of fresh Cu-Mg-Al MMO-9.5 and cycled in FBR reactor derived from MIP

5.3.6 CLCP cycling of Cu-Mg-Al MMO-11 in a fluidised bed reactor

To further demonstrate the practical application of the Cu-Mg-Al MMOs as oxygen carriers, cyclic
reduction and oxidation were performed using low concentrations of CO and CH4, which is relevant to
many industrial processes. The MMOs were tested during redox cycling with low concentrations of CO

and CH4 balanced with N, at low temperatures (400°C) and high temperatures (800°C) in the FBR.

The typical gas concentrations of the reactive gases during the reduction and oxidation stages are shown
in Figure 5-15a-c (additional gas profiles are presented in Figure 5-16). As shown in Figure 5-15a,
the Cu-Mg-Al MMO-11 can efficiently oxidise low concentrations of CO to CO, at 400°C. The CO
and CH4 conversions at 400°C and 800°C were between 0.6 and 0.7 (Figure 5-15d). To avoid coke
deposition during the reduction of CHs, the degree of conversion of CuO was controlled at about 60%.
The materials demonstrated high stability for 20 cycles over 1000 min with no agglomeration of the
oxygen carriers being observed (visually and by sieve analysis) in the samples withdrawn from the
reactor. The XRD patterns of the materials cycled with CH4 and CO (Figure 5-17) also found no peaks
matching with Cu-Al oxides (CuAl,O4 or CuAlO;), demonstrating the phase stability under CLCP
conditions. These results confirmed the high reactivity and stability of the Cu-based redox sorbents,
which have shown great potential for application in industrial processes, such as argon recovery and
recycling in silicon manufacturing processes.**’ Additional testing of these materials should be carried
out to push the conversion of CuO to Cu to higher levels. Deeper conversion to Cu generates greater

porosity within the oxygen carrier particle, which could cause the oxygen carriers to fail earlier.
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Figure 5-15: Gas concentration profiles of chemical looping combustive purification (CLCP) cycling
of Cu-Mg-Al MMO-11 in FBR. (a) 2 vol% CO/N, used for the reduction and oxidation under 10 vol%
O/N> at 400°C, (b) 2 vol% CO/N; used for the reduction and oxidation under 10 vol% O/N. at 800°C,
(c) 1 vol% CH4/N; used for the reduction and oxidation under 10 vol% O:/N: at 800°C. (d) conversion
profile for each testing mode over 20 CLCP cycles in an FBR.
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Figure 5-16. Enhanced gas concentration profiles of chemical looping combustive purification
(CLCP) cycling of Cu-Mg-Al MMO in FBR. (a) 2 vol% CO/N; used for the reduction and oxidation
under 10 vol% Oy/N: at 400°C, (b) 2 vol% CO/N. used for the reduction and oxidation under 10 vol%
O/N> at 800°C, (c) 1 vol% CH/N: used for the reduction and oxidation under 10 vol% O»/N: at 800°C.
The intrinsic accuracy of the measurement is 1.0% of reading, and the detection limits of the

MGA3000C Multi-Gas Analyser (ADC Gas Analysis) are 500 ppm for CO, CO; and CHy and 1000 ppm
for oxygen.
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Figure 5-17: XRD patterns of fresh and cycled Cu-Mg-Al MMO-11 recovered after 20 redox-cycles
in FBR. (a) fresh Cu-Mg-Al MMO-HS, (b) Cu-Mg-Al MMO-HS recovered after 20 CLC cycles in FBR
at 400°C with 2 vol% CO/N: for the reduction and oxidation under 10 vol% Oy/N., (¢) Cu-Mg-Al MMO-
HS recovered after 20 CLC cycles in FBR at 800°C with 2 vol% CO/N: for the reduction and oxidation
under 10 vol% Oy/N., (d) MMO recovered after 20 CLC cycles in FBR at 800°C with 1 vol% CH4/N:

for the reduction and oxidation under 10 vol% O2/N..

5.4 Synthesis of Cu-Mg-Al layered double hydroxides and mixed
metal oxides with higher Cu contents
5.4.1 Synthesis of layered double hydroxides and mixed metal oxides
The CuO loading of the MMOs was increased by changing the molar ratio of M?/M?" cations in the
LDH precursor structure to test the effectiveness of the LDH-MMO design strategy. Naturally occurring
LDHs typically have a molar ratio of M**/M*" equal to 2 (e.g. Quintinite, [MgsAl(OH),](CO3)-3H,0),
or 3 (e.g. Hydrotalcite, [MgsAl(OH)12](COs)-4H,0) due to the local ordering of M*" and M** that
prevents the formation of M*" clusters.”*? Therefore, LDHs with a target molar ratio of M*/M*" of 3
were prepared, increasing the loading of active CuO in the MMOs from 63 to 74 wt%. The 5:1:2 LDHs
were synthesised via co-precipitation at two different pH values of 9.5 and 11 to investigate whether
increasing the pH would result in LDHs and calcined MMOs with lower porosities, as observed
previously for lower loading materials.?!' From Figure 5-18a, XRD analysis confirmed the formation
of the LDH structure at both pH values and the formation of CuO and MgAl,O4 upon calcination. The
content of Cu, Mg and Al in the MMOs was quantified using XRF; the target ratio of metals was
achieved in the materials synthesised at each pH value (Table 5-1).
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Table 5-1: XRF results for the LDH-512s.

CuO MgO ALO3
Synthesis pH
wt%) (Wt%) (Wt%)
9.5 73.4 7.3 19.3
11 74.0 7.5 18.5
(Target) 73.6 7.5 18.9

The pore size distributions and porosity of the LDHs and MMOs were determined using MIP and
helium pycnometry (Figure 5-18). The porosity of the LDHs decreased from 64% to 47% when the co-
precipitation pH value was increased from 9.5 to 11. Accordingly, the LDH platelet size was observed
to decrease with increasing pH from 9.5 to 11 using SEM (Figure 5-19). The smaller platelets
aggregated into denser particles with lower porosities. Upon high temperature calcination, the porosity
of the materials decreased from 64% to 52% and 47% to 34% for the MMO-512-9.5 and MMO-512-
11, respectively. The pore size distributions of the LDHs were found to shift toward larger pore
diameters upon calcination to MMOs, likely due to sintering of smaller pores (Figure 5-18b). The
average crushing strength of the calcined particles were 1.7 = 1.0 N and 4.5 £ 1.6 N for the MMO-512-
9.5 and MMO-512-11, respectively. An increase of co-precipitation pH from 9.5 to 11 resulted in LDHs
and MMOs with lower porosities and MMOs with higher mechanical strength than those produced at
pH 9.5, while achieving the desired loading of CuO in the oxygen carrier.
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Figure 5-18: Characterisation of LDH-512s (a) XRD patterns of LDHs and MMOs, crystalline
patterns correspond to ® MgsAl>(OH)sCO3-4 H,O (JCPDS 22-0700), ¢ CuO (JCPDS 80-1268) and *
MgAl,O4 (JCPDS 73-19.59); (b) N: adsorption and MIP pore size distributions of LDH-512s and
MMO-512s.
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Figure 5-19: SEM images of LDH-512s. SEM images of LDH-512-9.5 particles (a) at 80k
magnification and (b) 150k magnification;, SEM images of LDH-512-11 particles at (c) 80k
magnification and (d) 150k magnification.

5.4.2  Long-term cycling of Cu-Mg-Al mixed metal oxides in a fluidised bed reactor
Isothermal redox cycling was performed in a TGA to investigate the reactivity and stability of the
MMOs. Figure 5-20a shows the first and last cycles of oxygen release and re-oxidation profiles for the
MMO-512s. The slower rate of oxygen release of the MMO-512-11 compared to the MMO-512-9.5
(i.e. longer time required for total oxygen release) was attributed to the higher intraparticle mass transfer
resistances of the lower porosity MMO-512-11s. Both MMOs showed stable oxygen release capacities
over 100 cycles, close to the theoretical capacity of 0.074 go>/gmmo (Figure 5-20b).
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Figure 5-20: (a) oxygen release and storage profiles of the MMOs in a TGA at 900°C; (b) oxygen

release capacities over 100 redox cycles in a TGA at 900°C; (c,d) oxygen release profiles for cycles 1,
60 and 100 in an FBR at 900°C for (c) MMO-512-9.5 and (d) MMO-512-11, (e) conversion of MMO-
312-11>"" MMO-512-9.5 and MMO-512-11 over 100 cycles of full oxygen release and oxygen storage
in an FBR at 900°C.
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The three largest pilot facilities for chemical looping processes use interconnected fluidised bed systems
(Alstom, 3 MW;;*** Chalmers University of Technology, 2-4 MW,;2* Technische Universitt
Darmstadt, 1 MWg,>*®) where attrition of oxygen carriers is a significant barrier to commercialisation.
While oxygen carriers performing redox reactions at high temperatures experience chemical and
thermal stresses, which can induce structural changes due to sintering, the fluidised system inflicts
additional physic al stresses on the particle due to collisions with other particles and reactor walls,
leading to particle breakage. Therefore, the MMOs were tested for 100 redox cycles in the FBR at
900°C to assess the mechanical stability of the higher loading MMOs.

The oxygen release profiles for cycles 1, 60 and 100 are shown in Figure 5-20c-d. The overall
conversion decreased from 94% to 0 over 88 cycles for the MMO-512-9.5, and from 96% to 93% over
100 cycles for the MMO-512-11 (Figure 5-20e). The observed decrease in conversion was due to severe
attrition of the oxygen carriers during operation, not agglomeration of the oxygen carriers. The
increased attrition of the MMO-512-9.5 compared to the MMO-512-11 is consistent with the higher
porosity and lower crushing strength of the material. No agglomeration was observed in the MMO-512-
11 samples withdrawn from the reactor after cycling. The conversion profile of the previously studied
MMO-312-11 over 100 cycles in the FBR is shown in Figure 5-20e. The near-constant conversion of
MMO-512-11, similar to the MMO-312-11, confirms the stabilisation design strategy was effective at
higher loading of active CuO. The CuO loadings of these MMOs are much higher than the 13.8 wt%
CuO oxygen carriers investigated in the EU-FP7 funded SUCCESS (Scale-up of oxygen carrier for
chemical looping combustion using environmentally sustainable materials) project. The use of these
MMOs could significantly reduce the required solids inventory for full fuel conversion.'® The results
indicate that Cu-Mg-Al MMOs are promising candidates for further development and scale-up for use

in large-scale fluidised chemical looping systems.

5.5 Concluding remarks

In this chapter, the long-term cycling performance of the CuO/CuAl,O4 and CuO/MgAl,O4 MMOs
developed in chapter 4 were studied using TGA and FBR systems. The Cu-Mg-Al MMOs demonstrated
fast reaction rates, high oxygen capacity, and excellent stability against sintering over multiple cycles
of reduction and oxidation between CuO-Cu,O-Cu in a TGA (Figure 5-1). The MgAlL,O4 phase
remained inert during calcination and cycling and effectively inhibited the formation of CuAl,O4. In
contrast, the Cu-Al MMOs consisting of CuO/CuAl,O4 were characterised by slower oxygen release

and re-oxidation rates and were observed to deactivate over 100 CLOU cycles.

The relationship between the precursor chemistry and structure and properties of the MMOs in redox
cycles was also investigated. The structural properties of the LDH precursors were found to govern the

performance of the derived MMOs during redox cycling in FBRs. The synthesis pH was determined to
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be an important parameter for tuning the mechanical properties of the MMOs. An increase in co-
precipitation pH from 9.5 to 11 decreased the porosity and increased the crushing strength of the MMOs.
The higher strength MMOs suffered much less attrition and retained high conversion over 100 full
cycles of oxygen release and re-oxidation (over 65 h of operation in total). A similar trend was observed
for Cu-Mg-Al MMOs synthesised from LDHs with higher contents of Cu in the structure. Although the
CuO-based particles maintained their physical structures during testing, the mechanical properties and
shapes of particles used in different types of reactors should be considered. For chemical looping
processes using FBRs, attrition of particles is one of the most critical obstacles that limit
commercialisation. The redox reactions at high temperatures generate significant chemical stresses,
while thermal sintering generates additional mechanical and thermal stresses, which tend to induce
structural changes and lead to a decline of the mechanical strength of the oxygen carriers in reactors.
Advanced particle manufacturing technologies (that enable the production of near-spherical particles),
such as spray drying and granulation, might further improve the mechanical strength and reduce
attrition. For use in packed bed reactors, large-scale pelletising techniques could be used to prepare
suitable particle shapes with enhanced mechanical strength. The effects of pH on the structure and

performance of the LDH-derived MMOs are further explored in chapter 7.

The near-constant conversion confirmed the stability of the materials over extended redox cycling under
CLOU conditions and highlights the potential of Cu-Mg-Al MMOs as promising candidates for further
applications. The performance of the 3:1:2 Cu-Mg-Al MMO-11 under CLCP conditions was studied
for 20 cycles in an FBR. The oxygen carriers showed stable redox-cycling over a wide temperature
range (400-800°C) using low concentrations of combustible gases. This demonstrates the potential of
the MMOs for gas purification, which may have important implications for the design of future
industrial gas purifications systems for a wide range processes. The high thermal, chemical and
mechanical stability of the lower-loading oxygen carriers under CLOU and CLC conditions indicates
that these materials are suitable for further study. Therefore, the kinetics of oxygen release will be

investigated in the next chapter to aid with fuel reactor design.

It remains challenging to fully understand the interfaces between the Cu phases and the support due to
the difficulties characterising the sintering behaviour at high temperatures. In this chapter, the CuO
nanoparticles were well dispersed in the support. Such embedding effects were observed for
CuO/ZnAl,O; catalysts derived from Cu-Zn-Al LDHs.>*® According to thermogravimetric analysis
(Figure 5-1 and Figure 5-10) as well as ex-situ and in-situ XRD analysis (Figure 5-3 and Figure 5-4),
the gaseous oxygen is predominantly released from crystalline CuO, confirming that the content of
CuAl,O4 or Mg(Cu)Al>O;4 is negligible. Nevertheless, residual Cu species may be incorporated into the
spinel support at the grain boundaries of the CuO nanoparticles and Mg-Al spinel support, which likely

form reducible CuAl,Os or Mg(Cu)Al,O4 overlayers, which in turn function as physical barrier layers
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to separate CuO nanoparticles from sintering or further immobilise Cu phases in the support. These

strong active phase-support interactions and the local electronic transfer merit further study in the future.

Although this chapter focuses on the applications of LDH-derived MMOs in chemical looping
processes, the fundamental understandings of the precursor chemistry reported in this chapter have
broad implications for other applications of LDHs and LDH-derived materials. In recent years,
transition metal-based LDH materials have shown great promise as (photo-)electrocatalysts (or their
precursors).”’**® For example, one recent work reported Cu-Al LDH-derived copper electrocatalysts
that demonstrated promising acetylene electroreduction performance.”* The Cu-Al LDH was prepared
using NaOH and Na,COs as co-precipitating agents, which would very likely lead to the formation of
Na-containing species (i.e. dawsonite, NaAl(CO3)(OH),) according to the findings of chapter 3 and
previous work."***724" However, the effect of the residual Na impurities on the structure of
electrocatalysts and electrochemical reactions was poorly understood. This work shows that the
fundamental understanding of precursor chemistry and the relationship with compositions and
structures of MMOs could allow for a rational design of the materials, leading to significantly improved

reactivity and stability.

In summary, this chapter demonstrates the precursor engineering of nanostructured oxygen carrier
materials with significantly enhanced cycling stability for thermochemical looping applications. The
LDH structure is extremely versatile and different combinations of metal ions can be used to produce
novel MMOs with high dispersions of active metal oxides in active or inert supports. As a result, the
synthesis strategy of this work may inspire the production of highly stable oxygen carriers, sorbents,
and nano-catalysts for many emerging energy processes based on thermochemical looping processes,
including chemical looping reforming of methane, CO; utilisation, hydrogen production,

thermochemical energy storage, and redox catalysis.
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Chapter 6

Kinetics of oxygen release from CuO-based
mixed metal oxides derived from layered

double hydroxides

6.1 Introduction

The use of solid fuels in CLC, such as biomass and coal, is more complicated than using gaseous fuel
due to the additional gasification step required to overcome the slow reactions between the solid oxygen
carrier and fuel char. This char gasification step is generally the rate-limiting step in the process.™
CLOU is a variant of CLC that was proposed to overcome the slow char gasification step by using
oxygen carriers that can release gaseous oxygen in the fuel reactor.' The fast reaction between gaseous
oxygen and char in CLOU reduces the size of the fuel reactor for a given heat duty and reduces the
leakage of char into the air reactor which in turn increases the CO; capture efficiency of the process —
as any char combusted in the air reactor is not captured by the process. ***!

Oxygen carriers for CLOU require suitable equilibrium oxygen partial pressures, poaeq, at the relevant
process temperatures (800-1000°C) to release gaseous oxygen in the fuel reactor. Oxygen carriers
capable of releasing gaseous oxygen are typically based on single of mixed oxides of Cu, Mn and
C0.2%* The metal oxides CuO, Mn,0; and Co;04 release oxygen via reactions (6-1), (6-2) and (6-3),

respectively:

4Cu0 © 2Cu,0 + 0, (6-1)
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6Mn,0; < 4Mn;0, + O, (6-2)

2C030, & 6Co0 + 0, (6-3)

The pozeq as a function of temperature for reactions (6-1), (6-2) and (6-3) is shown in Figure 6-1. It is
crucial to select oxygen carriers with the appropriate poaeq for the suitable operation of the fuel and air
reactors. The maximum operating temperature of the air reactor can be determined from Figure 6-1 for
Po2eq = 0.21. Operation of the air reactor above this temperature (i.e. at higher pozeq) would cause the
metal oxide to decompose in air. A maximum air reactor operating temperature of ~1030°C was
determined for CuO. In reality, the outlet oxygen concentration of the air reactor flue gas should be as
low as possible to avoid thermal losses that reduce the overall plant efficiency.®® An outlet oxygen
concentration of 5% has been set as a target in the literature®® which corresponds to an equilibrium
temperature of ~960°C for CuO-based oxygen carriers. Therefore, CuO-based oxygen carriers have
suitable partial pressure for oxygen release and storage at relevant operating conditions (800-1000°C).
The low oxygen partial pressures of the CuO-based oxygen carriers at these temperatures should not be
an issue since the oxygen released will be consumed immediately by fuel combustion. In addition, the
CuO/Cu,0 redox pair has a higher oxygen release capacity of 0.101 go./goc compared to the
Mn,03/Mn304 (0.034 goa/goc) and Co304/CoO (0.066 goz/goc) redox pairs. A material with a high
oxygen release capacity is preferred as the system requires a smaller oxygen carrier inventory for the

same amount of oxygen released, decreasing the fuel and air reactor sizes.
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systems as a function of temperature using FactSage.”
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Accurate knowledge of the oxygen release kinetics is critical because the rate of oxygen release from
an oxygen carrier can limit the rate of fuel combustion in the fuel reactor.>** Therefore, accurate oxygen
release kinetics are needed for the proper design of the fuel reactor. Table 6-1 summarises the results
of the kinetic analyses of CuO-based oxygen carriers published in the literature. The kinetic parameters
varied significantly and were obtained using different reactor systems (TGA and FBR). The large
variations are primarily due to the different kinetic models used to determine the kinetic parameters,
errors that were caused by measurement systems that are limited by mass transfer effects, and the
different supports, active metal loading and preparation methods used to produce the oxygen
carrier, 22

Table 6-1: Results of kinetic studies of CuO-based oxygen carriers for CLOU processes, adapted

from Tian et al.”**

CuO

) Temperature Kineti Ea
loading Support Reactor metl: Reference
(°C) Model (kJ mol-l)
(wt%)
NNGM
18 SiO2 TGA 800-900 315
=2 Song et al.*®
900-975 176
20 AlLOs FBR 850-1100 SCM 81 Mean et al.?%
Avrami-
40 MgAlL04 FBR 850-900 139 Arjmand et al.'"3
Erofeev (N=2)
40 V4,0)3 FBR 900-985 First order 20 Sahir et al.?4
45 ZrO> TGA 775-925 First order 58 Clayton and
50 TiOs TGA 800-900 First order 67 Whitty"’
60 Al203-Ca0O TGA, FBR 850-950 SCM 60 Hu et al.?*?
NNGM Adanez-Rubio et
60 MgAlL04 TGA 875-1000 270
(N = 3/4) al 28
70 SiO2 TGA 700-900 SCM 249 San Pio et al.?%¢

Footnote: *where NNGM is the nucleation and nuclei growth model; SCM is the shrinking core model

It is necessary to consider the kinetic and thermodynamic driving forces that contribute to the reaction
rate to model the oxygen release rates from CuO-based oxygen carriers. The kinetic driving force is
driven by the reaction temperature, while the thermodynamic driving force is determined by the
difference between the equilibrium oxygen partial pressure (also temperature dependent) and the bulk
oxygen concentration. Sahir ef al. suggested that the high activation energies recorded in Table 6-1 are

global activation energies which combine the thermodynamic driving force and true activation energy

137



of the intrinsic kinetics.?*® The true activation energy may be found by subtracting the thermodynamic
driving force assumed to be equal to the standard enthalpy of oxygen release, ~261 kJ mol™ (at
927°C).'® Sahir et al. proposed two equations to determine the global and intrinsic oxygen release

kinetics, given by reactions (6-4) and (6-5), respectively:

ax

Fri kif (X) (6-4)
ax n
E = kZ(COZ,eq - Coz,b) f(X) (6-5)

where k, and k, are the global and kinetic rate constants, respectively, f(X) is the conversion function,
Coz,eq and Cyy ), are the equilibrium and bulk concentrations of oxygen, respectively, and n is the

reaction order with respect to oxygen.

Using equations (6-4) and (6-5), Sahir et al. determined global and kinetic activation energies of
281 and 20 kJ mol™, respectively, for a 40 wt% CuO-based oxygen carrier.**® Clayton and Whitty
determined the kinetic activation energies of 45 ad 50 wt% CuO-based oxygen carriers to be 58 kJ mol
"and 67 kJ mol™, respectively, using equation (6-5). Similarly, Hu et al. found the activation energy of
67 kJ mol” for a 60 wt% CuO-based oxygen carrier. The rate of oxygen release also depends on the
oxygen carrier conversion function, f{X). As for other non-catalytic heterogeneous reactions, f(X)
depends on the solid reaction model used to describe the change in the specific surface area available
for reaction as the reaction progresses.”’’ The reaction model is determined by fitting the experimental
data and can offer insights into the reaction mechanism.® However, several models may provide
comparable fits of the predicted conversion with the experimental results, indicating that further

discrimination between models may be necessary.

The rate equations (6-4) and (6-5) assume negligible mass transfer resistances during experiments to
obtain the kinetic data. Therefore, any mass transfer effects in the sampling system that may influence
the observed rate of reaction must be minimised to obtain reliable measurements. Table 6-1 shows that
a TGA is commonly used to study the kinetics of the oxygen release reaction. However, external mass
transfer can significantly affect the kinetic data obtained using this instrument. A TGA is quick and
easy to operate. The sample is loaded into a shallow cylindrical pan as a thin bed of particles with an
inlet gas flow over the pan (Figure 6-2a). For the oxygen release reaction, the mass transfer steps in a
TGA include oxygen diffusion out of the particle (intraparticle diffusion), oxygen diffusion through the
bed of oxygen carrier particles (interparticle diffusion) and through a stagnant gas region above the bed

of particles to the bulk flow over the pan (external diffusion).**
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Mass transfer in a flow-through reactor, e.g. an FBR (Figure 6-2b), differs significantly from that in a
TGA. In an FBR, the interparticle and external mass transfer effects can be significantly reduced by
controlling the sample mass and increasing the gas flow rate. Sahir ef al. used an FBR to determine the
oxygen release kinetics of a 40 wt% CuO-based oxygen carrier.”*® Pet coke particles were used to
consume any oxygen produced to minimise the reduction of the thermodynamic driving force. A low
activation energy of 20 kJ mol' was reported and attributed to the slow reaction of the released oxygen
with pet coke. The rate of oxygen release may have been enhanced by using a more reactive solid fuel.
Arjmand et al. also studied the kinetics of a 40 wt% CuO-based oxygen carrier using an FBR.'"
Devolatilised wood char was used to consume the gaseous oxygen released, and a global activation

energy of 139 kJ mol™' was reported.
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Figure 6-2: Gas flow in apparatus used to determine kinetics. (a) TGA (b) spouted-bed FBR.

Hu et al. developed a diffusion model to remove mass transfer effects from the rate parameters
determined using a TGA and FBR.>** In addition to minimising the mass transfer resistances, the
combined kinetic-diffusion model determined an activation energy of 60 kJ mol™ for a 60 wt% CuO-
based oxygen carrier. In this chapter, the intrinsic kinetics of oxygen release were investigated using an
effectiveness factor-based model developed by Zhang ef al. to determine the pseudo-intrinsic kinetics
of the reduction of Fe;O3 by CO using an FBR.” The kinetic model was modified for the oxygen release

reaction and accounts for both the internal and external mass transfer resistances.
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6.2 Model to derive intrinsic oxygen release kinetics

A model developed to determine the pseudo-intrinsic kinetics of the reduction of Fe,O3; by CO using an
FBR’® and the kinetic parameters of CaO carbonation at elevated pressures*’ was modified to extract
oxygen release kinetics of the MMO-312-11 developed in chapter 5. The model assumes (a) the oxygen
carrier particles were spherical; (b) the gas concentrations within the particles were pseudo-steady state;

(c) the kinetics are first order.

The observed maximum rate of reaction, r, is given by equation (6-6),
r =k, (COZ,eq - COZ,b) (6-6)

where, Cp3 0q and Cp, ), are the equilibrium and bulk concentrations of oxygen, respectively, k, is the
observed reaction rate constant which incorporates the external and internal mass transfer effects, and

is related to 73, the mean radius of the particle, kg4, the external mass transfer coefficient, k;, the intrinsic

reaction rate constant, and 7, the effectiveness factor, through equation (6-7),

i = T_p + i (6—7)
k, 3k, 7k

Poz,
Cozeq =g (6-8)

where pg; o4 18 the equilibrium partial pressure of oxygen, R is the molar gas constant and T is the

temperature.

The extent to which the maximum rate of reaction is lowered due to intraparticle diffusion is

characterised by 7. For a sphere, 77 can be approximated using equation (6-9),

3
n= 5 (¢ coth(¢) — 1) (6-9)

where ¢ is the Thiele modulus, a dimensionless quantity dependent on k; and D, using equation (6-10),

$=r, - (6-10)
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where D, is the effective diffusivity which combines the effects of bulk diffusion, D45, and Knudsen

diffusion, Dy, determined using equations (6-11) to (6-13),
D = £ ( 1 4 1 )
¢t Dk = Dyp

D —1948 T
K770 8, (Mo,

0.5
0.00143 T175 (Mi + Mi)
A B

D =
AB 112

1 1
P[(ZU)EH(ZU)Z

(6-1 1)251

(6_12)251

(6_13)201

where ¢ is the particle porosity, T is the fitted tortuosity factor, S, is surface area measured using

nitrogen adsorption, My, is the molar mass of oxygen, M, and My are the relative molecular masses, P

is the pressure, and (), v) 4 and ()} v)p are the diffusion volumes.

The external mass-transfer coefficient, k

4> Was estimated from the Sherwood number, Sh, using

equation (6-14). The Sherwood number was determined using equations (6-15) to (6-17) for the TGA,

and equations (6-17) and (6-19) for the FBR systems.

Sh = kgdp
Dyp

1 1
Sh = 2 + 1.1(Re)2(Sc)3

ud
Re = —2
v
g v
c =—
Dap

Re 1/2
Sh = 2&ms + 0.69 <—”> Sc/3
Emf

(6-14)

(6_15)252

(6-16)

(6-17)

(6_18)253
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d
_ Ymslp (6-19)
v

Re,
where Re is the Reynolds number, Sc is the Schmidt number, v is the kinematic viscosity of the gas,
&y 1s the voidage of the particulate phase, d,, is the particle diameter, u,, is the incipient fluidisation

velocity estimated using the correlation by Wen and Yu.**

6.3 Methodology
6.3.1 Materials

This chapter investigates the kinetics of oxygen release by MMOs prepared from LDH precursors with
a Cu:Mg:Al molar ratio of 3:1:2, which were synthesised via co-precipitation at constant a pH value of
11 (MMO-312-11). A 1 M NaOH and 1 M Na,COs alkaline solution was used during co-precipitation.
After the precipitate was washed and dried, the LDHs were calcined in a horizontal tube furnace at
975°C for 6 h using an airflow of 1 L min~' and a heating rate of 15°C min™". The calcined solids were

subsequently crushed and sieved to obtain the desired particle size ranges for testing in a TGA and FBR.

6.3.2 Oxygen release in a TGA to determine the fitted tortuosity factor

Thermogravimetric analysis was carried out in a TGA (Figure 3-6) to calculate the value of the fitted
tortuosity parameter, t, to determine D, using equation (6-11). In theory, k; and T are independent of
particle size and therefore their values were determined by measuring the oxygen release kinetics from
six different particle size ranges and using equations (6-6) to (6-11). To obtain the value of k;, the
square error of k; for a given mean particle radius and the average value of k; was minimised by varying
7. A TGA was used to determine 7 to keep the hydrodynamics of the system constant and avoid the
elutriation of smaller size fractions from the FBR. The size fractions used in the TGA experiments to

determine T are given in Table 6-2.

Table 6-2: Particle size ranges used for the TGA experiments to determine 7.

Lower particle diameter (um) Upper particle diameter (pm) Average particle diameter (um)
125 212 168.5
212 300 256
300 425 362.5
425 500 462.5
500 710 605
710 1000 855
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In a typical experiment, 5 mg of the calcined MMOs were placed in a platinum crucible (1.5 mm high

and 9.8 mm in diameter) and cycled for 5 redox cycles under CLOU conditions. A two-step cycle was

used,
(1) oxygen release in N> for 10 min,
(i1) re-oxidation in air for 5 min.

6.3.3 Identification of the optimal sample mass for kinetic experiments in the TGA

The amount of sample used for TGA experiments is an important experimental parameter. The amount
of oxygen released in the TGA pan increases with increasing sample mass, which can lower the
thermodynamic driving force and mask the true rates of the oxygen release reaction. To investigate the
effect of sample mass on the observed kinetics of the oxygen release reaction, sample masses of 1, 2,
4, 8, 16, and 32 mg were tested at 900°C, and the results are presented in Figure 6-3. The data indicates
that the sample mass had a significant impact on the maximum observed rate of oxygen release, with
the rate decreasing from 0.046 mmol(O,)s'goc™ for a sample mass of 1 mg to 0.004 mmol(0,)s'goc™
for 32 mg, an order of magnitude lower (Table 6-3). In addition, the time required for the complete
conversion of the oxygen carrier (CuO — Cuy0) increased from 150 to 700 s as the sample mass was
increased from 1 to 32 mg. As shown in Figure 6-3, the TGA signal for the 1, 2, and 4 mg sample
masses was unstable. Therefore, a sample mass of 5 mg was used for further redox cycling experiments
in the TGA as a compromise between external mass transfer and signal-to-noise ratio and the sample

pan containing enough particles in the pan to be representative of the particle size fraction.
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Figure 6-3: Observed oxygen release rates in the TGA at 900°C for different sample masses.
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Table 6-3: Results of the sample mass experiments performed in a TGA at 900°C.

Mass Maximum observed rate of oxygen release Time required for full conversion
(mg) (mmol(02)s'g0C™") (CuO - Cu20) (s)

1 0.046 150

2 0.036 178

4 0.022 220

8 0.013 310

16 0.007 475

32 0.004 700

6.3.4 Oxygen release in a fluidised bed reactor to determine kinetic parameters

A laboratory-scale FBR was used to study the oxygen release kinetics of the MMO-312-11 at high
temperatures (850-962°C). A detailed description of the reactor set-up and control program written in

Agilent Vee is given in chapter 3.

In a typical experiment, the reactor was heated to the set point temperature and 40 g of inert sand (300-
425 pum) was added to create the fluidised bed. A three-point oxygen calibration was performed using
Nz, a 10 vol% O,/N; calibration gas and air. Three inert cycles of oxygen release and oxygen storage
(i.e. without the presence of oxygen carriers) were carried out to provide baseline gas concentration
profiles. On completion of the inert cycles, 0.5 g of the MMOs (300-425 um) were added to the fluidised
bed. The sample mass and particle size were carefully chosen to minimise the effects of external mass
transfer and intraparticle diffusion while maintaining a good signal-to-noise ratio. High gas flow rates
were also used to improve the quality of gas mixing in the bed. The signal from the gas analyser was
deconvoluted using a method described in chapter 3. The rate of reaction was determined from the
molar fraction of oxygen during redox cycling (yozredox) and leaving the reactor during inert cycles

(Yoz,inert) USINg equation (6-20),

’ [mOI(OZ)] — yOZ,redox - yOZ,inert . 1‘Jg,out (6-20)

8oc S dt Moc * Vm
where moc is the mass of oxygen carriers, v, is the molar volume of the gas at standard ambient

temperature and pressure (SATP), and Vg oy is the volumetric flow rate of the gas leaving the reactor

determined using equation (6-21),
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vg,in

— (6-21)
1-yo2

Vgout =

where Vg, is the volumetric flow rate of the gas entering the reactor. The conversion was calculated

from the rate using equation (6-22),
MW(0,) [
X=—2% f r' (6-22)
Ror
to

where MW (0,) is the molecular mass of oxygen and Ry is the oxygen release capacity determined by

thermogravimetric analysis.

The set point temperature of the FBR was varied between 850 and 962°C and the maximum rate of
reaction at each temperature interval was calculated using equation (6-17). The intrinsic rate constant
at each temperature interval was determined using the effectiveness-factor based kinetic model to

extract the kinetic parameters of the oxygen release reaction.

6.3.5 Identification of the optimal sample mass for kinetic experiments in a fluidised bed

reactor

The kinetics measured in an FBR can be significantly affected by the sample mass used in the
experiments. Lower sample masses release lower amounts of oxygen which can be effectively removed
using appropriate gas flow rates for good mixing and circulation of the particles in the reactor.
Consequently, lower sample masses tend to yield higher observed reaction rates than larger sample
masses. However, very low sample masses can negatively impact the accuracy and reliability of the

kinetic measurements due to the low signal-to-noise ratio.

A range of sample masses were evaluated to determine the optimal sample mass for FBR experiments.
The observed rate of oxygen release profiles at 875°C were compared for sample masses of 0.25, 0.5,
0.75, and 1.0 g. In a typical experiment, the reactor was heated to 875°C and 40 g of inert sand in the
300425 pm size fraction was added to the reactor as bed material to provide a heat sink (absorb excess
heat generated by the reaction) and improve the fluidisation characteristics of the bed, resulting in more
reliable measurements. Inert cycles were carried out by repeated automated gas switching between N,
and air. After the completion of inert cycling, MMOs in the particle size range 300—425 pm were added
and cycled for ten CLOU cycles consisting of an oxygen release period of 600 s in N, followed by a re-
oxidation period of 180 s in air. The oxygen concentration profiles over the last three cycles were

averaged to determine the rate of the oxygen release reaction using equation (6-20).
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The results presented in Figure 6-4 show that the sample mass significantly impacted the observed rate
of oxygen release. The observed oxygen release rate for the largest sample mass was half the 0.018
mmol(0)s ' goc™! rate observed for the smallest mass. A sample mass of 0.5 g was chosen as the optimal
sample mass because the signal-to-noise ratio during experiments using 0.25 g sample masses at higher
temperatures (e.g. 950°C), where the rate of oxygen release will be much higher, is expected to be too

low.
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Figure 6-4: Observed oxygen release rates in the FBR at 875°C for different sample masses (w/u,s=
4).

6.3.6 Identification of the optimal u/ums for kinetic experiments in a fluidised bed reactor

The fluidising flow rate is often expressed as the dimensionless parameter u/ums, as it provides an easy
comparison of the actual gas velocity, u, to the umr. For the initial experiments, a baseline u/umr equal to
4 was taken from the literature.”>> A comparison of the rate of oxygen release profiles between the TGA
(mass = 5 mg) and FBR (w/umr = 4, mass = 0.5 g of oxygen carrier, 40 g of inert sand bed material) at
875°C is shown in Figure 6-5. The TGA exhibited a higher maximum rate of oxygen release than the
FBR, which was unexpected given that TGAs typically experience lower rates of external mass transfer
that are primarily controlled by diffusion through a thin boundary layer surrounding the sample, similar
to a Stefan tube.*** In contrast, the FBR using a low sample mass was expected to have higher rates of

external mass transfer due to the better gas-solids mixing within the bed.
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The u/ums was increased to 5, 6 and 7 to investigate the effect on the observed maximum rate of oxygen
release. The results in Figure 6-5 show that increasing the u/ums from 4 to 5 substantially increased the
observed rate of reaction, and further increase of the u/ums to 6 and 7 did not change the rate of reaction
significantly. Based on these findings, a u/umr of 5 was used for the kinetic experiments in this chapter.
The gas flow rates used for each experiment were calculated using the procedure for minimum
fluidisation velocity outlined in chapter 3. The gas flow rates for each temperature interval used to

determine the intrinsic kinetics of the oxygen release reaction are provided in Table 6-4.
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Figure 6-5: Observed oxygen release rates in the FBR at 875°C for different u/u,s (sample mass =
0.5 g).
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Table 6-4: Flow rates used for the kinetic experiments between 850 and 962°C in a TGA. Minimum
fluidisation velocity calculations were based on the envelope density of inert sand bed material (300-

425 um, 2600 kg m™).

Ky Vg,hot Vgsarp Vgsarp
T Py Ar Remr Unmf
(kgm'' s (at umf) (at umf) (u/um=5)
O (kg m?) ] O] Q) (ms™)
) (Lmin")  (Lmin") (L min")
850 0.304 4.48E-05 183.9 0.1111 0.0452 1.92 0.509 2.54
862 0.301 4.51E-05 179.2 0.1084 0.0449 1.90 0.500 2.50
875 0.297 4.54E-05 174.8 0.1057 0.0446 1.89 0.491 2.45
887 0.294 4.58E-05 170.5 0.1031 0.0443 1.88 0.482 241
900 0.291 4.61E-05 166.4 0.1006 0.0440 1.86 0.474 2.37
912 0.288 4.64E-05 162.4 0.0982 0.0437 1.85 0.466 2.33
925 0.285 4.67E-05 158.5 0.0958 0.0434 1.84 0.457 2.29
937 0.282 4.70E-05 154.8 0.0936 0.0431 1.83 0.450 2.25
950 0.279 4.74E-05 151.2 0.0914 0.0428 1.81 0.442 2.21
962 0.276 4.77E-05 147.7 0.0893 0.0425 1.8028 0.4349 2.175

6.3.7 Calculation of the cross flow factor

The gas exchange efficiency between the bubble and particulate phase was estimated by calculating the
cross flow factor, Xy, using a theoretical model developed by Davidson and Harrison.”*® The quantity
X¢is equivalent to the number of times a bubble has been swept out from its initial formation to the top
of the bed. It can be calculated by dividing the total rate of exchange of gas between the bubble and
particulate phases, Ws, by the flow rate of gas as bubbles (u - umy),

W. -
X; = s (6-23)
u— umf
where Ws can be determined using,
-24
Ws = NQH (6-24)

where N is the number of bubbles per unit volume, Q is an equivalent flow rate to and from the bubble,

and H is the bed height.

The fluid flow (u — umr) is assumed to pass as bubbles through the particulate phase so that,
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U—Unp = NVyuy (6-25)

where ua is the absolute rising velocity of bubble, Vy is the bubble volume.

Therefore, Xt can be calculated by,

QH (6-26)
Xf =
usVy

To calculate Vy, the bubble diameter, Dy, was calculated by,>’

0.4
u—u A 6-27
Db::1295[£__g;y) o] (6-27)

where A, is the cross-sectional area of the spout orifice.

The quantity ua is estimated by equation (6-28) for u >> U,

Uy = U— Uy + Uy (6-28)
where u is the rising velocity of bubble in a stagnant fluid given by,
6-29
u, = 0.71(gD,)" (29
where g is the acceleration due to gravity.
The quantity H was determined by,
H — Hpy _U T Uny (6-30)
Hyr Up
where Huy is the bed height at minimum fluidisation given by,
_ Vhea (6-31)

H =
m gmfAc

where Vieq the volume of the bed, A. is the cross-sectional area of the reactor, and e is the voidage at

minimum fluidisation, taken to be 0.42.2%

The quantity Q was evaluated by,

Q=q+k,S (6-32)

where q is the rate of exchange between a bubble and the particulate phase, kg is the mass transfer

coefficient from a bubble to its surface, and S is the surface area of a rising bubble.

The quantity q was determined by,
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6-33
q= Zuondﬁ (6-33)

The quantity kgS is entirely theoretical and ksS was estimated using the correlation given by Davidson

and Harrison, >

0.917D§ DAF g°2° (6-34)
GO = D025
T

where D; is the diameter of the reactor tube.

Table 6-5: Input and calculated parameters for the calculation of the cross flow factor at 875°C

with a 40 g of inert sand bed material (300-425 pm, 2600 kg m™).

Parameter Value
Reactor inside diameter, Dr (m) 0.030
Orifice diameter, Do (m) 0.009
Minimum fluidisation velocity, ums (ms™) 0.045
Fluidisation velocity, umf (ms™) 0.22

Mean bubble diameter, Dy (m) 0.011
Absolute rising velocity of bubble, ua (ms™) 0.575
Bed height, H (m) 0.071
Flow rate to and from the bubble, Q (10*m3s!) 1.31

Cross flow factor, Xt (-) 22.5

A theoretical cross flow factor of 22.5 was found using equations (6-26) to (6-34). The high value of X
indicates that there is a high degree of mixing in the bed. Therefore, the gas concentration in the bubble

phase and particle phase are almost the same and limited gas bypasses the reactor without reacting.
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6.4 Results
6.4.1 Fitted tortuosity factor

The oxygen release rates for the six different particle size fractions of 312-MMO-11 investigated in a
TGA at 900°C are shown in Figure 6-6. The maximum observed rates of oxygen release are given in
Table 6-6. The maximum rate of reaction decreased with increasing particle size fraction, which was
expected due to increasing intraparticle diffusion resistance with particle size. Figure 6-7 shows the
variation of the observed rate constant, k,, with average particle radius. To correct for mass transfer
effects, the intrinsic rate constant, k;, was recovered from k, through an iterative process. In the first
iteration, an effectiveness factor, 7 = 1 was assumed to calculate a k; value using equation (6-7). The
k; value was then used to calculate the Thiele modulus, ¢, using equation (6-10). This value was
substituted into equation (6-9) for the calculation of a new 7. These calculations were repeated until n
converged. The final value of D, (and therefore the value of k;) was determined by minimising the
square error of k; for a given mean particle radius and the average value of k; by varying t in equation
(6-11). An initial value of 4 was chosen for 7, the average of the 2 to 6 recommended by Satterfield for
commercial catalysts.””! The final value of t after iteration was 3.1. The effectiveness factors for the

different particle radii are shown in Table 6-6.
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Figure 6-6: Rates of oxygen release for six particle size ranges using the averaged weight profile

firom cycles three to five in a TGA at 900°C.
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Table 6-6: Effectiveness factors and maximum observed rates of oxygen release for each MMO-

312-11 particle size fraction cycled in a TGA at 900°C.

Particle size range Effectiveness factor Maximum observed rate of oxygen release
(nm) ) (mmol(02)s'g0C™")
125-212 0.91 0.039
212-300 0.83 0.030
300-425 0.72 0.027
425-500 0.65 0.022
500-710 0.56 0.018
710-1000 0.42 0.015

The k; determined for each particle radius using the iterative procedure are shown in Figure 6-7. The
values deviate within 10% of the average intrinsic rate constant (1025 s™) calculated across all particle
size ranges studied at 900°C. Despite taking measures to minimise the mass transfer effects across
experiments by using the highest flow rate possible (200 ml min™") and the lowest mass for a good

signal-to-noise ratio, irregularities may arise from:

) Small variations in sample masses used for experiments, although efforts were made to

maintain samples masses as close to 5 mg as possible.

(i1) The placement of particles on the pan, as particles positioned close to each other can
enhance mass transfer effects, and using smaller size fractions may result in a higher
number of particles in the pan (and therefore a greater number of particles in contact

resulting in higher interparticle mass transfer effects).
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Figure 6-7: Observed and fitted rate constants for each MMO-312-11 particle size fraction cycled
in a TGA at 900°C.

6.4.2  Kinetic parameters

A particle size fraction of 300-425 um was selected for the kinetic experiments in the FBR based on the
effectiveness factors calculated for the different particle size fractions cycled in the TGA to determine
the fitted tortuosity factor. A reasonable effectiveness factor of 0.72 was determined for this size fraction
at 900°C. The maximum rate of oxygen release with conversion for the temperature range of 850 to 962
is shown in Figure 6-8. As expected, the maximum observed rate increased with increasing

temperature.

The temperature dependence of k; was modelled using the Arrhenius equation (equation (6-35)), where:
E, is the activation energy and A is the pre-exponential factor. The value of k; was recovered from the
k, measured at each temperature by applying the effectiveness factor-based kinetic model. An
Arrhenius plot (Figure 6-9) was used to extract E, (the slope) of 51 + 3 kJ mol ' and A (the intercept)
of 0.0567 s™! over the temperature range 850 to 962°C.

E
k; = Aexp (é) (6-35)
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The effectiveness factor was found to decrease from 0.75 at 850°C to 0.62 at 962°C, indicating that
mass transfer effects were more significant at higher temperatures but should be accounted for by the

model.
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Figure 6-8: Oxygen release rates in the FBR. (a) rates of oxygen release of MMQO-312-11 between
850 and 962°C, and (b) rates of oxygen release with an enhanced y axis.
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Figure 6-9: Arrhenius plot for the oxygen release from MMQ-312-11s over the temperature range

850 to 962°C.

Table 6-7 compares the kinetic studies published in the literature for oxygen release from CuO-based

oxygen carriers and the activation energy for the MMO-312-11 determined in this chapter. The

activation energies vary significantly from 58 kJ mol™ to 315 kJ mol™'. The activation energy calculated

in this work (51 kJ mol") compares well with those measured by Hu et al.,*** who reported an activation

energy of 60 kJ mol” using a TGA and FBR, and Clayton and Whitty who reported activation energies

of 58 kJ mol™ and 67 kJ mol™ for two different CuO-based oxygen carriers using a TGA.*’
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Table 6-7: Comparison of the activation energy recovered in this work with published kinetic

studies for CuO-based oxygen carriers for CLOU. Adapted from Tian et al.**
CuO
. Temperature ineti Ea
loading Support Reactor Kmetl: Reference
(oC) Model (kJ mol‘l)
(Wt%)
NNGM
18 SiO2 TGA 800-900 315
N=2) Song et al.*®
900-975 176
20 ALLO3 FBR 850-1100 SCM 81 Mean et al.?*
Avrami-
40 MgA1204 FBR 850-900 Erofeev 139 Arjmand et al.'3
(N=2)
40 ZrO; FBR 900-985 First order 20 Sahir et al.?*¢
45 V4(0)} TGA 775-925 First order 58 Clayton and
50 TiO; TGA 800-900 First order 67 Whitty>*?
60 AL0O3-CaO TGA, FBR 850-950 SCM 60 Hu et al**
NNGM Adanez-Rubio et
60 MgAlO4 TGA 875-1000 270
(N =3/4) al2%
63 MgALO4 TGA, FBR 850-962 First order 51 This work
70 SiO2 TGA 700-900 SCM 249 San Pio et al.??°

Footnote: *where NNGM is the nucleation and nuclei growth model; SCM is the shrinking core model.

The oxygen carriers in Table 6-7 vary by CuO loading, support material and particle size. The large
spread of reported activation energies could be due to interactions between CuO and different support
materials and mass transfer effects due to the choice of preparation method, particle size and other
testing conditions, such as whether a TGA or FBR was used to produce the experimental data. Sahir et
al. suggested that the high activation energies recorded in Table 6-7 are global activation energies
which combine the thermodynamic driving force and true activation energy of the intrinsic kinetics.**®
The effectiveness factor-based kinetic model used in this chapter accounts for the thermodynamic

driving force by considering the equilibrium oxygen concentration in equation (6-5).

The activation energy calculated in this chapter corresponds with previously reported values in the
literature (Table 6-7); however, it falls towards the lower end of the range. The higher rates of oxygen
release at the higher temperatures investigated in this chapter may have been constrained by the gas-
solid mixing in the FBR. Therefore, the rates of external mass transfer at higher temperatures were

investigated to determine whether the experimental set-up limited the oxygen release rates. External
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mass transfer in this case refers to that from the particle surface to the gas in the particulate phase in the
FBR. The rate of mass transfer of oxygen from the surface of an oxygen carrier particle to the particulate

phase was calculated using equation (6-36),

_ 6kg (COZ,eq - COZ,b) (6'
” dppp 36)>*

The values of the external mass transfer coefficient were determined using those used in the kinetic
model (equations (6-14) and (6-17) to (6-19)). The rate of external mass transfer was calculated for each
temperature and compared to the measured rate of oxygen release, shown in Table 6-8. The maximum
rate of mass transfer represents the maximum rate possible for the oxygen release reaction in the FBR
if the diffusion of oxygen from the particle surface limited the rate. From Table 6-8, the ratio of mass
transfer to oxygen release rates decreases as the temperature increases. The ratio at high temperatures
is around 5, indicating that the rates of oxygen release at higher temperatures shown in Figure 6-8 could
be slightly inhibited by external mass transfer.”*’ The kg was derived from the Sherwood number using
the correlation in equation (6-18). Therefore, the rates of mass transfer may be higher or lower than the

values in Table 6-8 if an alternative correlation is used.

Table 6-8: Maximum observed rate of oxygen release and ratio of mass transfer/observed rates

of oxygen release of MMO-312-11 cycled in an FBR between 850 and 962°C.

Temperature Maximum rate of mass transfer Ratio of mass transfer/observed rates of
°O) (mmol(02)s'gOC™) oxygen release
850 0.0745 71
862 0.0850 6.8
875 0.1028 6.7
887 0.1371 6.2
900 0.1853 62
912 0.2431 5.6
925 0.3243 5.4
937 0.4207 52
950 0.5544 5
962 0.7913 5.0

157



The Arrhenius parameters were extracted from a plot without the last two data points for 950 and 962°C
to investigate whether the rates at higher temperatures were limited by external mass transfer (Figure
6-10). An E, of 53 £ 4 kJ mol ' and 4 0f 0.0741 s™' were determined over the temperature range 850 to
937°C. The new E, for the temperature range 850 to 937°C is slightly higher than the 51 + 3 kJ mol™
determined for the temperature range 850 to 962°C, but not substantially.

A further consideration is the ability of the measurement system to respond to changes in gas
concentration. The current measurement system samples the oxygen concentration at a frequency of
two data points per s. From Figure 6-10, the rate of oxygen release from the MMO-312-11s at higher
temperatures is very fast, with the maximum rate of oxygen release occurring at a conversion of 28%
for the MMOs cycled at 962°C compared to closer to 10% for reactions below 900°C. Some authors
have demonstrated that using alternative oxygen sensors, i.e. a universal exhaust gas oxygen sensor
(UEGO), with higher sampling frequencies can more effectively capture the oxygen release kinetics in
an FBR than existing experimental set-ups.?*® Saucedo et al. demonstrated using a UEGO sensor with
a sampling frequency of ~ 5 data points per s to measure oxygen concentrations during oxy-fuel
combustion of a lignite char. Hu et al. also used an UEGO sensor for the measurement of kinetics of
oxygen uncoupling to determine the activation energy of a 60 wt% CuO-based oxygen carrier to be 60

kJ mol
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Figure 6-10: Arrhenius plot for the oxygen release from MMQ-312-11s over the temperature range
850 to 937°C.
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6.5 Concluding remarks

In this chapter, an adapted effectiveness factor-based kinetic model was used to determine the pseudo-
intrinsic kinetics of oxygen release from the MMO-312-11. Experimental data was collected using a
1.5 kW, FBR and TGA by selecting the appropriate sample masses and gas flow rates to minimise the
effects of mass transfer. By modelling the internal and external mass transfer effects, the intrinsic rate
constants for oxygen uncoupling were obtained for the temperature range 850-962°C. An activation
energy of 51 + 3 kJ mol™' and a pre-exponential factor of 0.0567 s were calculated for the oxygen

release reaction using an Arrhenius expression.

The activation energy calculated in this chapter is consistent with previously reported values in the
literature. However, the value determined in this work falls towards the lower end of the range.
Therefore, the rates of external mass transfer were investigated to determine whether the experimental
set-up limited the oxygen release rates at higher temperatures. The ratio of calculated external mass
transfer rates to measured rates of oxygen release was around 5 at high temperatures. This suggests that
the rates of oxygen release may have been limited by external mass transfer. However, the removal of
data points at the high end of the temperature range did not significantly change the activation energy

obtained by fitting the Arrhenius expression.

Another factor to consider is the ability of the measurement system to respond to changes in gas
concentration. In future work, it may be more effective to use an alternative oxygen sensor with a higher
sampling frequency, such as a UEGO, to capture the kinetics in an FBR as opposed to the gas analyser
used in this chapter. In addition, the MMO-512-11s developed in the previous chapter could be
investigated to explore the impact of CuO loading on oxygen release kinetics obtained using the

effectiveness factor-based kinetic model developed in this chapter.
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Chapter 7

Effect of co-precipitation pH on the growth of
Cu-Mg-Al layered double hydroxides and the
structure and performance of derived mixed

metal oxides

7.1 Introduction

Co-precipitation is a simple ‘one-pot’ method used to prepare LDHs by mixing a metal cation solution
containing the chosen M*" and M*" cations with an alkaline solution that contains the desired interlayer
anions. From chapter 2, the pH value during co-precipitation was found to play a crucial role in the
formation and characteristics of LDHs. During co-precipitation at constant pH, the pH of the solution
can affect the degree of supersaturation and the solubility of the species present in the solution, which
can affect the composition and crystal structure of the LDHs, 8218618722324 The [ can also impact the
morphology of the individual LDH platelets and bulk structure of the materials.'®® In general, at lower
pH values and lower supersaturation, the nucleation rate is lower and increased growth of fewer
crystallites leads to the formation of larger platelets.”®' At higher pH values and higher supersaturation,
the rate of nucleation significantly increases, leading to the formation of a large number of smaller
crystallites.?” The shape of the platelet directly impacts the porosity of the materials, with larger crystals

packing together less effectively, generating materials with higher porosities.

In chapter 5, the co-precipitation pH was determined to be an important synthesis parameter for tuning
the structure of Cu-Mg-Al LDHs and the mechanical properties of the derived MMOs. An increase in
co-precipitation pH from 9.5 to 11 was found to decrease the porosity of the LDHs and MMOs and
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increase the crushing strength of the MMOs. The less porous MMOs experienced significantly lower
rates of attrition in an FBR and retained high conversion over 100 full cycles of oxygen release and re-

oxidation at 900°C.

In this chapter, the effects of pH on the material characteristics of Cu-Mg-Al LDHs were explored in
detail. The LDHs were co-precipitated using an automated co-precipitation rig that was used to supply
a constant flow rate of the metal solution to a reaction vessel, with the alkaline solution flow rate varied
to maintain a constant pH between 9 and 11.5 for 300 min. The effect of pH on the morphology and
performance of the LDH-derived MMOs in chemical looping processes using a TGA at 900°C was also

investigated.

7.2  Methodology

7.2.1 Preparation of the layered double hydroxides and mixed metal oxides via co-

precipitation

The Cu-Mg-Al LDHs were prepared via co-precipitation at room temperature and atmospheric pressure
using an automated co-precipitation rig (Figure 3-1). A 2 M metal nitrate solution was prepared by
dissolving Cu(NO3),-2.5H,0, Mg(NO3),:6H,0, and AI(NO3)3-9H>0 in a 3:1:2 molar ratio in DI water.
A 1 M NaOH and 1 M Na,COs alkaline solution was also prepared by dissolving appropriate amounts
of NaOH and Na,COs in DI water. The reaction vessel was primed with a small amount of DI water
(~10 ml), and the flow rate of the metal nitrate solution was set at 5 ml min"'. A control programme
written in Agilent VEE was used to maintain a constant pH during synthesis by varying the flow rate
of the alkaline solution using a variable-speed peristaltic pump. The reaction vessel was stirred at

350 rpm by a magnetic stirrer.

The LDHs were co-precipitated for 300 min, and samples were extracted at 5, 10, 15, 20, 30, 45, 60,
90, 120, 180 and 240 min intervals for characterisation. The samples and final precipitate (i.e. the
precipitate in the reaction vessel after 300 min) were aged for 30 min with no additional stirring. After
aging, the precipitate was washed in DI water until the ionic conductivity of the wash water measured
below 150 uS. The washed precipitate was recovered by vacuum filtration and dried overnight at 50°C
in a well-ventilated oven. The dried precipitate was calcined in a horizontal tube furnace for 6 h at
975°C using a heating rate of 15°C min~' and an air flow rate of 2 L min™ (SATP) to produce the MMOs.
The MMOs were crushed and sieved to produce particles in the 300-425 pum size range for

characterisation and testing as oxygen carriers.

The constant pH value during co-precipitation was varied from 9 to 11.5 in 0.5 steps to investigate the
impact of synthesis pH on the structure of the LDHs and derived MMOs. The performance of the MMOs
for CLOU and CLC was assessed using a TGA. In this chapter, the LDHs and derived MMOs are
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referred to as LDH-pH and MMO-pH, respectively, and will refer to the materials produced after 300
min unless stated otherwise. For example, the materials produced after co-precipitation for 300 min at

pH 9.5 are LDH-9.5 and MMO-9.5.

7.2.2  Thermogravimetric analysis

A TGA (Figure 3-6) was used for the thermogravimetric analysis of the MMOs. To investigate their
chemical stability, MMOs in the 300-425 um size range were placed in a platinum crucible (diameter:
1.5 X107 m, height: 5 X10” m) and reduced and oxidised repeatedly under different chemical looping

cycling modes at 900°C.
For CLOU cycling experiments, ~3 mg of MMOs were exposed to 100 cycles of,

) Oxygen release in N, for 2.5 min

(i1) Re-oxidation in 10% O/N, for 2.5 min

The experimental oxygen release capacities and observed rate of oxygen release of the MMOs were

determined using equations (7-1) and (7-2), respectively,

Mcrou

Rop = 1- m (7-1)
ox
dmn 1 1 5
02 = TG g, MW, (7-2)

where, Ror is the gaseous oxygen release capacity, mcrou is the mass of the sample after oxygen release,
Moy 18 the mass of the re-oxidised MMO, 1o, is the rate of O, release and MWo; is the molecular weight

of oxygen.

For CLC cycling experiments, ~5 mg of MMOs were exposed to 100 cycles of,

) Reduction in 10% CO/N; for 2.5 min,
(i1) N; purge for 1 min to prevent mixing of the oxidative and reductive atmospheres,
(iii) Re-oxidation in 10 vol% O»/N; for 4 min,

(iv) N; purge for 1 min.

The experimental oxygen storage capacities of the MMOs were determined using equation (7-3),
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Mcrc
Ros = 1-— 7-3
08 Moy ( )

where, Ros is the oxygen storage capacity, and mcic is the mass of the sample after complete reduction

to Cu.

For the extended CLC cycling experiments, ~3 mg of MMOs were exposed to 500 cycles of,

) Reduction in 10% CO/N; for 2.5 min,
(i1) N; purge for 1 min,
(i)  Re-oxidation in 10 vol% O/N> for 2.5 min,

(iv) N purge for 1 min.

7.3 Synthesis of layered double hydroxide precursors
7.3.1 XRD characterisation

The XRD patterns of the samples co-precipitated for 300 min at constant pH values between 9 and 11.5
are shown in Figure 7-1. In each case, the diffraction patterns exhibit characteristic LDH reflections*®.
The reflections at Bragg angles (26) of 11.9°, 23.9°, 60.5° and 61.9° correspond to (003) and (006)

basal planes and (110) and (113) non-basal planes, respectively. No crystalline impurity phases were

detected in the patterns.

(003)

Intensity (a.u.)

Q

Py

e

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Bragg angle, 20 (deg.)
Figure 7-1: XRD patterns of the LDHSs. The LDHs were co-precipitated for 300 min at constant pH

values between 9 and 11.5 min using a constant flow rate of metal nitrate solution.
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Most LDHs adopt a rhombohedral or hexagonal lattice system.?** By convention, the rhombohedral
system is described by a triple hexagonal unit cell, where a=b # ¢, and a = f = 90° and y = 120°, to
facilitate direct comparison with hexagonal structures (Figure 7-2). The average cell parameters were
calculated from the (003), (006) and (110) reflections according to Bragg’s law, where a = 2d119) and ¢
= 3d03)+ 2doos>** From Figure 7-1, the (003) and (006) reflections of the samples are well-defined,
however, the (110) and (113) reflections overlap. Therefore, while cell parameter ¢ could be determined
reliably from the (003) (Figure 7-11) and (006) reflections, isolation of the a parameter required
deconvolution of the reflections over 26 range 55 to 67° using a peak fitting program. To improve the
quality of the XRD patterns, the tube current was increased from 20 mA to 40 mA over 26 55 to 67°
and the time per step was increased. The unit cell parameters are shown in Table 7-1. The average a
and ¢ cell parameters were ca. 3.057 A and 22.26 A, respectively. These results agree well with LDHs
reported in the literature, where a and c cell parameters range from 3.04 to 3.11 A and 22 to 26 A,

265,266

respectively.

(a)

’ Jf&\ fu\ q.mr/"
‘f» o \‘%VA

Figure 7-2: Unit cell of LDHSs. (a) Relationship between the triple hexagonal cell to the primitive
rhombohedral cell. The conventional cell of LDHs in (b) hexagonal representation with group R-3m
(space group 166) and (c) rhombohedral representation of the same structure, adapted from

Mohammadi et al.*®’
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Table 7-1: Unit cell parameters and elemental compositions of the LDHs co-precipitated at pH

values between 9 and 11.5 for 300 min.

al c? 3R1:2H1? CuO* MgO* ALOs* M?*/M3ratio
Material
A) A) (%) (Wt%) (Wt%) (Wt%) -)
LDH-9 3.052 22.293 90:10 61.5 7.2 313 1.55
LDH-9.5 3.057 22.342 91:9 62.5 10.3 27.2 1.95
LDH-10 3.056 22.360 84:14 62.6 10.4 27 1.98
LDH-10.5 3.054 22.376 78:22 62.7 10.5 26.8 1.99
LDH-11 3.056 22.399 66:34 62.9 10.5 26.5 2.02
LDH-11.5 3.057 22.432 58:42 63.2 10.6 26.2 2.06

Footnote: 'a = 2d(110); *c = 3d003); > where the turbostratic disorder was 10% for each pH, except for pH
9 (5%); *3:1:2 Cu:Mg:Al target molar ratio corresponds to 62.7 wt%, 10.6 wt% and 26.8 wt% on an

oxide basis.

Inspection of the XRD patterns of the LDHs in Figure 7-1 shows that the position and broadness of the
diffraction peaks change with pH value during co-precipitation. Many authors assign these changes to
a loss of crystallinity. However, the broadening of the low-angle (26 = 5-25°) (003) and (006) and high-
angle (26 ~ 60°) (110) peaks arise from the decreasing size of the coherent crystallographic domain in
the ¢ and a directions, respectively. The additional non-uniform broadening (i.e. due to factors other
than crystallite size) of the mid-angle (26 = 25-60°) (h0[) and (0k/) reflections occur due to structural
disorder within the LDHs.?*%272

LDHs contain two-dimensional positively charged brucite-like metal hydroxide layers, which comprise
of hexagonal packed hydroxyl groups with the metal cations occupying alternative layers of octahedral
sites. The brucite-like layers are separated by interlayer anions and water. The stacking sequence of the
layers can give rise to different polytype structures. Bookin and Drits performed a comprehensive
evaluation of potential two and three layer polytypes.’®*?”* In their work, the hydroxyl groups in the
brucite-like layers (a-b plane perpendicular to the direction of layer stacking) can occupy an A, B or C
position in the layer (Figure 7-3a). The corresponding metal cations can occupy an interstitial position
a, b, or ¢. A single brucite-like layer can be represented as AbC (similar to the sites of spheres in close
packing). The position of the cation can be omitted (i.e. AbC becomes AC) as it depends on the position
of the hydroxyl groups. Stacking of two layers can result in the formation of two different interlayer
geometries due to the position of the hydroxyls in the upper sheet of the lower layer and the lower sheet
of the next layer. Assuming the bottom layer occupies positions AC, the lower sheet of hydroxyls in the

next layer can either (i) position directly above the top sheet hydroxyls, e.g. AC=CA, forming a trigonal
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prism interlayer region (P-type interlayer denoted by =; Figure 7-3b); or (ii) position in A or B sites,
e.g. AC—AB and AC-BC, forming an elongated octahedra interlayer region (O-type interlayer denoted
by —; Figure 7-3¢). The two- and three-layer polytypes can be derived based on the hydroxyl sequence

in the layers.

@® Asite
(o] B site
O Csite

Figure 7-3: Structure of LDH materials. (a) hexagonally packed atom positions in the brucite-like
layer; and stacking of layers with (b) trigonal P-type (e.g. AC=CA), and (c,d) octahedral O-type
interlayer sites (e.g. AC-BA and AC-AC) . Only the lower hydroxyl groups of the upper layer is shown.

Large circles are hydroxyl groups, small circles are cations. Adapted from Bookin and Drits.*®

The possible two-layer polytypes are presented in Figure 7-4. Structure 1 shows the simple one-layer
polytype (AC repeating), structures 2 and 4 are structurally equivalent (only O-type interlayers),
structures 3 and 6 are also structurally equivalent (alternating O-type and P-type interlayers), and
structure 5 has only P-type interlayer regions. Therefore, for two-layer structures, only three different

polytypes exist:
...AC=CA=AC... (2H))
...AC—AB—-AC... (2Hy)
...AC-BA=AC... (2H3)

The 2H, polytype is the most commonly occurring two-layer polytype in naturally occurring and

synthetic LDHs.?’* The structural nomenclature developed by Bookin, Drits and Cherkashin refers to
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the number of layers (2), symmetry (H, hexagonal), and numerical subscript for each unique

263,273

polytype.
Polytype number: 1 2 3 4 5 6

1. ... AC-AC-AC...

31 layer
AA A A A A 2: ...AC-AB-AC...
- - = - = - 3: ...AC-BA=AC...
C B C B C B 4: ...AC-BC-AC...
2nd Jayer \/ \/ \/
A A A 5: ...AC=AC=AC...
- 6: ...AC=CB-AC...
C
15t layer
A

Figure 7-4: Scheme for derivation of two-layer polytypes. Adapted from Bookin and Drits.**

The possible three-layer polytypes can be derived using the same principle. For three-layer structures,
nine possible polytypes exist. Polytypes containing only P-type or O-type interlayers are denoted 3R,
and 3R, respectively.

...AC=CB=BA=AC... 3R))
...AC-BA-CB-AC... 3Ry

Naturally occurring Mg-Al LDHs containing CO5” as the interlayer anion form as either 2H; (hexagonal
manasseite) or 3R; (rhombohedral hydrotalcite) polytypes.'’® Both polytypes contain only P-type
interlayers, which facilitate the inclusion of interlayer carbonate anions.?’”* Synthetic LDHs containing
interlayer carbonate have been found to form with an intergrowth of 3R; and 2H; polytypes,”’® e.g. an
LDH could have the stacking sequence ...AC=CB=BA=AB=BC=CA..., where a 2H; motif exists
within a 3R; matrix (Figure 7-5a). The program DIFFaX (Diffracted Intensities from Faulted Xtals®’")
has previously been used to quantify the type and amount of polytypes in faulted LDH structures. In
DIFFaX, LDHs are formed by stacking layers using stacking vectors. Each layer may be represented as
AbCX, where A and C represent the hydroxyl group positions, b represent the metal cations and X
represents the interlayer carbonate and water positions. The appropriate stacking vector can simulate

the different polytypes. The 3R; polytype is obtained by translating the AC layer by stacking vector
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(2/3, 1/3, 1/3). The 2H, polytype is obtained by defining a second layer, CA, and using stacking vector
(0,0, 1/2). A random mixture of these polytypes can be generated in DIFFaX by specifying the stacking
probabilities of the polytypes to simulate the faulted structure. The XRD pattern of the crystal structure
can then be simulated by DiFFaX. Figure 7-5 demonstrates the broadening of (%0/) and (0k/) reflections
in the mid-angle region (26 = 25-60°) arising from the random intergrowth of the 3R; and 2H; polytypes.
Turbostratic disorder is another type of disorder that results in the non-uniform broadening of peaks.
Turbostratic disorder arises from the random orientation of successive layers and is simulated using the

random stacking vector (x, y, 1/3), where x and y are random.

b
(a) ( ). Asite O Bsite O Csite

_p e )
10:90 3R :2H, C
20:80 3R,2H, M\ A\ ~ AN m C _
30:70 3R,:2H, pM\ -~ AN 1
40:60 3R,:2H, PN e AN ]

EEE, NN Y A oH,
70:30 3R :2H, cm AT
80:20 3R :2H,
B
Lo B
C 1
25 30 35 40 45 50 55 60 65 70 w C
A —

Bragg angle, 20 (deg.)

Intensity (a.u.)

90:10 3R,:2H,

Figure 7-5: Simulation of stacking faults using FAULTS. (a) XRD patterns showing non-uniform
broadening of mid-range peaks for increasing amounts of 2H; motif'in 3R;. (b) example of 2H stacking

fault in 3R, structure. Large circles are hydroxyl groups, small circles are cations.

In DIFFaX, the probabilities of stacking vectors are manually varied until a good visual fit between the
simulated and observed patterns is achieved. In this chapter, the faulted structures were simulated using
the program FAULTS,?”® which is based on the DIFFaX formulation. In FAULTS, the probabilities of
the stacking vectors can be refined by minimising the square error between the simulated and
experimental XRD patterns. The AbCX layer was defined using the atomic position co-ordinates
reported for hydrotalcite (ICSD no. 81963, Table 7-2). Unit cell parameters a and ¢ were determined
by peak fitting of the XRD patterns (Table 7-1) and the occupancy of the metal atoms were taken from
the results of XRF (Table 7-1). Instrumental parameters u, v, w and x were determined from the
refinement of a Si standard. The full width at half maximum (FWHM) of the (110) LDH peak is

relatively unaffected by stacking faults; therefore, the simulated (110) peak was broadened to match the
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experimental pattern to account for crystallite size effects and facilitate the fitting process.?***’"*”> The

probabilities of the stacking vectors (i.e. the ratio of 3R; to 2H;) were determined using FAULTS for

different amounts of turbostraticity incorporated into the structure (0 to 30% in steps of 5%).

Table 7-2: Co-ordinates and occupancies of atomic positions in the AbCX layer

Atom (position) X y z Occupancy
0 (0 0.6667 0.3333 -0.04383 1
Cu (b) 0 0 0 0.5000
Mg (b) 0 0 0 0.1667
Al (b) 0 0 0 0.3333
O (A) 0.3333 0.6667 0.04383 1

C 0.6667 0.3333 0.1667 0.0830
C 0 0 0.1667 0.0830
(0] 0.2408 0.4817 0.1667 0.1667
(0] 0.2408 0.7592 0.1667 0.1667
(0] 0.5183 0.7592 0.1667 0.1667
(0] 0.4258 0.8517 0.1667 0.1667
(0] 0.4258 0.5742 0.1667 0.1667
(0] 0.1483 0.5742 0.1667 0.1667

The simulated diffraction patterns in the 26 region 30-65° are presented in Figure 7-6. The peak
positions in the mid-26 region correlate well with those expected for the 3R; polytype, and the non-
uniform broadening of lines was simulated by the random intergrowth of the 3R; and 2H, polytypes.
The amounts of 3R; and 2H, are shown in Table 7-2. The amount of turbostratic disorder present in the
materials was difficult to quantify. In general, a low amount of turbostratic disorder was found and was
taken to be 10% for each pH except for pH 9.5, where a value of 5% was used. The incidence of 2H;

stacking faults was determined to increase with increasing co-precipitation pH.

The effect of pH on the incorporation of stacking faults in LDHs is relatively unstudied. Radha et al.
investigated the effect of synthesis pH on the incorporation of stacking faults in Co-Fe and Co-Al
LDHs.*® For both LDH systems, the materials co-precipitated at a pH 10 incorporated a higher
proportion of stacking faults (2H; motifs in 3R;) than those synthesised at pH 7-8. Faour, Prévot and
Taviot-Gueho also studied the effect of different synthesis routes on the faulted structure of Ni-Al

LDHs.”” Three synthesis routes were considered, (i) co-precipitation at a constant pH value of 10, (ii)
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co-precipitation under strong alkaline conditions (akin to synthesis at high pH), and (iii) urea hydrolysis

(similar to slowly increasing the pH of the reaction medium during precipitation). From the XRD

patterns of the materials, the authors determined that the LDHs synthesised via urea hydrolysis

incorporated the lowest amount of stacking faults, followed by the LDHs prepared at constant pH and

the high alkaline medium method. These results are consistent with the trends observed by Radha ef al.

and the analysis of the LDH materials in this work.
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Figure 7-6: Results of FAULTS simulations to determine stacking faults in LDH structure. For
LDHs co-precipitated at (a) pH 9, (b) pH 9.5, (c) pH 10, (d) pH 10.5, (e) pH 11, and (f) pH 11.5 for
300 min.

To understand the incorporation of stacking faults in LDHs, Radha ef al. considered the thermodynamic

stability of the different polytypes.”® The free energy of LDH formation is a function of enthalpy and
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entropy, where the enthalpic component dominates, especially at low temperatures. Factors that affect

the enthalpy of an LDH system include,

(i) intra-layer bonding within the brucite-like sheet;

(i) bonding within the interlayer;

(iii) ionic bonding between the positively charged brucite-like sheet and interlayer anions;
and

(iv) hydrogen bonding between the brucite-like sheet and the interlayer COs* and water

molecules.

Polytypes are constructed using the same base brucite-like sheet and interlayer species. Therefore, the
contributions from factors 1 and 2 can be assumed to remain the same for all polytypes. Factor 3 depends
on the positive charge of the brucite-like layer, which depends on the ratio of divalent to trivalent metal
cations. From Table 7-1, the LDHs co-precipitated at pH 9 incorporated a higher amount of trivalent
cations than the other LDHs, and the ratio of divalent to trivalent metal cations is similar for the
remaining LDHs co-precipitated at constant pH between pH 9.5 to 11.5. Therefore, the enthalpic
contribution from factor 3 is constant for different polytypes for each pH (as the same layer and
interlayer is used to construct the polytypes). Still, the magnitude of the enthalpic contribution for each
pH is slightly different due to the small differences in layer composition. Hence, factor 4, the hydrogen
bonding between the brucite sheet and the interlayer species, is thought to be the chief determinant of
polytype selectivity.”®*?’" The carbonate anion is known to intercalate between the brucite-like layers
in such an orientation that is compatible with P-type interlayer sites to maximise hydrogen bonding and
the enthalpy of the system. Therefore, the 3R; and 2H; polytypes are expected to have comparable
enthalpies. It follows that, the entropy of the system must be considered, which arises from disorders in
the form of stacking faults. By increasing the entropy of the crystal while maintaining the enthalpy,
stacking faults increase the thermodynamic stability of the system. In accordance with classical
nucleation theory, the rate of nucleation is expected to increase with increasing pH,'®* and therefore,
the incorporation of stacking faults into the LDH structure may arise to due to the much larger number
of initial nuclei stacking together at higher pH values. The effect of stacking faults on the properties of
LDHs is relatively unstudied. Some authors have suggested that the electrochemical,?®® thermal,?”" and
mechanical®®' properties may be affected by stacking faults, but more research is needed in this area.
Nevertheless, the results of the structural analysis performed using FAULTS show that the broadening
of peaks observed in Figure 7-1 can be assigned a combination of crystallographic size effects and

stacking faults in the material structure, not a reduction in the crystallinity of the LDHs.
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7.3.2  Chemical characterisation

The results of XRF are shown in Table 7-1. The Mg content of the LDH-9 is well below the target
value of 10.3 wt% on an oxide basis. The Cu, Mg and Al contents of the LDH-9.5 through LDH-11.5
are much closer to their target values. From Table 7-1, it appears that cell parameter a remains relatively
constant, while parameter ¢ increases with increasing pH. The cell parameter ¢ is a function of the
interlayer distance. Studies of synthetic CO3* containing Mg-Al,'"** Ni-Al,'" Mg-Ga®** LDHs and
natural Mg-Al LDHs?**?* have found that the ¢ parameter decreases with increasing values of M*".
This effect has been attributed to an increased electrostatic interaction between the negatively charged
interlayers and increasingly positively charged brucite-like layers. From Table 7-1, the LDHs were

13+

found to contain decreasing amounts of M*" (AI’") with an increase in synthesis pH, which correlate

with the observed decrease in the ¢ parameters.'’®

Previous studies of Mg-Al LDHs prepared via co-precipitation have reported the formation of Al-rich
(or Mg-deficient) LDHs at pH values below 9."8** Seron & Delorme studied the effect of co-
precipitation pH on the Mg/Al content of LDHs using the increasing pH method, where an alkaline
solution of NaOH and Na,COs was added at a constant rate to a reaction vessel containing a metal
nitrate solution causing the pH of the solution to increase over time.'®” The precipitate was regularly
withdrawn and analysed. Below a pH value of 8.5, they observed the formation of an Al species, likely
AI(OH);'® or dawsonite, NaAICO3(OH),.?'® At a pH value of 8.5, they observed the formation of an
Mg-deficient LDH species, which incorporated more Mg upon further increase of the pH to 10. Tamura
et al. calculated the solubilities of Al(OH);, Mg(OH), and Mg-Al LDHs containing NOj;™ in the
interlayer (Mg-Al-NO; LDH) as a function of pH**. The domain diagram is shown in Figure 7-7. For
LDHs prepared using the increasing pH method using NaOH as the co-precipitating agent, AI*" is first
expected to form AI(OH); and Mg?" is slowly incorporated into the structure to produce Mg-Al LDHs.
In contrast, for the decreasing pH method (addition of metal nitrate into alkali solution), the formation
process of Mg-Al LDH is theorised to occur through the direct conversion of Al(OH)4s and
Mg(OH),."”7%287 Impurity phases of Mg(OH), are generally not observed in the XRD patterns of Mg-
Al LDHs prepared using the decreasing pH method, suggesting that the Al(OH)s and Mg*" are
immediately converted to Mg-Al LDHs at high pH.'""¥
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Figure 7-7: Domain diagram of AI(OH)3, Mg(OH)3, and Mg—AI-NO3; LDHs. Solubility is denoted as

S on the y axis. Reproduced with permission from Elsevier.*

To further investigate the formation of LDHs, the thermodynamic calculations carried out using
SPANA in chapter 4 were re-examined. The calculations were performed for Mg-Al LDHs due to an
absence of thermodynamic data for Cu-Mg-Al LDHs. A plot of the equilibrium concentrations of LDHs
and constituent components as a function of pH is shown in Figure 7-8. The results show that Mg-Al
LDHs are predicted to form in low equilibrium concentrations at pH 8.2. The formation of MgCO; and
Al(OH); is favoured until a pH value of 9.5, where the equilibrium concentrations of Mg-Al LDHs

become significant.

It is likely that the species involved in the formation of Mg-Al LDHs during co-precipitation at constant
pH change with increasing pH.'”**%%" At lower pH values (~9), the reaction may proceed
predominantly through reaction (7-4) (where A" is the interlayer anion), where the predominant Al and
Mg species are Al(OH); and Mg”", respectively, which may limit the amount Mg that can be
incorporated into the Mg-Al LDH (lower Mg content in LDH-9, Table 7-1). With increasing pH, the
predominant Al and Mg species increasingly become dissolved AI(OH)s and Mg(OH),, respectively,
which may react more readily to form Mg-Al LDHs through reaction (7-5). The increasing stability of
the dissolved Al(OH)4 with increasing pH may also explain the decreasing Al content in the LDHs, and

the corresponding increase in the molar ratio of M**/M*" in the materials (Table 7-1).
2 Mg®" + AI(OH); (s) + 3 OH + x H,O + A~ & Mg, Al(OH)sA -xH,O (s) (7-4)

2 Mg(OH); (s) + AI(OH)s + x HyO + A~ & Mg, Al(OH)A -xH,O (s) (7-5)
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Figure 7-8: Plots of equilibrium compositions as a function of the pH value. The plot was generated
with SPANA using data from DATABASE®" as well as literature values for the compounds listed in
Table 4-3.

7.3.3  Structural characterisation

The morphology of the LDHs was examined using SEM (Figure 7-9). From the SEM images, the
precipitated materials are composed of an agglomeration of platelet-like particles, characteristic of
LDHs produced via co-precipitation.”**** For each synthesis pH, the dimensions of 90 randomly
assigned platelets over three SEM images (i.e. 30 platelets per image) at 150k magnification were
analysed using ImageJ].*”* The size distributions of the diameter (lateral width) and height (thickness)
of the LDHs are shown in Figure 7-10, and the average dimensions are reported in Table 7-3. The
broad size distributions observed in Figure 7-10 and shown in Table 7-3 are consistent for LDHs
precipitated using co-precipitation due to the large difference in residence time between the first and
last additions of the precipitating solutions.'®**! From Table 7-3, the diameter and height of the LDH

platelets vary from 58 to 237 nm and 15 to 27 nm, respectively.
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Table 7-3: LDH platelet dimensions. Determined using XRD and SEM for the LDHs co-precipitated

at pH values between 9 and 11.5 for 300 min.

L(003) (XRD) L(110) (XRD) Ratio of SEM
Height Diameter latel
(nm) (nm) platelet
pH (SEM) (SEM) diameter to
L110)
Average  Upper Lower (nm) Average Upper Lower (nm)
O]
9 28 31 26 276 12 13 11 201 + 64 17
9.5 22 23 20 26+5 10 11 10 170 + 56 16
10 21 23 20 23+4 17 19 16 253 + 89 15
10.5 15 13 12 20+3 8 9 8 118 +£44 14
11 13 14 13 16 +3 7 7 6 71+ 15 10
11.5 12 12.6 12 15+2 7 7 6 63+18 9
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20001

Figure 7-9: SEM images of LDHs co-precipitated at pH values between 9 and 11.5 for 300 min (as
indicated). Left to right: magnification of 30k, 50k and 150k.
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Figure 7-10: Determination of platelet dimensions using SEM. Left to right: SEM images at 200k
magnification, distribution of LDH platelet heights and diameters based on 90 platelets over three SEM
images at 150k magnification, respectively for (a-¢c) LDH-9; (d-f) LDH-9.5; (g-i) LDH-10; (j-) ; LDH-
10.5; (m-0) LDH-11; (p-q) LDH-11.5.
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The XRD patterns of the LDHs were also used to study the dimensions of the LDH crystallites. The

FWHM of the (003) and (110) reflections were used to calculate the size of the coherent crystallographic

domains in the c direction (L(003)) and a-b plane (L(110)), respectively, using the Scherrer equation
(Table 7-3). The height and diameter of the LDH crystallites correspond with the L(003) and L(110)

reflections, respectively.”® Figure 7-11 and Figure 7-12 show the peak fitting of (003) and (110)

reflections, respectively. As previously discussed, determining the characteristics of the broad (110)

reflections required a peak fitting program due to the overlap with neighbouring reflections.
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Figure 7-11: Results of peak fitting to determine cell parameter ¢ and FWHM 3. For LDHs co-
precipitated at (a) pH 9, (b) pH 9.5, (c) pH 10, (d) pH 10.5, (e) pH 11, and (f) pH 11.5 for 300 min.
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Figure 7-12: Results of peak fitting to determine cell parameter a and FWHM 1o. For LDHs co-
precipitated at (a) pH 9, (b) pH 9.5, (c) pH 10, (d) pH 10.5, (¢) pH 11, and (f) pH 11.5 for 300 min.

From Table 7-3, the heights and diameters of the LDH platelets were found to decrease with increasing
pH, except at pH 10, where a local maximum in the diameter was observed. Despite large uncertainties
due to the low intensity of the (110) reflection and the assumptions of the Scherrer equation, the overall
trends in diameter and height correspond well with SEM analysis (Figure 7-13). However, the platelet
diameters observed using SEM significantly exceed those determined by evaluating the (110)

reflections by an order of magnitude.

179



1 Qo m XRD
0.9 © SEM
5, 0.8 ]
*g ]
k= 0.7 4 o -
© ] O
S 0.6-
2
= 0.5 o
S ] n
:CZD 0.4+ © o)
0.3 - .
|
0.2 1 I 1 I I 1
9 9.5 10 10.5 11 11.5

Co-precipitation pH value

Figure 7-13: Normalised trend in platelet diameter determined by XRD and SEM analysis. LDHs

were co-precipitated at a constant pH value between 9 and 11.5 for 300 min.

Materials containing Cu in octahedral sites are affected by the Jahn-Teller effect, where the electron
configuration of Cu*" causes distortion of the bond lengths and reduces the long-range order of the
materials. Intissar et al. studied the impact of increasing Cu content on the “crystallinity” and particle
size of (Mgs—Cux)ALLOH,CO; LDHs.*? They observed that the FWHM of the (110) diffraction peak
increased with Cu?* content and concluded that the incorporation of Cu®*" decreases the crystallinity
within the brucite-like layer of the LDH (Figure 7-14a). However, analysis of the SEM images provided
by the authors reveals that the size of the LDH platelets synthesised at x = 0 and 2 were roughly equal
(ca. 50 nm, Figure 7-14b-c). Data for the (110) and (113) reflections were extracted from the XRD
patterns (Figure 7-14a) to calculate crystallite sizes of ~40 and ~15 nm for x = 0 and 2, respectively,
demonstrating the incorporation of Cu into the LDH structure may not decrease the crystallinity, but
decrease the long-range order of the crystallites in the ab plane and weaken the (110) reflection in the
XRD pattern. Therefore, the mismatch of crystallite sizes determined from XRD and SEM in this
chapter may partly be due to the Jahn-Teller effect rather than low crystallinity. However, this is
unlikely to account for the extreme differences in sizes determined using the two techniques, e.g. the
17 nm and 250 nm platelet diameters of the LDH-10 determined using XRD and SEM analysis,

respectively.
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Figure 7-14: Effect of Cu content on properties of Cu-Mg-Al LDHs. (a) XRD patterns of Cux-Mg;.
xAl; LDHs, where x = 0 to 4. SEM images of Cux-Mg.xAl> LDHs where (b) x = 0, and (c) x = 2.

Reproduced with permission from Springer Nature.*”

A further consideration for the disparity between L(110) and the diameter from SEM analysis is the
polycrystalline nature of LDH platelets. Significant differences between the platelet diameters
determined using XRD and SEM techniques has previously been reported for Ni-Al,*** Zn-Al,** Mg-
AI*”* and Cu-Co-Fe*** LDHs, where the LDHs were found to form by non-coherent coalescence of

crystallographic domains during synthesis.
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The LDH platelets may be polycrystalline, formed of a relatively small number of crystallites in the c
direction, which contributes to platelet height, and a large number in the a-b plane, which contributes
to the platelet diameter (Figure 7-15). Galvao et al. investigated the surface energies of the Zn-Al LDHs
using DFT calculations to understand the morphologies and formation mechanism of LDH platelets.**
When the surface and interaction energies were combined with morphological results (SEM and AFM),
the authors determined that the edges of the LDHs sheets are more unstable than the surface of the
platelet. As a result, it is more energetically favourable to form metal-oxygen bonds in the direction
parallel to the layer than electrostatic interactions between the positively charged layers and the
interlayer species. Therefore, crystallites were more likely to align in the a-b plane rather than the ¢
direction resulting in LDH crystallites with greater diameters than heights. Galvao et al. found that the
LDH platelet height was comprised of between one to three crystallites and well approximated by
L(003). However, the platelet diameter was found to be defined by around 8 to 11 crystallites, i.e. the
L(110) (~30 nm) significantly underestimated the average platelet diameter determined using AFM
(~350 nm) due to the polycrystalline nature of the LDH platelet (Figure 7-15). Considering the Cu-Mg-
Al LDHs in this chapter, the number of crystallites contributing to the overall structure was estimated
by dividing the diameter and height observed using SEM by L(110) and L(003), respectively. From
Table 7-3, the number of crystallites contributing to the platelet heights and diameters range from 1 to
2 and 9 to 15, respectively, which agree with the findings of Galvdo et al.”®> Although the number of
crystallites in the a-b plane may be overestimated due to an underestimation of L(110) due to the

broadening introduced by the Jahn-Teller effect, which does not affect the stacking direction.
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Figure 7-15: Number of crystallites and type of bonds responsible for the morphology of LDH
particles. Reprinted (adapted) with permission from*”. Copyright 2023 American Chemical Society.

7.3.4 Insights into the formation and growth of layered double hydroxides at different co-

precipitation pH values
The growth of Cu-Mg-Al LDHs during co-precipitation at different pH values was studied by preparing

the LDHs under constant addition of acid and alkaline solutions for 300 min. Samples were withdrawn

at specified time intervals to track the platelet dimensions with time. All samples were analysed using
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XRD. The changes in the FWHM of the basal (003) (FWHMyo;) and non-basal (110) (FWHM1¢)
reflections and size of the coherent crystallographic domains, L(003) and L(110), with time are shown
in Figure 7-16. For each pH, an increase in L(003) was observed over 300 min. The L(110) increased
over 300 min for LDH-9 to 10.5 and remained relatively constant for LDH-11 and 11.5. From Figure
7-16b, the L(110) of LDH-10 decreases at a greater rate and to a lower value than for the other pH

values, indicating greater growth in the platelet diameter.
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Figure 7-16: FWHM and platelet dimensions determined by XRD analysis of LDHs co-precipitated
at a constant pH value between 9 and 11.5 for 300 min. (a) L(003), (b)) FWHMoyps, (c) L(110) (d)
FWHM 19 of LDHs co-precipitated over 300 min. Platelet dimensions were calculated using the

Scherrer equation.

Samples withdrawn at 5, 30, 90 and 300 min were also characterised using SEM analysis (Figure 7-17).
The distribution of the platelet diameters of each material is shown in Figure 7-18. The large spread in
platelet diameters is common for co-precipitated materials. The trend in average particle size over time
using SEM is shown in Figure 7-19a, and the normalised trends in diameter using XRD and SEM are

compared in Figure 7-19b. As discussed previously, the platelet diameters determined using SEM
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significantly exceed those determined using XRD. However, a comparison of the normalised trends
shows that a similar trend in platelet diameter is observed using both techniques, and a maximum

platelet diameter is observed for LDH-10.

Figure 7-17: SEM images of LDHs co-precipitated at a constant pH value between 9 and 11.5 (as
indicated) at 100k magnification. Left to right: samples withdrawn after 5, 30, 90 and 300 min.

184



<
n
=]
n
=]
in
=]
n

B oa LDH-9 304 LDH-9 B o LDH-9 Z 04' LDH-9
i 5 min 5 30 min s 90 min 5 300 min
=] 3 = =]
g 03 303 g 034 3 0.3
= = o =
202 ] 202 202 2oz
£ I N E £ E )
= 0.1 2 2 0.14 2 D.l: //
0= = — 0+ —— 0+ =
100 200 300 400 500 400 500 0 100 200 300 400 500 0 100 200 300 400 500
LDH diameter (nm) LDH diameter (nm) LDH diameter (nm) LDH diameter (nm)
0.5 0.5 0.57 0.5¢
LDH-9.5 LDH-9.5 LDH-9.5 | LDH-9.5
- - = -
g 04 S5min | £ 04 30min | 2 04 90min | 204 300 min
= =] =] =]
E; 0.3 g 0.3 E’- 03 g 0.3+
= [ p m 3
202 - 202 202 . 202
2 o1/ N z o “ N = 0l ‘ ‘ ” ERL N
0 "I | | | ol =k ﬂ el P | = - ) —4 MNe
0 1000 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
LDH diameter (nm) LDH diameter (nm) LDH diameter (nm) LDH diameter (nm)
0.5 0.5 0.5 0.5
LDH-10 LDH-10 LDH-10 LDH-10
- = s P
2 04 Smin | g 04 30min | 2 04 90min | 2 4 300 min
= 3 = g_
g 0.3 g 0.3 g 0.34 g 03]
= = =9 =
..EE, 0.2 Ag 0.2 g 0.2 '“2’ 0.2-
K 0.1 &’ 0.1 2 0.14 A - = U.l:
0 = U 0k - 0l — | b= =
0 100 200 300 400 500 0 00 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
LDH diameter (nm) LDH diameter (nm) LDH diameter (nm) LDH diameter (nm)
0.5 0.5 0.5 0.5
5 LDH-10.5 % LDH-10.5 5 LDH-10.5 z 04 LDH-10.5
£ 0.4 5 min g 0.4 30 min £ 04 90 min 5 300 min
= =] = 3 |
g 03 g 03 0.3 g 0.3
= = A oo ) = )
202 ‘.‘ \ 202 [ 202 1\_ 2020 1Y
£ | I 2 | W £ 1 E 4
| \ ! \ I 23 <
< o1f R\ Z ot \ Al zol | i
o ). L6 0 . ol icS 0~ s
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
LDH diameter (nm) LDH diameter (nm) LDH diameter (nm) LDH diameter (nm)
0.5 0.5 0.5 0.5
> LDH-11 > LDH-11 P LDH-11 A LDH-11
g o4 smin | 504 30min | 204 " omn 5™ g 300 min
] Il El | = I El -
o3 | o3 || go3 gl g3
= " | = i o I = I
2 02 M 2 02 [ 202 | | 202 ||
L o BN 2 1 NN |
= 0.1 I‘I \ 2 0.1 | \ 2 0.14 \ 201 ‘_\
i f \ 1
0'_,;_ . . . 0 ;‘-,_ . . . (8. S — . 0 =
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
LDH diameter (nm) LDH diameter (nm) LDH diameter (nm) LDH diameter (nm)
0.5 0.5 0.5 0.5
LDH-11.5 LDH-11.5 LDH-11.5 | LDH-11.5
= . > P =
204 S5min | 2 %4 30min | 2 %4 90min 2 %4 300 min
= | B 3 | = | 3 |
g 03 1 303 | g03{ | g 037 Pl
= \ = | o = [
202 [} 202 202 202 ||
= fl! = = =R
2 0 I 2ol | 2 01 | 2 0
o ! N e bk oL . [y L
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
LDH diameter (nm) LDH diameter (nm) LDH diameter (nm) LDH diameter (nm)

Figure 7-18: Distribution of LDH platelet diameters for LDHs co-precipitated at a constant pH value
between 9 and 11.5. Left to right: samples withdrawn after 5, 30, 90 and 300 min. Platelet dimensions
are based on 60 platelets over two SEM images (150k magnification) for LDHs synthesised for 5, 30,
90 min and 90 platelets over three SEM images (150k magnification) for LDHs synthesised for 300 min.
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Figure 7-19: Platelet dimensions determined from SEM analysis of LDHs co-precipitated at a
constant pH value between 9 and 11.5 for 300 min. (a) LDH diameter (b) LDH diameter including

error bars equal to the standard deviation.

In general, co-precipitation comprises three main processes, nucleation, crystal growth and aggregation,
each complex and challenging to study.’”® Furthermore, the processes during aging are similarly
complex and can involve crystal growth, aggregation and other phenomena, such as Ostwald ripening.
Supersaturation conditions are needed for co-precipitation to occur and can be achieved by controlling
the pH of the solution. At low supersaturation conditions, the nucleation rate is lower, resulting in larger
primary crystallites. However, at high supersaturation conditions, the rate of nucleation dominates
crystal growth resulting in smaller primary crystallites. Therefore, smaller LDH crystallites would be
expected with an increase in synthesis pH and supersaturation conditions.'*> However, while this trend
is generally observed over the pH range (Table 7-3), the results from SEM and XRD show a large

increase in the platelet diameter for LDH-10.

The LDHs co-precipitated at constant pH close to their isoelectric point (IEP; pH where zeta potential
= 0) have been reported to show preferential growth in the a-b plane, where the surface charge density
is lowest.'”'*¢ LDHs are comprised of positively charged brucite-like layers with charge-compensating
interlayer anions. The development of electrical charges in LDHs is relatively unstudied compared to
metal hydroxides without structural charges, and cationic clays; however, pH has been shown to
significantly affect their surface charge distribution in solution.””” LDHs consist of brucite-like layers
composed of edge-sharing metal hydroxide octahedrons along the crystallographic a-b plane. The
positive structural charge of the layers is derived from the substitution of M** by M*" ions in the brucite-
like layers. The permanent positive charge of the layers is fully compensated by negatively charged
anions when LDHs are dried. However, when immersed in an aqueous solution, some anions are

released from the structure, which results in excess surface charge and the development of an electric
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double layer. In addition, the hydroxyl groups at the basal surface and edges of the LDH layers protonate
(positively charged groups) at low pH values and deprotonate (negatively charged groups) at high pH

values.

Zeta potential measurements determined an IEP of ~pH 9.8 for the Cu-Mg-Al LDHs (Figure 7-20). A
recently developed empirical relationship developed by Yu and Hou was also used to predict the pH at
the point of zero charge (pHpzc) of the LDHs.?®**° Yu and Hou modified an electrostatic model used

3% and improved by Yoon et al**' by considering the

to determine the pHpzc developed by Parks
effective net structural charges of the LDHs that arise from the replacement of M** by M*" ions in the
brucite-like layers. For an LDH containing # distinct components, the general model is given in

equation (7-4):

1- 2051921\16)

7-4

pHPZC =A +BO_S(5 - CZE (7) _log(
i=1 ¢

where f; is the atomic fraction of component i; v, is the Pauling bond valence, defined as the formal
charge of the central metal ion (£) divided by its coordination number (CN), i.e. v=Z/CN); L is the sum
of the mean M-O bond length at the interior of the solid crystal (L) and the O-H, i.e. L= L + ro-
u; (vp/L)i is the v,/L of component i; apznc 1S @ parameter defined by apzne = os/eNalNs, where e is the
elementary charge and Nsis the total density of surface hydroxyls; and 4, B, and C are empirical
constants equal to 14.16, 6.34 m?C, and 3.27 nm, respectively. The empirical constants were
determined by Yu and Hou using experimental pHpzc data for Mg-Al, Mg-Fe, Mg-Fe-Al, Zn-Mg-Al,
Zn-Al, and Zn-Fe-Al LDHs.*”® The physical constants used to calculate the pHpzc are shown in Table
7-4.

Table 7-4: Physical constants for calculation of pHpzc. (O-H distance is taken as 0.101 nm®"")
L v/L
M-O bond v
(nm) (nm™)
Mg-O 0.206°! 12 1.086
Al-O 0.189° 1/3 1.723
Cu-O 0.210** 1/2 1.073

Li et al. found that the difference between the IEP and pHpzc for an LDH is due to its effective net
structural charge.’® Most of the structural charge of the positively charged layers is screened by the

intercalated anions. The remaining non-screened charge is the effective net structural charge. The
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effective net structural charge of an LDH depends on x (the substitution of M?" by M*" ions) and charge
screening by the interlayer anion.”’®** The effective net structural charge can be approximated by 0.8x
for NO;, 0.35x for CI, and 0.03x for COs>, and reflects the relative ease of interlayer anion exchange
(NO; > CI' > CO;%).%*" The low (close to zero) net structural charge for LDHs with CO;* as

interlayer anions has been observed by Rojas et al.**

They synthesised LDHs with increasing amounts
of COs* (and decreasing amounts of CI’) in the interlayer and found that the behaviour of the LDHs
became increasingly similar to that of a metal hydroxide as the COs* content was increased. Therefore,
as for metal hydroxides, the IEP of LDHs containing solely CO;* in their interlayers can be
approximated by the pHpzc.?”*** A pHpzc of 9.95 was calculated for the Cu-Mg-Al LDHs, and a value
of 10.02 was determined for Mg-Al LDHs with COs” as the interlayer anion, close to reported Mg-Al
LDH IEP values of pH 10.'%1%63% The experimentally and empirically determined IEPs of the Cu-Mg-

Al LDHs are consistent with observations in this chapter of increased growth in the platelet diameter

for LDH-10.
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Figure 7-20: Results of the zeta potential measurements for the LDHs synthesised at pH 9, 10 and
11. Zeta potentials were measured using a ZetaPALS (Brookhaven Instruments) at 25°C. The LDHs
were dispersed in 10 mM NaCl using an ultrasonic probe and two solutions of 10 mM NaOH and 10
mM HCl were used to adjust the pH of the dispersion.

Another important consideration for the growth mechanisms of LDHs synthesised at different pH values
is the predominant metal species present in solution during co-precipitation. It has been shown that as
the pH increases, the predominant Al species becomes increasingly dissolved Al(OH)s and

decreasingly Al(OH)s, and the predominant Mg species becomes increasingly Mg(OH), and
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decreasingly Mg®" (Figure 7-7). Wang et al. studied the effect of synthesis pH on the morphology of
Mg-Al LDHs produced via co-precipitation at constant pH.'*'®¢ They found that LDHs synthesised
below the IEP resembled boehmite (y-AlIO(OH)) due to the slow incorporation of Mg®* into an AI(OH);
matrix (reaction (7-4)). At pH 10, there may be an interplay between nucleation and thermodynamics
where the nucleation rate is greater, but the growth rate of the crystallite is also greater due to the faster
reaction of AI(OH)4 and Mg(OH); species (reaction (7-5)) compared to the reaction between Al(OH);
and Mg?" (reaction (7-4)). In addition, the effects of electrostatics may also affect the platelet growth at
pH 10, as discussed in the previous paragraph. Above the IEP, where the nucleation rate further
increases, the crystallites likely grow slowly due to the negative surface charge of the LDH and
repulsion between the charges on the ions in solution (Al(OH)s and CO;%), resulting in smaller
crystallite sizes. The maximum growth observed during co-precipitation at a pH close to the IEP in this
chapter (and elsewhere'”*'%) is likely the result of a complex interaction between competing nucleation,
electrostatic and thermodynamic factors. While the best understanding from existing studies has been
presented, additional work is needed, including developing electrostatic models of LDHs, to increase
the fundamental understanding of the co-precipitation of charged solids, which goes beyond the scope

of this thesis.

The porosity of the LDHs is determined by the size of the LDH platelets and how they stack together.
From Figure 7-9 and Figure 7-17, LDH-9, LDH-9.5 and LDH-10 bulk materials are comprised of
relatively large platelets randomly stacked together, whereas LDH-10.5, LDH-11 and LDH-11.5 are
comprised of smaller platelets that pack together much more closely. The materials can therefore be
separated into two groups, porous (LDH-9 through 10) and less porous (LDH-10.5 through 11.5), which

was confirmed experimentally using MIP in the next section.

The results of this section show that the choice of pH during co-precipitation can have a significant
effect on the LDH characteristics. LDHs synthesised at lower pH values (9, 9.5 and 10) recorded broader
platelet size distributions and larger platelet heights and diameters than the materials synthesised at
higher pH values (10.5, 11 and 11.5). These differences were attributed to the effects of pH on the
supersaturation, thermodynamics and surface charge of the LDHs during growth. Considering scale-up,
LDHs with different platelet sizes and porosities can be easily obtained by adjusting the pH. This was
demonstrated in chapter 5, where porous and non-porous LDHs were used to produce MMOs with
different characteristics suitable for use in different scaled-up reactor systems for chemical looping
processes. Batch sizes at the kilogram scale have already been achieved using standard laboratory
equipment. Further scale-up of the LDHs synthesised at lower pH may require additional steps to better
control the platelet size distribution, such as a colloid mill, to separate nucleation and growth into

separate steps.?!%
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7.4 Thermal and structural evolution of layered double hydroxide
precursors during calcination to form mixed metal oxides

A TGA was used to study the thermal evolution of the LDHs to MMOs during calcination. Figure
7-21a shows the weight loss and derivative weight loss with respect to the temperature of the LDH-10
during calcination. Mass spectroscopy was used to identify the components released during calcination

(Figure 7-21b). From Figure 7-21, the weight loss occurred in three distinct steps:

D 12.8 wt% in the temperature range 50 to 165°C due to the loss of interlayer water and some
loss of hydroxyls (m/z = 17 and 18), and a small signal associated with NO;3™ originating
from the metal nitrate solution used for co-precipitation of the LDHs (m/z = 14, 30 and 46),
(I1) 17.6 wt% between 250 to 500°C due to complete dehydroxylation of the brucite-like layers
and a small amount of decomposition of interlayer carbonate anions (m/z = 28 and 44), and

(III) 4.9 wt% associated with the complete decarbonation of the LDHs.

The LDHs synthesised at pH values other than 10 showed similar overall weight losses (~35 wt%) and
weight losses for each step (Table 7-5). The molecular formulas of the LDHs (Table 7-5) were
determined by fitting the derivative weight loss profiles (Figure 7-22) and using the molar ratio of
metals from the results of XRF (Table 7-1). The molecular formulas correspond well with naturally
occurring hydrotalcite, (Mgo75Alp25(OH)2(CO3)0.125°0.5H,0. The COs> content of the LDHs may be
underestimated as a small amount of CO5* is released in the temperature range 100 to 400°C (Figure

7-21b).

Analysis of the derivative weight loss profiles (Figure 7-22) shows that the peak above 500°C
associated with the decomposition of COs*" narrows, increases in magnitude and moves to a higher
temperature with increasing pH. This could be related to the faulted structure of the LDH. Earlier
analysis of the faulted structure of the LDHs carried out using FAULTS (Table 7-1) determined that
the prevalence of stacking faults increased with co-precipitation pH. Although the effect of stacking
faults on the thermal properties of LDHs is relatively unknown, the increase in stacking faults could
result in the carbonate anion being more strongly intercalated in the LDH structure, requiring higher

temperatures for the complete decarbonation of the material.
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Figure 7-21: Thermogravimetric analysis profiles during calcination of LDH-10. (a) Relative weight

and derivate weight profile and (b) selected MS signals during calcination of the LDH-10 from 50 to
900°C in a TGA using a heating rate of 10°C min™.

191



(@) o35 (®) 3

Deriv. weight (%/°C)
= 2 = S =
— wn (o) n (%)
Deriv. weight (%/°C)
[=] [=]
s Z 0 o ©
— L (S} th [¥5)

0.05 0.05 ~

T T T T T T T T T T T T T T — T T
100 200 300 400 500 600 700 80O 900 100 200 300 400 500 600 700 8OO 900
Temperature (°C) Temperature (°C)
(c) 035 (d) o3s

Deriv. weight (%/°C)
[=] (=1 [=1
2 © Z © i ©
n — wn (] wn (")

T T T — 0 T T —T— T 7
100 200 300 400 500 600 700 8OO 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)
(©) o3 () o35
—~ 0.3 ~ 0.3
¥ ¥
;\30.25— ;3025—
<, 021 & 021
e X
2 0.151 2 0151
2 2=
S 0.1 5 0.1
] &)
0.05 1 \ 0.05 1
0 T T T T T T : T 0 T T T T T T T T
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)

Figure 7-22: Derivative weight profiles for LDHs co-precipitated at a constant pH value between 9
and 11.5. Results of derivative weight profile fittings for LDHs co-precipitated at (a) pH 9, (b) pH 9.5,
(c)pH 10, (d) pH 10.5, (¢) pH 11, and (f) pH 11.5. The LDHs were calcined in a TGA over a temperature
range of 50 to 900°C using a heating rate of 10°C min™".
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Table 7-5: Results of derivative weight profile fittings and formulae of LDHs co-precipitated at a
constant pH value between 9 and 11.5.

pH H20 (wt%) OH (wt%) COs (wt%) LDH formula
9 22.0 62.7 15.3 [Cuo.40Mgo.11Al0.39(OH)2](CO3)0.14:0.66H20
9.5 19.3 64.3 16.4 [Cuo.50Mgo.16A10.34(OH)2](CO3)0.14:0.57H20
10 17.6 65.6 16.8 [Cuo.50Mgo.16A10.34(OH)2](CO3)0.14:0.50H20
10.5 16.9 66.7 16.4 [Cuo.50Mgo.17Al0.33(OH)2](CO3)0.14:0.47H20
11 17.3 66.3 16.4 [Cuo.50Mgo.17Al0.33(OH)2](CO3)0.14:0.49H20
11.5 17.8 65.9 16.3 [Cuo.50Mgo.17A10.33(OH)2](CO3)0.14:0.51H20

FTIR was used to investigate the structure of the LDHs dried at 50°C (Figure 7-23a). The broad band
centred around 3400 cm™' was assigned to the stretching mode of OH groups in the brucite-like layers
and from interlayer water molecules. A broad weak shoulder at 2950 cm™ was assigned to the hydrogen
bonds between interlayer water molecules and interlayer carbonate anions. The weak band at 1630 cm”
"is due to the angular deformation of the water molecules. The series of IR bands in the spectral region
below 1000 cm™ are due to Cu-O, Al-O and Mg—O vibrations. The band at 1355 cm™' was assigned to
the v; mode of the interlayer carbonate anions. No bands associated with NO3™ were observed in the
spectra. The FTIR spectra of the materials co-precipitated at different pH values are similar, showing
the same bands of similar intensity. The inherent variability of FTIR measurements for materials with
different physical characteristics meant no conclusions were drawn between the slight variations in

intensity for the LDHs.
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Figure 7-23: FTIR spectra of the LDHs. FTIR spectra of (a) the LDHs co-precipitated at constant pH
between 9 and 11.5 (b) LDH-10 calcined at varying temperatures (as indicated). Samples were calcined

at each temperature under air and for 3 h.

FTIR and XRD were also used to investigate the changes in the material during calcination. The LDHs
were calcined at four additional temperatures between 50 and 975°C which correspond with the circles

in Figure 7-23 at four key stages during calcination:

1) loss of interlayer water (165°C),

(i1) mid-loss of hydroxyl groups (265°C),

(ii1))  complete loss of hydroxyl groups (465°C), and
(iv)  the loss of carbonate groups (765°C).

From Figure 7-23, the intensity of the bands associated with interlayer water and OH groups decrease
with calcination temperature and largely disappear by 465°C. The carbonate v3; band splits into two
bands at 1330 and 1540 cm™ upon calcination and is still weakly present in the FTIR spectra even at
765°C. XRD was used to investigate the changes in the structure of the materials during calcination
(Figure 7-24). The XRD patterns at 165 and 265°C show that the layered structure did not completely
collapse with the loss of interlayer water molecules and dehydroxylation of the brucite-like layers.
Instead, the formation of metaphases at 165 and 265°C was observed, characterised by a slight
contraction of basal spacing (rightward shift of the (003) reflection) and the absence of the (006)
reflection. Reflections associated with CuO appear at 765°C, while the spinel MgAl,O4 peaks appear in
the 975°C pattern.
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Figure 7-24: Phase composition of LDH-10 as a function of calcination temperature (as indicated).

Samples were calcined at each temperature under air and for 3 h.

The morphologies of the dried LDH-10 and calcined MMO-10 were examined using SEM (Figure 7-9
and Figure 7-26, respectively). From the SEM images, the morphology of the LDH is largely retained
upon calcination. MIP and N, adsorption techniques were used to study the changes in the pore size
distribution of the LDH-10 during calcination. From the results in Appendix A2, there was a decent
agreement between the pore size distributions determined using MIP and N, adsorption for pores below
100 nm. However, pores above 100 nm are beyond the resolution of N, adsorption. The SEM images
clearly show the presence of larger pores above 100 nm in the LDH-10. Therefore, MIP was used to
determine the pore size distributions of the remaining materials. The data from pores above 10000 nm
were neglected to avoid overstated results due to the filling of the external surface and inter-particle
voids (discussed in Appendix A2). From Figure 7-25, two regions of pores exist in the LDH-10: (i) a
mesoporous region from 10 to 100 nm, and (ii) a macroporous region between 100 and ~ 2000 nm. The
shape of the pore size distribution for pores above 100 nm may not be fully representative of the actual
distribution due to the softness of the samples. However, the results give an indication of the total pore
volume of the materials. With increasing calcination temperature, the pore size distributions shift to a

smaller average pore size but retain a similar distribution shape.
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Figure 7-25: Pore size distribution of LDH-10 as a function of calcination temperature (as
indicated). Pore size distributions were determined using MIP analysis and samples were calcined at

the desired temperature under air and for 3 h.
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7.5 Characterisation of mixed metal oxides

One aim of this chapter was to investigate how the pH value during co-precipitation impacts the
structure and performance of MMOs in chemical looping systems. From the SEM images of the LDHs
(Figure 7-9) and MMOs (Figure 7-26), the MMOs retain the characteristic morphology of their LDH
precursors, with some formation of grains observed. MIP was used to study the pore size distribution
of the MMOs. The pore volumes recorded using MIP were combined with the skeletal density obtained

from He pycnometry to determine the porosity and envelope density of the materials iteratively.

LOH-9-5x

Figure 7-26: SEM images of MMOs derived from LDHs co-precipitated at a constant pH value
between 9 and 11.5 for 300 min (as indicated). Left to right: at 300, 10k, 50k and 100k magnification.
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The pore size distributions of the calcined MMOs presented in Figure 7-27 show that the pore size
distributions of the MMO-9, MMO-9.5 and MMO-10 are much broader than the materials synthesised
at higher pH values. A large porous region exists in the MMO-9, MMO-9.5 and MMO-10, stretching
from pore diameters of ~700 to 3000 nm. These materials show a somewhat bimodal pore size
distribution, with a region of smaller pores from ~60 to 400 nm. The pore size distributions of the
MMO-11 and MMO-11.5 are mesoporous and unimodal, consisting of small pores in the region of 30
to 100 nm. The MMO-10.5 is a combination of the two types of distribution, somewhat bimodal but
with a higher proportion of pore volume in the lower pore diameter region than the higher pore diameter
region, in contrast to the MMO-9, MMO-9.5 and MMO-10. The trends in pore size distribution agree
with the shape of the platelets and the morphology of the corresponding aggregated LDH structures
(Figure 7-9). The larger platelets aggregate less effectively, creating large voids, whereas the smaller

platelets can pack together more tightly, resulting in a less porous structure.
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Figure 7-27: Pore size distributions of MMOs. Derived from LDHs co-precipitated at a constant pH
value between 9 and 11.5 (as indicated) determined using MIP.

Pore volume data from MIP in the size range 10 to 10000 nm was used to calculate the envelope density
and porosity. As expected from the pore size distributions, the porosities of MMO-9, MMO-9.5 and
MMO-10 are much higher than MMO-10.5, MMO-11 and MMO-11.5. The porosities recorded for
MMO-9, MMO-9.5 and MMO-10 are very high (ca. 85%), and the pore volumes used to calculate these
values may have been overestimated by MIP, particularly at higher pore diameters. Therefore, the

theoretical porosities of the materials were estimated by considering the platelets as disks and using a
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correlation developed by Zou and Yu to determine the porosity of randomly packed disks.’®” The
sphericities of the platelets were determined using the dimensions calculated from SEM images of the
LDHs (Table 7-3). The theoretical porosities of the MMOs are lower than those determined using MIP
analysis, particularly for the MMO-9 and MMO-9.5. The inherent difficulties in measuring the platelet
dimensions using SEM, the use of surface platelet dimensions rather than those forming the internal
structure of the LDH bulk, and the applicability of using the correlation may have contributed to the
disparity between values. However, the overall trend in porosities is similar. The porosities of the

MMOs may have to be re-evaluated for future use, e.g. in kinetic models.

Table 7-6: Porosity and crushing strengths of the MMOs. Derived from LDHs co-precipitated at a
constant pH value between 9 and 11.5.

Material Porosity Theoretical porosity Crushing strength
(%) (%)* (N)

MMO-9 86.7 63.7 <IN
MMO-9.5 84.8 60.3 <IN
MMO-10 88.2 76.7 <IN
MMO-10.5 67.4 57.3 1.2+03N
MMO-11 45.7 50.3 3.0+£0.7N
MMO-11.5 34.8 493 69+1.0N

Footnote: *The theoretical porosity was estimated using correlations given by Zou and Yu for randomly
packed disks.*"” The sphericity of the platelets were determined using dimensions calculated from SEM

images (Table 7-3).

The attrition of oxygen carriers during operation in fluidised bed systems generates undesired fines,
requiring downstream filtration and increasing operating costs due to oxygen carrier replacement.’**-3%
Attrition generally occurs due to abrasion and fragmentation during operation due to a combination of
thermal, mechanical and chemical stresses. The crushing strength of a particle is commonly used as an
indicator of the resistance of a particle towards mechanical stresses during long-term cycling in fluidised
bed systems. The average force required to crush 30 particles in the size range 300—425 pm was
determined using a 50 N force gauge (Table 7-6). The average crushing strength values of the MMOs
vary from < 1 N to 6.9 = 1.0 N. The low crushing strengths of the MMO-9, MMO-9.5 and MMO-10
materials were below the minimum resolution of the equipment (1 N) and were attributed to the high
porosities of these materials. A minimum crushing strength value of 2 N has been proposed in the

literature for using oxygen carriers in fluidised bed systems.* As discussed in chapter 5, owing to the

poor mechanical stability of the MMO-9 through MMO-10.5, these materials are ruled out as potential
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oxygen carriers for FBRs. However, these lower-strength materials could be used in fixed bed reactors.
The significantly higher crushing strengths of the MMO-11 and MMO-11.5 make these materials
suitable candidates for further screening in FBRs. The MMOs were also characterised using XRD. The
XRD patterns shown in Figure 7-28 confirmed the MMOs were comprised of CuO and an aluminate

spinel phase, primarily MgAl,O4.

LDH-9.5

LDH-10.5

Intensity (a.u.)

LDH-11

LDH-11.5

25 30 35 40 45 50 55 60 65
Bragg angle, 20 (deg.)

Figure 7-28: XRD patterns of MMOs derived from LDHs co-precipitated at a constant pH value
between 9 and 11.5 for 300 min (as indicated). Reference patterns for CuO (JCPDS 80-1268; vertical
lines) and MgAl;O4 (JCPDS 73-1959, vertical dashed lines).

7.6 Long-term performance of mixed metal oxides in chemical
looping processes

The long-term performance of the Cu-Mg-Al MMOs as oxygen carriers for chemical looping processes
was studied using a TGA. MMO particles in the 300-425 um size range were used for redox cycling.
To investigate the thermal and chemical stability of the MMOs, the materials were cycled for 100 CLOU
(oxygen release of CuO — Cu,0) and 100 CLC (reduction of CuO — Cu) cycles at 900 °C. The relative
weight profiles for the first and last cycles and the overall cycling profiles are shown in Figure 7-29
and Figure 7-30 for the CLOU experiments and Figure 7-31 and Figure 7-32 for the CLC experiments.
The average oxygen release (CLOU) and storage (CLC) capacities over 100 cycles are shown in Table
7-7.
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There was good agreement between the experimental and theoretical oxygen release and storage
capacities based on the elemental compositions determined by XRF (Table 7-1). Unlike pure CuO,
which has been shown to deactivate rapidly during redox cycling,'”' the comparison between the
relative weight profiles for the first and last cycles shows the MMOs experienced limited chemical
deactivation over 100 CLOU and CLC cycles in a TGA, except for MMO-9. The results for MMO-9.5
through 11.5 demonstrate the effectiveness of the MgAl,Oy4 stabilisation of CuO. In contrast, the MMO-
9 experienced much slower rates of re-oxidation which required the oxidation period to be significantly

extended from 2.5 min to 60 min to achieve full re-oxidation (Figure 7-29 and Figure 7-31).

The amount of Mg in the MMO-9 is below the stoichiometric ratio for the formation of solely MgAl,O4
(Table 7-1). Therefore, it is likely that some CuO reacts with Al,O3; to form CuAlO4. The release of
oxygen from CuAl,O4 produces CuAlO», which has been reported to have significantly slower rates of
re-oxidation than Cu,0,'"!"! as shown in chapter 5 for the Cu-Al MMOs. However, the very slow rate
of re-oxidation was unexpected, considering the considerable amount of Mg incorporated into the MMO
and the high porosity of the material. One explanation that may have led to slower rates of re-oxidation
observed for MMO-9 is that 10 vol% O,/N, was used for re-oxidation in this chapter, compared to air
(~21 vol%) in chapter 5, which reduces the thermodynamic driving force for re-oxidation. Similarly,
the Cu-Al MMOs studied in chapter 5 showed rapid re-oxidation during CLC cycling, which was
comparable to the re-oxidation rate of the Cu-Mg-Al MMOs. In this chapter, while the rate of re-
oxidation (estimated by the gradient of the relative weight profiles) during CLC cycling (Figure 7-31)
was faster than during CLOU cycling (Figure 7-29), the rate was much slower than the other MMOs

and the re-oxidation period had to be extended to achieve full conversion.

An additional CLOU experiment was performed in the TGA at 900°C to investigate how increasing the
amount of oxygen in the re-oxidation gas would affect the re-oxidation rate of the MMO-9. Air was
used during the re-oxidation step and the MMO-9 was cycled five times. Figure 7-33 shows the results
of the additional experiment compared to the first cycle of MMO-9. The MMO-9 re-oxidised in air
showed significantly faster rates of re-oxidation than the sample re-oxidised in 10 vol% O»/N,. The
sample completely re-oxidised in air within the 2.5 min re-oxidation period, and the rate increased over
each of the five cycles but was slower than the re-oxidation rates of the other MMOs (Figure 7-35).
These results suggest that the re-oxidation reactions in the oxygen carriers containing lower amounts of
Mg are more sensitive to the thermodynamic driving force for re-oxidation at 900°C. These results are
important because the outlet oxygen concentration of the air reactor flue gas in scaled-up systems should
be kept as low as possible to avoid thermal losses that reduce the overall process efficiency,® with a
target outlet oxygen concentration of 5% stated in the literature.®® Therefore, oxygen concentrations
close to those expected during operation should be used when evaluating the redox performance of

potential oxygen carrier materials for chemical looping processes.
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Figure 7-29: CLOU cycling profiles in a TGA at 900°C. First and last CLOU cycles and long-term
profiles, respectively, for MMOs derived from LDHs co-precipitated for 300 min at (a-b) pH 9, (c-d)
PpH 9.5, and (e-f) pH 10. The re-oxidation period for MMO-9 was 60 min rather than the 2.5 min used

for the remaining MMOs due to the extremely slow rates of re-oxidation observed in the TGA.

202



a
@) 1.
99
g
R
=
oh
k7] 97 -
=
(3]
Z 964
=
&
95 4
94 4 — Cyecle |
....... Cycle 100
93 T T T T T T T
0 1 2 3 4
Time (min)
(c)
9
Z
=
=
L
=
2
=
o
——Cycle 1
....... Cycle 100
93 T T T T
0 1 2 3 4
Time (min)
(e)
g
E
=
b
o
=
(3]
Z
=
[
=4
——Cycle 1
....... Cycle 100
93 T T T T
0 1 2 3 4

Time (min)

—_—
=
S

Relative Weight (wt%)

—~_
o
=

Relative weight (wt%)

,-.,
=

Relative weight (wt%)

100 +

99 -

98

97 —

96

95 +

93

Iy

50

T 7/ T
100 400

Time (min)

450

500

100

99

98

97

96

95 +

94

93

/
7/ T

50

T
100 400

Time (min)

T
450

500

100
[

99 -

98 —

97 -

96

95 +

93

Iy

50

7/ T

T
100 400

Time (min)

T
450

Figure 7-30: CLOU cycling profiles in a TGA at 900°C. First and last CLOU cycles and long-term

profiles, respectively, for MMOs derived from LDHs co-precipitated for 300 min at (a-b) pH 10.5, (c-

d) pH 11, and (e-f) pH 11.5.
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Figure 7-31: CLC cycling profiles in a TGA at 900°C. First and last CLC cycles and long-term
profiles, respectively, for MMOs derived from LDHs co-precipitated for 300 min at (a-b) pH 9, (c-d)
PH 9.5, and (e-f) pH 10. The re-oxidation period for MMO-9 was 60 min rather than the 2.5 min used

for the remaining MMOs due to the extremely slow rates of re-oxidation observed in the TGA.
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Figure 7-32: CLC cycling profiles in a TGA at 900°C. First and last CLOU cycles and long-term
profiles, respectively, for MMOs derived from LDHs co-precipitated for 300 min at (a-b) pH 10.5, (c-
d) pH 11, and (e-f) pH 11.5.
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Table 7-7: Theoretical and experimentally determined oxygen release and storage capacities,

porosities and crushing strengths of the MMOs derived from LDHs co-precipitated at a constant

PH value between 9 and 11.5 for 300 min.

Maximum
Theoretical Theoretical
Ror Ros observed rate of Porosity

Material Ror' Ros' I

(go2/goc) (goa/goc) ~ CyEemTEIeAse (%)
(go2/goc) (go2/goc)
(mmolozs'goc™)

MMO-9 0.062 0.062 0.124 0.122 0.137 86.7
MMO-9.5 0.063 0.063 0.126 0.125 0.130 84.8
MMO-10 0.063 0.063 0.126 0.126 0.138 88.2
MMO-10.5 0.063 0.064 0.126 0.128 0.099 67.4
MMO-11 0.063 0.065 0.127 0.128 0.091 45.7
MMO-11.5 0.064 0.067 0.127 0.129 0.084 34.8

Footnote: 'based on CuO content from XRF
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This chapter aims to understand how the co-precipitation pH impacts the structure and performance of
MMOs in chemical looping systems. A comparison of the relative weight profiles for the first CLOU
and CLC cycles is shown in Figure 7-34. The oxygen release rates of the MMOs during the first CLOU
cycle are shown in Figure 7-35, and the maximum rates of oxygen release determined over the first

three cycles are given in Table 7-7.
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Figure 7-34: Comparison of relative weight profiles of MMOs tested in a TGA at 900°C. (a) CLOU
cycling mode, and (b) CLC cycling mode.

From Table 7-7, the maximum observed rates of oxygen release are higher for the MMOs with higher
porosities. The maximum rates of the MMO-9, MMO-9.5 and MMO-10 are similar as expected due to
their similar porosities. However, the differences in rates between these MMOs, or the true maximum
rate, may have been limited by the maximum rate of oxygen diffusion in the TGA. Therefore, the

maximum rate of oxygen transfer from the particle surface to the bulk was calculated using equation
(7-5),1"

T d 1—Yo2p
N,, =C-D-—P% .| 02, 7-5
02 4h n<1—}’02,s (7-5)

where No» is the molar flow rate of oxygen, C is the molar gas concentration, D is the molecular
diffusivity of O, in N (from the Chapman-Enskog theory®”), dp. and h are the diameter and height of
the TGA pan, respectively, and y,s and y, are the molar fractions of oxygen at the particle surface and in

the bulk of the TGA, respectively.

At 900°C, the maximum rate of oxygen transfer was determined to be 1.66 pmol s for ys = 0.014
(equilibrium value at 900°C) and y, = 0. The maximum observed rate of oxygen release for the MMO-

10 was ~0.42 pmol s, which represents 25% of the maximum possible rate calculated using equation
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(7-5). Despite the low masses (~3 mg) and high gas flow rates (200 ml min™") used for the TGA cycling
experiments to minimise the effects of external mass transfer, the oxygen released by the particles may
not have been effectively swept from the TGA pan, increasing ypuk and lowering the maximum rate of
oxygen transfer. Therefore, external mass transfer limitations could have partially concealed any
differences between the maximum rates of oxygen release for the MMO-9, MMO-9.5 and MMO-10
materials. However, Figure 7-35 clearly shows the differences between the oxygen release rates from
the more porous (MMO-9, MMO-9.5 and MMO-10) and less porous (MMO-10.5, MMO-11, MMO-
11.5) MMOs were effectively captured in the TGA.
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Figure 7-35: Oxygen release rates during oxygen release phase of the CLOU cycle.

Synthetic oxygen carriers must demonstrate significantly superior stabilities over long-term redox
cycling to be used in chemical looping systems over cheaper oxygen carriers based on natural ores or
wastes. Two MMOs were selected for further testing to assess the effectiveness of the LDH-MMO
design strategy. Interconnected FBRs®’ and alternating fixed bed reactors** have been proposed for
scaled-up CLC reactor systems. In FBRs, oxygen carriers experience greater mechanical stresses, and
therefore particles with higher mechanical stabilities are desired to reduce particle attrition and oxygen
carrier make-up rates.’'” In contrast, oxygen carriers in packed bed systems experience lower
mechanical stresses, but larger particles are required to maintain a low pressure drop in the system
which may increase internal mass transfer resistances.’'' The use of more porous oxygen carriers can

improve internal mass transfer and rates of reaction. From Table 7-7, the MMO-10 possess low
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crushing strength and high porosity while the MMO-11 have higher crushing strength and lower
porosity. Therefore, the MMO-10 and MMO-11 were selected for further testing.

The stabilities of the MMOs were assessed over 500 CLC cycles in a TGA at 900 °C. The first and last
cycle for each MMO is shown in Figure 7-36. The MMO-10 showed almost no signs of sintering over
500 cycles, although this may have been masked by external mass transfer limitations in the TGA, as
discussed previously. The MMO-11 also experienced very little deactivation during the reduction
periods, but some deactivation can be seen during re-oxidation at high conversions. The oxygen carriers
did not experience any mechanical stresses in the TGA. However, similar MMOs derived from LDHs
synthesised at pH 11 in chapter 5 showed excellent stability over 100 CLOU cycles and 20 CLCP cycles
in an FBR.*"!
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Figure 7-36.: Results of the 500 CLC cycle experiments in a TGA at 900°C. Relative weight profiles
for the first and last CLC cycles for extended cycling of the MMO-10 and MMO-11.

The near-constant conversion and limited sintering of the MMO-10 and MMO-11 over 500 CLC cycles
(Figure 7-36) confirmed the effective stabilisation of CuO by MgAl,O,4 in oxygen carriers produced
via the LDH-MMO design strategy. Further testing of the MMO-11 in an FBR is needed to verify their

mechanical stability over extended redox cycling.

7.7 Concluding remarks

This chapter investigated the effect of co-precipitation pH on the material characteristics of LDHs and

MMOs and the performance of Cu-Mg-Al MMOs in chemical looping systems. LDHs were co-
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precipitated at a constant pH between pH 9 and 11.5 for 300 min using an automated co-precipitation
rig. The amount of Mg in the LDHs was found to increase with increasing pH. The diameter and height
of the LDH platelets were observed to generally decrease with increasing pH, except for LDHs
synthesised at pH 10 where the platelets grew fast in the radial direction. The larger diameter platelets
synthesised at pH 10 were attributed to a combination of supersaturation, thermodynamic and
electrostatic factors. Calcination of the LDHs resulted in the formation of highly dispersed CuO in an
aluminate support. SEM and MIP analysis found the MMO generally retained the particle morphology
of the LDH precursor.

The long-term performance of the MMOs was assessed for 100 CLOU and CLC cycles in a TGA at
900°C. The formation of MgAl,O4 rather than CuAl,O4 was critical for the effective stabilisation of
CuO and to avoid the slow re-oxidation of the oxygen carrier and maintain stable oxygen release and
storage capacities over extended redox cycling. The more porous MMOs synthesised at pH 9, 9.5 and
10 showed much higher rates of oxygen release than the less porous materials synthesised at pH 10.5,
11 and 11.5 —although mass transfer limitations may have concealed the true maximum rates of oxygen
release of the more porous MMOs in the TGA. An additional CLOU experiment performed in the TGA
at 900°C using MMO-9 demonstrated that it is crucial to evaluate potential oxygen carriers using gas

compositions that reflect industrial conditions.

To further demonstrate the strength of the LDH-MMO design strategy, MMO-10 and MMO-11 were
cycled for 500 CLC cycles in a TGA at 900°C. MMO-10 are characterised by lower crushing strength
and higher porosity suitable for packed bed reactors, while the MMO-11 have higher crushing strength
and lower porosity, more suitable for FBRs. The results from the 500 CLC cycle experiments at high
temperatures indicate that the Cu-Mg-Al LDH-derived MMOs are promising oxygen carrier materials,
and the particle morphology is tuneable for different reactor systems. The results of this chapter show
Cu-Mg-Al MMOs are promising candidates for further development and scale-up for use in chemical

looping processes utilising either fluidised or fixed bed reactors.

The insights gained into the growth of LDH platelets over long synthesis times may aid the scale-up of
these materials for industrial applications. LDHs are known for their anion exchange capabilities,
making them attractive for catalysis, drug delivery, and water treatment applications. The porosity of
LDHs plays a crucial role in these applications as it allows for the efficient transport of molecules and
ions in and out of the material. In this chapter, the structural properties of the LDHs could be tuned by
altering the synthesis pH. The chemical versatility of LDHs in terms of the composition and M*'/M?*
molar ratio unlocks many possibilities for different chemical looping processes beyond power

generation®® and industrial processes that utilise LDHs and MMOs.
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Chapter 8

Conclusions and future work

8.1 Conclusions

This thesis has focused on evaluating CuO-based oxygen carriers derived from LDH precursors for
chemical looping processes. From the literature surveyed in chapter 2, the use of solid fuels for CLC is
more complicated than for gaseous fuels owing to the additional gasification step required to overcome
the slow reactions between the solid oxygen carrier and fuel char. CLOU is a variant of CLC that
overcomes the slow char gasification step by using oxygen carriers that can release gaseous oxygen in
the fuel reactor, improving the combustion and CO; capture efficiencies of the process. Of the potential
CLOU candidate materials, CuO-based oxygen carriers have shown high reactivities and oxygen
storage capacities but are prone to sintering and agglomeration at high temperatures. In previous studies,
Al,Os has been used as a support to improve the mechanical and thermal stability of the CuO-based
oxygen carriers. However, CuO and Al:O; can react to form the spinel CuAl,O4 during high-
temperature calcination and redox cycling that is relatively stable to decomposition during CLOU. The
addition of Mg to the Cu-Al system has been shown to stabilise the oxygen release capacity of CuO-
based oxygen carriers by inhibiting the formation of CuAl,O4 through the preferential formation of an

MgAlLOs support phase.

The preparation of CuO-based oxygen carriers using conventional methods is generally limited to low
loadings of active metal oxide due to the poor dispersion of CuO in the support. The preparation of
oxygen carriers via the calcination of Cu-Al LDHs precursors has been shown to achieve a high degree
of dispersion of active metal oxide within the support after calcination due to the mixing of metals in
the LDH structure. The presence of Na was crucial to effectively inhibit the formation of CuAl,O4 by
the formation of NaAl,Os. However, it remains challenging to precisely control the content of Na-

containing species which originate from the precipitation agent used for co-precipitation of the LDHs.
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Therefore, it is desirable to tune the synthetic chemistry of the Cu-Mg-Al LDH precursors to minimise

the formation of Na-containing impurities and achieve a more stable long-term cycling performance.

The aim of this thesis was to evaluate the performance of CuO/Al,O3 and CuO/MgAl,O4 oxygen carriers
derived from the calcination of Cu-Al and Cu-Mg-Al LDHs, respectively, prepared via co-precipitation
at constant pH. This section summarises the main findings of this thesis. It lists the relevant project

objectives and highlights the results achieved in each chapter.

8.1.1 Development of Cu-Mg-Al layered double hydroxides and derived oxygen carriers for
chemical looping processes

The work in this chapter was carried out to meet the following project objective:

e Develop novel CuO-based oxygen carriers supported on Al,O; and MgAl,O4 by tuning the
synthetic chemistry of the layered double hydroxide precursors prepared via co-precipitation at

constant pH.

The incorporation of Mg into the Cu-Al LDH system was investigated by varying the molar ratio of
Cu:Mg:Al from 3:0:2 to 3:1:2. The LDHs were prepared via co-precipitation at a constant pH value of
9.5 using (i) 1 M NaOH and 1 M Na,CO;3, or (i1) 2 M NaOH. Each material synthesised had an LDH
structure and a Cu:Mg:Al molar ratio close to their target value. The Na content of the LDH precursors
was found to decrease with increasing amounts of Mg in the Cu-Mg-Al system. In addition, the LDHs
prepared using solely NaOH were found to contain much lower Na contents compared to those prepared
using NaOH and Na,COs. The thermodynamic calculations carried out determined that the formation
of insoluble Na-containing species (i.e. dawsonite) occurred when COs* was present in the solution but
was thermodynamically suppressed in the presence of Mg. Therefore, the LDHs synthesised using high
amounts of Mg in the metal ion solution and those prepared using solely NaOH contained low amounts

of Na.

HAADF-STEM imaging analysis and EDS elemental mapping were carried out to compare the degree
of elemental dispersion and morphology of the MMOs synthesised from LDHs prepared using different
co-precipitating agents and molar ratios of Cu:Mg:Al. The materials synthesised using solely NaOH
showed a much denser structure with a poorer dispersion of CuO than those prepared using NaOH and
Na,CO;. These observations were attributed to the interlayer anions (NOs™ or COs%) present in the
solution during LDH formation. The 3:1:2 Cu-Mg-Al MMOs prepared using NaOH and Na,CO3 and
the 3:2 Cu-Al MMOs prepared using solely NaOH were selected for further characterisation and testing
in chapter 5.
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8.1.2  Long-term redox cycling of Cu-Mg-Al layered double hydroxide-derived oxygen
carriers in thermogravimetric and fluidised bed systems

The work in this chapter was carried out to meet the following project objective:

e Assess the chemical, thermal and mechanical stabilities of the oxygen carriers over long-term

redox cycling in a thermogravimetric analyser and a laboratory-scale fluidised bed reactor.

The Cu-Mg-Al MMOs demonstrated fast reaction rates, high oxygen capacity, and excellent stability
against sintering over multiple cycles of reduction and oxidation between CuO-Cu,O-Cu in a TGA. The
MgAlO4 spinel phase remained inert during calcination and cycling and effectively inhibited the
formation of CuAl,Os. In contrast, the Cu-Al MMOs consisting of CuO/CuAl,O4 had slower oxidation

and re-oxidation rates and were observed to deactivate over 100 CLOU cycles in a TGA.

In an FBR, the structural properties of the LDH precursors determined the performance of the derived
MMOs over 100 CLOU cycles. The synthesis pH was determined to be an important parameter for
tuning the mechanical properties of the MMOs. An increase in co-precipitation pH from 9.5 to 11 was
found to decrease the porosity and increase the crushing strength of the MMOs while maintaining the
desired molar ratio of Cu:Mg:Al. As a result, the higher-strength MMOs suffered much less attrition
and retained high conversion over 100 full cycles of oxygen release and re-oxidation (over 65 h of
operation in total). A similar trend was observed for Cu-Mg-Al MMOs synthesised from LDHs with

higher contents of Cu in their structure co-precipitated at pH values of 9.5 and 11.

The near-constant conversion in the FBR confirmed the stability of the materials over extended redox
cycling under CLOU conditions and showed the potential of Cu-Mg-Al MMOs as promising candidates
for other chemical looping applications. Therefore, the performance of the Cu-Mg-Al MMO-11 under
CLCP conditions was studied for 20 cycles in an FBR using CO and CH4 (CuO — Cu). The oxygen
carriers demonstrated high thermal, chemical and mechanical stability under the harsher reduction
conditions, suggesting their potential suitability for scale-up and testing in pilot facilities. Therefore,
the kinetics of oxygen release from the oxygen carriers were investigated in the next chapter to aid

reactor design.
8.1.3 Kinetics of oxygen release from CuO-based mixed metal oxides derived from layered
double hydroxides

The work in this chapter was carried out to meet the following project objective:

e Model the intrinsic kinetics of the oxygen release reaction of the oxygen carriers to aid with the

scale-up of chemical looping reactors.
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Kinetic information is essential for designing and modelling chemical looping reactors. In this chapter,
an adapted effectiveness factor-based kinetic model was used to determine the pseudo-intrinsic kinetics
of oxygen release from 312-11-MMOs using an FBR and TGA. The sample masses and gas flow rates
were chosen to minimise mass transfer resistances. The intrinsic rate constants for oxygen uncoupling
were obtained for the temperature range 850 to 962°C by accounting for internal and external mass
transfer effects in the effectiveness factor-based model. An activation energy of 51 + 3 kJ mol™' and a
pre-exponential factor of 0.0567 s were calculated for the oxygen release reaction using an Arrhenius
expression. The ratio of external mass transfer rates to measured rates of oxygen release was found to
be approximately 5 at high temperatures, suggesting that the rates of oxygen release at higher
temperatures may have been slightly limited by external mass transfer. However, the removal of data
points at the high end of the temperature range did not significantly change the activation energy

obtained by fitting the Arrhenius expression.

8.1.4  Effect of co-precipitation pH on the growth of Cu-Mg-Al layered double hydroxides
and the structure and performance of derived mixed metal oxides

The work in this chapter was carried out to meet the following project objectives:

e Investigate the formation mechanism of the Cu-Mg-Al layered double hydroxides by varying
the co-precipitation pH value during co-precipitation.

o Assess the effect of the pH value during co-precipitation on the structure of the layered double
hydroxides and oxygen carriers and the performance of the oxygen carriers in chemical looping

processes.

To investigate the effect of co-precipitation pH, LDHs were co-precipitated at a constant pH between
pH 9 and 11.5 for 300 min using an automated rig. The results of XRF indicated that the amount of Mg
in the LDHs increased with increasing pH. The diameter and height of the LDH platelets and porosity
of the material were observed to generally decrease with increasing pH, except for LDHs synthesised
at pH 10, where the platelets grew fast in the radial direction. These larger diameter platelets synthesised

at pH 10 were attributed to an interplay of supersaturation, thermodynamic and electrostatic factors.

The long-term performance of the MMOs was assessed for 100 CLOU and CLC cycles in a TGA at
900 °C. The formation of MgAl,O4 rather than CuAl,O4 was critical for the effective stabilisation of
CuO and to avoid the slow re-oxidation of the oxygen carrier and maintain stable oxygen release and
storage capacities over extended redox cycling. The more porous MMOs synthesised at pH 9, 9.5 and
10 showed much higher rates of oxygen release than the less porous materials synthesised at pH 10.5,
11 and 11.5 — although mass transfer limitations may have concealed the true maximum rates of oxygen

release of the more porous MMOs in the TGA.
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The MMOs prepared from LDHs synthesised at pH 10 and 11 were cycled for 500 CLC cycles in a
TGA at 900 °C to test the LDH-MMO stabilisation strategy. MMO-10 has a lower crushing strength
and higher porosity suitable for packed bed reactors, while the MMO-11 has a higher crushing strength
and lower porosity, more suitable for FBRs. The results from the 500 CLC cycle experiments at high
temperatures indicate that the Cu-Mg-Al LDH-derived MMOs are promising oxygen carriers, and the
particle morphology is tuneable for different reactor systems. The results of this chapter demonstrate
that Cu-Mg-Al MMOs are promising candidates for further development and scale-up for use in

chemical looping processes utilising either fluidised or fixed bed reactors.

8.2 Future work

The work carried out in this thesis could be extended to realise the full potential of the LDH-MMO
design strategy for the development of oxygen carriers for chemical looping processes. Potential areas

of future work are detailed in this section.

8.2.1 Further insights into the layered double hydroxide and mixed metal oxide materials
The formation mechanism of LDHs is a complex process that is not yet fully understood. While the
work carried out in this thesis has contributed to the understanding of LDH formation, many questions
remain. To address the remaining knowledge gaps, research could focus on several key areas: (i)
developing an electrostatic model of LDHs, and (ii) conducting a systematic study to investigate the
impact of co-precipitation parameters (such as molar concentrations of the metal ion and co-
precipitating solutions and the rate of addition of these solutions) on the nucleation and growth of LDHs.
Additional material characterisation methods not explored in this work, including Raman spectroscopy,
small-angle X-ray scattering (SAXS) and HR-TEM, could be used to study the textural and
crystallographic features of the LDHs.

Another aspect that deserves further research is a better understanding of the metal-support interactions
in the MMOs. It remains challenging to fully understand the interfaces between the Cu phases and the
support due to the difficulties characterising the sintering behaviour at high temperatures. In this work,
the CuO nanoparticles were well dispersed in the support. According to thermogravimetric analysis as
well as ex-situ and in-situ XRD analysis, the gaseous oxygen is predominantly released from crystalline
CuO, confirming that the content of CuAl,O4 or Mg(Cu)Al,Oy4 is negligible. Nevertheless, residual Cu
species may be incorporated into the spinel support at the grain boundaries of the CuO nanoparticles
and Mg-Al spinel support, which likely form reducible CuAl,O4 or Mg(Cu)Al,O4 overlayers, which in
turn function as physical barrier layers to separate CuO nanoparticles from sintering or further
immobilise Cu phases in the support. These strong active phase-support interactions and the local

electronic transfer merit further study in the future.
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8.2.2  Further considerations for the material preparation method

This thesis focused on understanding the relationship between the LDH precursor and the properties of
the MMOs during redox cycling. The MMOs were prepared by calcining the precursors and
subsequently crushing and sieving to obtain suitable particle size ranges for use in FBRs. Although the
CuO-based particles maintained their physical structures during testing, the mechanical properties and
shapes of particles used in different types of reactors should be considered. For chemical looping
processes using FBRs, attrition of particles is a critical obstacle for commercialisation. The redox
reactions at high temperatures generate significant chemical stresses, while thermal sintering generates
additional mechanical and thermal stresses, which tend to induce structural changes and lead to a decline
of the mechanical strength of the oxygen carriers in reactors. Advanced particle manufacturing
technologies (that enable the production of near-spherical particles), such as spray drying and
granulation, might further improve the mechanical strength and reduce attrition. For use in packed bed
reactors, large-scale pelletising techniques could be used to prepare suitable particle shapes with

enhanced mechanical strength.

Scaling up the preparation methods of oxygen carriers is an important step in transitioning these
materials from laboratory to pilot-scale operation. While batch sizes at the kilogram scale have already
been achieved using standard laboratory equipment, the co-precipitation method could introduce
significant challenges for scale-up — including uniformity issues. In this thesis, studying the LDH
formation over long synthesis times should aid the scale-up of the preparation method. It was observed
that the LDHs formed extremely quickly during co-precipitation and that the residence time has
different effects on the particle growth depending on the pH of the solution. The LDHs synthesised
above the IEP showed limited particle growth with increasing synthesis time, and therefore, the
residence time should not significantly impact the LDH characteristics. Therefore, a continuous process
could be investigated to scale up materials co-precipitated above the IEP. The dimensions of the LDH
platelets co-precipitated at or below the IEP was dependent on the co-precipitation duration. A batch
process at or below the IEP could be investigated to determine whether the morphology and porosity of

the materials could be controlled by changing the rate of solution addition or co-precipitation duration.

The preparation method used in this thesis to produce the MMOs involves calcining the LDHs and
crushing and sieving the calcined material to the desired particle size fractions. However, crushing and
sieving inevitably generates a significant amount of fines that cannot be used as oxygen carriers directly.
However, the fines should retain the high chemical stability of the MMOs. Therefore, a future project

could investigate recycling these waste materials using particle-formation methods, e.g. spray drying.

The economic feasibility of an oxygen carrier is often a significant factor for their application in large-

scale units. Therefore, it would be beneficial to perform a cost analysis of the scaled-up synthesis
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procedure. A life cycle assessment could also be carried out to understand and optimise the energy
consumption and environmental impact of the process. Alternative feed materials could also be

considered, e.g. metal chlorides instead of metal nitrates and alternative sources of alkali.

8.2.3  Further considerations for operation at scale

Future investigations to test oxygen carriers in larger-scale chemical looping systems are needed to
validate their performance under more realistic operating conditions. This can be achieved through
collaborations with research groups who have developed pilot-scale chemical looping reactors.
Additionally, it would be beneficial to develop more efficient screening tools to evaluate the attrition
resistance of the oxygen carriers. One such method is an attrition jet cup in accordance with ASTM
D5757. While most studies measure the attrition resistance or crushing strength of oxidised oxygen
carrier particles, it is important to consider that reduced oxygen carriers are more porous and likely the
weakest state during redox cycling. Therefore, the attrition resistance of reduced oxygen carriers could
be explored to investigate whether any strong correlations with survivability in fluidised bed systems

can be made.

In future work, the oxygen release kinetics of the higher CuO loading oxygen carriers developed in
chapter 5 could be determined using the effectiveness factor-based model. An alternative oxygen sensor
with a higher sampling frequency, such as a UEGO, could be used to extract the oxygen release kinetics

and compared with the results using the gas analyser used in this thesis.

This thesis determined that the MMOs derived from LDHs synthesised for long co-precipitation
durations at or below the IEP had characteristics that were suitable for fixed bed reactors. Therefore, a
fixed bed reactor configuration could be investigated using the existing FBR set-up by manufacturing
a quartz liner containing a disc for a bed of particles to be loaded. The effectiveness of CuO stabilisation
using the LDH-MMO would be tested in this system, where sintering and agglomeration is more likely

due to the higher amount of contact between the particles.

The CLOU process was developed to improve the performance of CLC using solid fuels. However, the
impurities present in solid fuels, such as coal, biomass or wastes, could significantly impact the
performance of the oxygen carriers. A better understanding of the interactions of the oxygen carriers
developed in this thesis with typical fuel impurities, such as alkali metals, sulphur and chlorine, is
needed to validate the use of synthetic oxygen carriers rather than natural or waste materials. Cycling
experiments in a TGA with intensified amounts of fuel impurities could be conducted to explore if there

are any detrimental effects to the chemical or mechanical stability of the oxygen carrier.
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8.2.4  Exploration of new layered double hydroxide systems to produce mixed metal oxides
for chemical looping processes

The structural diversity of LDHs enables versatile combinations of metal ions to be highly dispersed in
their structure, producing MMOs with high dispersions of active metal species in a support phase upon
calcination. This LDH-MMO design strategy has the potential to inspire the development of highly
stable oxygen carriers for many emerging chemical looping processes. Chemical looping water splitting
(CLWS) for hydrogen production is one such process which typically uses oxygen carriers based on
Fe;O; as the active metal oxide. As discussed in chapter 2, Fe,Os-based oxygen carriers experience
severe sintering that leads to severe deactivation during redox cycling, especially during the transition

from FeO to metallic Fe, the reverse of which is crucial for hydrogen production from steam oxidation.

The research presented in this thesis has shown the extremely high stability of CuO-based oxygen
carriers developed using the LDH-MMO design strategy over 500 CLOU cycles, supporting the
development of Fe,O3/MgAlO4 oxygen carriers for CLWS as a natural extension of this work. Early
results for the preparation of Fe-Mg-Al LDHs and MMOs have been promising, with initial CLC
cycling experiments showing effective stabilisation of Fe,Os against sintering and deactivation over
100 CLC cycles. However, further investigation is required to explore the effectiveness of the LDH-

MMO design strategy to produce oxygen carriers for chemical looping processes.
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Appendix

Appendix Al: Initial parametric study for the synthesis of layered double hydroxides

From the literature review of LDH syntheses carried out in chapter 2, the co-precipitation pH, solution
concentrations, and aging time are critical synthesis parameters for the preparation of LDHs. This thesis
builds upon previous work by Song et al. to develop Cu-Al LDHs and MMOs for chemical looping
processes.'*® In their work, the concentration of metal ion and alkaline solutions were 2 M, an aging
time of 3 h was used and a pH of 9.5 was maintained during co-precipitation. In this section, a small
study of synthesis parameters was carried out for LDHs with a target Cu:Mg:Al molar ratio of 3:1:2.
XRD and N; adsorption analysis were used to study the materials. The XRD spectra contain peaks
corresponding to CeO; that arise from mixing 10 wt% CeO; in the sample for qualitative comparison

of the sample crystallinity.

Metal ion and alkaline solution concentrations equal to 0.5, 1 and 2 M were investigated. A pH value
of 9.5 was maintained during co-precipitation and the precipitates were aged for 3 h before washing.
From Figure Al-1, the results of XRD show that increasing the solution concentration slightly
increased the intensity of the (003) peak centred at ~ 12°. The pore size distribution determined using
N; adsorption results did not significantly change upon increasing the solution concentrations from 0.5
to 2 M (Figure A1-2). Therefore, a 2 M concentration was used for each solution to increase the amount

of material synthesised per unit volume.

The effect of aging duration after co-precipitation was investigated using 30 min, 3 h and 6 h durations.
The results in Figure A1-3 and Figure A1-4 show the aging time did not significantly affect properties
of the precipitates determined using XRD and N, adsorption. Therefore, aging times of 30 min or 3 h

were used for the syntheses in this thesis.

LDHs were prepared using a co-precipitation pH value of 9.5, 10.5 and 11.5. From Figure A1-5, the
co-precipitation pH was found to have a significant effect on the XRD patterns of the LDHs. The results
of N adsorption also showed a distinctly different pore size distribution of the materials (Figure Al-
6). Therefore, the effect of co-precipitation pH was investigated throughout this thesis, and a pH value

0f 9.5 was used for the initial syntheses.
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Figure AI-2: Pore size distribution of LDHs determined using N; adsorption as a function metal ion

and co-precipitating solution concentration.
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Appendix A2: Comparison of pore size distribution of materials using N2 adsorption and MIP
The pore size distribution of LDH materials is commonly investigated using N, adsorption analysis in
the literature. The technique works on the principle of the physical adsorption of N> gas onto the surface
of a material at cryogenic temperatures (~77 K). The BJH theory is used to determine the pore size
distribution by analysing the volume of gas adsorbed during the decrease of p/p, from 0.995 to 0.05
using a modified Kelvin equation. The pore size distributions were estimated from the desorption
branch of the adsorption-desorption isotherm. The BJH theory assumes all pores are straight and
cylindrical. The log differential pore volume (dV) as a function of pore diameter, dV/d(logDp) for
calcined MMO-10 determined using N, adsorption is presented in Figure A2-1. The log distribution
scale provides a better indication of the pore regions of the materials as a linear scale would obscure

the micro- and meso-porosity of the materials.

MIP was also carried out to measure the pore size distribution and pore volume of the LDH materials.
Mercury has exceptionally high interfacial tension and therefore behaves as a non-wetting fluid and will
not spontaneously penetrate pores by capillary action — it must be forced into the pores by the
application of external pressure. The required pressure is inversely proportional to the pore diameter.
By measuring the volume of mercury that intrudes into the sample with each pressure change, the
volume of pores at different stages of intrusion (and pore diameters) is known. A total pressure range
of 0.7 — 2275 bar was used for mercury intrusion, corresponding to a pore diameter range of 18 pm — 5
nm, respectively. However, only the pore volumes for the pore diameter range 5 to 10000 nm were used
for further calculations. MIP was used to analyse the pore size distribution of the materials beyond the
resolution of N, adsorption. The log differential pore volume as a function of pore diameter,

dV,/d(logD,) for calcined MMO-10 determined using MIP is presented in Figure A2-1.

Figure A2-1 shows a comparison of the MIP and N, adsorption techniques that were used to study the
changes in the pore size distribution of the LDH-10 during calcination. There was decent agreement
between the pore size distributions determined using MIP and N, adsorption for pores below 100nm.
However, pores above 100 nm are beyond the resolution of N, adsorption. SEM images clearly showed
the presence of larger pores above 100 nm in the LDH-10. Therefore, MIP was used to determine the
pore size distributions of the remaining materials. The data from pores above 10000 nm were neglected
to avoid overstated results due to the filling of the external surface and inter-particle voids shown in

Figure A2-2.
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Nomenclature

Roman letters

Ar Archimedes number

Ac Cross-sectional area of the reactor tube

Ao Cross-sectional area of the spout orifice

Bi Peak broadening of the instrument calibration standard
Bobs Observed peak broadening

C Molar gas concentration

CCCoc Cost per tonne of COz captured caused by the oxygen carrier, CCCOC,
CN Coordination number

Cozp Bulk O2 concentration

Coz,eq Equilibrium Oz concentration

d Interplanar spacing

D Molecular diffusivity of Oz in N2

Das Bulk diffusion

Do Bubble diameter

D Diameter of the reactor tube

D. Effective diffusivity
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Dk

dp

dpan

f(X)

go2/goc

Gtcoz,eq yr!

Hmt

ks

ka

ki

ko

kWIh

Knudsen diffusion

Mean bed particle diameter

Diameter of TGA pan

Conversion function

Acceleration due to gravity

Mass of oxygen released per mass of oxygen carriers

Gigatonne CO2 equivalent per year

Height of the fluidising bed

Height of the fluidising bed at minimum fluidisation

Height of the TGA pan

Crystallite shape factor

Kinetic constant

Boltzmann constant

External mass transfer coefficient

Mass transfer coefficient from a bubble to its surface

Intrinsic kinetic constant

Observed kinetic constant

Kilowatt thermal

Crystallite size
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M2+

M3+

MexOy

MexOy-l

Mi

MO2,released

moc

Mox

Mred

MW

MWo2

Nout

No2

po2

PO2eq

Sum of the mean M-O bond length and the O-H bond length

Divalent metal cation

Trivalent metal cation

Oxidised oxygen carrier

Reduced oxygen carrier

Molecular weight of component i

Mass of fully oxygen released sample (CLOU)

Mass of oxygen carrier charge

Mass of fully oxidised oxygen carrier

Mass of fully reduced oxygen carrier (CLC)

Megawatt thermal

Molecular weight of oxygen

Number of bubbles per unit volume

Diffraction order

Molar flow rate of the effluent gas

Molar flow rate of oxygen

Pressure

Oxygen partial pressure

Equilibrium oxygen partial pressures
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Remr

Rep

Ror

Ros

Ip

Sa

Sc

SE

Sh

SI

td

tlifetime

Equivalent flow rate to and from the bubble

Rate of exchange between a bubble and the particulate phase

Reynolds number

Reynolds number at minimum fluidisation

Reynolds number of the particles in the particulate phase

Oxygen release capacity

Oxygen storage capacity

Particle radius

Surface area of a rising bubble

Surface area

Schmidt number

Specific emissions of the fuel

Sherwood number

Solids inventory

Temperature

Time

Dead time

Average lifetime of the oxygen carrier particle

Superficial velocity
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UA

Ub

Umf

Vb

Vbed

Vp

Vb

YCO2,0ut

yo2

YO2,inert

Y02, sample

Ys

Absolute rising velocity of bubble

Rising velocity of bubble in a stagnant fluid

Minimum fluidisation velocity

Bubble volume

Volume of the bed

Pore volume

Flow rate into all bubbles from particulate phases

Conversion

Cross flow factor

Mole fraction of oxygen in the bulk

Mole fraction of COz in the product gas

Mole fraction of oxygen

Mole fraction of oxygen during the oxidation or reduction phases of cycling in the absence of

oxygen carriers

Mole fraction of oxygen during the oxidation or reduction phases of cycling in the presence of

oxygen carriers

Mole fraction of oxygen at the particle surface

Charge of the central metal ion
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Greek letters

OR

Br

Emf

€12

nco2

econe

Ue

Vm

Vp

X v

Archimedes constant

Peak position

Archimedes constant

Oxygen non-stoichiometric coefficient

Porosity

Voidage at minimum fluidisation

Energy parameter

Effectiveness factor

CO:z capture efficiency

Angle between the incident X-ray and diffracting plane

Angle of the Cone of the quartz liner

Wavelength

Viscosity of the fluidising gas

Kinematic viscosity

Volumetric flow rate

Molar volume of a gas

Pauling bond valence

Diffusion volumes of species i
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Pg

Pp

Psk

2
012

TGM

TGM

TMIX

Density of the fluidising gas

Envelope density

Skeletal density

Collision diameter

Tortuosity factor

Contribution to the convolution of the signal by the gas mixing in the piping

Contribution to the convolution of the signal by the sample analyser

Contribution to convolution of signal by the overall measurement system

Thiele modulus

Collision integral
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Abbreviations

ATR

BET

BJH

BECCS

CCS

CCUS

CLC

CLCP

CLOU

CLWS

CP

EDS

FBR

FG

FTIR

FWHM

GHG

HAADF

Attenuated total reflectance

Brunauer—-Emmett-Teller

Barrett-Joyner-Halenda

Bioenergy with carbon capture and sequestration/storage

Carbon capture and sequestration/storage

Carbon capture and utilisation or sequestration/storage

Chemical looping combustion

Chemical looping combustive purification

Chemical looping with oxygen uncoupling

Chemical looping water splitting

Co-precipitation

Energy-dispersive X-ray spectroscopy

Fluidised bed reactor

Freeze-granulation

Fourier-transform infrared spectroscopy

Full width at half maximum

Greenhouse gas

High-angle annular dark-field
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ICP Inductively coupled plasma

iG-CLC In-situ gasification chemical looping combustion
M Impregnation

IPCC Intergovernmental Panel on Climate Change
LDH Layered double hydroxide

MEA Monoethanolamine

MEFC Mass flow controller

MIP Mercury intrusion porosimetry

MM Mechanical mixing

MMO Mixed metal oxide

MM-P Mechanical mixing followed by pelletising by pressure
SATP Standard atmospheric temperature and pressure
SEM Scanning electron microscopy

SP Spray drying

STEM Scanning transmission electron microscopy

Scale-up of Oxygen Carrier for Chemical Looping Combustion using Environmentally Sustainable

SUCCESS

Materials
TEM Transmission electron microscopy
TGA Thermogravimetric analyser
XRD X-ray diffraction
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XRF X-ray fluorescence spectroscopy
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