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ABSTRACT

The chemical-looping combustion (CLC) and chemical-looping with oxygen uncoupling (CLOU)
processes are attractive solutions for efficient combustion with inherent separation of carbon
dioxide. These processes use a metal oxide as an oxygen carrier to transfer oxygen from an air to a
fuel reactor where the fuel, or gasification products of the fuel, is converted. When solid fuel is used
in CLC, the char needs to be gasified, by e.g. steam, to form H, and CO that can subsequently be
oxidized to H,0 and CO, by the oxygen carrier. In the case of CLOU, the oxygen carrier releases gas-
phase oxygen in the fuel reactor. This enables a high rate of conversion of char from solid fuels, as

CLOU eliminates the need for the gasification step required in normal CLC with solid fuels.

In this work, copper- and manganese-based oxygen carriers were investigated for the CLC and the
CLOU processes. Their chemical-looping performance was examined in a laboratory-scale fluidized-
bed reactor under alternating reducing and oxidizing conditions at different temperatures. The
materials were generally evaluated with respect to oxygen release, reactivity and performance.
Detailed material analysis and characterization of various oxygen carriers were carried out.
Different gaseous fuels such as methane and synthesis gas (50% CO in H,) as well as solid fuels

such as petroleum coke and wood char were used.

As copper-based materials, freeze-granulated Al,O, and MgAl,O,-supported CuO oxygen carriers
were investigated for CLC and CLOU applications using methane. In order to establish the phase
relationships in the Cu-Al-O system, the standard enthalpy of formation, AH}’, of CuAl,0, was
reassessed using differential scanning calorimetry (DSC). The reducing and oxidizing pathways in

the Cu—Al-0O system and the reversibility of the phases during the redox process were also studied.

As manganese-based materials, various manganese-based perovskite-type oxygen carriers produced
by extrusion and spray-drying and different manganese ores were studied. The effect of dopants,
operating temperature and calcium content on the reactivity of oxygen carriers towards methane
and the stability of the perovskite-structured materials as well as tolerance towards deactivation
with sulphur were examined for the CLOU process. The reactivity of manganese ores with gaseous
fuels and their influence on the rate of char gasification was scrutinized for CLC application with

gasification of solid fuels.

A method for obtaining the rate of oxygen release for CLOU by utilizing a devolatilized wood char
has been developed and was applied to the MgAl,O,-supported CuO oxygen carrier and the
extruded perovskite-type materials. Furthermore, the oxidation rate of the MgAl,O,-supported CuO
oxygen carrier for CLOU was studied. Based on the obtained rates, the minimum solids inventories

using these oxygen carriers were determined for a CLOU unit.
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1. INTRODUCTION

1.1  The Greenhouse Effect and Global Warming

The increase in the concentration of some greenhouse  sun fosorplion by
ater Vapor

: : and Ozone Reflection/
gases in the atmosphere is expected to cause global Incoming Absorption

Solar by clouds

3 3 ’ Radlatlon
warming and thus create changes in the worlds ...
. 1 9 . . Radiation
climate.” © As shown in Figure 1.1, the short wave (\

radiation from the sun penetrates the atmosphere and

Scatte nng

. Ab: tion b
reaches the earth’s surface. As the earth’s surface is By honse Gox

Aerosols Greenhouse Gases
heated up, long wave radiation is emitted which is f"-j %ﬁ .

Factory/Automobile
Y
Long Wave

Pollution
Radiation

subsequently absorbed by greenhouse gases such as

Long Wave
Radiation

water vapour, carbon dioxide, methane, nitrous oxide,
and aerosols, thus trapping heat. At general thermal
equilibrium conditions, this keeps the earth’s surface

warm at an average temperature of 17°C. However,

Figure 1.1 Entrapment of part of the heat
radiated from the earth’s surface by
trap more heat, thus increasing the average greenhouse gases.®

excessive emission of the above-mentioned gases could

temperature.?

Correlations have been found between the global average temperature and CO, concentrations in
the atmosphere. With increased use of fossil fuels for energy production,* measures need to be
taken to reduce anthropogenic CO, emissions in order to decrease any possible contribution to
global warming. A major source for the release of CO, in the atmosphere is the combustion of fossil
fuels. Therefore, the intergovernmental panel on climate change (IPCC) has recommended a
50—85% reduction in total CO, emission by 2050 to limit the anticipated global temperature rise to
2°C.> A number of alternative technologies have been proposed to mitigate the rising levels of
carbon dioxide in the atmosphere. Carbon capture and storage (CCS) is one of these, which in
combination with increased use of renewable energy and increased energy efficiency, could help

reduce emissions of greenhouse gases to the atmosphere.

1.2  Carbon Capture and Storage (CCS)

By definition, CCS is the capture, transportation and storage of CO, in underground storage
locations (Figure 1.2).° Pre-combustion, post-combustion and oxy-fuel combustion are among the
most investigated technologies for the capture of CO, from power plants and other CO,-intensive
industries. Post-combustion involves the separation of CO, from the flue gas by e.g. chemical
absorption using amines. In pre-combustion, the CO in the synthesis gas produced from gasification

is transformed to H, and CO, via the water-gas shift reaction, giving a gas with mainly H, and CO,.

1



1. INTRODUCTION

CO, is then separated from the H, prior to combustion.
Oxy-fuel combustion involves removing N, from the air
stream, and carrying out the combustion process in O,

and recycled flue gas.”

The CO, capture technologies are in various stages of
development and some of them are at a semi-

commercial demonstration stage for CCS application.’

DEPLETED

To date, more than one thousand patents on different MaTURAL GEOLOGICAL

carbon capture technologies have been published.® inmmu:
OIL DEPOSIT
However, the greatest drawback with most of the
Figure 1.2 Carbon dioxide capture and

transportation to underground for long-term
energy penalties incurred due to gas separation steps storage.

proposed processes is that there are large costs and

needed in order to obtain CO, in pure form. This
decreases the process energy efficiency and thus increases the electricity or final energy cost.” It is

therefore favoured to investigate and develop other inexpensive CO, capture technologies.

1.3  Chemical-Looping Combustion (CLC) and Chemical-Looping with Oxygen
Uncoupling (CLOU)

In contrast to other solutions for the capture of CO,, the chemical-looping combustion (CLC)
process can give an essentially pure CO, stream from hydrocarbon conversion without any direct
gas separation. In a CLC system, two reactors, a fuel reactor and an air reactor, are interconnected
with an oxygen carrier circulating between these reactors.'®'> When fuel and air are introduced into
the reactors, the following overall reactions occur, i.e. reaction (1.1) in the fuel reactor, and
reaction (1.2) in the air reactor,

(2n + m)Mey 0, + CyHym — (21 +m)Me,0,_; +nCO, + N2 O €O HO

mH,0 (1.1) T

2Me,0,_1 + 0, — 2Me, 0, (1.2) Me,O,

Here Me,0, and Me,0,_; are the oxidized and reduced Air Fuel

forms of an oxygen carrier. The scheme of the process is | Reactor Voo Reactor
exUy.1

shown in Figure 1.3. With complete conversion of the fuel, y

the exhaust stream from the fuel reactor will consist of only

CO, and H,0, from which pure CO, can be obtained after T

the condensation of water. The reduced form of the oxygen Alr Fuel (C,Han)

carrier, Me,0,_,, is then transferred to the air reactor Figure 1.3 Schematic of the Chemical-

where it is re-oxidized with air, making it ready for the Looping Combustion (CLC) process.




1. INTRODUCTION

next cycle. Thus in CLC, N, and CO, gases are never mixed. The oxidation reaction is always
exothermic while the reduction reaction can be exothermic or endothermic, depending on the fuel
and the oxygen carrier.”> However, the sum of the heat from reactions (1.1) and (1.2) is the same
as for conventional combustion. Therefore, the CLC process does not entail any direct energy

penalty for CO, separation.

Chemical-looping combustion (CLC) was first introduced by Lewis and Gilliland'* to produce a pure
stream of CO,. In 1994, Ishida and Jin"® suggested the technique for CO, capture and to reduce the
exergy destruction caused by combustion and heat-exchange processes. In 2001, Lyngfelt et al.'
proposed a unit consisting of two interconnected fluidized-bed units to implement chemical-looping
combustion. The process was first demonstrated for gaseous fuels in 2003.'° Today, CLC has been
successfully demonstrated in a number of units of sizes up to 120 kW.'” '® Overviews of current
achievements in CLC are given by Lyngfelt et al.,"” ' *° Hossain and de Lasa,* Adanez et al.,** and
Fan et al.?®

The CLC process can be used with gaseous, liquid or solid fuels. In the case of solid fuels, the char

remaining after devolatilization is gasified in the presence of either steam or CO, via,****

C + H,0 > CO + H, (1.3)
C +C0, - 2C0 (1.4)

The CO and H, products are then converted by the oxygen carrier to CO, and H,0, as per Eq. (1.1).
This means that the char conversion does not directly involve the oxygen carrier material. An
alternative to CLC for solid fuels using gasification of the char, is chemical-looping with oxygen
uncoupling (CLOU),* in which the char reacts directly with the gaseous oxygen released from the
oxygen carrier. In comparison to CLC where the reduction of oxygen carrier and oxidation of the
gaseous fuel generally occurs in a single step, an additional step is needed in CLOU for the release

of gaseous oxygen from the carrier prior to the conversion of the fuel according to

Me, 0, - Me,0,_, + 0, (1.5)
This is followed by the normal combustion of the fuel via

Coam + (n+2) 05 > nCO, +mH,0 (1.6)

The reduced oxygen carrier is transferred to the air reactor for re-oxidation. The net heat of reaction
for the CLOU processes is the same as CLC and only the mechanism by which oxygen is accessed by
the fuel differs. However when using solid fuels like coal, the CLOU process avoids the slow
gasification of the solid fuel needed to produce syngas as a prerequisite for the reaction with the

oxygen carrier.?*

The oxygen carrier in CLOU must be able to both react (oxidize) with O, from air and release O, at

temperatures suitable for the process, i.e. 800 to 1200°C. The most commonly proposed approach to
3




1. INTRODUCTION

practically realizing CLC is to use inter-connected fluidized-bed reactors in a fashion similar to a
circulating fluidized-bed boiler (CFB)," the difference being that CLC will require an active oxygen
carrier rather than sand as bed material. Conventional CFB boilers often operate at an air to fuel
ratio of about 1.2, which in the case of CLC corresponds to an outlet oxygen concentration close to
5% from the air reactor. To be noted is that the oxygen concentration in CLC is somewhat higher
than in normal combustion since the flue gas from the air reactor does not contain CO,. Therefore,
oxide systems with an equilibrium oxygen partial pressure lower than 5% at temperatures typical of
the air reactor are desirable to ensure complete oxidation of the oxygen carrier particles over the
whole reactor height. Otherwise, higher air ratio will be required than in conventional combustion,
which would result in greater heat loss due to the larger flue gas stream. Moreover, the oxygen
carrier should also be able to release a sufficiently large amount of oxygen into the fuel reactor at a
sufficiently high rate. Thus, the choice of oxygen carriers for the CLOU process is limited by these
kinds of considerations. Demonstration of the CLOU process® has proven the advantage of this
technology over the CLC process, where slow gasification is an imperative step.’® Moreover, the
solids inventory in the fuel reactor of the CLOU process would be lower than in CLC due to faster

37,38

fuel conversion, thus limiting the need for a carbon stripper or additional treatments.

1.4  Oxygen Carriers in CLC and CLOU

A cornerstone in the development of CLC and CLOU processes is the oxygen carrier material. Thus,
it is important to obtain a portfolio of inexpensive, durable oxygen carriers with sufficient reactivity.
Oxides of transition metals (Mn, Fe, Co, Ni and Cu), their mixtures, and a number of natural
minerals (ores), industrial wastes and by-products have been used as oxygen carriers in CLC and
CLOU."* The reactivity of the oxygen carrier during oxidation and reduction, and the ability to
fully convert the fuel have been among the most sought-after criteria. In addition, thermal stability,
mechanical strength, certain fluidization characteristics and resistance to attrition and
agglomeration are important. One way of achieving this for manufactured oxygen carriers is to mix
the active phase (i.e. the reactive metal oxide) with a support material such as TiO,, SiO,, ZrO,,

Al,O, or MgAl,O, and/or heat-treat the oxygen carriers.

Copper oxide has received a great deal of attention as an efficient oxygen carrier, owing to its high
reactivity during reduction and oxidation, high oxygen transport capacity and absence of
thermodynamic limitation for the complete conversion of a fuel."”** The CuO—Cu,O oxide pair is
also one of the prominent monometallic oxygen carriers suitable for the CLOU process along with
Mn,0;—Mn;0, and CoO—Co;0, oxide pairs.** Figure 1.4 illustrates the equilibrium partial pressure
of O, as a function of temperature for these systems.***' For instance, it can be observed that CuO
decomposes to Cu,0 as per reaction (1.7) when the actual concentration of oxygen is lower than

the equilibrium concentration according to
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4Cu0 & 2Cu,0 + 0, (1.7) 51

As a result, oxygen is released thereby making CLOU
possible. It could be inferred from Figure 1.4 that the
equilibrium O, concentration is strongly dependent on
the temperature. For CuO, oxygen release takes place at
oxygen concentrations below 1.5% at 900°C and 2.7%,
at 925°C. Thus, from a CLOU point of view, the

optimum temperature of the air reactor is most likely in

Equilibrium Oz Concentration [%)]

the range of 900 to 925°C for Cu-based oxygen carriers. -

T T T T T T T
600 650 700 750 800 850 900 950
Temperature [°C]

Figure 1.4 Partial pressure of gas-phase O,
over metal oxide systems of CuO/Cu,0%
upon full reduction,* due to the formation of elemental Mn,0,/Mn,0,,* and Co,0,/Co0.*

Despite the attractive features of CuO as an oxygen
carrier, its use is not without limitations. For example,

CuO suffers from a tendency towards agglomeration

copper which has a rather low melting temperature (1085°C). Various supports of those mentioned
above have been investigated for Cu-based oxygen carriers, among which AlL,O; has received
considerable attention.?® ***® However, when using Al,O, as a support material, another difficulty
arises due to the facile interaction between CuO and Al,O; either during synthesis or during
operation, resulting in partial loss of CuO and CLOU behaviour caused by the formation of
copper(II) aluminate (CuAl,0,) and copper(I) aluminate (CuAlO,; delafossite).?> ***® Since the
copper-aluminate phases are highly reducible, the interaction between the support and the active
phase does not necessarily cause a problem with respect to application for CLC. For CLOU however,
this interaction should be avoided in order to preserve CuO as the active phase, for instance by
using other unreactive support materials. Nonetheless, the use of Al,O, as a support material for
CuO oxygen carriers in CLC is favoured because of its abundance and lower cost, e.g. compared to
710,

Most of the early studies using Cu-based oxygen carriers had been carried out at low temperatures
(~850°C or below) where the CLOU effect is small, i.e. application for CLC, where the focus has
been on the direct gas-solid reaction between CuO and fuel.*> ** **%! However at higher
temperatures (~950°C), an increase in the carbon conversion rate in the vicinity of CuO particles
has been reported as associated with the direct oxidation of char.' It is now well established that
CuO decomposes to Cu,0O when the actual concentration of oxygen is lower than the equilibrium
concentration.* Research has also been conducted on Cu-based oxygen carriers in the temperature

27, 34, 37, 56, 65, 82-87

regime applicable for CLOU in fluidized-bed batch reactors, continuous operations>>

38, 44, 83, 88, 89 84, 87, 90-93

and thermogravimetric studies, with and without support materials.

For the Mn,0;—Mn;0, oxide pair as shown in Figure 1.4, re-oxidation is restricted to lower

temperatures which are of less practical importance for a realistic CLC unit. It is however possible to

5



1. INTRODUCTION

overcome this thermodynamic constraint by combining manganese oxide with other oxides of, for
instance, Ni, Cu, Si, Mg, Si or Fe.®**® Co-based oxygen carriers are however, less attractive due to
cost, health and environmental issues.

Another group of manufactured oxygen carriers suitable for the CLOU process are ABO; perovskite-
97-107

type materials which exhibit interesting properties by virtue of their oxygen non-stoichiometry.

These materials can release a considerable amount of gaseous oxygen through
1
ABO(3-5) 4, < ABO-g)5p + 75 (8rr — 8ar)0 (1.8)

The amount of oxygen released in the gas phase given by Y2 (d,; — J.r), can be used to burn
gaseous, liquid or solid fuel during the CLOU process. The term ‘0’ gauges the degree of oxygen non-
stoichiometry and ‘AR’ and ‘FR’ refer to the value of ¢ in the air and the fuel reactor, respectively.
The oxygen non-stoichiometry of a perovskite-based material can be altered by changing
parameters such as the ambient temperature or the O, partial pressure.'®®''® One promising group
of perovskite-type oxygen carrier materials belongs to the calcium manganate (CaMnO;_s) family
and its slightly altered variants which have shown excellent behaviour in gaseous fuel
combustion."'" > Assuming an O, partial pressure of 5% in the air reactor and a temperature of
950°C in the air and the fuel reactor, the change in 3—4 is approximately 0.04 for CaMnO;_g' %’
which corresponds to 0.5 wt.% of gaseous oxygen release from the material. Rydén et al.''' have
examined CaMn, g,sTi;1,s05_5 as oxygen carrier in a 300 W circulating fluidized-bed reactor and
reported good fluidization behaviour, stable operation and steady O, release in an inert
atmosphere; complete conversion of CH, was also achieved. More recently, the performance of
CaMn, ,Mg,,0,_s as oxygen carrier was investigated in a 10 kW natural gas fired CLC unit."'"* The
results showed a high rate of oxygen release and full conversion of natural gas, higher than a NiO-

based oxygen carrier in the same unit.""> '

Using perovskite-type oxygen carriers in CLC or CLOU is not without limitations. Sulphur is present
in significant concentrations in solid fuels and to a lesser extent in natural gas. Several studies have
investigated the use of perovskite-structured materials in fuel cell applications and have shown that
these oxides can be highly susceptible to deactivation in the presence of sulphur-containing
compounds.'®"*° The general consensus is that the deactivation of these materials by SO, or H,S
occurs in two steps. Initially, the sulphur-containing species binds or adsorbs to certain active sites
by pairing with the oxygen ion vacancies. Then, the adsorbed sulphur species is converted to a
sulphite (e.g. CaSO, or LaSO,) and after that to a sulphate species (e.g. CaSO, or LaS0O,)."*! Severe
deactivation of perovskite-type materials has been reported after exposure to even small amounts of
SO, which has been ascribed to phase separation and the formation of sulphates.'”"'* Substituting
with transition metals such as Ti, Zr, V, Sn, Cu or Cr might make the SO, bonding with the surface
weaker, and therefore might result in a higher resistance towards SO, poisoning."*" > For instance,

the presence of manganese at the B-site increases the reactivity for methane conversion but makes
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1. INTRODUCTION

such materials more prone to poisoning by SO,,
while the presence of chromium at the B-site
decreases the former and increases the latter,
owing to its acidic nature.''® Additionally, the
presence of MgO in the materials could slow the
deactivation process, as MgO preferentially reacts
with sulphur, thus allowing the perovskite-based
material to avoid deactivation for a longer period
of time.'® It should be mentioned however, that
the operating conditions such as oxygen partial
pressure and/or temperature in CLC or CLOU are
quite different from those encountered in fuel cell
applications. Experiments in a batch fluidized-bed
reactor with CaMn, ¢,5Ti,1,505_s as oxygen carrier
at 950°C in the presence of SO,, suggests a
decrease in reactivity, likely due to the formation

of CaS0,.'** Also, investigation of the

Table 1.1 Possible reaction pathways in the
Ca—S—O0 system in oxidizing and reducing (CO
and H,) environments.

Eq. Oxidizing conditions

(1.9)  CaS + 3/2 0, — CaO + SO,
(1.10) CaS + 2 0, — CaSO,
(1.11) CaO + 1/2 0, + SO, — CaSO,

Reducing conditions”
(1.12) CaSO, + CO — CaO + SO, + CO,
(1.13) CaSO, + H,— CaO + SO, + H,0
(1.14) CaSO, + 4 H,— CaO + 4 H,S + 3H,0
(1.15) CaSO,+ 4 CO — CaS + 4 CO,
(1.16) CaSO, + 4 H,— Ca$ + 4 H,0
(1.17) CaO + SO, + 3 CO — CaS + 3 CO,
(1.18) CaO + SO, + 3 H,— Ca$ + 3 H,0
(1.19) CaS + 3CaSO, — 4CaO + 4SO,

" Hydrocarbons such as CH, could replace CO or
H, as the reducing agent in reactions
(1.12)—(1.19).

CaMn, ,Mg,,0;_s as oxygen carrier in continuous operation at 900°C in the presence of H,S, showed

a considerable decrease in reactivity.'*

Predicting the behaviour of CaMnO,_; during the chemical-looping combustion of sulphur-

containing fuels is not a trivial task. Earlier
studies on the use of limestone (CaCO,) in
fluidized-bed combustion (FBC) for capturing SO,
provide some information on the possible
reaction pathways in the system Ca—S—O under

126128 which are

oxidizing and reducing conditions,
summarized in Table 1.1. It is possible to
envisage the occurrence of similar reactions in
the fuel and the air reactor of a CLC or CLOU unit
for perovskite-type oxygen carriers, should
calcium in a perovskite-structured material form
CaSO0, or CaS. Of particular importance in Table
1.1, are the decomposition reactions of CaSO,
under reducing conditions, ie. Eq.
(1.12)—(1.14), which indicate that CaSO, is not
stable under reducing conditions. Figure 1.5

shows the stability regions of CaS, CaO and
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1. INTRODUCTION

CaSO, as a function of temperature and partial pressure of O, and SO, using FactSage® 6.3.1."% It
can be readily seen that CaO is thermodynamically more stable than CaSO, and CaS, at certain
partial pressures of O, and SO,. Worth noting is that the stable region for CaO increases with

temperature, thus favouring the decomposition of CaSO, or CaS.

Figure 1.5 would be slightly different if CaO was replaced with CaMnO,_;. While precise
thermodynamic data on CaMnO,_s; perovskite-structured materials is lacking, it is helpful to
consider CaMnO;_; as being composed of the two individual components CaO and MnO,_;. It is
known that that a mixture of calcium and manganese oxides of the correct stoichiometry
spontaneously forms perovskite-type materials during calcination, at least above 1000°C. This
indicates that CaMnO,_; is more strongly favoured thermodynamically at these temperatures than
calcium and manganese oxides. Considering that manganese oxides are inert towards sulphur
species at these temperatures, it is expected that the window of operation without the formation of

solid sulphur compounds should be larger for CaMnO,_; than for CaO.

Knowledge about the reduction and oxidation rates of oxygen carriers is also of great importance in
the design phase and for determining the solids inventory in CLC and CLOU. It is important for the
oxygen carrier to transport a sufficient amount of oxygen from the air reactor to the fuel reactor in
order to achieve complete conversion of the fuel. For the case of endothermic reactions in the fuel
reactor, it is also essential to transport adequate heat to avoid an excessive temperature drop. For
CLOU oxygen carriers however, heat transport is not limiting since the overall reaction with fuel is
exothermic. Reduction and oxidation kinetics of CuO oxygen carriers for CLC has been successfully
acquired using thermogravimetric analysis (TGA) and fluidized-bed reactors.*> ”>”° The rate of char
conversion in CLOU has been reported as a 45-fold increase for a 40 wt.% CuO/ZrO, oxygen carrier
compared to synthesized MgAl,O,-supported Fe,O, and ilmenite (an iron-titanium natural mineral)
oxygen carriers as determined using Mexican petroleum coke.** Chadda et al.’*® have obtained the
rate of pure CuO decomposition in N, in the temperature range of 760 to 910°C using TGA. The
conditions of CLOU in TGA were later simulated using pure CuO powder.”’ Several efforts have
been made to obtain the decomposition kinetics of CuO and/or oxidation rates of Cu,O for CLOU.*”
93,131,132 Recent studies have also investigated the reduction and/or oxidation kinetics of perovskite-

U 106, 107

type oxygen carriers for CLC and CLO

In general, manufactured oxygen carriers allow for better control over the physical and chemical
properties of the oxygen carrier during the preparation stage. However, the manufacturing cost for
such oxygen carriers may be of concern. Moreover, when utilizing solid fuels in CLC, the lifetime of
oxygen carrier particles is presumably affected by the deactivation caused by ash or the loss of
material with the ash during separation from the oxygen carrier. Thus for CLC with solid fuels, less
expensive natural minerals, industrial wastes and by-products with sufficient reactivity are favoured

compared to more costly manufactured oxygen carriers. For instance, char gasification rates have
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been found to be similar in a fluidized-bed of ilmenite as in a bed of a manufactured oxygen carrier

1.33

consisting of Fe,O; and MgAl,O, as support material.” Another cheap natural mineral that can be

used as an oxygen carrier is manganese ore. The use of manganese ores and manganese-based

d,’” ** using gaseous fuels.” '*° Studies of a

industrial by-products in CLC has also been investigate
Slovakian manganese ore with methane as the fuel in a 300 W CLC unit have also shown a small
CLOU effect." Operation in a 10 kW CLC unit for solid fuel using a Brazilian manganese ore has
showed a significant increase in the rate of steam gasification of char compared to using ilmenite as
oxygen carrier.””® In terms of raw material cost, manganese ore is more expensive than ilmenite.
The cost of ilmenite is around 100 $/ton whereas the price of manganese ore (metallurgical grade)
has varied between 100 and 800 $/ton in the past ten years,"*® with the most recent prices around
200—300 $/ton. Although more expensive, manganese ore is considerably cheaper than
manufactured oxygen carriers. It should be noted however, that the lifetime of particles plays an

important role in the final cost of an oxygen carrier in the CLC process.

1.5  Scope of Study

The main objective of this thesis is to provide a deeper understanding of the use of copper and
manganese-based oxygen carriers in CLC and CLOU, which is based on the studies presented in
Papers I-VIIL.

In Paper I, a reactivity and feasibility study of four copper-based oxygen carriers using two different
supports, i.e. MgAl,O, and Al,O,, is carried out. The implication of the interaction of CuO with AL,O,
in CLC and CLOU is also briefly addressed in that paper. Paper II provides a more detailed
investigation of the reaction pathways in the Cu—Al—O phase system for the CLC process using one
of the oxygen carriers (CuAl,0,) from Paper I. Due to a discrepancy between thermodynamic
databases, establishing the phase relationships in the Cu—Al-O system required the relevant
thermodynamic data to be reassessed, which is performed in the study presented in Paper III. Paper
IV investigates the influence of doping at the A- and B-sites of six different ABO, perovskite-type
materials on the reactivity towards methane, oxygen-carrying capacity, rate of oxygen release and
stability. Paper V examines the sulphur tolerance of different perovskite-structured oxygen carriers
for the CLOU process with respect to calcium content, temperature and dopants. In Paper VI, a
method for obtaining the rate of oxygen release for CLOU is developed using one of the oxygen
carriers (CuO/MgAl,0,) from Paper L. The rate of oxidation and the amount of solids needed for the
CLOU process are also determined in that paper. Paper VII introduces the effect of the Brazilian
manganese ore on the rate of steam gasification of char. The study presented in Paper VIII further
investigates the use of six different manganese ores for CLC with solid fuels. Possible explanations
for the high rate of char gasification when using manganese ores as oxygen carrier are also
addressed in Paper VIII. The thesis will also discuss the implications of the presented results on the

use of copper- and manganese-based oxygen carriers.
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2. EXPERIMENTAL DETAILS

2.1 Preparation and Manufacturing of Oxygen Carriers and Materials

The physical properties and characteristics of the copper-based oxygen carriers are summarized in
Table 2.1. The particles used in these studies were manufactured by freeze-granulation which
involves the preparation of a water-based slurry of active oxides, support powders, additives and
binders with intended ratios followed by pumping through a spray nozzle and into liquid nitrogen
to form spherical particles upon instantaneous freezing. The samples were calcined at 950 and
1050°C for 6 h. For reassessing the thermodynamic data pertaining to CuAl,0,, the C4A-1050
sample was re-calcined in air at 1050°C for an additional 6 h in order to complete the transition to
CuAl,0,.

The physical properties and characteristics of the extruded perovskite-type oxygen carriers are
shown in Table 2.2. These oxygen carriers were produced by mechanical homogenization of
primary solids, additives and binders in a rotary evaporator followed by extrusion, drying and
calcination at 1300°C for 6 h, details of which are provided in Paper IV. Table 2.3 summarizes the
physical properties and characteristics of the spray-dried perovskite-type oxygen carriers. The spray-
drying technique is similar to the freeze-granulation process. In this technique, the water-based
slurry with intended ratios of oxides, additives and binders is pumped through a spray-drying
nozzle to form spherical particles which are then injected into a hot spray-drying chamber. This was

followed by calcination of the materials at 1300°C for 4 h.

The physical properties and characteristics of the manganese ores are indicated in Table 2.4. Table

2.5 also shows the composition analysis of the investigated manganese ores as determined by

Table 2.1 Physical properties and characteristics of the copper-based oxygen carriers investigated.

Oxygen carrier C4A-950 C4A-1050 C4MA-950 C4MA-1050

Theoretical CuO
content [wt.%)]

40

Support phase Al O, MgAL,O,

Effective
density [g/cm]

BET specific
surface area [m%/g]

2.4 1.3 2.1 2.6

4.1 4.2 11.7 6.5

Crushing
strength [N]

Porosity [%] - - 47.6 -

<0.5

Crystalline phase CuO, 0-Al,O,, CuAl,O,, a-Al,0,,

identified by XRD CuAlL,0,” CuO’ CuO, MgAL,0,

" minor phase

11



2. EXPERIMENTAL DETAILS

inductively coupled plasma mass spectrometry (ICP-MS). The ores were not pre-treated in any way
except for being crushed and sieved. In Paper VII, ilmenite and in Paper VIII, ilmenite as well as a
manufactured Mn-oxide oxygen carrier consisting of Mn;O, and MgO-stabilized ZrO, as support

material (40/60 wt.%), were used for comparison. The ilmenite had been activated using

Table 2.2 Physical properties and characteristics of the extruded perovskite-type oxygen carriers.

o Nomimal composicion (ER TR density lgjem®) suface aren [/
CM CaMnO;_; 1.4 1.62 0.28
CLM Cayolay;MnO,_; 1.2 1.72 0.44
CLMM CayolayMn, Mg, ,05_s 1.3 2.27 0.48
CLMT CayoLlay;Mng,Tiy;05_5 1.5 1.68 0.40
CLMF Cay,Lay;Mn,Fe,,05_s 2.8 2.21 0.23
CLMC CagyolayMn, ,Cuy ;05 s 1.7 3.08 0.08

Table 2.3 Physical properties and characteristics of the spray-dried perovskite-type oxygen carriers.

Sa)?rligeern Nominal composition strcerr?;l}in[i] Dilrlllslit;te[qg)}) 51(111)3] surf]:fezr asriza[ﬁnfz/ gl
C49M CaMnO,_; 0.47 1.4 0.28
C45M Ca, 53MnO;_; 0.42 1.3 0.27
C50MMg  CaMny,eMgo100s5_s 1.40 1.5 0.37
C46MMg Cay gsMng ooMg( 1005_s 0.30 1.4 0.25
C43MMg Cay 75Mng ooMg( 1005_s 0.50 1.1 0.40
C40MMg Cay sMng ooMg( 15055 0.23 0.9 0.47
C50MTMg  CaMnyg ;7sMgg 10Tl 12505_s 1.40 1.6 0.33
C46MTMg  CaygsMng 775Mg0 10Tl 125056 1.01 1.4 0.29
C43MTMg  Ca,;sMng 775Mg410Tig12505-5 1.37 1.3 0.29
C40MTMg  CayesMng 775Mg0 10Tl 125056 0.73 1.2 0.27

Table 2.4 Physical properties and characteristics of the manganese ores investigated.

Oxygen carrier S. AfricaB  S. Africa A Norway Brazil Slovakia Egypt
Origin Nchwaning Wessels - Buritirama - Sinai
Bulk (t d

ulk (tapped) 2.09 2.43 1.63 1.72 1.67 1.45
density [g/cm’]
BET ifi f

Spectic SHFHACe .63 0.65 6.73 3.13 5.07 7.09

area [m“/g]
Crushing 1.5 2.3 1.2 1.1 1.4 1.7

strength [N]

12



3. EXPERIMENTAL DETAILS

Table 2.5 Composition analysis of the manganese ores investigated.

Content [wt.%]

Oxide S. Africa B S. Africa A Norway Brazil Slovakia Egypt
Sio, 4.13 1.32 10.5 9.17 11.1 3.35
Al O, 0.317 0.372 4.49 7.65 0.454 1.1
CaO 7.58 5.76 2.33 0.291 9.46 14.2
Fe,O, 18.7 26.6 8.48 8.02 8.23 22.8
K,O <0.1 0.176 0.467 1.25 0.835 0.252
MgO 1.08 0.776 0.465 0.661 2.83 1.55
MnO 63.3 57.2 63.3 68.8 62.3 48.8
Na,O <0.05 0.085 <0.05 <0.05 0.432 0.559
P,0O, 0.0773 0.0974 0.114 0.129 0.0609 0.145
TiO, 0.017 0.0256 0.0987 0.661 0.0553 0.0423

Table 2.6 Composition analysis of the solid fuels used.

Fuel H,[MJ/kg] Proximate [wt.%] (as received) Ultimate [wt.% d.a.f.]
ue .
(as received) Moisture Ash  Volatile matter C H N S (0]

Petroleum 31.7 1.1 3.9 11.6 877 32 19 69 0.2
coke
Wood char 32.1 4.3 3.2 22.9 81.5 3.3 0.6 0.02 11.2
Devolatilized

28.7 1.4 3.4 1.7 93.4 <0.2 1.11 0.03 1.9
wood char

syngas for 30 cycles at 900°C, and in this way, a stable reactivity was achieved."” For physical
properties and characteristics of the ilmenite particles, see Leion et al.'*® The Mn-oxide particles
were manufactured by freeze-granulation and were sintered at 1150°C for 6 h. For properties of the

Mn-oxide oxygen carrier, see Zafar et al."*’ or Johansson et al.'*

All oxygen carrier particles were sieved through stainless steel screens to obtain particles in the size
range of 125—180 and 180—250 um. Different solid fuels, namely petroleum coke (Cadereyta
refinery, Mexico) and (devolatilized) wood char (Skogens Kol AB, Sweden) were occasionally used.
The proximate and ultimate analysis of these fuels using thermogravimetric and calorimetric
analysis are shown in Table 2.6. The fuel particles were sieved to a size range of 180—250 um.
However, for surface analysis of fuel particles during steam gasification experiments, petcoke

particles with a size range of 500—750 um were used.

2.2  Characterization of Oxygen Carriers and Materials

Several analysis and characterization techniques were used in the course of the studies presented
here. Crystalline phase determination of the oxygen carriers was carried out using powder X-ray
diffraction (Bruker AXS, D8 Advanced) with CuK,, radiation. The bulk (tapped) density was

measured for particles in the size range of 125—180 um using a graduated cylinder. Occasionally,
13
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for obtaining the effective density of the particles, a theoretical void fraction of 0.37 of a packed-bed
with uniform spherical particles was assumed. The Brunauer-Emmett-Teller (BET) specific surface
area was measured by N,-adsorption (Micromeritics, TriStar 3000). The particle size distribution
(PSD) was determined using a light microscope (Nikon, SMZ800) and ImageJ software'*' which
measured the area of an ellipse fitted to a large number of particles. The crushing strength (force
needed to fracture a single particle) was measured using a digital force gauge (Shimpo, FGN-5) for
particles in the size range of 180—250 um. 30 measurements were made for each sample and the
average value was chosen as the representative crushing strength. The morphology of the particles
was examined with an environmental scanning electron microscope (ESEM) fitted with a field

emission gun (FEI, Quanta 200) and energy-dispersive X-ray (EDX).

In order to assess the oxygen-carrying capacity (R,) of the investigated materials for CLOU, a
thermogravimetric analyser (Netzsch, STA 409 PC Luxx) was used. For this purpose, approximately
20 mg of a used sample was exposed to high purity N, with an inlet flow rate of 20—50 mLy/min at
a given temperature. The heating rate was a linear ramp of 40°C/min and after reaching the set
temperature, isothermal condition was maintained for 30 min. Prior to this, the thermobalance was

calibrated with an empty Al,O, crucible under identical experimental conditions.

The attrition rate of the particles sized 125—180 um was measured using a customized jet-cup
attrition rig,"* which simulates the effects of grid jet attrition and cyclone attrition in a circulating
fluidized-bed combustor. The jet-cup attrition rig consisted of a conical cup located at the bottom of
the apparatus with a nozzle that was tangentially introduced in relation to the cup wall. The cup
was placed at the bottom of a gravitational particle-gas separator, which was an additional cone.
Due to the increasing cross-section area in the upper cone, the gas velocity in the settling chamber
was much lower than at the inlet. Therefore, the low gas velocity in this upper region allowed the
elutriated particles to fall back into the cup, while the produced fines were allowed to exit. At the
top of the apparatus, a particle filter (Parker) with a nominal mesh size of 0.01 um was mounted to
collect the fines. Approximately 5 g of a fresh sample was placed inside the cup and the apparatus
was assembled. Air at 10 Ly/min was introduced at the nozzle, which corresponds to an air jet
velocity of approximately 94 m/s. In order to avoid static electricity, which otherwise would cause
particles to adhere to the inner walls of the apparatus, the air was humidified by bubbling it
through a column of water. Six measurements at 10 min intervals were made for every sample.

These experiments were carried out at room temperature and at near atmospheric pressure.

2.3  Experimental Setup and Procedure

The schematic of the general experimental setup is shown in Figure 2.1. The experiments were
carried out in a quartz fluidized-bed reactor, 870 mm long and 22 mm in inner diameter. A porous
quartz plate was placed at a height of 370 mm from the bottom and the reactor temperature was

measured with chromel-alumel (type K) thermocouples sheathed in inconel-600 located about 5
14
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mm below and 25 mm above the plate. Pressure Solid Fuel
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during the oxidation of the fuel and from the
introduced steam in case of gasification
experiments. Where applicable, the steam flow rate in the reactor was calibrated by measuring the
mass of the water condensed at the outlet of the reactor. In order to obtain an understanding of the
degree of deactivation of perovskite-structured oxygen carriers, a mass balance for sulphur had to
be made over the reactor system. However, a major difficulty is the high solubility of SO, in water'*
which leads to a partial loss of SO, in the condensed water produced from the conversion of
methane during reduction. Therefore, in experiments involving the measurement of SO,, the
condenser was replaced with a filter pipe directly after the sampling probe followed by a short
heated line. The filter was filled with granulated magnesium perchlorate anhydrous (Mg(ClO,),) as
the drying agent in order to dry the effluent stream. In this manner, SO, was prevented from

dissolving in the water produced during the conversion of methane.

The composition of the dry gas was measured using a gas analyser (Emerson, Rosemount NGA-
2000), which measured the concentrations of O, through a paramagnetic channel, measured CO,,
CO, CH, and SO, through infrared channels and measured H, through the difference in thermal
conductivity of H, and N,, with a correction for other measured gases. For experiments using
methane or synthesis gas (50% CO in H,) as the fuel, the solid fuel injection and the sweeping gas

parts were removed from the reactor system.

The reactivity and feasibility studies of the different oxygen carriers for CLC and/or CLOU processes
were investigated at temperatures ranging from 850 to 1050°C under alternating reducing (CH,
and/or 50% CO in H,) and oxidizing conditions (often 5% O,, but also 10% O, in order to
accelerate the oxidation process). Approximately 15 g of the oxygen carrier particles were placed
inside the reactor and the reactor was heated to the set temperature to ensure full oxidation of the
carrier prior to the experiments. Hereinafter, the term “cycle” will be used to describe a sequence of
reduction-oxidation periods. The reducing periods often consist of exposures to either an inert gas
(N,), a fuel gas (CH, or 50% CO in H,) or a solid fuel (petcoke or wood char), and were followed by

oxidation with the aforementioned 5 or 10% O, mixture. A set of three inert gas cycles were carried
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out in an N, environment to investigate the release of oxygen during a span of 360 s at different
temperatures. The reduction period for CH, was 20 s and for 50% CO in H, it was 80 s. In these
experiments, tendencies towards agglomeration, defluidization and loss of active phase were
analysed by changing the experimental process variables, such as reaction time, temperature and
reducing and inert environments. The redox cycles were altered particularly for additional
characterization of the oxygen carriers, for instance by carrying out step-wise sequential reduction
with methane and/or re-oxidation at different oxygen concentrations or partial/complete reduction
of the oxygen carriers. The phase relationship analysis in the Cu—Al—O system or perovskite-based

oxygen carriers are examples of this.

The tolerance of the spray-dried perovskite-structured oxygen carriers towards sulphur was
investigated in a stream of 50% CH,-0.5% SO,-balance N, in the temperature range of
900—-1050°C. Consequently, the concentration of SO, in this stream corresponds to 5000 vppm
which is representative of a low-sulphur coal. Inert cycles were also carried out following the fuel

cycles to evaluate the effect of sulphur on the oxygen release ability of the materials.

The rate of oxygen release and oxidation rates of a copper-based oxygen carrier were investigated
for the CLOU process in the temperature range of 850—900°C. In order to obtain the rate of release
of oxygen from CuO for CLOU, the oxygen carrier must be exposed to an oxygen-deficient
environment at a suitable temperature to allow for the decomposition of CuO; reaction (1.7).
However, when nitrogen is used to simulate such a condition, reaction (1.7) may approach the
equilibrium oxygen concentration thus releasing oxygen at a limited rate. This rate may be slower
than the actual rate in a real process, where the oxygen released will be consumed by a fuel.
Therefore, such experimental approach would not readily yield the true rate of oxygen release since
CuO decomposition is hindered by the equilibrium concentration of oxygen surrounding the
particles. Instead, the rate of oxygen release was obtained using a devolatilized wood char as the
fuel, which was introduced at the top of the reactor from which it fell down into the bed. The
reactor was fluidized with inert N,, thus eliminating possible side reactions through gasification.
The oxygen released reacts directly with the char and thus the char keeps the ambient O,
concentration low. A nitrogen sweeping gas accompanied the introduction of the solid fuel at the
top of the reactor to ensure that the fuel particles reach the reaction zone of the reactor. The
reduction time was continued until the CO, concentration at the outlet diminished, after which a
new cycle was initiated. This method was also used to estimate the rate of oxygen release from the
extruded perovskite-based oxygen carriers at 950°C. The rate of oxidation for a copper-based
oxygen carrier was studied by first reducing the oxygen carrier in inert nitrogen until the oxygen

concentration at the outlet diminished. Subsequently, oxidation was carried out in a flow of 5% O,.

The experiments with solid fuels using the manganese ores were carried out in a manner similar to

the reactivity test described above. In these experiments, the reactor was heated to the set
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temperature of 970°C in 5% O, in N,. During reduction, a mixture of 50% steam in nitrogen was
used as the fluidizing agent and petcoke and wood char were used as the fuel. In order to examine
the surface of the fuel particles during steam gasification, additional experiments were carried out
during which the gasification reaction was stopped by turning off the oven and quenching the
reactor in N,, prior to complete conversion of the fuel particles. The bed material was separated
from the partially gasified fuel particles using a magnet. The partially gasified fuel particles were
then examined with ESEM and EDX.

Simultaneous thermogravimetric analysis and differential scanning calorimetry (TGA/DSC; STA 409
PC Luxx) was performed to reassess the standard enthalpy of formation, AH]?, of CuAlL,0,. To
achieve complete reduction of CuAl,0,, the sample was exposed to a stream of 20% CO in Ar at
900°C. The reaction enthalpy, AH?, of the CuAl,0, sample with CO at 900°C is obtained by
integrating the area under the DSC curve during the reduction period, from which the standard

enthalpy of formation, AH)Q, of CuAl,O, is determined.

For further details of the experimental procedures that pertain to the different investigations, see
Papers I-VIIL.

2.4  Data Analysis and Evaluation

The oxygen-carrying capacity, Ry, of the carriers investigated for CLOU is defined as the mass

change of oxygen in the samples as follows:

Ro — Mox~"Mred 2.1)

Mox

where m,,, and m,..; are the mass of the oxygen carrier in oxidized and reduced states, respectively.

Using methane as the fuel, the reactivity of the given oxygen carrier is quantified in terms of gas
yield or conversion efficiency, ycy,. This is defined as the fraction of fully oxidized carbon fuel

divided by the carbon containing gases in the outlet stream, i.e. CO,, CO and CH,.

Yco,

YcH, = (2.2)

Yco,YcH, Y0

Here y; denotes the concentration (vol.%) of each respective gas obtained from the gas analyser. In
some cases, in order to facilitate the comparison of reactivity of different oxygen carriers at varying
temperatures, Ycy, ot OF YcH, ave i Used. These are defined as the average of gas yield in Eq. (2.2)
for the entire reduction period (ycp, o) O for the period of w from 1 to 0.99 (ycy, ave). For 50%

CO in H, as the fuel, the gas yield, y¢, is similarly defined as in Eq. (2.2) but with y¢y, = 0.

The mass-based conversion of the oxygen carrier, w, is defined as:

m

w= (2.3)

Mox

where m is the actual mass of the oxygen carrier during the experiments.

17



2. EXPERIMENTAL DETAILS

Since it is not possible to measure the mass of the oxygen carrier in the reactor while cycling
between different phases, a mass balance for oxygen has been made over the reactor system. Thus,
using methane as the fuel, Eq. (2.4) is employed for calculating w as a function of time during the

reduction period from the measured concentrations of various gaseous species in the gas analyser:

t1 NoutMo

w; = 1- ft() _(4yC02 + 3yco + 2y02 - yHZ) dt (2.4)

Mox

where w; is the instantaneous mass-based conversion at time i, t, and t; are the initial and final
time of measurement, M, is the molar mass of oxygen, and n,,; is the molar flow rate of dry gas at
the reactor outlet as measured by the analyser. In case of the fuel being 50% CO in H,, Eq. (2.5) is

used to calculate w,

J‘tl ﬂoutMo

to mo. (2yco, + Yco + 2Y0, — yu,) dt (2.5)

w; = 1-—
Mox

The SO, yield, ns¢,, due to absorption of sulphur and/or reaction with the oxygen carrier particles is

determined using a mass balance for SO, over the reactor system via,

Nso, = D0zt (2.6)

Ns0,,in
where ngg, i, is the moles of SO, introduced to the reactor and ngg, oy is the moles of SO, in the
effluent during the reduction period. Thus, ng, = 1 indicates that all SO, has passed through the
reactor and has been detected by the gas analyser, while ng,, = 0 implies that all SO, has been

absorbed by and/or reacted with the oxygen carrier particles.

In order to account for the effect of back-mixing of gases in experiments where the rate of oxygen
release from a copper-based oxygen carrier was obtained, the reactor’s effluent concentrations were
deconvoluted assuming a first-order response of the analyser. For this purpose, the actual

concentration of CO, and O, were approximated as follows
dyi
Yiact = Yi + T 2.7)

Here, y; 4. is the deconvoluted concentration of the respective gas and t is a time constant obtained
as 1.2 s. The value of T was determined by fitting the deconvolution equation to the change in O,
concentration with time when the fluidizing gas was changed from oxidizing condition to inert N,
during reduction. In these experiments, it was possible to measure the flow rate at the outlet of the
reactor from the analyser. However, the increase in flow rate due to a large and instantaneous
expansion of the gas during the conversion of the solid fuel in the reduction phase does not coincide
with the peak concentration of CO,. This is because flow variations caused by reactions are
measured instantly, while gas concentrations are measured with some time delay. Therefore, for
these experiments, the corrected flow rate at the outlet of the reactor, n,,;, was calculated using
mass balance over the reactor system by the inlet flow rate, n;,,, and the deconvoluted

concentration of each respective outgoing gas, ¥; gc¢:
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3. EXPERIMENTAL DETAILS

R Nin
; _ (2.8)
out,corr 1-Yco,,act=Y04,act

Here, n;, is the sum of the flow rates from the bottom and the sweeping gas from the top of the
reactor. For measurement of the rate of oxidation however, the flow rate used was the same as
measured by the analyser, n,,;, and no deconvolution was made. For obtaining the rate of oxygen
release from the extruded perovskite-type oxygen carriers, deconvolution and correction for flow
rate were not performed due to the slow rate of oxygen release from these particles, as discussed in

Section 3.6.

In order to calculate the conversion of a copper-based oxygen carrier in CLOU experiments, X,..q

and X,, were defined, respectively, during reduction, Eq. (2.9), and oxidation, Eq. (2.10).

t 7:"D'u. ,COT'T
KXrea = ftol ;—o (}’COZ,act + YOz,act) dt (2.9)
t1 1 . .
Xox = ftol e (ninyozlin - noutyoz,out) dt (2.10)

n, is the number of moles of molecular oxygen in the oxygen carrier that can be released. However,
for the extruded perovskite-structured oxygen carriers, the mass-based conversion of the oxygen

carrier during reduction with the devolatilized wood char was defined as in Eq. (2.11).

Wi = Wi—1 — ftlnou—tMO(ZYCoZ +2Y,,) dt (2.11)

to Moy

The fraction of char conversion, X, during solid fuel experiments is defined as
t
X, = 2e® (2.12)
Mtot
where m(t) is the mass of carbon converted at time t and m,, is the cumulative amount of carbon
converted during one cycle. Both m(t) and m;,; are determined by integrating the concentration

of carbon containing gases using Eq. (2.13).

tr .
me(t) = ftol foueMc(Veo, + Yo + Yen,) dt (2.13)

where M is the molar mass of carbon. To determine m;,;, Eq. (2.13) is integrated to the end of the
reduction period. Some small amounts of carbon (less than 5%) stuck to the walls or in the filter
during fuel introduction, upstream of the fluidized-bed reactor. This carbon was oxidized during the
subsequent oxidizing period; however, it was not included in the calculations as it did not have
contact with the oxygen carrier particles. The instantaneous rate of char conversion based on the

remaining non-reacted carbon in the bed, r;,4, is calculated as

dXc/dt
Tinst = 1_C;C (2.19)

The rate of char conversion is also demonstrated by the arithmetic average of the instantaneous

rate, 7ist , Which is calculated for X, between 0.3 and 0.7, in intervals of AX. of 0.02. The lower
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2. EXPERIMENTAL DETAILS

limit has been chosen since the gasification rate is mainly influenced by the release of volatiles
during the early stages of the reduction phase. The higher limit has been chosen to avoid effects
such as fuel particles stuck on the walls of the reactor influencing the gasification rate close to the

end of the reduction period.

The gas conversion during experiments with steam gasification of petcoke, 7445, is defined as

ngaszl_w (2.15)

Yco,1Yco
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3. RESULTS AND DISCUSSION

3.1 Oxygen Release from the Oxygen Carriers for CLOU (Papers I, IV, V and VIII)

Figure 3.1 shows the oxygen concentration during an 5 &

. . H.Y —¢ C4A-950
inert gas (N,) period for the copper-based oxygen 1% —A— C4A-1050
. . . . -5- CAMA-950
carriers and a sand reference. During this period, CuO 4 -5~ C4MA-1050
. X . — - Sand Particles
decomposed spontaneously into Cu,0O via reaction ¥ A
. . . . c
(1.7) in the environment of inert nitrogen, thus the g 3
©
particles released gaseous oxygen. The oxygen £ -
. . . . 3 N RO XX 9250C
concentration was relatively consistent with the § 2
o
theoretical ~ equilibrium  partial — pressure, Py,, © 9000C
corresponding to the decomposition of CuO into Cu,0, 1
i.e. 1.5% at 900 and 2.7% at 925°C, see Figure 1.4. 7 ggggg
This is valid for all the carriers tested except C4A- 0 T T T T T
0 100 200 300 400

1050. In contrast to the C4A-950 particles, the C4A- Time [s]

Figure 3.1 Oxygen concentrations of
CuO/Al,0; (C4A) and CuO/MgAl,0, (C4MA)
oxygen carriers during inert cycles at 900 and
difference between the C4A-950 and C4A-1050 925°C.

samples was the temperature at which they were calcined. Yet, while C4A-950 maintained the

1050 sample had much less ability to release gaseous

oxygen, i.e. it had a lower CLOU ability. The only

anticipated equilibrium oxygen concentration at both operating temperatures, C4A-1050 only

released oxygen to a minor extent.

From Table 2.1, it can be seen that in the C4A-1050 sample, CuAl,O, was the predominant phase,
while this was only a minor phase in the sample calcined at the lower temperature (950°C). In the
fresh C4A-1050 sample, CuO which is capable of releasing oxygen at above 850°C appears as a
minor phase together with excess and unreacted alumina. Consequently in this case, very little
oxygen was released via the CLOU mechanism since CuAl,0, was quite incapable of releasing
oxygen. The insignificant release of oxygen from the C4A-1050 sample is investigated in more detail
in Section 3.4. For C4MA-950 and C4MA-1050 samples however, an identical equilibrium
concentration of oxygen release was obtained irrespective of the calcination temperature, which is

also in line with Figure 1.4.

Figure 3.2 shows the oxygen release profiles during the inert gas purge at 900°C for the extruded
perovskite-type oxygen carriers as well as sand reference. Evidently each of the formulations
exhibited oxygen uncoupling behaviour. The oxygen release trend in each of the six carriers was
quite similar, indicated by a steady decline in the amount of released oxygen as a function of time.
This is typical for perovskite-structured oxygen carriers, where two mechanisms are believed to be

dominant: (a) the oxygen non-stoichiometry is an artefact of defect chemistry, and (b) the release
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3. RESULTS AND DISCUSSION

or uptake of oxygen is a function of oxygen partial 5 ek

—— CM
pressure in the ambient, according to reaction (1.8). ] : gt:M
Since the parent compound (CaMnO,_;, CM) has the 4 : zt:;
highest oxygen content (smallest 6), the amount of & ] —5- CLMC
oxygen release via uncoupling in the inert environment g 37 T
is the highest. Doping at the A-site alone (CLM) affects § i
the magnitude of oxygen non-stoichiometry, which is §Nz_
reflected in the oxygen profile being lower than that of ° ]

CM. "
In light of the above rationale, the amount of oxygen 0 R R

released is even lower for doubly-doped formulations 0 100 Tirﬁ?[s] 300 400
with CLMT showing the smallest release. Interestingly, Figure 3.2 Oxygen concentrations of extruded
the behaviour of Cu-doped material (CLMC) was Perovskite-type oxygen carriers during inert
different from the others in the same series. For cycles at 900°C.
instance, while it followed a similar trend up to ~120 s, the amount of released oxygen became
almost non-variant at about 1% for the remainder of the inert period. In fact, during the latter part
of the inert period, CLMC released the highest amount of oxygen of all the doped perovskite-type

materials investigated here.

To facilitate the comparison of the oxygen uncoupling property of the different spray-dried
perovskite-type materials, an average oxygen concentration during the inert phase has been used in
Figure 3.3. In order to prevent the remaining oxygen in the reactor from the oxidation phase from
influencing the results, the average oxygen concentration was calculated for the inert phase starting
from 100 s into the inert period and until the end of the period. These ten perovskite-type oxygen
carriers were categorized into three different groups, namely undoped, doped with Mg and doped
with Mg and Ti, all with different calcium content. It can be observed that all of the investigated

perovskite-structured materials were able to release oxygen and therefore have CLOU ability.

1 1 1
—&- C45M -5~ C40MMg -l C46MMg —5- C4A0MTMg - C46MTMg

1 —+— c4om 1 = casmmg —e— c50MMg

71— C43MTMg —e— C50MTMg

0.2

Average O concentration [%]
Average O3 concentration [%]

Average O concentration [%)]
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>
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\
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Temperature [°C] Temperature [°C] Temperature [°C]

Figure 3.3 Average oxygen concentration as a function of temperature during inert cycles for various spray-
dried perovskite-type oxygen carriers following fuel cycles using 50% CH,-rest N, at 900, 950 and 1000°C.
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3. RESULTS AND DISCUSSION

During inert periods following fuel cycles, the undoped
and the Mg-doped materials showed the same trend of
an increase in the average oxygen concentration with
an increase in the temperature from 900 to 950°C.
However, for both of these materials, the average
oxygen concentration decreased at 1000°C to an even
lower concentration than that at 900°C. The materials
doped with both Mg and Ti showed an increase in the
average oxygen concentration with the temperature
rise from 900 to 1000°C. Lowering the calcium content
in the perovskite-type materials decreased the average
oxygen concentration during the inert periods, likely
due to less formation of the active perovskite-based

phase, e.g. CaMnO,_.
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Figure 3.4 Oxygen concentrations for the
manganese ores during inert cycles at 950°C.

300

02 Conc. =0.5%

5% —~— S. AfricaB —— Brazil
i —6— 8. Africa A —¢ Slovakia
—— Norway —=— Egypt
4 —
O\:. —
c
9 3
-
g ]
c
@
2
S 2
(]
S .

400

Figure 3.4 shows the oxygen concentration during the inert gas cycles for the investigated

manganese ores at 950°C after nine cycles. It should be mentioned that all of the manganese ores

presented higher oxygen concentrations during the initial cycles, however during subsequent cycles,

they released much less oxygen. It can be observed that the South African A and B, and the

Slovakian manganese ores released little oxygen during the inert period, while the manganese ores

from Norway, Brazil and Egypt released no oxygen after nine cycles.

3.2  Reactivity of the Oxygen Carriers for CLC and CLOU (Papers I, II, IV, V and VIII)

Figure 3.5 shows the concentration profiles for the C4A-950 sample for the 20 s reduction cycle at

900°C using methane. The decomposition of CuO during the short interval in inert gas prior to fuel

100

injection was due to the spontaneous release of ~ . 1
. . . . o IX X E 920_.
oxygen via the CLOU mechanism, similar to _ < XL
£ 80l ) oo -8 .
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oxygen concentration, although this is not

observed in Figure 3.5, likely due to the fast
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Figure 3.5 Gas concentration and temperature
profiles for CuO/AL,O; (C4A-950) during reduction
cycle at 900°C.

23



3. RESULTS AND DISCUSSION

before the gas measurement, the oxygen concentration in the reactor was considerably lower than

the measured concentration.

Table 3.1 summarizes the results from the reactivity test of the copper-based oxygen carriers
investigated. The materials lost approximately 3% of their mass as they were converted during 20 s
of reduction with methane (w going from 1 to 0.97). During the oxidation cycle that followed, the
carrier was expected to restore this amount of oxygen, meaning that w must revert from 0.97 to 1.
Only then could a truly reversible redox behaviour of the oxygen carrier be anticipated. The
incomplete recovery of Aw in the case of C4A-950 and C4A-1050 indicates that part of the active
phase (CuO and CuAl,0,, respectively; Table 2.1) was not restored. However, for the C4MA, the
oxygen carriers recovered nearly all the expected mass-based conversion, irrespective of the
calcination temperature. This shows that the active CuO phase had remained intact when MgAl,O,

was used as support material.

Under the experimental conditions employed, the theoretical change in the mass-based conversion,
Aw, of CuO to Cu at the end of reduction with methane for 70 s should be 8%. As shown in Table
3.1, this was essentially obtained in the case with C4MA particles with full conversion of methane.
Reduction times longer than 70 s did not increase the conversion any further for either of the two
carriers, thus confirming that the limit of CuO reduction had been reached. On the contrary, in the
cases of C4A-950 and C4A-1050 the change in w was less. This was associated with the incomplete

methane conversion during the latter part of the reduction period.

It has been reported that the diffusion of O, in the depleted oxygen carrier during the oxidation
cycle can be hindered by the CuO layer partially surrounding the reduced Cu,O and Cu grains.”* "

1% Therefore the incomplete oxidation of C4A-950 could initially be connected with this resistance.

Table 3.1 Summary of reactivity testing for the copper-based oxygen carriers.

C4A-950 C4A-1050 C4MA-950 C4MA-1050

CH, for 20 s at 900°C

Gas conversion [-] Complete, ycy, = 1

Oxygen carrier conversion

during reduction [%] 4w =3

Oxygen carrier conversion

during oxidation [%] do =1 Aw =3 Aw = 2.5

CH, for 70 s at 925°C
Gas conversion [-] Incomplete, ycy, <1 Complete, ycy, = 1

Oxygen carrier conversion

during reduction [%] do =4 Aw =8

Oxygen carrier
reversibility

State of CuO
active phase

Partially reversible Reversible

Not intact N/A Intact
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3. RESULTS AND DISCUSSION

However, the XRD patterns extracted at the end of experiment for C4A-950 only indicated the
oxidized state of the oxygen carrier (i.e. only CuO) together with an increase in the content of
CuAl,0O, and CuAlO,, see Paper I. Similarly, the C4A-1050 sample could not be completely oxidized,
although it did not contain a significant amount of CuO in the fresh state. Moreover, the complete
regain of w in oxidation for the C4MA samples indicates that the oxidation of Cu,0 to CuO in
previous cycles was not subject to any resistance towards O, diffusion in the depleted CuO layer as
suggested previously.”* > '*° Thus, as will be shown in the phase analysis in Section 3.4, the
remaining deficiency in Aw in the case of C4A samples can be attributed to the fact that a part of
the active phase (CuO or CuAl,0,) was bound in the form of a ternary compound (CuAlO,), that is

not readily converted back to the initial composition of the oxygen carrier upon oxidation.

Figure 3.6 shows the concentration profile during three typical reduction, inert and oxidation cycles
for the CuAl,O, (C4A-1050) sample at 925°C. The concentrations have been corrected for the time-
lag for gases reaching the analyser; however, the data have not been deconvoluted. Similar trends
in concentration profiles were observed at 900 and 950°C, except for slight variations in peak
concentrations. It is shown in Paper I that C4A-1050 is incapable of releasing oxygen when
subjected to long inert-N, at 900°C. Thus it is likely that the low concentration of oxygen during the
first 60 s prior to fuel injection, as shown in Figure 3.6, is due to the presence of the small amount
of CuO in the oxygen carrier which decomposes into Cu,O above 850°C (Figure 1.4).** The decrease
in oxygen concentration to zero in the early phase of reduction is also likely connected with the free
CuO in the oxygen carrier being exhausted. It was seen that the overall reduction of CuAl,0, with
methane is exothermic as indicated by the rise in temperature during the initial stage of the
reduction phase (t = 1—2 min). Complete conversion of methane was obtained during the initial

period of the reduction phase (t = 1—2 min). Beyond this, unconverted CH,, CO and H, were

L N2 Reduction | N2 Oxidation |
I I 1 ] 1
10().T _—==10 960 —
—_— !
- S ' 7 1
S £ = 9250
~ 80 - ”/ Set Temp. = 925°C (] g 940 —
A A I e N -
g g w0 iy l { = 1
;E; iﬂ(%’ﬁﬂ }";\‘ 4 .&\r“ ‘T g %;
g 60 [ . | 6 g 920
o ! * {1 = 12
A | g s
5wl | 1, 8 g
> 404 \ g 900 £
I l| o [ =t
g T ! 1 & 7
3 il | coz o
3] 20 ) - = -0z -2 880 —
— ---CH
© Lo e co A .
N { I - — H2
0 1 T | T 0 860 -
0 20 25

Time [min]

Figure 3.6 Gas concentrations and temperature profiles for CuAl,O, (C4A-1050) during three typical redox
cycles at 925°C.
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3. RESULTS AND DISCUSSION

observed in the exit stream as the carrier was being depleted of oxygen. In other words, the
temperature decreased to below 920°C (t = 2—3.5 min) due to the endothermic nature of the
carbon formation on oxygen carrier particles.'** The deposition of carbon may also be inferred from
the increase in H, concentration to approximately 50% due to the decomposition of methane during
reduction and carbon burn-off during the following oxidation phase. Also worth noting in Figure
3.6, is that the oxygen concentration was zero for most of the oxidation period, i.e. more than 10
min, indicating that the oxidation reaction was limited by the flow of the oxygen-containing gas.
Thus, the zero O, concentration indicates that the oxidation occurred very fast. Furthermore, the
low O, concentration also reveals that there cannot be much CLOU effect for this material.
Moreover, it appears here that the carbon burn-off was faster than the oxidation reaction, since the

10% oxygen consumed resulted in approximately 10% CO, in the early part of the oxidation period.

A typical concentration profile during the reduction period for CLMF is shown in Figure 3.7. To
begin with, the carrier was oxidized in 5% O, but when the oxidizing stream was replaced with pure
nitrogen (inert), the oxygen concentration decreased steadily in the same way as seen in Figure 3.2
for the oxygen uncoupling tests. Upon the addition of fuel, CO, was evolved as a result of methane
conversion; no CO or CH, was detected. At the same time, the oxygen concentration decreased to
zero. After the complete conversion of fuel in the early part of reduction, some methane could be
detected in the reactor outlet. Also shown in Figure 3.7 is the oxygen concentration profile during
oxidation in 5% O, at 950°C, following the reduction period. Initially, the depleted oxygen carrier
consumed all oxygen in the inlet stream. After about 1 min, oxygen broke through and increased
steadily, finally approaching and levelling off at the inlet concentration (5%). The fact that no
oxygen was seen during the initial stages of oxidation suggests that the oxygen carrier had

experienced a high degree of reduction.
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Figure 3.7 Gas concentration and temperature profiles for Ca,zLa,,Mn,Fe, ;05 ; (CLMF) during a typical
redox cycle at 950°C.
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Figure 3.8 shows the gas yield, ycy,, as a function of
the mass-based conversion degree, w, for the third
methane period for the extruded perovskite-based
oxygen carriers (except CLMC, which defluidized

during reduction). Clearly, all materials showed a high

YCH4 [']

gas yield which was more than 88% during the entire

reducing period. The reactivity of the carriers was also was] ="

. - —— CLM
investigated with synthesis gas (50% CO in H,) and ¢ CLMM

4 —=— CLMT
the corresponding gas yield, y.o, with respect to CO = CLMF
. 08 T T T

was calculated. There was complete gas yield (100%) 1 0_9'95 0.199 u.s:ss
at 950°C for all of the formulations, with the solid ol]

Figure 3.8 Gas yield, ycy,, as a function of w

for the different extruded perovskite-type
The results of methane and syngas conversion, as well oxygen carriers at 950°C using methane as the

conversion reaching 0.98, i.e. a change in w of 2%.

as the solid conversion compare rather well with those fuel.

reported for freeze-granulated CaMn,g,:Ti, 1,505_5'"" and spray-dried CaMn, Mg, ,0;_s."** 1%

The reactivity of the spray-dried perovskite-type oxygen carriers were similar to those produced by
extrusion. To facilitate the comparison between the reactivity of the various spray-dried perovskite-
based materials at different temperatures, the average gas yield, ycy, ave, iS shown in Figure 3.9.
Here, the presented y¢y, qve in Figure 3.9 is representative of the average gas yield of all cycles at a
given temperature. Three different effects are noticeable, i.e. the effect of calcium content, the
effect of temperature and the effect of dopant. It can be seen that decreasing the calcium content in
the materials generally results in a lower gas conversion. This would be expected since less active
perovskite-type material is expected to be formed during synthesis in those materials. The reactivity
increased with temperature for all of the investigated formulations and nearly complete gas yield
was obtained at 1000°C. In this particular case, doping with Mg or Ti did not appear to significantly
influence the reactivity.
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Figure 3.9 Average gas yield for CH,, ¥¢p, ave, @s a function of temperature during fuel cycles for various
spray-dried perovskite-type oxygen carriers using 50% CH,-rest N, at 900, 950 and 1000°C.
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Figure 3.10 Gas concentration and temperature profiles for the Slovakian manganese ore during reduction at
950°C using (left) methane for 20 s and (right) syngas for 80 s as the fuel.

Figure 3.10 shows the concentration profiles of the Slovakian manganese ore for the 20 s reduction
period using methane and 80 s reduction period using 50% CO in H, at 950°C. A small oxygen
release from the Slovakian manganese ore could also be observed during the short interval in inert
gas prior to the introduction of the fuels as in Figure 3.4. When methane was used as the fuel,
Figure 3.10 (left), a significant part of the methane remained unreacted as it passed through the
reactor. This behaviour has also been reported previously and is common for many oxygen
carriers.””® When 50% CO in H, was used as the fuel, all of the investigated manganese ores yielded

complete conversion of the fuel, similar to Figure 3.10 (right) for the Slovakian manganese ore.

Figure 3.11 shows the reactivity (in terms of gas yield, y¢y, and y¢o) as a function of mass-based
conversion of the oxygen carrier, w, for manganese ores at 950°C, when methane and 50% CO in H,
were used as the fuel. For some of the ores, the reactivity with methane was stable during all three
cycles, and for some, the reactivity decreased slightly with cycles, thus the plots in Figure 3.11 (left)

show the third repeated cycle. None of the manganese ores were able to fully convert methane, thus

—4— S, AfricaB —— Brazil
—6— S, Africa A = Slovakia

—=— Norway —=— Egypt
é §.0.85 —
0.8 —
0.75 —*— S, Africa B —— Brazil
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—— Norway —=— Egypt
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1 0.998 0.996 0994  0.992 0.99 1 0.995 0.99 0.985 0.98 0.975

o[l [
Figure 3.11 Gas yield, ycy, and y¢o, as a function of oxygen carrier mass-based conversion, w, for the
manganese ores at 950°C using (left) methane, , and (right) 50% CO in H, as the fuel.
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Ycu, < 1. The Slovakian manganese ore had the 1 e S Africa B —— Brazil

highest and the South African B manganese ore had il = ﬁé‘:\:;;“ = 2;v;kia

the lowest reactivity towards methane. In Figure 3.11 0.8 1

(right), it can be seen that for 50% CO in H,, close to i

all of the fuel was converted for all of the manganese :‘6 067

ores. On average, the manganese ores lose io 4_—

approximately 2% of their mass as they are converted

during 80 s of reduction when using 50% CO in H,, i.e. 02—

w goes from 1 to 0.98. 1

Figure 3.12 shows the total gas yield, ycy, 0, as a 0 | . I . T .
850 900 950

function of temperature for the investigated Temperature [°C]

manganese ores using methane as the fuel and for the Figure 3.12 Total gas yield, ¥cp, o, a5 a
function of temperature for the manganese

third repeated cycle. In all cases, the total gas yield for )
ores using methane as the fuel.

methane rose with temperature.

3.3  Standard Enthalpy of Formation, AH ?, of CuAl,O, (Paper III)

The standard Gibbs free energy data, AG® of the Cu-Al-O system was first determined by Gadalla
and White'” using thermogravimetric analysis by measuring the dissociation temperatures of the
compounds in the CuO-Al,O, system under different oxygen partial pressures, ranging from 0.21 to
1 atm. Later, Jacob and Alcock® investigated the standard Gibbs free energy, AG° of the formation
of two ternary oxides (CuAl,O, and CuAlQ,) in the range of 700-900°C using a solid-state galvanic
cell. The thermodynamic data for the Cu-Al-O system have been tabulated in two thermodynamic

databases, namely the Landolt-Bronstein database'*® and Knacke et al.'*’

Table 3.2 summarizes the standard enthalpy of formation, AHfO, of CuAl,0, reported in these
databases, in the literature and in this work. The data for standard enthalpy of formation, AHfO, of
CuAl,O, reported by Knacke et al.'¥ has been taken from the study by Jacob and Alcock,* after
being adjusted to the eutectoid formation temperature (617°C). However, the counterpart data
reported in the Landolt-Bronstein database is considerably larger and is obtained from the Scientific
Group Thermodata Europe (SGTE).'* The discrepancy between the data reported by Landolt—

l 147

Bronstein'* and Knacke et al.'* of approximately 134.5 kJ/mol is large enough to greatly influence

Table 3.2 Summary of the standard enthalpy of formation, AH?, of CuAl,0, reported in different
thermodynamic databases, studies and in this work.

Standard enthalpy of formation, AHI? , of CuAl,O, [kJ/mol]

The Landolt-Bronstein
146

Knacke et al.'¥”  Jacob and Alcock®  Gadalla and White'*®  This study
database

-1946.8 -1822.5 -1813.1 -1801.4 -1824.4+4.1
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the calculated reaction enthalpy of CuAl,O, with reducing gases, or the prediction of its formation in
a mixture of CuO and AL,O, oxides at high temperatures. As an example, the standard enthalpy of
reaction, AH?, of CuAl,O, with methane was reported to be endothermic and calculated as 282.2
kJ/mol,>* based on the data from Landolt-Bérnstein.'* However, experimental observations in
Papers I and II for the reduction of CuAl,O, with methane at 900-950°C, have instead shown a
strongly exothermic reaction, see Figure 3.6, and the standard reaction enthalpy, AH?, was
calculated as —252.0 kJ/mol, based on the data from Jacob and Alcock.*

As a result of the aforementioned discrepancy, an experiment was made to reassess the standard
enthalpy of formation, AHJQ, of CuAl,0, using differential scanning calorimetry (DSC) by

determining the reaction enthalpy, AH,., of CuAl,O, with CO as per the following reaction:
CuAl,0, + CO— Cu + ALO; + CO, 3.1

Figure 3.13 shows the TG and DSC curves of the reduction of the CuAl,O, sample at 900°C for three
experiments. The reaction enthalpy, AH,., of the CuAl,O, sample with CO at 900°C was obtained by
integrating the area under the DSC curve during the reduction period. Thus, by accounting for the
mass fraction of the CuAl,O, phase in the sample, i.e. 0.86, the reaction enthalpy, AH,, of pure
CuAlL,0, with CO at 900°C was estimated. Consequently, the standard reaction enthalpy, AH?, of
CuAl,O, with CO can be obtained by taking into account the change in the heat capacity of the
species in Eq. (3.1).'*” '* Using the standard reaction enthalpy, AH?, obtained and the standard
enthalpy of formation, AH]?, of Cu, Al,O,, CO and CO,"” '*® with Hess’s law, the standard enthalpy

of formation, AH)9, of CuAl,O, has been determined as —1824.4+4.1 kJ/mol. The standard enthalpy
of formation, AH]?, of CuAl,0, obtained in this work shows good agreement with the
thermodynamic database by Knacke et al.'*” Based on the standard enthalpy of formation, AH]?, of

CuALO, determined here, the standard reaction enthalpy, AH? of CuAl,O, with methane has been
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Figure 3.13 TG and DSC curves of the CuAl,0, sample heated in N, to 900°C, followed by isothermal
reduction in 20% CO in Ar and followed by oxidation and cooling in air for three experiments.
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estimated to be —-207.7 kJ/mol, which corroborates 1100

the results presented in Figure 3.6 concerning the
exothermic nature of this reaction. 1000
3.4  Phase Analysis of the Cu-AI-O System % 900
During Redox Cycle in CLC (Papers I and 3
@
D £ 800
K
The relationship among the various phases in the
pseudobinary CuO-Al,O, system is of great relevance 700
to the use of Al,O;-supported CuO oxygen carriers in
the CLC process. Of importance is the formation of {1 T'T !
-10 -8 -6 -4 -2 0
the CuAl,O, spinel during calcination or redox cycling log (po,) U’Ozjﬁé’i’ 021)
,=0.

of the oxygen carrier at high temperatures (around Figure 3.14 Equilibrium phase relationships in

800-1000°C),'**** as per the reaction: the ternary Cu-Al-O system in a 1:1 molar
mixture of Cu and Al at 1 atm total pressure

Cu0 + Al 05 > Cudl,0, (3.2) based on the Gibbs energy data reported by
Jacob and Alcock.*

As a result of the chemical-looping process, the phase
field in the Cu-Al-O system becomes dependent on the oxygen partial pressure during the redox
cycle in the temperature range of relevance. Figure 3.14 shows the equilibrium phase relationships

at 1 atm total pressure using the Gibbs free energy data reported by Jacob and Alcock.*

In the context of the envisaged application of Al,O;-supported CuO oxygen carriers in continuous

operation, other reactions in addition to those 1100 — , by
. R . v/ /
depicted in Figure 3.14 should be also considered. - ‘;?/ , [} ;! /ff
O £
Figure 3.15 shows a series of P, —dependent 1000~ ,\g-“q’/w’ é(") S
Re) ™ / iy
reactions in the temperature range of interest for CLC i ,)9’/ c; / & o I"/ /)
U . 2, | v S T 9 Y
at a total pressure of 1 atm. The equilibrium lines g %01~ & & $ & Ve
. . . 2 | G7 &7 0w NF eI
shown in Figure 3.15 were also based on the Gibbs £ A g" >/ 05\;7, lb"’lg‘
o 2 7 vV O/« [3)
energy data of Jacob and Alcock.*® Among these, of § 8%°[ , S é"/o’;’ 1 "g’
[ ¥ N, 3 0
. . . . . -/ ie) o &
particular interest is the following reaction: y ox;f, Y oS rg
700 - S ng &
4CuAl,0, - 4CuAl0, + 241,05 + O (3.3) g, 1§ I8
2U4 2 2U3 2 N &
Reaction (3.3) indicates that CuAlLO, could 600 —r—— T4 ’,"T- 1
. . . . -10 -8 -6 -4 -2 0
potentially be a CLOU material by releasing O,, albeit log (po,)  (Po,=0.05) T
(Po,=0.21)

at lower equilibrium partial pressure than CuO-Cu,O
Figure 3.15 Possible P,,—dependent phase

. equilibria in the Cu-Al-O system at 1 atm total
reported that at 1050°C, CuAl,0, wundergoes pressure based on the Gibbs energy data

reduction into CuAlQ, in the case of thin copper films reported by Jacob and Alcock.*

at temperatures above 900°C. Tsuboi et al."®® have
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deposited on alumina substrate in a highly oxygen
depleted vacuum. However, additional experiments in
Paper I indicated that CuAl,O, subjected to a N,-purge
for 4 h at 900°C was incapable of releasing oxygen; no
CuAlO, could be observed either. On the other hand, it
is well-established that CuAl,O, can be reduced by
methane or syngas.”*> * °° Thermogravimetric and

temperature programmed reduction (TPR) studies® %

3¢ on bulk samples also corroborate this. Thus, the

observation of Tsuboi 1.153

et a could perhaps be
explained on the basis of the higher temperature than
the study here, and the ease with which thin film
samples undergo dissociation, compared to bulk samples

such as those investigated here.

In order to understand the reducing and oxidizing
pathways in the Cu-Al-O system and to analyse the
reversibility of the phases during the redox process, the
CuAl,O, (C4A-1050)
investigated. Figure 3.16 shows the XRD pattern of

oxygen carrier was further
CuAl,0, subjected to isothermal step-wise reduction
using methane at 900°C in a sequence of varying
durations. Peaks belonging to Cu,0 appear in the
sample reduced for the shortest duration (10 s). Longer
(16 and 24 s) reduction is followed by a decrease in
intensity, and consequently the amount of CuAl,O,, and

an increase in intensity of CuAlO, and Cu,O. It should be
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Figure 3.16 Systematic phase evolution in
CuAl,0, oxygen carrier reduced by methane
at 900°C for 60 s; the topmost XRD pattern is
for the oxygen carrier oxidized in 10% O,
stream after being reduced for 60 s with
methane.

pointed out that in Paper I, Cu,0 was also seen during annealing in an inert environment, which

was ascribed to the presence of a small amount of unreacted CuO in the fresh sample. A similar

explanation is valid for the experiments here. However, the increase in the amount of Cu,O seen in

the diffraction patterns at 16 and 24 s in Figure 3.16, suggests that Cu,O is not only formed from

remnant CuO in the CuAl,O, oxygen carrier. Using TPR, Patrick et al."*> *® have shown that the

reduction of CuAl,O, catalyst proceeds by the simultaneous formation of CuAlO, and Cu,O via

reactions (3.3) and (3.4), respectively.

4CuAl,0, - 2Cu,0 + 4Al,05 + 0,

3.4

The formation and increase in amounts of CuAlO, and Cu,0 via reactions (3.3) and (3.4),

respectively, after 16 and 24 s in Figure 3.16 is also in agreement with the P,, —dependency shown
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in Figure 3.15, given the highly reducing environment X Cu a CuAlz04 ®CuO mAIz0z # CuAlOz

created by methane. In the sample reduced for 24 s, the 219 .
onset of the formation of elemental Cu was easily "

detected. The copper concentration increased with the
time of reduction, as is evident from all of the diffraction 21%
patterns at t > 24 s. In the case of reduction carried out

for more than 36 s, the XRD pattern contains peaks for .
alumina and elemental copper with traces of delafossite b

(CuAlQ,). In the samples reduced for 60 s, only metallic

copper and alumina were present. This again is in 10%
complete conformity with Figures 3.14 and 3.15 in regard
to the ultimate reduction of CuAlL,O, to Cu and AL,O; as s

also reported elsewhere.”®® *” Thus, the oxygen carrier

. . . o5
was completely reduced by methane in 60 s. The intensity E ;
. . . =0
of the a-Al,O, should increase during the consecutive &g
reduction steps as it is formed from the CuAl,O,, however |
20 30 40 50 60 70

Figure 3.16 does not show this. A possible explanation for 2]

this may be that the alumina was still covered with the
copper layer. The original phases (CuAl,0, and Al,O;)

were fully restored upon oxidation in 10% O, as seen from

Figure 3.17 Systematic phase evolution in
CuAlL O, oxygen carrier during re-oxidation
for 30 min in P,, = 5, 10, 15 and 21% O,

streams at 900°C; the bottommost XRD
pattern is for the oxidized sample from the
reactivity test with shorter reduction span
(20 s; methane); the topmost XRD pattern
is for the sample re-oxidized in air (21%
0,) for an additional 1 h.

the topmost XRD pattern in Figure 3.16.

From the foregoing discussion and the reactivity test
presented in Sections 3.2, it is apparent that the CuAl,O,
spinel functions well as an oxygen carrier. However, in a
realistic CLC unit, the oxygen carrier is only partially reduced in order to avoid unconverted CH,,
CO and H,. Recently, Kumekawa et al.”*® have shown that CuAlO, is thermodynamically stable in air
above 900-1000°C, which agrees reasonably with Figures 3.14 and 3.15. However, below this

temperature range, CuAlO, undergoes the following kinetically hindered reactions® *® %

4CuAlO, + 0, - 2Cu0 + 2CuAl,0, (3.5)

8CuAlO, + 0, » 2Cu,0 + 4CuAl,0, (3.6)

To investigate the kinetic aspect of reactions (3.5) and (3.6), oxygen carrier samples from the
reactivity test consisting of alternating reduction (with methane) and oxidation at 900°C, albeit
with a shorter reduction span (20 s) similar to that explained in Section 3.2, were used. Here, 1 g of
the used sample (oxidized), which contained a considerable fraction of CuAlO,, was re-oxidized in
consecutive steps of 30 min in streams containing 5, 10, 15 and 21% O, at 900°C. Figure 3.17

shows the phase evolution in each of the re-oxidation steps. To begin with, the oxidized sample
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from the reactivity test with a shorter reduction span (20 s; methane) contained a 3-phase mixture
of CuAl,0,, CuAlO, and Al,O,. As is evident from the figure, CuAlO, persisted under several re-
oxidation attempts, indicating that the oxidation of CuAlO, according to reaction (3.5) and/or (3.6)
was kinetically hindered. This is further exemplified by the fact that complete conversion of the
delafossite phase into the parent spinel (CuAl,O,) was realized only after extended oxidation in air
(Po, = 21%) at 900°C for an additional 1 h, i.e. a total of 3 h in varying oxygen concentrations. The
increase in the CuO amount in the fully re-oxidized sample (topmost XRD pattern in Figure 3.17)
compared to the fresh oxygen carrier (bottommost XRD pattern in Figure 3.16), is in agreement
with reaction (3.5). It should be noted that in an actual CLC unit air is used for the oxidation of the
depleted oxygen carrier; however the oxygen concentration at the outlet of the air reactor is much

lower than 21%. Therefore part of the CuAlO, phase resists oxidation.

3.5  Sulphur Tolerance of Perovskite-type Oxygen Carriers for CLOU (Paper V)

In this section, the influence of SO, on oxygen release ability and the reactivity of the spray-dried
perovskite-type materials are presented. As shown in Figure 3.18, in inert periods following
reduction in the presence of SO,, the average oxygen concentrations were considerably lower than
the inert periods following reduction in the absence of SO, (Figure 3.3), for undoped and Mg-doped
materials. Thus, it can be inferred that SO, had degraded the oxygen uncoupling properties of these
materials. In the case of materials doped with both Mg and Ti materials, there was no substantial

difference in the average oxygen concentration following reduction in the presence of SO,.

Figure 3.19 shows the concentration and temperature profiles for C43MMg during the fifth fuel
cycle with 50% CH, and 0.5% SO,-balance N, at 1000°C. It can be seen that only a small fraction of
SO, passed through the reactor during the reduction period, whereas in the following inert and
oxidation periods, more SO, was detected in the off-gas. Possible mechanisms for the reaction of
sulphur with the investigated perovskite-structured materials are discussed in the following. The

first possible mechanism could be that CaS was formed during the reduction period via similar

1 1 1
—-=- C45M —=- C40MMg -®- C46MMg -5 C40MTMg -B- C46MTMg
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Figure 3.18 Average oxygen concentration as a function of temperature during inert cycles for various spray-
dried perovskite-type oxygen carriers following fuel cycles using 50% CH, and 0.5% SO,-rest N, at 900, 950
and 1000°C.
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Figure 3.19 Concentration and temperature profiles for Ca,,Mn,,Mg,,,0s_5 (C43MMg) as bed material
during the fifth fuel cycle with 50% CH, and 0.5% SO,-rest N, for 20 s at 1000°C.

reactions to Eq. (1.17) and (1.18), given the highly reducing potential of CH,, in accordance with
Figure 1.5. However, in the inert period following reduction, SO, could be seen in the effluent as
shown in Figure 3.19, despite the absence of any oxygen which could possibly oxidize CaS to CaO
and SO,, via reaction (1.9). This suggests that this mechanism cannot solely describe the formation
of SO, in the inert period subsequent to reduction, and instead, CaSO, must be the source for the
release of SO,. A second possible mechanism could be that CaS reacted with CaSO, via reaction
(1.19) resulting in the formation of SO,. This could be valid in later cycles when CaSO, had already
formed in the material during oxidation following methane cycles in the presence of SO,. However,
this was not the case, since a similar concentration profile for SO,, as in Figure 3.19, was also seen
in the inert period of the first methane cycle in the presence of SO, at 1000°C, for which there was
no CaSO, in the material from the beginning. Nevertheless, it may be possible that both CaS and
CaSO, were formed during a reduction period. As shown in the early part of the reduction phase in
Figure 3.19, some oxygen was present in the reactor, which could favour the formation of CaSO,,
while in the later part of the reduction CaS formation was more favoured due to the absence of

oxygen, see Figure 1.5.

It is worth noting that even 4 h inert (N,) gas cycles for C45M following several methane cycles in
the presence of SO,, did not show any SO, in the off-gas, which could indicate the spontaneous
decomposition of CaSO,. This indicates that a sufficiently reducing environment is required to allow
CaSO0, to decompose. Thus, a third mechanism could be that the presence of a highly reduced bed
material, e.g. CaMnO, or CaMnO, s, following the reduction period, increases the reducing potential
in the reactor in the subsequent inert period, thus enforcing the decomposition of CaSO,. It is likely
that the partial regeneration of the perovskite-type oxygen carriers occur via either the second or
the third mechanism or a combination of both. Both mechanisms can be seen as the decomposition

of CaSO,, the reversed reaction (1.12) or (1.13), made possible by the presence of compounds that
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Figure 3.20 shows the average gas yield, ycy, ave>

I.

and total SO, yield, 7ns0,, as a function of

0.2 | 0.2
temperature during fuel cycles in the presence of — Mso, h__//&\
SO, for C40MTMg at 900, 950 and 1000°C. It can o O Tergme .
be noted that there was a slight decrease in 5 10 18

Cycle number

reactivity after every cycle. It was shown Figure 3.20 Average gas yield, ¥cy, ave and total

previously that a significant number of fuel cycles SO, yield, 55, , as a function of temperature during

(~30) must be carried out in order to observe a fuel cycles with 50% CH, and 0.5% SO,-rest N, for
Cay 6sMn, Mg, 1,0;_s (C40MTMg) as bed material

significant decrease in reactivity due to sulphur at 900, 950 and 1000°C.

deactivation.'® However, carrying out such a large

number of cycles was outside the timeframe of this study, because of the large number of
investigated materials. It can also be observed that at 1000°C, approximately 80% of the introduced
SO, passed through the reactor and was detected by the gas analyser. At 950°C this decreased to
nearly 40% and at 900°C, only 10% of the introduced SO, reached the gas analyser. Thus, it can be
readily deduced that less SO, was adsorbed to and/or reacted with the oxygen carrier with an
increase in temperature. This is in accordance with Figure 1.5 given the fact that the stable region
of CaO increased with temperature, meaning that the driving force for CaSO, or CaS formation was

weaker at high temperatures.

Figure 3.21 shows the total SO, yield, 1s0,, as a function of temperature during fuel cycles with
50% CH, and 0.5% SO, for all investigated materials at 900, 950 and 1000°C. Similar to Figure

3.20, it can be inferred that the amount of SO, that passed through the reactor increased with an
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Figure 3.21 Total SO, yield, ns,, as a function of temperature during fuel cycles for all investigated oxygen
carriers using 50% CH, and 0.5% SO,-rest N, at 900, 950 and 1000°C.
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Figure 3.22 Average gas yield for CH,, ¥cp,qave, @s a function of temperature during fuel cycles for all
investigated oxygen carriers using 50% CH, and 0.5% SO,-rest N, at 900, 950 and 1000°C.

increase in temperature. Moreover, the total SO, yield, ngo,, increased with a decrease in the
calcium content of the materials for both Mg- and Mg and Ti-doped materials. This may be expected
since less calcium is available in the structure which could possibly result in the formation of CaSO,

or CaS. It should be mentioned however that this was not the case for the undoped materials.

Figure 3.22 shows the average gas yield, ycp, qve, @s @ function of temperature in the presence of
SO,. As indicated in Figure 3.20, ycp,qve decreased slightly with cycling during reactivity
experiments in the presence of SO, as a result of sulphur deactivation. Therefore, the presented
YcH, ave in Figure 3.22 during reactivity testing in the presence of SO, is representative of the gas
yield of the last cycle at each temperature. It can be seen that in the experiments in the presence of
SO,, the drop in gas conversion for oxygen carriers with lower calcium content was less for the
undoped and Mg-doped materials, than in the reactivity testing in the absence of SO, as shown in
Figure 3.9. Again this could be anticipated due to the lower chance for the formation of CaSO, or
CaS in samples with lower calcium content. This is also supported by their higher total SO, yield,
Nso,> s shown in Figure 3.21, as compared to materials with a higher calcium content. However,
this was not the case for the doubly Mg and Ti-doped materials. Instead, for these materials, it was
possible to maintain a lower drop in reactivity for materials with a higher calcium content, despite
their lower total SO, yield, 7ngo,, as shown in Figure 3.21. It is unclear at this point, whether this
could be attributed to the substitution of the B-site with Ti in these materials, thus requiring
additional study of the interaction of different perovskite-structured materials and sulphur species.
However, it is clear that the reactivity had decreased in the presence of SO, for all of the
investigated oxygen carriers. The drop in reactivity increased at lower temperatures and was as
large as 50% at 900°C, whereas at 1000°C, the largest decrease in reactivity was about 20%. This
again could be ascribed to the lower thermodynamic favourability of CaSO, or CaS formation at

higher temperatures, as shown in Figure 1.5.

Since increasing the temperature had a more notable effect on decreasing the sulphur deactivation,
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Figure 3.23 Average gas yield for CH,, ¥ cp, ave, during fuel cycles for C49M, C50MMg and C50MTMg oxygen
carriers using (left) 50% CH,-rest N, and (middle) 50% CH, and 0.5% SO,-rest N, and (right) their respective
total SO, yield, 75,,, at 900, 950, 1000 and 1050°C.

additional experiments for the reactivity of three oxygen carriers were carried out at 1050°C, and
the results are summarized in Figure 3.23. It could be observed that at 1050°C, the decrease in
reactivity following the reduction in the presence of SO, became minimal at only 1%. Furthermore,
the doubly Mg- and Ti-doped material exhibited a lower decrease in reactivity in the presence of
SO, than the undoped and singly Mg-doped materials. The total SO, yield, nso,, at 1050°C could
reach as high as 0.94. Experiments at even higher temperatures (e.g. 1100°C), could possibly result
in a total SO, yield, nso,, of 1, and consequently entirely avoid any sulphur deactivation. However,
it should be mentioned that a slight deactivation in the reactivity of CaMn,,Mg,,0,_s; (C50MMg) in

the absence of SO, has been reported at 1050°C,'” which could become more severe at 1100°C.

Figure 1.5 also indicates that the perovskite-type
oxygen carrier may be regenerable since CaSO, or

CaS can decompose to CaO and SO,, where CaO can

react again with Mn;0, and reconstruct the CaMnO,_;

phase. Here, the C45M oxygen carrier which had
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>

already been subjected to 43 fuel cycles in the

presence of SO, and thus its reactivity had decreased

I
P
|

substantially compared to experiments in the absence

of SO, was used to investigate the possibility for 0.2 -

- - - Original reactivity

regeneration. Figure 3.24 shows the ycy, ave as a i

function of cycle number at 1000°C in different
conditions. The experiment consisted of seven fuel
cycles with a considerably longer second inert period
(~40 min) in the absence of SO,. The rationale for
using a longer second inert period was to decompose

as much CaSO, as possible. It can be observed that
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Figure 3.24 Average gas yield for CH,, ¥cn, aves
as a function of cycle number for Ca,g;MnO;_;
(C45M) at 1000°C during regeneration and
following sulphur deactivation of the oxygen
carrier.
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the ycp, ave increased to approximately that of the experiment without the presence of SO, from the
beginning, thus showing that the oxygen carrier could be regenerated. Similar observations have
been reported for the partial regeneration of LaFe,,Cu,,0, catalysts in 5% H, in Ar."”* When SO,
was included in the reduction period, see cycles 8 and 9, the reactivity towards methane decreased

again.

3.6 Rate of Oxygen Release from Copper-based and Perovskite-type Oxygen Carriers for
CLOU (Papers VI and 1IV)

In Paper VI, the rate of oxygen release of an oxygen carrier for the CLOU process was investigated.
The experiments were designed in a way to avoid the equilibrium oxygen restriction and obtain a
relevant rate of oxygen release as described in Section 2.2. The MgAl,O,-supported CuO oxygen
carrier (C4MA-950) had shown stable chemical-looping properties for seventeen cycles in Paper I

and was therefore considered suitable for this experiment.

The concentration profile measured during reduction at 900°C is shown as an example in Figure
3.25. The deconvoluted in-reactor concentrations obtained from the mass-balance over the reactor
system is also included in the figure. The spontaneous decomposition of CuO during the 30 s inert
span prior to the introduction of 0.1 g of the devolatilized wood char is confirmed by the release of
oxygen which is consistent with the equilibrium oxygen release concentration for CuO oxygen
carriers (Figure 1.4). Peaks of CH,, CO or H, could not be seen during the introduction of fuel,
which confirmed that the wood char was free of volatiles. This indicates that the fuel reacted with
the gaseous oxygen released, producing CO,. Note that the temperature was almost constant during
the reduction phase, thus it is reasonable to assume isothermal conditions. Since the amount of fuel
introduced (0.1 g) exceeded the carbon stoichiometric demand of the oxygen carrier which it can

provide oxygen for during conversion of CuO to
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stoichiometric carbon need for the reduction of CuO 0 4 0
T l T '| T | T | T =
to Cu,0 in the oxygen carrier, and was almost 0 20 40 60 g 100

Time [s]
constant in the different cycles. Although solid-solid Figure 3.25 Measured and deconvoluted (in-
reactor) concentrations and temperature profile
during oxygen release (reduction) cycle at 900°C
using 1 g of CuO/MgAl, 0, oxygen carrier in 10 g
reactions are fast enough to affect these of quartzand 0.1 g of devolatilized wood char.

reactions between the fuel and the oxygen carrier

159

particles is possible,™ it is very unlikely that such
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measurements given the experimental conditions employed, i.e. a fluidized-bed reactor. Higher
amounts of fuel (0.2 and 0.3 g) were also introduced to the bed in order to observe the rate of
decrease in the oxygen concentration, and possibly achieve higher rates of oxygen release by the
oxygen carrier. However, the concentration profiles were similar for the cases in which 0.1 g and
0.3 g of the fuel were added during reduction, indicating that the rate of reduction remained
constant when using higher amounts of fuel. Therefore the addition of 0.1 g of the devolatilized
wood char to a bed of 1 g of CuO/MgAl,O, oxygen carrier mixed in 10 g of quartz gives an
adequately oxygen-deficient and isothermal condition inside the reactor to allow for the
measurement of the maximum possible rate of oxygen release from the carrier. The general trend in
CO, and O, concentration profiles seen in Figure 3.25 was similar at different temperatures. The
oxygen release prior to the introduction of the fuel and the maximum CO, concentration at the

outlet of the reactor was essentially the only difference at the different investigated temperatures.

Figure 3.26 shows the conversion of the oxygen carrier as a function of time during reduction, X4,
in the temperature range of 850-900°C. The 30 s span before the introduction of the devolatilized
wood char during the reduction of the oxygen carrier shown in Figure 3.26 was to allow the
conditions in the reactor to reach close to equilibrium oxygen concentration and to avoid back-
mixing from the previous oxidation. It is clear that the conversion of the oxygen carrier was slow
during this time because the conditions in the reactor were close to thermodynamic equilibrium
owing to the oxygen released. Upon insertion of the fuel, the oxygen surrounding the oxygen carrier
was removed almost immediately, and the oxygen carrier released the remaining oxygen at the

maximum rate possible. This resulted in the sudden

1 ) Reduction by fuel
increase in the rate of conversion of the oxygen | e
carrier. The oxygen carrier was completely reduced ;o | gzgzg
to Cu,O at 900°C. At lower temperatures however, ]
the initial rate of reaction appears to have been 0.6 —
slower, as seen from the slope of the plots in Figure :g ]
3.26 which means that the conversion, X;.4, had not o 0.4 -
reached unity at the end of the reduction period. ]
In order to model the oxygen release, i.e. the 027  eductioninng
decomposition of CuO to Cu,0 shown in Eq. (1.7), it

was assumed that the experiments were conducted
within the kinetically controlled regime, given Time [s]

oxygen being efficiently consumed by the Figure 3.26 Oxygen carrier conversion during
oxygen release (reduction) period, X,.q;, as a
function of time for 1 g of CuO/MgAl,0, in 10 g
implication of such an assumption and its validation, ¢ quartz in the temperature range of 850-900°C

see Paper VI. To determine which kinetic model best using 0.1 g of devolatilized wood char.

devolatilized wood char. For details of the
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describes the progress of reaction (1.7), common
gas-solid reaction kinetic models were fit to the
conversion, X,.4, versus time data in Figure 3.26,
including reaction order models, nucleation models,
diffusion models and geometrical contraction
models.'® The results of the fitting of the different
kinetic models are also presented in Paper VI. Of all
the the
mechanism which assumes a two-dimensional nuclei
the

decomposition reaction best, with the coefficient of

investigated models, Avrami-Erofeev

growth (n=2) was found to describe

variance, R? of approximately 0.986. The rate

equation for such a reaction model can be written as

ered,norm

dt = kr2(1 - Xred,norm) [—l?’l(l -

1

Xred,norm)]E (3-7)

where k, is the rate constant of the forward reaction

Xred,norm [-1

0 T ] T I T I T I
0 10 20 30 40
Time [s]
Figure 3.27 Normalized oxygen -carrier

conversion during oxygen release (reduction)
cycle, X,eqnorm> as @ function of time and fitting
of the Avrami-Erofeev model for 1 g of
CuO/MgALLO, in 10 g of quartz in the
temperature range of 850-900°C using 0.1 g of
devolatilized wood char.

in Eq. (1.7). Xyeq norm is the normalized measured conversion of the oxygen carrier shown in Figure

3.27 to obtain full conversion of the carrier. Figure 3.27 also shows the results of modelling the

oxygen carrier conversion during oxygen release (reduction) using this model. The sigmoidal shape

of the oxygen carrier conversion, X,eqnorm, as a function of time shown in Figure 3.27 further

indicates that the decomposition reaction, Eq. (1.7),
proceeded via nucleation and nuclei growth.'®
Similar results have also been found for gas-solid
reactions of CuO oxygen carriers®> 77 and the

decomposition of pure CuO powder.”!

Figure 3.28 shows the derivative of the mass-based

conversion, i—(;), as a function of mass-based
conversion, w, for the extruded perovskite-type
oxygen carriers at 950°C. Similar to Figures 3.25
and 3.26, the non-variant regime of the plot during
the first 60 s span before the introduction of fuel is
indicative of the approach and establishment of near
equilibrium conditions in the reactor with respect to
oxygen concentration. Clearly, the reduction of the

oxygen carrier was slow during this period. When

0.0004 4 N2 Reduction by devolatilized wood char

—— CM
—— CLM
—— CLMM
—=— CLMT
—=— CLMF

0.0001 —
o7 T T T T T 1
1 0.999 0.998 0997 0996 0.995
o []
Figure 3.28 Variation of mass-based conversion

. . d . .
derivative, d—‘:, with mass-based conversion, w,
of the extruded perovskite-type oxygen carriers
during conversion of 0.1 g of devolatilized

wood char at 950°C (5 g sample in 10 g quartz).
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3. RESULTS AND DISCUSSION

fuel was added, the gaseous oxygen in the vicinity of
the carrier was consumed by the fuel almost
instantly. This again created a large chemical
potential gradient, thus making the perovskite-
structured materials release additional oxygen at the
highest possible rate. This is supported by the sharp
spike in the curves. Interestingly, CM and CLMT
exhibited the highest and the lowest rate of oxygen
release, respectively. It is also worth mentioning that
the oxygen
(~0.0002—0.0003 1/s) was about 20 times lower
than that for 1 g of MgAl,O,-supported CuO (0.005
1/s) at 900°C. This was expected since it is well

maximum release rate here

established that the rate of oxygen release for CuO-
based carriers is very high. Although the rate

0.995 —
8 A CM
& CLM
0.99 4 X CLMM
O CLMT
Vv CLMF
1 —— Methane (CHg)
- - - Devolatilized wood char
0.985 ) I T I T I T |
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Time [s]

Figure 3.29 Variation of mass-based conversion,
of the extruded perovskite-type oxygen
carriers with time for reduction with methane
and 0.1 g of devolatilized wood char at 950°C.

w,

numbers may appear low, it should be mentioned that they are based on total mass. Thus, a rate of

0.005 1/s means that oxygen corresponding to, for example, 2% of the mass is released in 4 s.

Figure 3.29 shows the variation of mass-based conversion, w, with time for the reduction with

methane and 0.1 g of devolatilized wood char for the investigated extruded perovskite-type oxygen

carriers. As can be seen, the amount of oxygen released by the CLOU mechanism was smaller than

that available for reaction with gaseous fuels such as
This

perovskite-based carriers are likely to react via a

CH, via the CLC process. suggests that
combination of CLC and CLOU mechanisms both;
the relative extent of each of these would depend
upon the degree of conversion of oxygen carrier in

the reactor.

3.7  Rate of Oxidation of Copper-based
Oxygen Carriers for CLOU (Paper VI)

Figure 3.30 shows the effect of the mass of the

oxygen carrier on the derivative of conversion

dx,

dt", for the MgAl,O,-supported

during oxidation,

CuO material following reduction in nitrogen. It can
be seen that as the mass of the oxygen carrier was

reduced from 4 to 1 g, while keeping the mass of the
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Figure 3.30 Oxygen carrier conversion derivative
. S dx
during oxidation cycle, d‘t”‘, and oxygen

concentration at the outlet of the reactor (not
deconvoluted), as a function of oxygen carrier
conversion, X,,, for 1, 2 and 4 g of MgALO,-
supported CuO oxygen carrier in 10 g of quartz at
850°C in 5% O, stream.
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quartz constant at 10 g, the initial reaction rate
increased. Thus, even with a mass of 1 g of the
oxygen carrier, the oxygen was rapidly consumed
during the initial period of the oxidation phase. In
addition, for all of these cases, the oxygen carrier
was oxidized at the equilibrium partial pressure of
oxygen (0.5%; Figure 1.4). These observations
indicate that the rate of oxidation reaction was
limited by the oxygen supply. This behaviour has
also been observed previously by Mattisson et al.'®!
for a Fe,O5-based oxygen carrier. Here, the mass of
the oxygen carrier was also lowered to less than 1 g;
however, it was observed that the resulting rates
were extremely fast, with times shorter than the
time needed for the oxygen containing gas to

replace the reactor volume (15—20 s). Therefore,
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Figure 3.31 Oxygen carrier conversion derivative

dXox

> and the oxygen

during oxidation cycle,
concentration (not deconvoluted) at the outlet of
the reactor, as a function of oxygen carrier
conversion, X,,, for 1 g of oxygen carrier in 10 g
of quartz for the temperature range of 850 to

. L 900°C in 5% O, stream.
the determination of the oxidation rate was made

using a bed mass of 1 g and thus the presented oxidation rates are only representative of the

‘minimum’ value possible to measure in this work due to the rapid oxidation reaction.

Figure 3.31 shows the derivative of the conversion of the MgAl,O,-supported CuO oxygen carrier

dx, . .
°% and the partial pressure of oxygen at the reactor’s outlet, with respect to the
dt

during oxidation,

oxygen carrier conversion, X,,. It can be seen that at any conversion degree, the derivative (reaction
rate) was limited by the equilibrium oxygen concentration at each respective reaction temperature.
Thus, the rapid oxidation reaction at all temperatures makes it difficult to obtain the rate of
oxidation of Cu,0O to CuO. As the oxygen carrier was exposed to a partial pressure of oxygen, the
apparent rate equation during oxidation, assuming first-order dependency on a logarithmic average

of oxygen concentration can be written as

dXox _

2% = k_,Po, ave (3.8)

Here, Py, qve is based on the difference between actual oxygen concentration and the equilibrium

oxygen concentration. Thus, the Py, 4y, can be calculated as per Eq. (3.9),

Poz,in_POZ,out
ln(POZ,in_POZ,eq/POZ,out_POZ,eq)

3.9)

POZ,ave =

However, due to the fast oxidation reaction, the outlet partial pressure of oxygen is equal to
equilibrium oxygen concentration at the respective temperature (Figure 3.31). This will give a value

of Py, ave Of zero, and consequently k_, will be infinite. Therefore, it is not possible to calculate a
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meaningful rate constant, k_,, using Eq. (3.8) and (3.9). In order to obtain a “minimum value” of
rate constant for the experiments in this work, an oxygen concentration of 1% is assumed at the
outlet of the reactor in Eq. (3.9). As an example, the logarithmic average of the oxygen partial

pressure, Py, qve, is approximately 1.82% at 850°C assuming 5% O, at the inlet and 1% O, at the

. . . dXox s o
outlet of the air reactor. Therefore, using the corresponding value for d—;”‘ in Figure 3.31, the

minimum k_, is estimated to be 0.89 1/s.atm at 850°C.

3.8 Solids Circulation Rate and Inventory of Copper-based and Perovskite-type Oxygen
Carriers for CLOU (Papers VI and 1V)

Using the reaction rates, k, and k_,, obtained in Sections 3.6 and 3.7, the amount of solids
inventory needed for the CLOU process using the CuO/MgAl,O, (C4MA-950) oxygen carrier can be
calculated. An oxygen carrier mass-based conversion difference, Aw, of 1-2% results in a
recirculation rate of solids, ., between 4-8 kg/s.MW,, for 1 MW, assuming carbon as a fuel with
a lower heating value (LHV) of 32.8 MJ/kg.'® This is also within the feasible range in a system of
reactors similar to CFB boilers.'®* For details of the calculation method of the solids circulation rate
and inventory, see Paper VI. Additionally, negligible mass transfer resistance between the bubbles
and the emulsion phase in the fluidized-bed reactor and a first-order oxidation reaction with respect
to oxygen concentration were assumed. Temperatures of 900 and 850°C were assumed for the fuel
and the air reactor, respectively. Thus, the solids needed per MW, in the fuel reactor varied
between 30-60 kg/MW,, and in the air reactor between 43-87 kg/MW,, giving a total of 73-147
kg/MW4,.

The required solids inventory in the fuel reactor obtained here was lower than both previously
reported investigations for a 40 wt.% CuO on ZrO, support using petcoke as the fuel (120-200
kg/MW,)¥ and recent studies in continuous operation using a spray-dried 60 wt.% CuO on
MgAl,O, support (235 kg/MW,, at 960°C).>> On the other hand, a lower value was obtained from
batch fluidized-bed experiments for the spray-dried 60 wt.% CuO on MgAl,O, support (39 kg/MW,
at 930°C),” the latter being closer to the results of this study.

The required solid inventory for the perovskite-based oxygen carriers in a fuel reactor operating at
950°C was estimated to be 325 kg/MW,,, assuming an average R, or Aw of 0.5% for the oxygen

carriers and a solids circulation rate of 16 kg/s.MW,,.

3.9  Rate of Steam Gasification of Char for Manganese Ores in CLC (Papers VII and VIII)

Figure 3.32 shows the dry gas concentrations for a reduction period at 970°C for the Egyptian
manganese ore with petcoke and wood char as the fuel. The initial peaks of CH, and H, are due to
devolatilization of the fuels. It is likely that devolatilization mainly occurred above the bed as the

fuel particles were introduced at the top of the reactor, meaning that a large part of the volatiles

44



3. RESULTS AND DISCUSSION

10 — 980 25 — — 980
Temperature X Temperature
5 Ve W s, Kl 1 e X s 3 90 A0 XK L L BN NV SV ST STVE PRl Sr e i
IS IS
= - 960 = 960
c c
L o
; — E -
£ g £ g
g — 940 . 8 — 940 2
8 - 3 | 3
o o o [
I g = g_
F 920 £ ¥ —920 £
1] D
(&) - (] [
g - g -
o o
) - 900 8 - 900
o o
880 880
8 4
Time [min] Time [min]

Figure 3.32 Dry gas concentration and temperature profiles at 970°C for reduction of Egyptian manganese ore
using 0.1 g of (left) petcoke and (right) wood char as the fuel. The inlet gas was 50% H,O in N,

had little opportunity to react with the oxygen carrier. The remaining char from both fuels then
reacted with the steam to generate CO and H,, which the oxygen carrier converted to CO, and H,O.
The trends in the concentration profiles between different bed materials were similar and only

differed in time for complete conversion of the fuel.

Figure 3.33 shows the instantaneous rate of char conversion, r;,:, for the manganese ores as well
as ilmenite and Mn-oxide oxygen carrier using petcoke (left) and wood char (right). For reasons of
clarity, the fraction of carbon conversion, X, has been scaled to show only the conversion degrees
from 0.3 to 0.7, where stable carbon conversion had been achieved. It can be noted that the
gasification rate was higher for wood char than for petcoke. This is likely because wood char has a
higher surface area and thus the cleavage of the carbon bonds by the gasifying agent (steam) was

easier than in petcoke, which has a denser char structure. Thus for wood char, the rate of steam
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Figure 3.33 Instantaneous rate of char gasification, r;,, as a function of char conversion, X, for manganese
ores, ilmenite and Mn-oxide using 0.1 g of (left) petcoke and (right) wood char as the fuel at 970°C. The inlet
gas was 50% H,O in N,.
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gasification was almost constant and did not change with fuel conversion. However, as gasification
progressed through the petcoke particles, the char structure broke up and became more porous, and
as a result, the gasification rate increased with fuel conversion. For both fuels, the manganese ores
and the Mn-oxide oxygen carrier exhibited a higher rate of char gasification than ilmenite. Thus, the
order of the gasification rate for the investigated materials is as follows: Egypt > Slovakia > Brazil

> Norway > South Africa A > South Africa B manganese ores > Mn-oxide > Ilmenite.

One explanation for the higher rate of char gasification in the presence of the manganese ores is the
contribution by the release of oxygen from the ores, meaning that some of the char was converted
through the CLOU effect. As shown in Figure 3.4, only some of the manganese ores, i.e. Slovakian
and South African A and B, indicated small concentrations of oxygen during the inert periods.
However, manganese ores from Norway, Brazil and Egypt which did not release any oxygen showed
similarly high rates of char gasification for both of the solid fuels as illustrated in Figure 3.33.
Therefore, the increase in char gasification when using manganese ores may not be solely connected

with the small amount of oxygen that is released from some of the ores.

The higher rate of char gasification in the presence of the manganese ores could also be associated
with the weakened H, inhibition of steam gasification, because H, is oxidized by the oxygen carrier.
It has been reported that the rate of char gasification can be enhanced in the presence of an oxygen
carrier (MgAl,O,-supported Fe,0,) as compared to sand.* An increase by a factor of two in the rate
of char gasification in beds of ilmenite and Fe-based oxygen carriers have been reported.'®® This is
ascribed to the oxygen carriers effectively removing H, which is a known inhibitor for steam
gasification of carbon.'® A decrease in CO inhibition by the oxygen carrier also enhances the rate of
char gasification when CO, is used as the gasifying agent, but the CO inhibition appeared to be

less important than H, inhibition when gasification

was carried out using steam.'®® It is known that

manganese-based oxygen carriers have a higher
reactivity towards CO and H, gases than iron-based
oxygen carriers.””® Figure 3.34 shows the gas _
conversion, 7445, as a function of carbon conversion, § 7
=
. . . P . 0.4 —
Xc, during experiments with gasification of petcoke
for all tested materials. It can clearly be seen that the 1
. . 0.2 — —e— limenite —=— Norway
gas conversion was higher for the manganese ores —— Mn-oxide —o— Brazil
. . N —+— S. AfricaB —¢— Slovakia
and was close to the gas conversion for the Mn-oxide —— S.AfricaA —=— Egypt
0 T T T T
. . L T | | |
oxygen carrier. This suggests that the H, inhibition for 0.3 0.4 0.5 0.6 0.7
Xe ]

manganese-based oxygen carriers was lower than for _, . .
Figure 3.34 Gas conversion, 1,,, as a function

ilmenite. Therefore for manganese-based oxygen ¢ char conversion, X, using 0.1 g of petcoke

carriers, a decrease in the average H, concentration in for manganese ores, ilmenite and Mn-oxide.

46



3. RESULTS AND DISCUSSION

the bed would be expected for a higher rate of char

gasification, in accordance with H, inhibition

models.'®®

Figure 3.35 shows the arithmetic average of the
instantaneous rate of char conversion, j,s, as a
function of the arithmetic average of H, concentration
in the bed using petcoke, and for the char conversion
degree, X., between 0.3 and 0.7 , for all of the
investigated materials. In comparison to ilmenite, the
Mn-oxide oxygen carrier and manganese ores from
Norway and Brazil show a combination of a higher
rate of char gasification and a lower average H,
concentration in the bed. However, in the presence of
South African A and B, Slovakian and Egyptian
manganese ores, the arithmetic average of H,

concentration in the bed is equal to or higher than
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Figure 3.35 Arithmetic average of instantaneous
rate of carbon conversion, 7;,,;, as a function of
arithmetic average of dry gas H, concentration
using 0.1 g of petcoke for manganese ores,
ilmenite and Mn-oxide.

ilmenite. Interestingly, the Slovakian and the Egyptian manganese ores had a higher rate of

gasification for petcoke than the Norwegian and the Brazilian ores, although the former materials

actually have higher average H, concentrations in the bed, as can be seen in Figure 3.35. These

results indicate that the decrease in H, inhibition was
not the only and determining mechanism by which
the manganese ores obtained a higher rate of char

gasification compared to ilmenite.

The final possibility considered is that the manganese
ores have a catalytic effect on char gasification. It is
well known that alkali metal salts may catalyse the
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char gasification reaction. Among these,

potassium  salts are well-known gasification
catalysing agents.'**'® The use of K,CO,-impregnated
iron ore as oxygen carrier in CLC has also shown to
increase the rate of steam gasification of anthracite
coal.'* Sodium salts are another known catalysing
agents for the char gasification reaction.'®'”® Some
investigations have also reported Na,CO; as a more
potent catalysing agent than K,CO,,'*® ' although

the order of the catalytic activity of these salts seems

0.6
Na = 0.559 wt.% X
0.5 Na = 0.432 wt.%
0.4
= A
£ Na=0.089 wt.%
=03 ©
I
S
0.2
[
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: [l Mn-oxide A Brazil
- * S.AfricaB X Slovakia
<  S.AfricaA O Egypt
o771 T T T
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Figure 3.36 Arithmetic average of instantaneous
rate of carbon conversion, 7;,, using 0.1 g of
petcoke as a function of potassium and sodium
content in the investigated manganese ores. The
concentration of potassium in South African B
manganese ore, ilmenite and Mn-oxide oxygen
carrier was assumed to be zero (Table 2.5).
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to be affected by pre-treatment conditions.'”” It can
be inferred from Figure 3.36 that the arithmetic
average of the instantaneous rate of char conversion,
Tinst> for petcoke increased with the content of
potassium in the manganese ores. Moreover, the
Slovakian and the Egyptian manganese ores, which
showed the highest rate of char gasification, also have

the highest content of sodium (Table 2.5).

Figure 3.37 shows the ESEM images of partially
gasified petcoke particles (sized 500—750 wpm) in
different bed materials. It can be seen in Figure 3.37
(a—b) that the surface of the fuel particles in the bed
of Mn-oxide oxygen carrier and South African B
manganese ore underwent edge recession and
erosion; a common behaviour in the gasification of

solid fuels.'”® However, when the Slovakian and

petcoke particle in the bed of (a) Mn-oxide
oxygen carrier (b) South African B, (c)
Slovakian and (d) Egyptian manganese ores.
The micrometer bars in the inset and outset
ESEM images are 500 um and 2 mm,
respectively.

Egyptian manganese ores were used as the bed material, cavities and channels appear on the

surface of the fuel particles, Figure 3.37 (c—d); a common phenomenon in catalytic gasification.'”®

177

Figure 3.38 shows the corresponding EDX spectrums from surface elemental mapping of the

partially gasified petcoke particles in different beds. The only elements found on the surface of the

partially gasified fuel particles in the bed of the Mn-oxide oxygen carrier and South African B

manganese ore were carbon, oxygen, vanadium and
sulphur elements, which are inherent to the petcoke
particles. However, with the Slovakian and Egyptian
manganese ores as the bed material, potassium and
sodium elements were additionally found on the

surface of the fuel particles.

Figure 3.39 shows the surface EDX mapping of a
partially gasified petcoke particle in a bed of Egyptian
manganese ore. A small manganese ore particle can
be seen on the surface of the petcoke particle, which
was rich in the occurring elements of the ore, i.e.
calcium, magnesium, silicon, manganese and
aluminium. However, the potassium and sodium

elements were well distributed throughout the

—— Mn-oxide
—+— S, Africa B
—— Slovakia
—=— Egypt

A

Figure 3.38 EDX spectrums of partially gasified
petcoke particles in different bed materials.
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3. RESULTS AND DISCUSSION

Figure 3.39 EDX mapping of a partially gasified petcoke particle in a bed of Egyptian manganese ore. (a)
electron image, (b) aluminium, (c) carbon, (d) calcium, (e) potassium, (f) magnesium, (g) manganese, (h)
sodium, (i) oxygen, (j) sulphur, (k) silicon, (1) vanadium. The width of the electron image map is 18.7 um.

surface of the fuel particle along with the inherent elements of petcoke, i.e. carbon, oxygen,
vanadium and sulphur. The catalytic effect of either potassium or sodium compounds on the char
gasification has been thoroughly studied in the literature. A review of the possible mechanisms for
catalytic gasification can be found in the work by Moulijn et al.'”® It should be noted however, that
the experimental conditions in this work are rather different from those in catalytic gasification in
which the char is directly loaded or impregnated with the catalysing agent. Yet, carbonates, oxides
and hydroxides of potassium and sodium have melting and boiling temperatures close to the
operating temperature used in this work (970°C).'” Therefore, one possible mechanism may be that
the catalysing agents were released in the gas phase, after which they were bound to the surface of
the char and induced catalytic activity. This may be inferred from the uniform distribution of
sodium and potassium elements on the surface of the partially gasified petcoke particles, as shown
in Figure 3.39. These findings are also in conformity with a recent study of the effect of potassium

on fuel particles using the Brazilian manganese ore as bed material.'”

3.10 Characteristics of Oxygen Carriers Before and After Redox Cycle (Papers I, I, IV, V
and VIII)

Recent studies have highlighted the significance of using different characterization techniques in
CLC." '8! It is important to examine the changes in physical and chemical properties as well as
integrity of the oxygen carrier particles for any possible occurrence of fragmentation and/or
agglomeration as well as deactivation or formation of ternary phases after reactivity testing. For

49




3. RESULTS AND DISCUSSION

Figure 3.40 ESEM images of (a) C4A-950, (b) Figure 3.41 ESEM images of fresh and used (a-

C4A-1050, (c) C4MA-950 and (d) C4MA-1050 b) Slovakian and (c-d) South African A
after reactivity test. The micron bars in the inset manganese ores. The micron bars in the inset
and outset images are 200 ym and 1 mm, and outset figures are 50 um and 2 mm,
respectively. respectively.

detailed results on changes in morphology, apparent density, BET specific surface area, particle size
distribution (PSD), and crystalline structure of the oxygen carriers, see Papers I, II, IV, V and VIIL.
Below, some examples of the characterization and material analysis of some of the oxygen carriers

are presented.

The ESEM images of the copper-based oxygen carriers after the reactivity test and fresh and used
manganese ores are shown, respectively in Figure 3.40 (a—d) and Figure 3.41 (a—d). Compared to
the fresh sample, the surface morphology of the C4A-1050 and C4MA-950 particles did not change
appreciably. For the C4MA-1050 sample, most of the particles disintegrated forming a considerable
amount of fines. The used C4A-950 particles also exhibited slight fragmentation. The surface
morphology of the manganese ore particles did not appear to have changed noticeably when
examined with ESEM. For all tested manganese ores after either gaseous or solid fuel experiments,
small agglomerates of a few particles were observed when the particles were extracted from the
reactor. However, this had not affected the fluidization of the particles as indicated by the pressure

fluctuations over the bed.

The changes in BET specific surface area or density were in general unique to every oxygen carrier.
For example, for the CuAl,O, (C4A-1050) sample, a decrease in the apparent density and a slight
increase in the BET specific surface area for the used particles were observed after every set of 15
cycles, suggesting that the particles had slightly swelled. This decreasing trend in the apparent
density is adverse to the general consensus that materials become densified upon heat treatment.
However, it is worth noting that the conditions in a redox operation are different from those during
calcination. For the manganese ores investigated, a decrease in the density of the particles was also

found. The BET specific surface area also decreased considerably which could suggest a change in
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pore size distribution towards larger pores. For the
spray-dried perovskite-type materials, there was no or
little change in either density or BET specific surface
area of the materials. The BET specific surface area
did not change for the extruded perovskite-structured
the bulk density decreased

materials, however,

substantially.

The particle size distributions (PSD) of the extruded
perovskite-type oxygen carriers before and after
reactivity tests are shown in Figure 3.42, as an
example. In the case of CLMT, the presence of fine
particles in the fresh samples is noticeable. These fine
particles were most likely entrained from the reactor

during the reactivity test. The PSDs for the rest of the

Cumulative fraction undersize [%]

100
Particle diameter [Lum]

150 200 250
Figure 3.42 Particle size distributions (PSD) of
the fresh and used extruded perovskite-

structured oxygen carriers.

oxygen carriers are quite similar, before and after the reactivity tests.

Only a few of the studied materials showed reasonable mechanical stability, as indicated by the

crushing strength measured prior to the reactivity tests shown in Tables 2.1—-2.5. It should be noted

that the crushing strength might not correlate linearly with attrition and fragmentation behaviour in

a real CLC system. Dust formation or particle fragmentation was generally not observed during

batch fluidized-bed experiments. However, given that the total number of cycles and the gas

velocities employed in this setup were rather low, further long-term tests in continuous operation

will be needed in order to confirm the mechanical
stability of the materials. Figure 3.43 shows the rate
of attrition of the used extruded perovskite-type
oxygen carriers during testing in a jet-cup attrition rig
for 1 h. It can be noted that up to approximately 30
min, the rate of attrition was quite high. This is likely
due to the erosion of sharp edges, which were then
entrained in the early stages of the test. Here, the
attrition index, A, is defined as the slope of the
attrition in the last 30 min of the test period, where
more stable values of attrition rates were achieved.
Although the rates presented are still not sufficiently
low for a realistic CLC unit, they are within the range
of other oxygen carriers tested in the same rig with

satisfactory operation during hot experiments.'*
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Figure 3.43 Attrition rates of the extruded
perovskite-type oxygen carriers following the
reactivity test.

51



3. RESULTS AND DISCUSSION

However, it is clear that for use in a full scale plant, the
mechanical resistance of these particles would need to be
increased, e.g. by changing or optimizing the manufacturing
technique. The spray-dried perovskite-type oxygen carriers also
had rates of attrition similar to those for CaMn,,Mg,,0;_s
(C50MMg), that has shown excellent functionality in continuous
operation in a 10 kW unit.'"* Consequently, equally good results

could be expected for these materials.

The XRD analysis of fresh as well as used samples for some of the
extruded perovskite-type oxygen carriers are shown in Figure 3.44
as an example. It has been reported in the literature'® ''° that
undoped CaMnO,_; undergoes decomposition to CaMn,0, and
Ca,MnO,_s; when subject to low oxygen partial pressure at
sufficiently high temperatures. Although this decomposition is
reported as reversible with respect to other applications, it had not
been investigated in CLC. In the case of the used samples, the
reactivity cycles ended in N,, synthesis gas and oxidation (5% O,)
streams at 950°C. A thorough analysis of the XRD patterns was
made difficult due to the superimposition of several diffraction
peaks. Also, in the case of B-site doped materials, Ca,¢sLa, ;sMnO,
or Cayo.lay;MnyTi,,O; compounds are suggested by the XRD
database, even though the doping in either case was only 10
mol.%. Other oxygen-deficient perovskite structures, however,
could be identified in terms of their distinct peaks. In all cases,
oxidation of the reduced samples restored a composition similar to
that of the fresh oxygen carrier. A minor amount of the CaMn,0,
spinel in the oxidized and reduced samples was also detected. In
light of the XRD patterns, the phase evolution could be classified
into two categories, corresponding to two different behaviours
predominantly in the synthesis gas environment: (1) The
CaMnO,_; (CM) and A-site doped Ca,,La,;MnO,_s (CLM) samples
were reduced with synthesis gas, forming a CaMnO, phase
(characterized by peak splitting at 20 = 34.5° and 60.5°). The
regeneration of the parent perovskite-type CM upon oxidation
(Figure 3.44; bottom) was in accordance with several studies.'®
110,182, 183 The formation of CaMnO, was visually verified by the

182, 184

characteristic olive-green colour of the particles after the
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Figure 3.44 XRD patterns of fresh,
reduced in N,, reduced by syngas
and oxidized samples of extruded
perovskite-structured  materials:
(bottom) CM (middle) CLM and
(top) CLMT.

52
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reduction of CM with synthesis gas. Thus, in the case
of CaMnO,_; (CM) and Ca,cLa,;MnO;_s (CLM), Mn
changed from Mn** to Mn** as they transformed into
CaMnO, upon reduction at high temperatures. (2) In
the case of A- and B-site doped particles (CLMT,
CLMF, CLMM), the XRD patterns looked very similar
to each other in all cases without any evidence of
CaMnO, formation after reduction with synthesis gas.
This suggests that the doubly-doped compounds are
less prone to phase separation as opposed to their

undoped and the singly-doped analogues.

For the spray-dried perovskite-type oxygen carriers,
the intensity of characteristic peaks for marokite
(CaMn,0,) increased with a concomitant decrease in

the intensity for peaks associated with the active

100 —§

Mass change [%]

—¢— CLMM
—=— CLMT
——— CLMF

0 5 10 15 20 25 30
Time [min]

Figure 3.45 Oxygen capacity (R, of the
extruded perovskite-type oxygen carriers during
cycling between synthetic air (20.8% O,) and
high purity inert gas (N,) at 950°C in a
thermogravimetric analyser.

perovskite-based material, e.g. CaMnO;_; following reactivity testing both in the presence and

absence of SO,. This was the case for all samples except for the Mg and Ti-doped materials. In all

Mg-containing samples, MgO was also found as a separate phase, and was not incorporated into the

perovskite structure, likely due to a mismatch in the ionic radii of Mg and Mn,'® which has also
been reported elsewhere'®* %> "2 for CaMn, Mg, ,0;_s (C50MMg).

The XRD analysis of the copper-based materials
indicated that, except for C4A-950, it was possible to
oxidize the reduced samples to a composition similar
to the fresh oxygen carrier. For the manganese ores,
Mn,0O,, Mn,0,, MnO, and Fe,O, were identified as
active oxides in most of the fresh ores using XRD.
However, after the reactivity test using gaseous fuels,
only Mn;O, and Fe,O, were seen. This would be
expected since, in the range of the temperatures
investigated here, Mn;0, is the stable oxidized phase

of Mn after oxidation at 5% O,, see Figure 1.4.

Figure 3.45 shows the oxygen-carrying capacity of the
extruded perovskite-based materials for CLOU after
the
analyser, when cycled between synthetic air (20.8%

reactivity tests using a thermogravimetric

O,) and high purity N,. The slightly higher capacities

—4— C43MTMg (Fresh)
—&— C43MTMg (in absence of S02)

—— C43MTMg (in presence of SO2)

Figure 3.46 Partial EDX spectrums of fresh
Cay 7sMng 775Mgo.10Ti 125055 (C43MTMg), and
particles subjected to reactivity tests in the
absence and presence of SO,
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than those in Figures 3.21 and 3.22 were expected due to the higher oxygen partial pressure
(20.8% vs. 5%) used here. As can be seen, R, varied from 0.37% (for CLMT) to 0.76% (for CM).
The R, for CM corresponds well with the expected change in 3—¢ reported by Bakken et al.'” and
Leonidova et al.'® Doping at the A- and the B-sites both resulted in a decrease in oxygen-carrying
capacity. Rgrmark et al."'® have also reported a lower oxygen transfer capacity for Ca,oLay,;MnO;_s

than for CaMnO,_j.

Partial EDX analysis of the surface of the fresh and used spray-dried perovskite-based samples after
reactivity testing in the presence and absence of SO, is shown in Figure 3.46. Following the
reactivity experiments in the presence of SO,, a uniform distribution of sulphur could be found on
the surface of the materials in addition to the inherent elements of the oxygen carrier, i.e. calcium,
titanium, magnesium, manganese and oxygen. However, analysis of the bulk cross sections did not
show the presence of sulphur, despite reports of the complete destruction of the perovskite-based
bulk catalysts when deactivated with SO,."'*'*° This could again be attributed to the limited number

of reactivity cycles in the presence of SO, carried out in this work.
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Copper- and manganese-based oxygen carriers were investigated for the CLC and the CLOU
processes. Their chemical-looping performance was examined in a laboratory-scale fluidized-bed
reactor at different temperatures under alternating reducing and oxidizing conditions. The materials
were generally evaluated with respect to oxygen release, reactivity and performance. Detailed
material analysis and characterization of various oxygen carriers were carried out. Different gaseous
fuels such as methane and syngas (50% CO in H,) as well as solid fuels such as petroleum coke and

wood char were used.
Investigation of four copper-based oxygen carriers showed that:

e Freeze-granulated oxygen carriers consisting of CuO supported on Al,O; and MgAl,O, yielded
complete conversion of methane during short reduction cycles in the temperature range of
900-925°C. Three of these materials also featured the rapid release of oxygen in an inert

environment (CLOU).

e Using Al,O, as support material, the CuO reacted with Al,O,, thus forming CuAl,O,, which is
also a viable oxygen carrier, although only for CLC and not CLOU. Furthermore, part of the
CuO and CuAl,O, active phases were not restored upon oxidation due to the formation of
CuAlO,.

e During longer reduction cycles of the MgAl,O,-supported oxygen carriers, it was found that
the active CuO phase was retained by avoiding interaction between CuO and the support

material, thus offering stable oxygen release and stability in reactivity and performance.

The CuAl,0, oxygen carrier was further investigated in a larger number of cycles and in the
temperature range of 900-950°C for CLC. Systematic phase analysis of the Cu—Al-O system during
the redox cycle was carried out as a function of duration of reduction and oxygen concentration
during the re-oxidation period. The phase relationships in the Cu-Al-O system for CLC was
established by reassessing the standard enthalpy of formation, AHfO, of CuAlL,0, using TGA/DSC.
The reassessment was motivated by a discrepancy between thermodynamic databases. It was

concluded that:

e Agglomeration or defluidization was not encountered during experiments at 900 and 925°C.
However, after reactivity testing at 950°C, soft agglomeration and particle fragmentation were

observed.

e The reduction of the spinel (CuAl,O,) involves the formation of CuAlO,, Cu,O and elemental

Cu. The CuAlO, has slow kinetics for re-oxidation which results in partial loss of the active

55



4. CONCLUSIONS

phase after several redox cycles. Thus, a decrease in the oxygen-carrying capacity of the

material could be expected; although, this may be compensated by a larger solids inventory.

The effect of doping at the A- and/or B-site on the oxygen-carrying capacity, performance, reactivity
and stability of perovskite-type oxygen carriers synthesized by extrusion was investigated. The

following observations were made:
e It was found that doping can significantly affect the aforementioned properties.

e With the exception of Cu-doped material which defluidized, nearly complete gas yield was
obtained for methane at 950°C. With synthesis gas, complete gas yield was obtained for all

materials at the same temperature.

e All particles exhibited CLOU behaviour and the reactivity tests showed that this class of

oxygen carriers reacted both via CLC and CLOU in the fuel reactor.

The effect of calcium content and dopant in spray-dried perovskite-type oxygen carriers was
evaluated with respect to reactivity and performance as well as tolerance towards deactivation with

sulphur. The following conclusions could be drawn:

e The reactivity of the materials with methane was high and increased with temperature and
calcium content, approaching complete gas yield at 1000°C. However, the reactivity
decreased in the presence of SO, for all of the oxygen carriers investigated. All materials also
exhibited CLOU behaviour.

e Decreasing the calcium content in the materials generally resulted in a lower decrease in
reactivity in the presence of SO,, with the exception of materials doped with both Mg and
Ti, where a higher resistance to sulphur deactivation could be maintained even at higher
calcium contents. The drop in reactivity in the presence of SO, also decreased at higher
temperatures, and at 1050°C the decrease in the reactivity of the Mg and Ti-doped material

was minimal.

e Sulphur balance over the reactor system indicated that the fraction of the SO, introduced
which passed through the reactor increased with temperature. It was shown that it is
possible to regenerate the oxygen carriers during reduction in the absence of SO,. Most of
the materials developed also showed relatively low attrition rates. Nevertheless, any safe
assessment of the sulphur tolerance of perovskite-type oxygen carriers would require further

investigation in continuous operation.

A method for obtaining the rate of oxygen release for CLOU was developed and was applied to the
MgAl,O,-supported CuO oxygen carrier as well as the extruded perovskite-type materials. In this
method, devolatilized wood char was added to facilitate oxygen release from the oxygen carrier in

N,-fluidization by maintaining a low oxygen concentration around the particles. The oxidation rate
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of the MgAl,O,-supported CuO oxygen carrier for CLOU was also studied. The main conclusions

were:

The Avrami-Erofeev mechanism was found to best describe the rates of oxygen release for
the CuO/MgAl,0O, oxygen carrier. However, during oxidation it was observed that the rate
was limited by oxygen supply, indicating rapid conversion of the oxygen carrier. Based on
the rates obtained, the minimum solids inventory was determined for a CLOU unit operating
at a temperature of 900°C in the fuel reactor and at 850°C in the air reactor. The total
inventory of solids required in the fuel and the air reactor was estimated to be between 73—
147 kg/MWy,.

Compared to the CuO/MgAl,O, oxygen carrier, the rate of oxygen release in the CLOU
regime was approximately 20 times lower at 950°C for the extruded perovskite-type oxygen
carrier materials. The required solids inventory in the fuel reactor using these materials was
estimated to be 325 kg/MW,,.

Six different manganese ores were investigated for application with CLC for solid fuels and the

results were compared to ilmenite and a Mn-oxide oxygen carrier. It was found out that:

Three of the manganese ores showed a small oxygen release in the inert environment.

Using methane as the fuel, it was observed that the gas yield increased with temperature for
all of the manganese ores. In the case of 50% CO in H,, all of the manganese ores yielded

complete conversion of the fuel.

The manganese ore and the Mn-oxide oxygen carrier exhibited a higher rate of char
gasification than ilmenite. The gas conversion during the gasification of petcoke was also
higher with these materials than with ilmenite. This suggests that manganese-based oxygen
carriers have higher reactivity towards the gasification products, i.e. CO and H,, compared

to ilmenite.

Surface comparison of partially gasified petcoke particles in different beds suggested that
when alkali-containing manganese ores are used as bed material, cavities and channels are
formed on the surface of the fuel particles, which is a common behaviour in catalytic
gasification. Surface elemental analysis of the partially gasified petcoke particles in the bed
of Slovakian and Egyptian manganese ores indicated the presence of potassium and sodium.

These elements were also thoroughly distributed throughout the surface of the fuel particles.

The rates of char gasification could be correlated to the concentration of potassium and
sodium in the manganese ores, i.e. the rate of char gasification increased with the content of
potassium and sodium impurities in the ores, which are well-known catalysing agents for the

char gasification reaction.
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NOMENCLATURE

Ro
YcH,
Yco
YcH, tot
VCH4,ave
Vi

Y i,act

dy;

dt

w

Aw

Xred

Xred,norm

Nout
dXox
dt

Nin
Nout,corr

t
dw

dt
Mo

Oxygen-carrying capacity [%]

Gas yield or conversion efficiency for methane [-]

Gas yield or conversion efficiency for 50% CO in H, [-]

Total gas yield or conversion efficiency for methane during entire reduction [-]
Average gas yield or conversion efficiency for methane during w = 1 —0.99 [-]
Gas concentration of the i species as measured by the analyser [vol.%]
Deconvoluted gas concentration of the i species [vol.%]

Change in gas concentration of the i species over a time interval [vol.%/s]
Mass-based conversion of the oxygen carrier [%]

Change in mass-based conversion of the oxygen carrier [-]

Mass of the oxygen carrier in oxidized state [g]

Actual mass of the oxygen carrier during the experiments [g]

Number of moles of molecular oxygen in the oxygen carrier [-]
Conversion of the oxygen carrier during reduction [-]

Normalized conversion of the oxygen carrier during reduction [-]
Conversion of the oxygen carrier during oxidation [-]

Time constant [s]

Conversion rate of the oxygen carrier during reduction [1/s]

Molar flow rate of dry gas at the outlet of the reactor [mol/s]

Conversion rate of the oxygen carrier during oxidation [1/s]

Molar flow rate of dry gas at the inlet of the reactor [mol/s]

Corrected molar flow rate at the outlet of the reactor [mol/s]

Time [s]

Derivate of change in mass-based conversion of the oxygen carrier [1/5]

Molar mass of oxygen [g/mol]
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AHfO Standard enthalpy of formation (at 25°C) [kJ/mol]
AH® Standard enthalpy of reaction (at 25°C) [kJ/mol]
AH Enthalpy of reaction [kJ/mol]
AG® Standard Gibbs free energy [kJ/mol]
k., Rate constant during oxygen release (reduction) of CuO [1/s]
ere;# Normalized conversion derivative of the oxygen carrier during reduction [1/s]
k_, Rate constant during oxidation of Cu,O [1/s.atm]
Po, ave Logarithmic average of partial pressure of oxygen [atm]
Po,eq Equilibrium partial pressure of oxygen [atm]
Py, in Partial pressure of oxygen at the inlet of the reactor [atm]
Po, out Partial pressure of oxygen at the outlet of the reactor [atm]
Moc Rate of solid flow between the two reactors [kg/s.MW ]
X Fraction of char conversion [-]
me(t) Mass of carbon converted at time t [g]
Mot Cumulative mass of carbon converted during one cycle [g]
M Molar mass of carbon [g/mol]
Tinst Instantaneous rate of char conversion (gasification) [1/min]
% Derivative of fraction of char conversion (gasification) [1/min]
Tinst Arithmetic average of rate of char conversion (gasification) [1/min]
Ngas Gas conversion during experiments with steam gasification of petcoke [-]
A; Attrition index [wt.%/h]
Nso, SO, yield [-]
Ns0,,in Moles of SO, introduced to the reactor
M50, 0ut Moles of SO, in the effluent
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