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Abstract
Carbon capture and storage (CCS) technologies were developed to address the problem of
increasing CO2 emissions. Two of the most promising technologies are calcium looping (CaL)
and chemical looping combustion (CLC). The integration of CaL and CLC has been studied in
this thesis with CuO/CaO composite sorbent pellets. The pellets were tested over multiple cycles
and the stability in terms of chemical looping combustion was excellent, although agglomeration
was observed. In contrast, a significant decay in the rate of CO> uptake was observed in the first
3-4 cycles. Both a thermal pretreatment and the presence of steam enhanced the stability, while
the addition of potassium hydroxide hindered the performance. Steam will be present with the
flue gases in an industrial application, and so it is important that steam did not detract from the

performance of the pellets.
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IChapter One - Introduction

1.1 Overview

The constant increase of emissions of carbon dioxide (CO2) and its concentration in the
lower level of the atmosphere (troposphere) are problems that are being addressed currently.
Carbon dioxide belongs to the group of gases known as greenhouse gases (GHG), in which are
also included water vapour, methane, nitrous oxide, ozone and CFCs (chlorofluorocarbons)?.
Although CO:z is not the gas with the strongest greenhouse effect, it is largely the most emitted
worldwide?. For instance, in 2011, according to the International Energy Agency, approximately
31.6 billion tonnes of CO> were emitted worldwide, which accounted for almost 80% of the total
emissions of GHG?®. That makes CO> the main GHG to be reduced.

In Canada, the emissions of CO; in 2010 accounted for 1.8% of the global emissions®.
The main sources of CO, emissions in Canada are in the province of Alberta, where 48.5% of the
reported emissions in Canada in 2011 were located. This province has an intensive oil and gas
industry that was responsible for 46.4% of emissions in 2011, and also a number of coal-fired
power plants that generated a large portion of the electricity for the province. The generation of
the electricity involved 35.4% of the emissions of CO2 in 2011°. Thus, the oil and gas industry
and the energy supply, together, accounted for more than 80% of the emissions of CO; in the
province of Alberta, which in turn was almost 40% of the total emissions in Canada.

From 2005 to 2012, the emissions of CO- in Canada were reduced by 5.1%?, but the
commitment for 2020 is to reduce the emissions by at least 17% below the levels of 2005.
Therefore, further efforts to make possible such decline of the emissions are necessary. Some of

the policies that have been implemented aim to reduce the emissions of CO> from coal-fired



power plants. For example, the Reduction of Carbon Dioxide Emissions from Coal-Fired
Generation of Electricity Regulation (SOR/2012-167) report set 420 tonnes of CO2/GWh as the
limit for coal-fired electricity generation units. The purpose of this regulation is to force a shift to
lower- or non-emitting units, such as those of natural gas, renewable energy, or fossil fuel-fired
with carbon capture and storage (CCS)®. With regards to CCS, in the last years, the Government
of Canada has invested approximately $3 billion in research and study of these technologies,
resulting in Canada becoming a world leader in this area’.

Carbon capture and storage technologies offer the possibility of avoiding the emission of
CO:z into the atmosphere by treating the flue gases of the industrial process. The CO; is separated
from the other gases (mainly N2), and is obtained in a pure stream (>98%)2. Once the CO; is
prevented from being emitted, it is injected into the ground, for instance, in depleted oil and gas
reservoirs. It is important to note that, in order to store the COo, first, it is necessary to separate it
from the other gases because otherwise the energy and costs required to compress the mixture of
gases would make the process infeasible®.

Some of the CCS technologies, such as amine capture, have been implemented at
commercial scale. For instance, in October 2014, SaskPower started to operate the Boundary
Dam Integrated CCS plant, which was the first CCS plant in the world, and it is expected to
capture approximately one million tonnes of CO2 a year'®. Another example is the case of the
Shell’s Scotford Upgrader, located near the city of Edmonton (Alberta), which has implemented
the Quest Carbon Capture and Storage project. This project is expected to capture and store deep
underground (~2300 m) more than one million tonnes of CO2 per year*!. This second example
shows that not only coal-fired power plants, but also other industrial processes can benefit from

CCS technologies.



However, there are several issues associated with the use of amine based compounds for
CO2 capture. First, it involves a high energy penalty (~9-12.5%), which decreases the efficiency,
and consequently increases the price of the energy. Second, the cost of manufacturing the
absorbent is high: monoethanolamine (MEA) costs $1,250 US/tonne 213, Third, there are
environmental and health risks related to the handling and disposal of large quantities of
degradation products and waste solvent4,

Thus, intensive research is focused on addressing these problems, and alternative
solutions to the commercial processes are currently being developed. One of them is the calcium
looping (CaL), which has arisen as one of the most promising technologies because it presents a
number of advantages that are explained herein. This process is based on the use of lime (CaO)
as sorbent, which is widely available and environmentally benign. Lime reacts with CO> to
produce calcium carbonate (CaCOs3, see Eqgn. 1-1), and then returns to its initial state when
heated to high temperatures, releasing the CO: at the same time. Thus, 1) the CO is obtained in
a pure stream, and 2) the CaO can be recycled multiple times.

Ca0 + CO2 «» CaCO3 (1-1)

Additionally, the CaL process is carried out at high temperatures, which enables the
possibility of recovering energy to drive a steam cycle. This, in turn, would result in a lower
energy penalty of the process, minimizing the impact on the energy efficiency. Also, CaL
involves the use of fluidized bed technology, which is a well-established technology, extensively
applied in the industry. Furthermore, the materials used in CaL have a certain affinity to SO,
which results in simultaneous desulphurisation of the flue gases!2. On the other hand, the main

drawback of CaL is the need to provide the energy required to carry out the decomposition of the



carbonate. Also, although the CaO can be recycled multiple times, the reactivity decreases
significantly after a few cycles?®.

Another promising alternative is chemical looping combustion (CLC). This technology
uses metal oxides, known as oxygen carriers, instead of air for the combustion of fuels. As
Figure 1.1 shows, the oxygen carrier is put in contact with the fuel, and it provides the oxygen
required for the combustion. As a consequence of the combustion, the metal oxide is reduced,

but it can be regenerated by exposure to air. Hence, the oxygen carrier can be recycled multiple

times.
N,. 0, Me, O, CO,. H,0
Oxidation Reduction
reaction reaction
Alr Me, O Fuel

X y-1

Figure 1.1. Schematic of chemical looping combustion for gaseous fuels®3. (Reproduced
with permission from the publisher, Elsevier. A copy of the permission is provided in

Appendix A.1).

These technologies are just two examples of the multiple alternatives to the amine-based
processes. A more thorough and detailed review of the current state-of-the-art is provided in
Chapter Two. Nonetheless, CCS technologies are expected to play a significant role in the
reduction of CO2 emissions, not only in Canada, but globally. Its implementation can help to
extend the lifetime of high-emitting coal-fired power plants that otherwise would need to
terminate their activity. Also, other industrial processes, such as bitumen upgraders, can benefit

from these technologies, and reduce their emissions.
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1.2 Motivation and objectives

The work reported in this thesis was part of a collaborative project carried out between
the University of Ottawa, the Ecole Polytechnique de Montréal, CanmetENERGY -Ottawa, and
the University of Calgary. The project involved the study of the performance of composite
sorbent pellets developed by researchers at CanmetENERGY -Ottawa'**¢ with the purpose of
combining the two alternative technologies mentioned in Section 1.1., i.e., calcium looping
(CaL) and chemical looping combustion (CLC). The idea of providing the energy required for an
endothermic reaction by means of chemical looping combustion was first proposed by Lyon and
Cole!’, applied by Abanades et al.*3!° for steam reforming, and even suggested by the same
authors for CCS purposes. However, this idea was based on simulations - no experimental work
had been done?.

The developed pellets contained a mixture of CaO (adsorbent for CaL) and copper oxide
(CuO), which was the oxygen carrier selected for the CLC process. In addition to these two
compounds, calcium aluminate cement (CE) was included as part of the mixture with the
purpose of acting as a binder and providing mechanical strength to the pellets'4?°,

Thus, a simplified diagram of the CaL.-CLC process is depicted in Figure 1.2. Three
reactors are required, namely 1) the carbonator, where the reaction of the adsorbent with CO>
takes place, 2) the calciner, where the reduction of the metal oxide and subsequent
decomposition of the carbonate occur, and 3) the air reactor, where the oxygen carrier is re-

oxidized by exposure to air.



Air (TN,)

N, CuO-Ca0-Cement pellets )
Air reactor
Air
CO,, N
2 Carbonator Cu-CaO-Cement pellets
Co,, H,0
Calciner
CuO-CaCO;-Cement pellets
Fuel

Figure 1.2. Schematic of the combined CalL-CLC process (black solid arrows represent

flow of solids, while gray solid arrows represent flow of gases).

In addition to this configuration for the CaL-CLC process, a second configuration was
proposed by collaborators at the University of Ottawa?l. The second option was named dual loop

configuration because instead of one global loop, there are two local loops, as illustrated in

Figure 1.3.
N, CO,, H,0 Fuel Air (TN,)
CaCO;-Cement CuO-Cement
CO, N, pellets pellets
Carbonator Calciner Air reactor
CaO-Cement pellets Cu-Cement pellets Air

Figure 1.3. Schematic of the dual loop configuration of the CaL.-CL.C process (black solid

arrows represent flow of solids, while gray solid arrows represent flow of gases).
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For this configuration, instead of pellets in which CuO, CaO and cement are mixed,
pellets with only CaO and cement, and pellets with only CuO and cement are used. In this case,
the pellets containing CaO circulate between the carbonator and the calciner, while the pellets
containing CuO circulate between the calciner and the air reactor. This configuration simplifies
the manufacturing of the pellets, but it may involve separating the two different pellets that reach
the calciner. In such case, it could be possible to accomplish the separation by controlling the gas
velocity, taking into consideration the different densities and sizes of the pellets®.

Therefore, based on the novelty of the pellets developed and the two configurations of
reactors proposed, this thesis focuses on the study of the performance of the composite sorbent
pellets and dual loop pellets. The specific objectives are:

1) Determine the capacity of the composite pellets to capture CO over multiple
carbonation/calcination/oxidation cycles, and the capacity of the dual loop pellets that
contain CaO over multiple carbonation/calcination cycles.

2) Determine the capacity of the composite pellets to be re-oxidized over multiple
carbonation/calcination/oxidation cycles, and the capacity of the dual loop pellets that
contain CuO over multiple reduction/oxidation cycles.

3) Address the decay of the capacity of CaO to capture CO> over cycles.

1.3 Organization of the thesis

This thesis has been structured in seven chapters. Chapter Two provides a brief literature
review on CCS technologies and their fundamentals, as well as information regarding the
deactivation of CaO over cycles. Chapter Three explains the characterization techniques used on

the pellets, the experimental methods followed for the study of the pellets, and preliminary
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results. Chapter Four offers a heat transfer model for which mass transfer is taken into
consideration by means of the shrinking core model. The heat transfer model estimated the
temperature profiles within the pellets over time. Chapter Five provides the results of the
performance of both composite and dual loop pellets. Chapter Six is focused on the enhancement
of the capacity of pellets that contain CaO to capture CO2 over cycles. Three different
approaches were taken and the results are presented in this chapter. For one of the approaches,
the experiments were performed at CanmetENERGY-Ottawa, and a brief description of the
experimental methods used at those facilities is included in this chapter. Last, Chapter Seven

presents the conclusions and recommendations for this thesis.



Ichapter Two - Literature Review

2.1 Carbon Capture and Storage (CCS)

The Carbon Capture and Storage are a set of technologies developed to avoid CO>
produced from the use of fossil fuels to generate electricity, and that of industrial processes, from
being emitted into the atmosphere?. This thesis focuses on the carbon capture, and consequently
in this review the technologies related to this process are covered. There are four main
technologies, 1) pre-combustion or decarbonisation, 2) oxy-fuel combustion, 3) post-combustion
and, 4) chemical looping combustion®®. All of these technologies aim to obtain a stream of pure
CO2 (98%)? that can be later transported and stored in geological formations, or used in other
processes such as Enhanced Oil Recovery (EOR), production of urea and methanol, food
processing, preservation and packing, coffee decaffeination and production of beverages?®2°.
Among these four main technologies, post-combustion methods are the most appropriate for
existing coal-fired plants because they can be retrofitted to the plant by adding the capture unit

downstream of the process, without impacting the original structure of the plant'>2°,

2.1.1 Pre-combustion capture or fuel decarbonisation

This technology is based on the partial oxidation of a fuel, for instance, by gasification, to
produce a mixture of hydrogen (H), carbon monoxide (CO) and CO>. The mixture is treated to
convert the CO into CO, which is usually accomplished by means of the water-gas shift
reaction. Then, the remaining mixture, which contains mainly CO> and Ho, is treated to separate
the CO, from the H2?%?7. Therefore, in this process, the CO; is captured prior to the combustion

of the fuel. Figure 2.1 shows a simplified diagram of these steps. Ultimately, H> can be used in



many processes, but usually its application as a fuel is preferred, for instance in Integrated
Gasification Combined Cycles (IGCC), in which Hz is combusted in a gas turbine?. In addition,
H: has applications in other processes, such as the upgrading of heavy crude oils 28, metallurgy

industry, pharmaceutical industry and fuel cells?.

co, N,, O,, H,0
Fuel F.’artl.al CO, COy, Hy|  water gas CO,, H, Separation H, .
— oxidation/ . . Combustion
L shift reaction of CO,
gasification ’
H,O Air

Figure 2.1. Schematic of the pre-combustion technology.

However, the pre-combustion technology presents several disadvantages. The separation
of CO. and H> is usually performed by acid gas removal (AGR) processes, which involve energy
penalties®®. Additionally, the retrofit to existing coal-fired plants is not a viable option because
considerable modifications to the structure of the plant would be necessary. Therefore, pre-
combustion technologies would be more suitable for future plants, in which the capture of CO>
can be included as part of the initial design of the plant. In this regard, its application is normally
suggested to be done in connection with Integrated Gasification Combined Cycle (IGCC) power

plants rather than coal-fired plants?.
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2.1.2 Oxy-fuel combustion capture

The principle of oxy-combustion capture is to avoid the separation of CO2 and nitrogen
by using oxygen of high purity (at least 95%)3! instead of air, which prevents the CO, from being
diluted in N2. As depicted in Figure 2.2, the typically suggested configuration for a plant with
oxy-fuel combustion technology involves the recirculation of part of the combustion gases to
control the temperature within the burner?®32, The limitation in the temperature is based on the
capability of the materials currently available to withstand high temperatures®.. This
configuration was first suggested in the early eighties with the purpose of producing large
amounts of CO> for Enhanced Oil Recovery (EOR), and also reducing the environmental impacts

from the use of fossil fuels in energy generation'?3,

N, CO, recycle
Air | Ajr separation 0, Boiler €O, Gas o
unit cleaning 2

Fuel

Figure 2.2. Conceptual diagram of the oxy-fuel combustion process.

This technology offers several advantages, and it is considered one of the most promising
options for capturing CO> from coal-fired power plants. The CO capture efficiency of this
process can be very high, ranging from 90% to 95%°313%. The use of oxygen of high purity
(>95%) reduces the formation of thermal NOx to almost zero, which results in low overall-NOx

emissions®>®, The reduction of these pollutants ranges between 50% and 70%%*2. Note that,
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even though the formation of thermal NOx is prevented, these pollutants can still be formed due
to the presence of nitrogen in the fuel. Additional reductions in the SO, emissions, as high as
90%, could be accomplished economically if limestone would be added to the process®®¥'.

The main disadvantage of oxy-fuel combustion is the energy penalty and costs associated
with the air separation unit needed to produce oxygen of high purity. Currently, at commercial
scale, pure oxygen can be produced only by cryogenic distillation, which is expected to cause a
penalty of 15-30% of the generated electricity, depending on the initial efficiency of the
plant?®32, Additionally, retrofitting this technology to existing plants involves a number of
changes in the configuration of the plant. Figure 2.3 shows a schematic of an existing coal-fired

power plant in which the major modifications due to the implementation of oxy-fuel combustion

have been depicted?®.

CO, H;0O Secondary Recycle

_______ b .
N + + }
§ ] ] | Exhaust gas
I
"""" ] : :
ey b | :
| I

1
1
! Ener I ] m Low
: é!; SuU ©: Boiler )']SCR: ESP FGDl— COg Temp
! L) Cleaning Heat
1 . -
: A | CO, Waste Water
1
- S + Coal

Coal Mill Compression Storage

Mechanical Low Temp
CO; (Clean,Dry) Energy Heat

Primary Recycle
Figure 2.3. Configuration of a coal-fired power plant with implementation of oxy-fuel
combustion technology. ASU - Air Separation Unit, SCR - Selective Catalytic Reduction
reactor (deNOx), ESP - Electrostatic Precipitators, FGD - Flue Gas Desulphurization?.
(Reproduced with permission from the publisher, Elsevier. A copy of the copyright

permission is provided in Appendix A.2).
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Implementing the oxy-fuel combustion technology requires addition of an air separation
unit upstream of the process, in order to provide the high purity oxygen, and final processing
(cleaning) of the CO> downstream. The final processing involves removal of water and other
non-condensable gases, such as Oz and N2 to meet the requirements regarding purity of the CO2

stream, and the compression step prior to its transportation and storage.

2.1.3 Post-combustion capture

The post-combustion technology is based on the removal of CO2 from the flue gases
stream produced in a power plant. In these facilities, as air is used for the combustion, the
fraction of CO; in the flue gases is low, normally between 13-15% for coal-fired power plants®®-
40 and 7-8% for gas fired power plants®. To reduce the emissions of CO2 in coal-fired power
plants in the short and medium term, post-combustion technology is considered as the most
suitable among the CCS technologies because its implementation does not involve modifications
in the configuration of the plant*!.

Within the post-combustion technology, the main methods are solvent absorption,
adsorption using solid sorbents and membrane separation>“?. Solvent absorption has been
thoroughly studied, and it is the only method that has been deployed at industrial scale®%43, The
most common solvent is monoethanolamine. Other compounds that are often considered as
potential alternatives to monoethanolamine are 2-amino-2-methyl-1-propanol, secondary amines
such as diethanolamine, and tertiary amines such as methyldiethanolamine!>324445 The most
important reactions between these compounds and CO: are, 1) formation of a carbamate (2-1), 2)
reversion of the carbamate to bicarbonate (2-2), 3) formation of bicarbonate (2-3). These

reactions are valid for primary and secondary amines, but for tertiary amines the mechanism is
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rather different. Tertiary amines are considered to act as a base that catalyzes the hydration of

CO;, (2-4)%.
CO2 + 2R1R2NH <> [R1R:NCO2 + R1R2NH2*] (2-1)
R1RoaNCO2™ + H20 - Ri1RoNH + HCO3~ (2-2)
CO2+ OH < HCO3~ (2-3)
CO2 + H20 + R1R2R3N <> R1R2R3NH™ + HCO3~ (2-4)

Although these solvents are currently used at commercial scale (a diagram of the process
is illustrated in Figure 2.4), there are a number of issues associated with them. These amines
suffer from degradation in the presence of Oz, SO, and NOx because of irreversible reactions
between the amines and these pollutants!?414546 In addition to the presence of pollutants, the
temperature cannot be high because amines thermally degrade*’8. Also, the regeneration of the
solvent (2-2) requires an energy input, which remains as one of the major drawbacks of the
amine solvents*. Furthermore, environmental and health concerns are associated with the use
and handling of the degradation products, such as nitroamines, which are carcinogenic, toxic and

mutagenic compounds®®*®.
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Figure 2.4. Post-combustion capture of CO2 using amine solvent method*!. (Reproduced

with permission from the publisher, Elsevier. A copy of the copyright permission is

provided in Appendix A.3).

The next main method of post-combustion capture uses solid sorbents. Although a
number of solid sorbents were developed*®, only two main types of sorbents are considered,
namely, amine-based and alkali metal-based sorbents. The amine based-sorbents have the
advantage of requiring less energy for their regeneration than the liquid amine solvents. In
contrast, the mechanical and thermal stability showed by the amine based-sorbents are poor®.
As for the alkali based-sorbents, multiple compounds, such as magnesium oxide (MgO) and
calcium oxide (CaO), have been studied'>*°. These compounds can react with CO2 to form the
corresponding carbonate, and then be regenerated by heating the carbonate. For instance, at

temperatures between 873 K and 923 K, the CaO reacts with CO; to form calcium carbonate
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(CaCO03) (2-5). Then, the CaCOs is heated to 1173 — 1223 K to carry out the reverse reaction (2-

6), which results in the regeneration of the sorbent and release of CO..

CaOg) + COzg) — CaCOs) (2-5)

CaCOs(s) — CaOg) + CO2(g) (2-6)

This cycle is normally referred to as calcium looping (CaL), in which the first reaction (2-
5) is named carbonation and the second reaction (2-6) calcination. The carbonation is exothermic
(AHr 208k = -178 kd/mol)*’, and it is characterized by an initial rapid rate followed by an abrupt
transition to a slow reaction rate, i.e., initially Kinetics is the controlling mechanism, but then
diffusional limitations control the process®®2. This shift of reaction rate is because of the
carbonate layer that is formed on the surface of the particles during the carbonation, which
hinders the diffusion of the CO2 molecules. The calcination is endothermic (AHr 298k = +178
kJ/mol), and rapidly reaches completion under a wide range of conditions*’.

The use of CaO as a sorbent presents a number of advantages. The process is performed
at high temperatures, which enables the recovery of heat to provide additional energy, to drive a
steam cycle for example, and decrease the energy penalty of the process. In addition, the sorbent
is widely available and inexpensive, and the waste materials resulting from the process have
potential uses in other industrial processes, such as the cement industry*?.

There are, however, two main drawbacks related to the use of CaO as a sorbent, which
are the energy input required to carry out the calcination reaction, and the decrease of the
capacity to capture COz over cycles. The energy input, as depicted in Figure 2.5, could be
provided through the combustion of a fuel using oxygen of high purity, as in the oxy-fuel

16



combustion process, but that involves an energy penalty and the costs derived for the air

separation unit.
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Figure 2.5. Diagram of a theoretical coal-fired process with implementation of calcium
looping. (Reproduced with permission from the publisher, Elsevier. A copy of the copyright

permission is provided in Appendix A.4).

For this thesis, the decay in capacity is defined as the reduction of the CO; uptake of the
pellets after multiple cycles. This decay is likely due to sintering, which reduces the pore volume
and available surface area of the CaO'*#"*3, In this regard, multiple approaches have been taken
in order to address this problem and minimize the effect of sintering. Ridha et al. modified CaO-
based sorbents with formic acid, and after 20 cycles, the capacity was 67% higher; Li et al.
used acetic acid, achieving 50% of conversion of the modified CaO-based sorbents after 20
cycles, which was significantly higher than the 15% conversion of the original sorbent®. Other

approaches have been oriented to the preparation process, or focused on doping the sorbent®%*.
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Although most of them have succeeded in enhancing the capacity of CaO sorbents over cycles,
there is still scope for more improvement.

The final method is membrane separation. The use of selective membranes to separate
components from flue gas streams is a relatively new concept®. Although there are different
types of membranes (organic or inorganic, porous or non-porous) and mechanisms of separation
(solution/diffusion, adsorption/diffusion, molecular sieve and ionic transport), for CO> capture,
the membrane processes are narrowed to two types, namely, gas separation membrane, and gas
absorption membrane. The first is based on the principle of preferential permeation, which takes
advantages of the fact that one of the compounds present in a mixture of gases diffuses faster
through the membrane, thus allowing its separation from the rest of compounds present in the
mixture. On the other hand, the gas absorption membrane consists of a micro porous solid
membrane used as contacting device between the gas and a solvent. The gas flows on one side of
the membrane while the solvent flows on the other side. The solid membrane absorbs the CO>
from the gas providing a sink from which the solvent then can absorb the CO..

Some of the disadvantages of the membrane separation process are the low efficiency
with streams with low fractions of CO> (below 20%). Also, the membranes are highly sensitive
to contaminants, such as sulfur compounds®. This method could be considered as a complement

to other technologies, to refine the final stream to high levels of purity.

2.1.4 Chemical Looping Combustion

The chemical looping combustion (CLC) technology is based on the use of metal oxides
that act as oxygen carriers, which transfer the oxygen from the air to the fuel, thus avoiding the

direct contact between them®®. As a result, inherent separation of CO2 is achieved, which in turn
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avoids the energy penalties inherent with other technologies®. Once the combustion reaction (2-

7) is completed, the oxygen carrier is regenerated by exposure to air (2-8).

CnHam + (2n+m)MexOy <> nCO2 + mH20 + (2n+m)MexOy.1 (2-7)

0, + ZMexOy-l > 2M€xOy (2'8)

Consequently, the stream obtained after the combustion of the fuel contains mainly CO.
and steam. The latter can be separated by condensation, thus obtaining a stream of pure COo,
which can be subsequently compressed and transported for storage®. This process is depicted in
Figure 2.6. Additionally, the use of oxygen carriers enables the reduction of the emissions of
NOX31,61.

The CLC technology can be applied to both gas fuels, such as natural gas, and solid fuels,
such as coal and biomass. For gas fuels the combustion is carried out by direct contact between
the oxygen carrier and the fuel. On the other hand, for solid fuels there are several options
considered. For instance, one of the possibilities is to gasify the fuel prior to its combustion®.
This option is known as syngas-CLC process. Other options are the in-situ gasification CLC (iG-
CLC), and chemical looping with oxygen uncoupling (CLOU). In the iG-CLC, the fuel is
gasified in the fuel reactor, where the gasification products react with the oxygen provided by the
metal oxides!. In the CLOU process, the oxygen carrier has the property of releasing gaseous
oxygen, which avoids the need of gasifying the fuel®.

In addition to combustion processes, oxygen carriers are also used in the production of Hy

and some of the processes are steam reforming integrated with chemical looping combustion and
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auto-thermal chemical looping reforming. These processes are not considered for discussion in

this thesis, and more information can be found elsewhere!363

O, depleted air Cco,, H,0
Me,O,
Air Fuel
reactor | MeO, , | reactor
Air Fuel

Figure 2.6. Concept of chemical looping combustion process.

The metal oxides for CLC have been extensively studied, with more than 700 compounds
tested. Although some minerals, such as iron ore, ilmenite and manganese ore have been tried,
most of the oxygen carriers are synthetic materials in which an active metal oxide is supported
on an inert material, such as Al203, SiO2, TiOz, ZrO2 or MgAl204. Some of the metal oxides

used as oxygen carriers are NiO, CuO, Fe203, Mn3O4 and CaSQ4358:64-66,

2.2 Chapter summary
In this chapter, a general overview of the CCS technologies has been provided. The pre-

combustion technology is normally associated with IGCC plants because of the inherent
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formation of syngas. However, the implementation of this technology to existing coal-fired
power plants is not feasible because it involves multiple modifications in the configuration of the
plant. The oxy-fuel combustion is one of the most promising technologies, but it involves
important energy penalties associated with the air separation unit needed to produce oxygen of
high purity (>95%). Likewise, this technology is not the most suitable for existing coal-fired
power plants because of the impact that it would have in the configuration of the plant. Post-
combustion is currently the only technology that has been deployed at commercial scale.
However, the industrial processes are based on the use of amine based-solvents, which have a
number of drawbacks, such as degradation in the presence of oxygen, SO, and NOx,
environmental and health concerns, and energy penalty derived from the regeneration of the
solvent. Therefore, alternative technologies have been developed to replace the amine-based
processes. In this regards, calcium looping arises as one of the most promising alternatives. Last,
chemical looping combustion has an important advantage with respect to the rest of the
technologies, which is the inherent CO. separation due to the use of oxygen carriers that avoid
the need of using air. Furthermore, the absence of air during the combustion of the fuel results in
lower NOx emissions. Also, the regeneration of the oxygen carriers requires less energy than the

regeneration of absorbents or adsorbents used in other processes.
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IChapter Three - Experimental Methods

The preparation of the pellets studied in this thesis was performed by a former
collaborator in the project at the facilities of Canmet in Ottawa, Ryad Rahman. Therefore, it is
important to remark that the preparation of the pellets was not part of this thesis. The procedure
to make the pellets is described elsewhere!*. The pellets received were first characterized and
studied without performing any sort of treatment on them. The characterization of pellets
involved different techniques, namely N2 adsorption analysis to determine the surface area and
pore volume distribution, scanning electron microscopy (SEM), energy dispersive X-ray
spectrometry (EDX or EDS), X-Ray diffraction (XRD) and thermogravimetric analysis (TGA).
Afterwards, some compositions of pellets were treated by different methods with the purpose of
enhancing their stability and capacity to capture CO> over multiple calcium looping and
chemical looping combustion cycles.

In this chapter, the properties of the raw pellets, treatments applied to enhance their
capacity to capture CO2, and techniques to characterize them and study their performance are

presented.

3.1 Raw pellets

The pellets received from Canmet had different sizes, configurations and compositions.
The first batch of pellets ranged from 0.425 — 1.425 mm, and they had two different
configurations, heterogeneous, or core-in-shell, and homogeneous'*?°. The heterogeneous
configuration consisted of two different parts, the inner part or core, which contained a mixture

of CuO and CaO, and the outer part or shell, which contained a mixture of cement (CE) and
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CaO. The homogeneous configuration was simply the mixture of the three compounds, without

the core-in-shell structure. Schemes for both configurations are illustrated in Figure 3-1.

Heterogeneous

Homogeneous (core-in-shell)

Figure 3.1. Schematic of configurations of pellets prepared at CanmetENERGY .

As for the compositions, in total three compositions were studied and the nomenclature
used to name them is explained with one example. One of the compositions contained 50% CuO,
40% CaO and 10% CE (wt%), and it is referred to as 50/40/10. Therefore, the composition is
named so that the first number refers to the wt% of CuO, the second number to the wt% of CaO
and the third number to the wt% of CE. Also, some compositions of pellets only contained two
compounds, and in those cases only two numbers are provided. The compositions studied are

summarized in Table 3.1.
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Table 3.1. Summary of configurations, sizes and compositions of pellets.

Configuration Size (mm) Composition (wt%) Name

50% CuO
0.425-1.425 40% CaO CS-50/40/10
10% CE

Heterogeneous

(core-in-shell)

50% CuO
0.425-1.425 40% CaO 50/40/10(L)*
10% CE

50% CuO
40% CaO 50/40/10

Homogeneous
10% CE

0.250 — 0.600 50% CuO
50% CE

50/50

90% CaO
10% CE

90/10

4L =large homogeneous pellets. There are two sizes of 50/40/10 homogeneous pellets.

3.2 Pre-treated samples

One of the goals of this thesis was to achieve a better stability in terms of maintaining
CO; capacity over multiple cycles. The loss of capacity was defined as the reduction of the CO;
uptake of the pellets after multiple cycles. As it will be discussed in subsequent sections, the
capacity of the pellets to capture CO> decreases dramatically after a few cycles, and most likely
the cause for this decay is sintering of CaO, which decreases the surface area and consequently
the number of active sites to react with the CO2 molecules. This effect has been widely studied,

and there are a number of publications that cover this issue>*%’. To address this problem, two
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different pre-treatments were applied, namely a thermal pre-treatment and impregnation with

potassium, which are explained next.

3.2.1 Thermally treated pellets

The first approach consisted of subjecting the 90/10 pellets to a thermal pre-treatment to
give the CaO a certain structure with more thermal stability. This treatment was only performed
on this type of pellets because it was the most suitable to study the effect of sintering. The
treatment involved heating the pellets up to 1173 K under N2 (Praxair, 99.999%) atmosphere (50
ml/min) with a heating rate of 1.5 K/min, which was 10 times smaller than the heating rate for
the calcium looping experiments (15 K/min). Once 1173 K was reached, it was kept constant for
2 h. The idea was to heat the pellets up to a temperature similar to the maximum temperature
used in the actual process, but using a much slower heating rate, so that the CaO could develop a
more stable to sintering structure. The hypothesis was that when the heating rate was fast, the
CaO did not have time to develop a stable structure and, consequently, it became less resistant to
sintering. In terms of thermal stability, this same idea is common in glass production, where, in
order to achieve a resistant and strong glass, the mixture is slowly cooled once it comes out of
the furnace (annealing)®. Otherwise, the glass obtained is fragile and little resistant to sudden
temperature changes.

Additionally, the same treatment was performed under air (50 ml/min) in order to test the
influence of the gas used. Air is cheaper and more available than N2. The presence of oxygen
was taken into consideration, and based on experiments performed on pellets with CaO present,

it was expected to have no negative effect. Moreover, it was believed that because of the high
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temperature reached during the treatment, it could enhance the removal of impurities present on
the pellets.

In addition to the aforementioned thermal treatments, a third treatment was tried. In this
case, N2 was the carrier gas, but the heating rate was increased to 7.5 K/min. The final
temperature was also 1173 K and the pellets were kept at that temperature for 2 h as well.

For these samples, the nomenclature will be TT1.5N-90/10 for those thermally treated
(TT) under N2 using the 1.5 K/min ramp, TT1.5A-90/10 for those treated under air and with a
heating rate of 1.5 K/min and TT7.5N-90/10 for those treated under N2 and using 7.5 K/min as

the heating rate.

3.2.2 Impregnation of pellets with potassium hydroxide

The impregnation of the pellets with potassium hydroxide was taken as a second
approach to improve the performance of the pellets. As with the thermal treatment, this approach
was performed exclusively with the 90/10 pellets. The hypothesis in this case was based on
obtaining a highly mobile form of potassium in the pellets and test whether the high mobility of
this species, previously reported by other authors® could prevent some pores from closing.
Consequently, the activity to capture CO- could remain high for more cycles. In addition,
different potassium-based compounds have been applied for CO, capture’®72. Thus, by adding
potassium hydroxide, there was the possibility of increasing the capacity to capture CO>. Also,
other types of sorbents, such as carbon-based sorbents, have been treated with KOH to enhance
their capacity’.

Two different cases were tested; for the first case an addition of 20% of K (wt%) with

regards to the amount of CaO, taking KOH as the precursor of K, was performed. In the second
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case, the amount of potassium was reduced to 5%. The impregnation method was chosen based
on several references’*". The most common method used for CaO compounds was wet
impregnation; the required amount of KOH was dissolved in 50 ml of deionized water and then,
the pellets were added to the solution. An example of the calculations performed to obtain the
amount of KOH is included in Appendix B.1.

Next, the solution with pellets was left in the rotary evaporator, at a temperature of 343
K, under vacuum, and at a speed between 7 — 12 rpm. Figure 3.2 depicts this system. The
rotation was stopped once the solution was completely evaporated, which took approximately 90
min. The vacuum and heating were kept for 3 h more to ensure a good level of drying before
removing the sample from the rotary evaporator. Then, the pellets were left drying at 393 K for
24 h and, last, they were subjected to the slow thermal treatment (1.5 K/min until 1173 K and
kept for 2 h) under N2 atmosphere. For these samples, the naming will be 20K-90/10 (20% of K)
and 5K-90/10 (5% of K). The naming does not make reference to the thermal treatment since the
treatment was the same.

Cooling coil
Vacuum  Splution

inlet
outlet flask
Cooling coil
Lid
Condensate
flask Water bath

Cooling cail
outlet

Figure 3.2. Schematic of rotary evaporator system.
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3.3 Workflow of samples

The workflow depicted in Figure 3.3 provides a summary of the samples studied as well

as the treatments performed to enhance the capacity of the pellets to capture CO..

Pellets
Core-in-shell Homogeneous
CS-50/40/10 50/40/10(L) 90/10 50/50 50/40/10
50% CuO, 40% Ca0, 10% CE 50% CuO, 40% Ca0, 10% CE 90% Ca0, 10% CE  50% CuO, 50% CE  50% CuO, 40% CaO, 10% CE
0.425 - 1.425 mm 0.425 - 1.425mm 0.250 —0.600 mm 0.250 — 0.600 mm 0.250 — 0.600 mm
Thermally pre-treated KOH-impregnated
TT1.5N-90/10 J—‘—l
(1.5 K/min — 1173 K (2 h) — under N,)
20K-90/10 5K-90/10
TT7.5N-90/10 (20% KOH) (5% KOH)

(7.5 Kimin — 1173 K (2 h) — under N,)

TT1.5A-90/10
(1.5 Kimin — 1173 K (2 h) — under Air)

Figure 3.3. Summary of the pellets tested and modified.

3.4 Characterization Methods
3.4.1 N2 adsorption

The surface area and pore volume distribution of some compositions of pellets were
determined by N adsorption in the Micromeritics Tristar 3000 instrument. The physisorption
analysis was carried out at 77 K, which is the boiling temperature for N. Prior to the analysis,
the samples were degassed in a separate unit to remove any adsorbed species (e.g. moisture). The
degassing procedure involved heating the samples up to 573 K, under vacuum, and to keep them
in those conditions for three hours. Although different conditions were reported in the literature,

for instance 18 h at 473 K'®, the limited availability of the Tristar instrument required to use
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different conditions. In addition, these conditions were compared to the conditions used for other
samples, such as petroleum coke or activated carbon, which because of their nature were more
likely to have more adsorbed species. For those samples, the outgassing normally did not take
longer than four or five hours, and the temperature for outgassing was lower’’. In this regard, the
temperature used for the outgassing of pellets was chosen so that it did not affect any of the
compounds present in the pellets.

Also, for outgassing it is required that the pressure be at most 100 — 120 mmHg at the end
of the treatment to consider the sample properly degassed. For the samples that were analyzed,
that range of pressure was achieved, which supported the use of the established conditions for
degassing. The limit of the pump is approximately 100 mmHg, and that is the reason to establish
the aforementioned range. However, sometimes it can be difficult to remove all the moisture
because of the temperature that would be required, which could involve the decomposition of the
sample or loss of its structure, or it could be that the equipment cannot reach that temperature.
Therefore, it is important to know the sample and its properties thoroughly to find the balance to
achieve the best conditions for outgassing.

Another important parameter is the mass of sample, which can vary depending on the
surface area that could be expected. The lower limit of detection for the Tristar is approximately
10 m?/g, which means that the amount of sample for the analysis must provide at least that
surface area in order to obtain valid results’. For instance, for a sample with a high surface area,
such as 1000 m?/g, it would be necessary to put at least 0.01 g (10 mg). The samples that were
analyzed in this work had small surface areas, requiring larger sample masses. Initially, the

surface area of the pellets was unknown and preliminary experiments were performed in order to
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estimate the mass that was required to obtain valid results. The minimum mass to ensure
sufficient surface area was setat 1 g.

For the definitive analyses, three samples of each composition of pellets were examined
in the Tristar to obtain an average of each parameter, and perform the study of errors. In this

study, the confidence interval was calculated by means of Eqn. 3-1:

p=xtz Z% (3-1)
where X is the mean, z is the statistical value corresponding to a level of confidence of 95% for
three runs in a standard normal distribution (Appendix B.2), s is the sample standard deviation,
and n is the number of runs, which was three.

Prior to performing the degassing and physisorption analysis, every sample had to be
weighed. Determining the dry mass of sample is critical in this analysis, and because of that, a
number of measurements were necessary to obtain an accurate value. The following masses were
measured using the Mettler Toledo scale:

1. Mass of empty cell, [C]

2. Mass of cell + sample before degassing, [CS]

3. Mass of cell + sample before degassing + quartz wool, [CSW]

4. Mass of cell + sample after analysis + quartz wool, [CSWA]

The dry mass of sample [D] placed in the Tristar was calculated using Eqn. 3-2. In Appendix B.3

it is shown how this equation was developed.

[D] = [CSWA] — [CSW] + [CS] - [C] (3-2)
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After weighing and degassing, it was possible to place the samples in the Tristar to
perform N2 adsorption. For this analysis, a 2.5 L Dewar flask was filled with liquid nitrogen, and
the flask was positioned in the Tristar stand. The test parameters were entered into the Tristar
software interface. Once the experiment was initiated, the air inside the cells was evacuated via a
vacuum pump to reduce the pressure down to 0.01 mmHg and held for a leak test. This test
evaluated if the cells were well sealed, which is vital for the analysis. If the test showed that the
leak rate was less than the target value (0.01 mmHg per 2 s), the Dewar flask was then raised to
immerse the cells into the liquid nitrogen. The N2 adsorption isotherms were measured, on
average, at 86 different relative partial pressures (p/po) between 0.01 and 0.99. The reported
values of total surface area, and total pore volume were determined from N adsorption. The
analysis of micropores using CO; adsorption at 273 K was ruled out because of the low values of
surface area and pore volume that were obtained, which are shown and discussed in Chapter
Five. The pore size distribution was plotted using the data obtained from the Barret-Joyner-
Halenda (BJH) method. This method assumes 1) pores have cylindrical shape, 2) the amount of
adsorbate in equilibrium with the gas phase is retained by the adsorbent by physical adsorption
on the pore walls and capillary condensation in the inner capillary volume, and 3) the radius of
the pore is the sum of the thickness of the gas layer and the radius calculated from the classical

Kelvin equation, Eqgn. (3-3);

1 (p)_ 20V 414 (3-3)
o8 po/  RTry 7

where p is the vapor pressure, po is the saturated vapor pressure , o is the surface tension of liquid
N2, V is the molar volume of liquid N2, R is the gas constant, T the absolute temperature and r

the pore radius.
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The Brunauer-Emmett-Teller (BET) model was used as a standard method to evaluate
surface area from gas adsorption. The BET linearized equation is defined as the following’®:

1 -1
L - —+— (L (3-4)
vIpo =Pl VmC " Ve \Po

where v is the volume adsorbed, v the monolayer volume, p is the adsorbate equilibrium

pressure, po is the saturation pressure of the adsorbate, and c is the BET constant. The main
assumptions for the BET model are as follows: 1) the heat of adsorption of the successive layers
(except for the first layer) is equivalent to the heat of condensation of gas molecules on the
adsorbent, 2) energetically homogeneous surface, 3) no lateral interaction between the infinite
number of adsorbed layers of molecules, and 4) constant quantity of gas molecules in each
adsorption layer.

The linear range of the isotherm varied for some samples, which was usually apparent by
a negative constant c. This issue could be addressed by removing the last points (two or three) of
the isotherm, which resulted in the constant ¢ having a positive number (essential requirement).

The total pore volume Viotal Of €ach sample was determined at a relative pressure p/po =
0.98, under the assumption that the volume of vapour adsorbed condenses within the walls of the
pores. The molar quantity of vapour adsorbed at p/po = 0.98 was converted to liquid volume by

Eqn. 3-5:

MW,
Viotar = Qmola;—LNZ (3-5)

where, Qmolar is the molar quantity of vapour adsorbed at p/po = 0.98, MWxz2 is the molecular

weight of N2 molecules (28 mg/mmol), and p, is the density of liquid nitrogen (808 mg/cm?®).
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3.4.2 Scanning electron microscopy (SEM)

SEM analysis was performed using an environmental SEM (Philips XL-30 ESEM,
located at the Microscopy and Imaging Facility at the Health Science Center, University of
Calgary) with the assistance of Dr. Michael Schoel (Research Associate, Department of Cell
Biology & Anatomy). SEM is a technique to characterize the morphology of a solid surface.
During SEM, the sample is impacted with a beam of focused electrons (energies up to 40 keV)
that scans along a pattern of parallel lines, resulting in the generation of various signals
consisting of mainly secondary electrons (>50 eV), high energy backscattered electrons and
characteristic X-rays. These signals are collected to form images. The low-energy secondary
electrons are used to generate the topography of the sample. The backscattered electrons are used
to differentiate various elements on the surface of the sample based on their atomic numbers.
Higher atomic number elements will emit a higher number of backscattered electrons thus
appearing brighter than elements with lower atomic number.

Prior to analyzing the sample in the SEM, the samples were mounted on standard SEM
stages and then coated with a layer of ~2 nm of a mixture of gold and palladium (60:40) to
prevent electrostatic charges that may affect the image quality. The coating was performed at
very low pressure, 30 mmHg, to avoid as much as possible any interference with particles and
molecules present in the ambient environment. The micrographs in this thesis were obtained at

magnification ranges of 50X to 30,000X with an electron beam of 20 kV.

3.4.3 Energy dispersion X-ray spectrometry (EDS)

Electron dispersive X-ray spectrometry (EDX or EDS) is an additional analytical

technique available on the SEM equipment and used for elemental composition analysis of a
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sample based on the emitted X-ray signal from the electron-surface interaction. The core-in-shell
pellets were analyzed using this technique to determine whether the two layers, core and shell,
were distinct or mixed. By comparing the atomic compositions of the inner and outer parts of the
pellets, it could be inferred if the ratio of elements corresponded to the theoretical mass ratio of
CuO and CaO. In this regard, it is important to mention that the information drawn from the EDS
analysis was always considered complementary to the images obtained from the SEM analysis.
In the SEM images the differentiation of the two layers could be complicated and thus, the EDS
analysis could provide valuable information to determine if the core-in-shell structure was well

formed or not.

3.4.4 X-Ray Diffraction (XRD)

XRD analysis was performed to determine the compounds present in the pellets and the
mass fraction of each compound. XRD powder patterns were obtained using a Rigaku Ultima IV
X-ray diffraction system at 40 kV tube voltage and 20 mA tube current with a scan rate of 2°/min
over 5° to 80° 26. The analyses were performed by Valerie Omatsu-Baas, analytical chemist at
CanmetENERGY -Ottawa.

Generally, in an XRD measurement, the sample is mounted on a goniometer and
irradiated with a monochromatic beam of X-rays at an angle, 6, at which the beam is partially
scattered by the first and subsequent layer of atoms. The collective intensity of the X-rays
scattering from regularly spaced spots of a crystal is known as X-ray diffraction and can be
captured by an X-ray detector and recorded as a function of angle. The intensity of X-rays
diffracted from a crystal depends on the constructive and destructive interference among the

scattered beams. The diffracted X-ray is detectable only if Bragg’s Law is satisfied:
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nA = 2d sinf (3-6)
where n is the order of reflection, A is the wavelength of the incident beam, and d is the

interplanar distance of the crystal’®. The quantification of the compounds present in the samples
analyzed was performed using the Rietveld method.

In this thesis, the pellets analyzed by XRD contained 90% CaO and 10% cement. The
purpose of the XRD analysis was to determine whether compounds, such as mayenite, are
formed when the pellets are subjected to high temperatures and/or multiple cycles of calcium
looping. The formation of such compounds may have some influence in the capacity to capture

COa.

3.5 Thermogravimetric Analysis (TGA)

This section, in addition to presenting information about thermogravimetric analysis
(TGA), includes two more subsections (3.4.2 and 3.4.3) that show certain modifications that

were needed on the TGA setup.

3.5.1 Experimental conditions

The calcium looping and/or chemical looping combustion experiments were conducted in
a TGA instrument (Cahn Thermax 500, Thermo Scientific). This instrument enables high-
sensitive measurements of mass change in real time; on the order of 0.1 pg for small samples and
1 pg for large samples (up to 100 g of sample). The user can set the frequency to collect the mass
changes, otherwise the software establishes the frequency as one second by default. Also, the
TGA has the capability of reaching temperatures as high as 1373 K, although it is recommended

to operate below that limit. The operational limit was set at 1273 K. In addition, this model
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allows the user to work at high pressures, up to 100 bar. As per the flowrates of gases, this
instrument allows a maximum flowrate of 400 ml/min and minimum of 100 ml/min, per gas®.

For this thesis, the amount of sample typically ranged from 25 — 30 mg, and the flowrates
were set to 300 ml/min, except for the purge gas, which was set to 330 ml/min. This exception is
explained in further detail in the subsequent section (Section 3.4.2). The gases used were a
mixture of 20% CO., balance N2 (Praxair), for carbonation, methane (Praxair, 99.97%) for
calcination/reduction and air (Praxair) for oxidation. The temperatures were different depending
on the step to be performed, and they were modified throughout the research process based on
calculations and energy balances performed by our collaborators at CanmetENERGY — Ottawa
and University of Ottawa?®.

Initially, the conditions for calcium looping were chosen based on the literature; the
temperature for carbonation was 873 K, while the temperature for calcination was 1073 K. The
same temperatures were used for the chemical looping combustion; 873 K for oxidation and
1073 K for reduction'*%, The heating rate was 15 K/min and the cooling rate was 10 K/min.

The operation temperatures were changed afterwards based on energy balances
performed by our collaborators at the University of Ottawa, and also due to partial pressure
limitations?>*’. For the carbonation, the temperature was set to 923 K, and for the
calcination/reduction the temperature was fixed based on a range of temperatures given, namely
1140 K to 1187 K, with the final value set to 1148 K. In this case, the reason that supported the
change of temperature was the partial pressure of CO>; in the actual process, part of the stream of
pure CO2 would be recirculated to the calciner as fluidization gas, thus increasing the
concentration of CO2 and requiring a higher temperature to overcome the equilibrium
concentration (Le Chatelieur's principle). At 1073 K, the equilibrium partial pressure of CO: is
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~0.22 atm, while at 1148 K is ~0.70 atm (see Appendix B.4 for calculations), which proves the
benefit of working at a higher temperature. Regarding the temperature for the oxidation, it was
determined by the energy balance?! that this temperature should be between 10 and 50 degrees
higher than the calcination/reduction temperature. According to this condition, the temperature
for the oxidation was set to 1173 K, which was 25 degrees higher than the temperature for
calcination/reduction.

Thus, summarizing, the carbonation temperature was changed from 873 K to 923 K, the
calcination/reduction temperature from 1073 K to 1148 K and the oxidation temperature from
873 K to 1173 K. The composition of gases and flowrates remained unchanged, i.e., 20% CO>
balance nitrogen for carbonation, 99.97% CHjs for calcination/reduction, air for oxidation, and

300 ml/min as the flowrates.

3.5.2 Thermogravimetric Analysis (TGA) Apparatus — Initial setup

The Thermogravimetric Analysis instrument (TGA) was used to study the performance
of the pellets developed for this project. The initial configuration for this instrument is depicted
in Figure 3.4. The cylinders used for this instrument are directly connected to the control box by
means of flexible hoses. Through each connection the gases are sent to the mass flow controller
(MFC), which allows selection of the flowrate for each gas. Afterwards, the gases leave the
control box and they are sent to the high-pressure reactor and high-sensitivity balance of the
TGA. The high-pressure reactor and balance are located on the right part of Figure 3.4. The

balance is at the top of the instrument and supported by three legs.
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/ display Clamps

Reactor

| Computer

Actuator

Legs

ABB Adjustable
handles

Figure 3.4. Thermogravimetric analysis apparatus setup.

From the balance hangs a wire on which the crucible that contains the sample to be
studied is placed. The crucible is made of quartz, and non-porous, which forces the gas to flow
around it. Figure 3.5 shows a schematic of the crucible and the way that the gases must follow in

order to reach the sample.

Figure 3.5. Crucible with sample, and flow of gas around it.
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The reactor is located below the balance and it has a mechanism that enables it to move
upwards and downwards. Also, the reactor has three adjustable handles to regulate the height and
slant of the reactor so that it matches with the lower part of the balance. This adjustment is
crucial since it is important that the hanging-wire and the baffle that surrounds it enter the reactor
smoothly, avoiding as much as possible any contact between the baffle and the reactor. Also, it is
essential that the lower part of the balance and the reactor get close enough to join them with the
clamps, but not too close because then the reactor can bump the balance, which may cause
damage to both the balance and the reactor. Figure 3.6 is a schematic of the system from inside
when both parts are joined and closed by the clamps.

Furnace Heating/reaction Furnace
gas out gas out gas out

{ S

Furnace

Hanging wire

Upper Baffle

Crucible

REACTOR

Thermocouple

Lower Baffle

Quartz reactor

L

oo

Furnace Heating/reaction Furnace
gasin gasin gasin

Figure 3.6. Schematic of system with reactor closed.
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To the balance, as it can be observed in Figure 3.7, there is one hose connected (purge

gas), through which N2 (Praxair 99.999%) is fed in order to avoid any kind of deposit on the

balance, such as dust, that will affect its reading, and also prevent the gases that are fed to the

reactor, or generated inside it, to reach the balance.

MFCs located in the

Control Box
L Balance To Fumehood
lind :
Gas cylinders ! Gas outlet
{><} % Purge gas Cooling coil
q ;———--: Furnace
' Hanging wire
{>'o<} Furnace gas <
N_2 _____ , Crucible ——1 < q
: Thermocouple I i BB
%' Heating gas Tt z bypass
il 1
_____ 1
1
— ! . .
N, 1 Reaction gas Reactlon_/Heatlng E ; To ABB
a {><} {>,O<} gas inlet
Reaction/Heating
bypa:
ypass ABB gas
- 4-way valve analyzer

CO,, CH,or Air

Figure 3.7. Schematic of TGA gases connections.

To the reactor there are two hoses connected; one of them connects to the outer part of
the quartz reactor. The gas that is fed through this hose is named furnace gas and it is also N2
(Praxair 99.999%). Its purpose is to keep the pressure outside the reactor equal to the pressure
inside, so that the reactor does not break apart. Also, it helps to have a more efficient transfer of
the heat from the high temperature furnace to the centre of the reactor. The second hose connects

to the inner part of the quartz reactor, where the crucible with the sample is placed. The gas fed
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through this hose is named either heating gas (N) or reaction gas (CHas, CO; or air), depending
on the gas that is fed into the reactor. If the gas is N2 (Praxair 99.999%), then it is assumed that
the gas only has heating and cooling purposes, and it will not influence the reaction(s) that may
take place in the process whatsoever. In order to switch between heating and reaction gases, their
primary hoses are connected to a 4-way valve (see bottom of Figure 3.7). This 4-way valve is
mounted with an actuator that allows precise and fast switching. The actuator (VICI Universal
Electric Actuator, model EUH) is programmed by the user to have only two positions, which for
this case are named A and B: at position A the reaction gas goes into the reactor, while at
position B the heating gas is fed to the reactor. Additionally, the actuator can be either controlled
through a display or the Thermal Acquisition software that came along with the TGA.

As per the requirements of the flowrates for each connection, and in order to prevent the
gas from the reactor to go into the balance, the flowrate of the purge gas must be 10% larger than
the flowrate of the heating/reaction gas. Thus, the flowrate of purge gas was 330 ml/min and the
other flowrates were 300 ml/min. The furnace gas flows through a different part of the reactor,
and it cannot reach the balance unless the purge gas and the heating/reaction gas are turned off.

In the end, the purge gas and the heating/reaction gas leave the reactor through the same
outlet, and then they merge with the furnace gas. Next, they are sent to a cooling coil.
Afterwards, the gases can be sent either to the fumehood or to the ABB gas analyzer (AO2020
Series Gas Analyzer). This instrument is provided with three different detectors, namely two
Uras 26, and one Caldos 27. One of the Uras 26 detectors enables the analysis of methane (CHa)
within the range of 0 — 5000 ppm, while the other Uras 26 enables the analysis of carbon
monoxide (CO) and carbon dioxide (CO2), also within the range of 0 — 5000 ppm. The Uras 26
set for CO and CO; also provides the option of obtaining the volume percent (vol%). The Caldos
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27 detector can detect hydrogen (H2) and offers two ranges of detection, from 0 — 0.5 vol% and
from 0 — 10 vol%.

As it has been mentioned, the flowrates are controlled by means of a mass flow controller
(MFC) located inside the control box of the TGA. This MFC can be controlled through the
display or through a LabVIEW interface created by a former member of the LECA group (Dr.
Benjamin Feist). The LabVIEW interface is shown in Figure B.1, in Appendix B.5, and it
provides several options.

First it enables the user to connect to the COM port through which the MFC can be
controlled. Second, it provides the option of choosing the frequency at which the information
displayed on the interface is updated. Third, it allows collection of the data displayed on the
interface for future references or reviews. Also, it provides four boxes (SP boxes) in which the
user can enter the desired flowrate for each gas, in percent (%) units. Calibrations for each gas
were performed in order to know the flowrate fed into the TGA in (ml/min) units. Adjacent to
each of the SP boxes there is another box that shows the actual flowrate, also in (%) units.
Finally, the interface has the option of setting up two set points that would change the flowrates
to different values, to be set by the user, after a certain time. For instance, if our experiment lasts
one hour, after that the TGA starts to cool to room temperature. Usually after four hours the
TGA is already at room temperature, and it is no longer necessary to be feeding heating and/or
reaction gas and furnace gas, which in turn allows us to reduce the flowrate of purge gas. Thus,
one of the set points can be set to change the flowrates of gases to zero for the heating and/or
reaction and furnace gases, and a smaller number for the purge gas. This way, it is not necessary

to be present at the time at which this change is made.
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3.5.3 Thermogravimetric Analysis (TGA) Apparatus — Modifications to the initial setup

The initial setup of the TGA was suitable for other types of experiments, such as
gasification. However, in order to perform cycles of calcium looping and chemical looping
combustion efficiently and safely, it was limited. As commented before, the initial configuration
allowed one to switch between heating and reaction gas, controlling this action through the
Thermal Acquisition software that came along with the TGA. However, for the CaL and CLC
cycles, it was necessary to switch between three different reaction gases, namely CHa, air and the
mixture of 20% CO; and N, and the heating gas (N2). Therefore, every time the reaction gas
needed to be changed, it was necessary to change the reaction gas cylinder, which involved
disconnecting and connecting the reaction gas hose from cylinder to cylinder and checking for
leaks to ensure the connection was well made. These steps made the process much longer,
inefficient and tedious. It also involved the wearing of the connections due to the continuous
disconnecting and connecting. Another disadvantage was the limitation in the number of cycles
that could be performed, being five cycles the maximum achieved in one day. Therefore, in order
to address the problems that were hampering the performance of the experiments and to make
the process more efficient, safer, less tedious and less limited, certain modifications were made.
In first place, the problem to switch between the different reaction gases was set as the priority.
To solve it, two 3-way solenoid valves (Parker, Series 99) were implemented; these two solenoid
valves would allow to choose between the three different reaction gases that have been
mentioned before, as Figure 3.8 illustrates. The first solenoid valve (SV1) allows only one gas,
either the CO2/N2 mixture or air to go to the second solenoid valve (SV2), which in turn allows

either CH4 or the gas coming from SV1 to move forward to the 4-way valve.
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Figure 3.8. Schematic of solenoid valves configuration.

However, this modification involved losing the capacity to switch between reaction and
heating gas since the TGA software only allowed control of up to two external devices. This
resulting drawback was overcome by modifying the LabVIEW interface that had been first
designed to control the flowrates of gases. The modifications included the addition of a number
of extra set points that would change the flowrates of gases upon termination of a timer. Initially
there were only two set points, and it was determined that the number of set points that would be
needed for the calcium looping and chemical looping combustion experiments was six. Hence,
four extra set points were added. In addition, since the capacity to switch between heating and
reaction gas had been lost when the solenoid valves were installed, a controller was introduced in
the new LabVIEW interface so that it was possible to manipulate the actuator that switched
between heating and reaction gas without any manual operation. Also, since each set point would

require either heating or reaction gas, the option of choosing the position of the actuator for each
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set point was introduced. Last, an option that would automatically reset the time once all the
timers came to zero was added. This permitted repetition of the conditions entered on the set
points indefinitely, or until the user decided to stop the experiment, which meant that now it was
up to the user to choose the number of cycles to be performed. Later on it was found that the
maximum number of cycles to be performed was 20 because of the TGA software, but still, the
maximum number of cycles in one day had been increased from 5 to 20.

Summarizing, by introducing the solenoid valves and modifying the LabVIEW interface,
the TGA setup was upgraded in such a way that it was possible to choose between three different
reaction gases through the Thermal Acquisition software and between heating and reaction gas
through the LabVIEW interface. Also, an autoreset-time option was added so that the set points

conditions would be repeated. Figure B.2 (Appendix B.5) shows the final interface.

3.6 Preliminary experiments

The first batch of pellets (first two rows of Table 3.1) contained the two initial
configurations that have been mentioned, core-in-shell and homogeneous, the size ranged from
0.425 to 1.425 mm and the composition was 50% CuO, 40% CaO and 10% cement (50/40/10).
Between these two configurations, the core-in-shell was chosen first to carry out preliminary
experiments in the TGA, and also preliminary analyses of N2 adsorption and SEM/EDS. The

results from these preliminary analyses are provided in this section.

3.6.1 Determining experimental times for complete conversion for each stage in the TGA

The first experiments were oriented to provide basic information regarding the reactions

that were to be carried out, that is, carbonation, calcination, reduction and oxidation. For the
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experiments that are contained in this section, the TGA setup did not have the modifications
described in Section 3.4.3.

Prior to any experiment, the pellets were always heated to 1073 K to decompose the
calcium carbonate that could be present, and remove moisture. Figure 3.9 illustrates the changes
in the mass, each of them corresponding to a specific compound(s). When 1073 K was reached,
CHas was fed into the reactor to reduce the CuO to Cu. The heating rate was 15 K/min, and the

pellets were held at 1073 K for 10 min.
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Figure 3.9. Initial step prior to any experiment in the TGA. (A) Removal of adsorbed water
and dehydration of some hydrates; (B) decomposition of Ca(OH)2; and (C) decomposition

of CaCO:a.
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The order of the reactions was 1) oxidation, 2) carbonation, and 3) calcination/reduction.
This order was chosen based on the literature?®, where three different configurations were
proposed:

(a) Carbonation — Calcination — Oxidation — Carbonation
(b) Carbonation — Calcination — Carbonation
(c) Carbonation — Oxidation — Calcination

Among these options, the carbonation-calcination-oxidation was chosen as the most
suitable for several reasons. First, option (b) would be suitable only for cases where the ratio of
0,/CO:> in the flue gases would be high, since the oxidation of the reduced Cu could be
performed at the same time as the carbonation takes place. Otherwise, this option limits the
regeneration of Cu and, in turn, the possibility of providing the heat for the decomposition of
CaCOz. Option (c) requires strict control of the temperature to prevent partial decomposition of
the CaCOs in the air reactor, which would diminish the effectiveness of the process in capturing
CO.. Therefore, option (a) was selected because, even though option (b) was the simplest, and it
would not require a third reactor, high ratios of O2/CO, may occur in very specific situations but
not generally; also, because as opposed to option (c), option (a) did not involve issues with
partial decomposition of carbonate while oxidizing Cu.

Hence, after the first step, the oxidation reaction was performed, followed by the
carbonation, and finally, the calcination/reduction, which returned the pellets to the initial state.
For the oxidation, the temperature needed to be decreased to 873 K, the reaction gas was air, and
this reaction took approximately 450 min to reach complete conversion of Cu. However, it is
significant that almost 80% of conversion was achieved in the first 20 — 25 min. The change in
the reaction rate with time suggests kinetics control (Figure 3.10) initially, up to ~25 min, and
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then diffusional control. After this reaction the composition of pellets was 50% CuO, 40% CaO
and 10% CE.

Then the carbonation was performed, at the same temperature, with 20% CO2/N balance
as reaction gas, but in this case it was not possible to achieve complete conversion. After 20
hours, only 70% conversion was reached, which was attributed to the blockage of pores due to
the larger volume of the resultant carbonate versus the calcium oxide. In this reaction, the
conversion versus time curve has a shape similar to that of the oxidation reaction, with an initial
part where the kinetics seems to control the process, and then the diffusional mechanism takes
over to slow down the reaction rate. This fact has been reported by other authors as well*253%4,
For this reaction, approximately 60% of conversion could be achieved before the kinetics

stopped controlling the process.

104 (a) 104 (b) 1.0 4 (c)
0.8 0.8 0.8
5 s S
@ 06 1 ‘® 06 @ 0.6 -
[ Q [
> > >
c | S 0.4 - S 0.4 1
8§ 04 8o §o
0.2 0.2 0.2
0.0 0.0 0.0
: : : : : : T T : . . . . . : . .
0 250 500 750 1000 1250 0 1 2 3 0 75 150 225 300 375 450
Time (min) Time (min) Time (min)

Figure 3.10. Conversion vs time curves for (a) carbonation, (b) calcination/reduction, (c)

oxidation.

Last, the calcination/reduction stage was carried out; the temperature for this reaction was

increased to 1073 K, and the reaction gas was methane. This reaction was very fast and it took
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approximately 3 min to reach complete reduction of CuO and decomposition of CaCOs.
However, in this stage, as it will be discussed in the next chapter, by the time 1073 K was
reached, almost complete decomposition of the carbonate was achieved due to the high
temperature.

Therefore, these results showed that both oxidation and carbonation had the same
behaviour, with initial control by the kinetics of the reactions, and subsequent diffusional control.
Complete conversion, although possible, was not feasible for any of these reactions. For the

calcination/reduction, the reaction was controlled by the kinetics at all times.

3.6.2 Cycles of Calcium Looping and Chemical Looping Combustion

The combination of calcium looping and chemical looping combustion was initially
studied with the core-in-shell pellets. The conditions used for this part of the preliminary
experimentation are those that have been described before, and the number of cycles of
oxidation/carbonation/calcination/reduction was five. The setup of the TGA for these
experiments was not upgraded yet, which limited the number of cycles that could be performed.
Still, five cycles took approximately eight hours since it was necessary to connect and disconnect
hoses continuously; the theoretical time for the experiment was less than seven hours.

The result obtained after five cycles is depicted in Figure 3.11. The initial part is similar
to that shown in Figure 3.9 (Section 3.5.1). After the initial calcination, the temperature was
lowered to 873 K and air was fed into the reactor for 10 min. Next, the air flow was stopped and
its cylinder connection to the TGA was changed to that of the 20% CO2/N> balance mixture. The
temperature was not changed, and the mixture was fed for 15 min. Afterwards, the temperature

was increased to 1073 K, and in the meantime the connection of the 20% CO»/N2 mixture was
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changed to pure CHa4. At 1073 K, methane was fed into the reactor for 10 min and then a new

cycle started.
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Figure 3.11. Five cycles of oxidation/carbonation/calcination/reduction with core-in-shell

pellets.

After the five cycles, the experiment was stopped and cooled. The experiment was
repeated two more times to perform the study of errors, and the results are summarized in Table
3.2. In this table, the properties shown are 1) conversion for carbonation, 2) conversion for
oxidation, 3) CO; capacity, CC (gCO2/gPellets), 4) Oz capacity, OC (gO2/gPellets), 5) CO>
capacity loss, CCL (%), and 6) O> capacity loss, OCL (%), and the calculation methodology is

provided in Appendix B.6. After five cycles, the capacity to capture CO> decreased by 50%,
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which means that in the fifth cycle the amount of CO> captured was half the amount captured in

the first cycle. On a mass basis the capacity decreased from 0.147 to 0.074 gCO./gPellets. On the

contrary, the oxidation capacity remained constant, reaching conversions up to 68.5%.

Table 3.2. Five cycles oxidation/carbonation/calcination/oxidation with core-in-shell pellets.

e Hesen g COLCabaly - 01 Cabaly () 0. 0
1 469 + 3.0 66.8 + 2.8 0.147 £ 0.009 0.084 + 0.003 N/A N/A
2 35822 67.9+3.3 0.112 £ 0.007 0.085+£0.004 236+10 -16+1.8
3 29.4+2.0 66.5 + 3.4 0.092 + 0.006 0.084+0.004 37.3+x16 0424
4 25.7+1.3 68.5+4.0 0.081 = 0.004 0.086 £0.005 452+08 -26+25
5 23.4+0.9 68.2 + 3.3 0.074 £ 0.003 0.086 +0.004 500+x11 -22+19

a. CCL = CO; Capacity Loss
b. OCL = O Capacity Loss

3.6.3 N2 Adsorption

As part of the initial characterization of the pellets that were to be studied, N2 adsorption

analyses were performed. Some trial and error was required to determine the appropriate analysis

procedures. The shape of the Langmuir isotherm (see Figure 3.12) for the initial test had an

unconventional shape, and negative values of adsorbed amount of nitrogen, which indicated that

the analysis was not correct. This issue was overcome by increasing the mass of pellets to enable

an accurate analysis. The difference between the isotherms is evident in Figure 3.12.
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Figure 3.12. Isotherms of N2 adsorption analyses with large and small amounts of pellets.

—e— Isotherm with too low a mass of pellets, —&— Isotherm with larger mass of pellets.

For the correct analysis, the surface area was 3.1 m?/g, and the pore volume, at p/po =
0.98, was 0.013 cm®/g. The pore size distribution is shown in Figure 3.13; the majority of the
pores are in the range of 200 A to 1200 A, i.e., mesopores and macropores®* but some pores are
in the range of 20 to 50 A. This result was not duplicated because the purpose of the analysis was
to obtain an accurate estimation of the surface area of the pellets, so that subsequent analyses
could be performed correctly. In addition, the first batch of pellets was discarded because of their

size, which was unsuitable for use in a fluidized bed. The eventual application of these pellets
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would be in a fluidized bed, and the preliminary experiments of the collaborators at the Ecole
Polytechnique de Montréal determined that the pellets should be smaller in order to use them in
such reactor. Therefore, the surface area, pore volume and pore volume distribution were studied
only for the homogeneous pellets whose size was in the range of 0.250 to 0.600 mm (second
batch), and those analyses were indeed duplicated two times, so that the analysis of errors could

be performed. The results can be found in Chapter Five.
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Figure 3.13. Pore size distribution of the core-in-shell pellets.

3.6.4 SEM and EDS analyses

The last techniques used as part of the characterization of the pellets were scanning

electron microscopy (SEM) and energy dispersion X-ray spectrometry (EDS or EDX). These
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techniques were applied to study the external and internal structure of the pellets and especially
to determine the existence of the core-in-shell structure. Also, the EDS helped to determine
whether the composition of pellets was similar to the theoretical composition or not. These
techniques were applied to both configurations of pellets, core-in-shell and homogeneous, but to
be consistent with the results provided for previous analyses (TGA and N2 adsorption), only the
results of core-in-shell are provided in this section. Images of the homogeneous configuration
can be found in the Appendix B.7.

For raw and calcined (heated to 1073 K) core-in-shell pellets, images of the surface at
5000X magnification were obtained, and are illustrated in Figures 3.14 and 3.15. In these images
it is possible to appreciate that the surface structure changes after calcination, becoming
smoother and even showing some cracks, which make the structure of the pellet more fragile.
The smoothing of the surface can be due to sintering and the cracks could be a result of the

calcination, which would mean poor thermal stability of the pellets.
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Figure 3.14. Raw core-in-shell pellet Figure 3.15. Calcined core-in-shell pellet

surface. surface.
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Also, images of the internal part of the pellets were captured before and after calcination
at different magnifications. In this section, images at 250X magnification are shown in Figures
3.16 and 3.17. Figure 3.17 (calcined) shows the internal part of the pellet and also some part of
the surface because of its position. The calcined pellet shows a more porous structure than the
raw pellet, which is explained by the smaller volume of CaO versus the volume of CaCOs, as
well as Cu versus CuO.

The EDS analysis was performed on the pellet that is shown in Figure 3.18. The outer
and inner parts of the pellets were analyzed separately in order to determine the composition of
each part. The results should show different ratios of copper, calcium, oxygen and aluminum for
each case. In Figure 3.18 are illustrated the spectra obtained for each part, as well as the

identification for each element.
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Figure 3.16. Raw core-in-shell pellet cross- Figure 3.17. Calcined core-in-shell pellet

section. cross-section.
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As per the spectra, the core contains copper, little aluminum, calcium and oxygen. This is
in agreement with the theoretical composition of the core, which should be mainly CuO and
CaO. Regarding the shell, the peak for copper is barely noticed, while the peak for aluminum is
well defined. There is also calcium and oxygen as the shell should contain Al>O3 and CaO.
Therefore, according to these results, it seems that the pellet was made of a core that contained
copper, calcium and oxygen mainly, and a shell that contained aluminum, calcium and oxygen.

Note that the presence of gold and palladium is due to the coating layer.
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Au O Cu Al Au Pd Ca Ca Au
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Energy (keV)
Figure 3.18. EDS spectra for core and shell respectively; shell spectrum on top, core in the

middle and key to identify elements on bottom.
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3.7 Chapter summary

In this chapter it has been introduced the compositions, configurations and sizes of the
pellets that have been used for this thesis. In total, two configurations (core-in-shell and
homogeneous), three different compositions (50% CuO, 40% CaO and 10% cement, 50% CuO
and 50% cement, and 90% CaO and 10% cement) and two ranges of size of pellets (0.450 —
1.425 mm and 0.250 — 0.600 mm) were tested. Also, with the purpose of enhancing the capacity
of the pellets to capture COz over cycles, which decays dramatically after 4 — 5 cycles (~50%),
two different approaches, thermal treatment and impregnation with potassium were taken, and
the procedure followed for each approach has been thoroughly explained. Additionally, the
techniques used to characterize the pellets have been explained in detail, namely N>
physisorption, scanning electron microscopy, energy dispersion X-ray spectrometry, X-ray
diffraction and thermogravimetric analysis. With regards to the thermogravimetric analysis, it
has been commented the modifications performed on the setup to address the limitations of the
previous setup and enable multiple cycles of carbonation, oxidation, calcination and reduction.

Preliminary experiments were performed with the core-in-shell configuration of pellets
and the results have been provided. It was determined that the pellets had low surface area,
which indicated that, to obtain valid results, large amounts of pellets for the physisorption
analysis would be required. The minimum was set at 1 g. The thermogravimetric analysis
determined that the capacity of the core-in-shell pellets decayed approximately 50% after 5
cycles, while the oxidation capacity remained stable after 5 cycles. Last, the SEM images
enabled the study of the internal and external parts of the pellets, and the EDS analysis suggested

that the core-in-shell pellets had indeed the core-in-shell structure.
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|Chapter Four — Heat transfer model

The results presented in Chapter Three showed that the capacity of the pellets to capture
CO- decreased dramatically after 5 cycles (50%). This decay, according to the literature, is due
to sintering, which reduces the number of pores and, in turn, the surface area on which CO> can
adsorb!*°482_ Sintering is a kinetic phenomenon that depends on the material properties, such
melting point temperature, particle size, and porosity, as well as the heating rate, atmosphere,
and temperature®3. Since the reactions involved in the calcium looping-chemical looping
combustion process are all exothermic, except for the calcination, it is expected that if the
particles experience high temperatures during one or more of the stages of the process, the
kinetics of the sintering process can be significantly enhanced. Thus, significant insight can be
gained from a transient model for heat and mass transfer coupled with reaction kinetics that can

predict the temperature distribution within the pellets.

CaO + CO, — CaCOs AHr = -174.7 kd/mol (4-1)
4Cu+202— 4 Cu0 AHr = -144.0 kJ/mol (4-2)
4 CUO + CH4 — CO; + 4 Cu + 2 H,0 AHr = -234.7 kd/mol (4-3)
CaCO3 — CaO + CO; AHr = 174.7 k3/mol (4-4)

The study of the system is complicated because the reaction front, and thereby the heat
source/sink, during each of the stages moves. Thus, the phenomenon belongs to the class of the
moving boundary / moving heat source problems. Although similar types of problems have been

studied®%°, due to the complexity involved and to the different approaches taken to model the
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moving boundary, no general solution has been provided. Some studies involved the freezing or
drying of food in which the phase transition of the water present in the food creates a moving
boundary problem®8, A numerical method was applied to solve the set of differential equations,
namely the variable space network (VSN). More related to the present work is the study of the
reduction of an iron ore-coal composite pellet, which takes into consideration the shrinkage and
swelling of the pellet and was solved using control volume scheme discretization®. Another
work involved the study of a reaction-diffusion system with a moving heat source, which led to a
Green’s function type of problem solved by a numerical solution using the Galerkin finite
element method®’. More approaches to problems where heat transfer and a moving boundary can
be found elsewhere®8%, The common approach for all the aforementioned studies is the use of
numerical methods to solve the set of differential equations.

In this chapter, the heat and mass transfer within the pellets is studied with the purpose of
providing an analytical solution for the heat transfer problem and, ultimately, estimate whether
the temperature reached in the pellets is higher than expected. The temperatures set for the
preliminary experiments were 873 K for carbonation and oxidation and 1073 K for calcination
and reduction. To support the study, experiments designed based on the results obtained from the
study were conducted. Also, a parametric study of some of the key variables, namely particle
size, heat of reaction, thermal conductivity and time of reaction, is provided in Appendix C.

Last, the core-in-shell pellets were chosen as the base case because the preliminary
experiments had been conducted with this configuration of pellets. The results obtained from the
characterization, particularly SEM images and N2 physisorption, as well as the conditions used
for the TGA experiments (flowrate, temperatures and composition of gases) are used for this
study.
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4.1 Model Development

A mathematical model describing the pertinent transport phenomena for a single
spherical pellet is developed here. The primary aim is to predict the spatio-temporal distribution
of the temperature within the pellet during the various stages of the Calcium Looping (CaL)
process. The thermal model requires a source/sink term for the heat, i.e. the rate of heat
generated/consumed during each stage of the CaL process.

In absence of intrinsic kinetics of each of the stages of the CaL process, in this study, the
rate of reaction is assumed to be mass transport limited. This assumption, the validity for which
is examined subsequently, permits us to relate the diffusion rate to the rate of reaction and,

thereby, to the quantification of heat source/sink term.

4.1.1 Mass transport model

The mass transport during the oxidation, carbonation and reduction reactions was
described using the shrinking core model. This model was originally developed for particles that
go through a combustion process, e.g. carbon particles. In the current study, the process that
takes place inside the pellet can be assumed to follow similar mass transport/reaction
mechanism, i.e., the gas molecules diffuse through the outer non-reacting shell, and then through
the reacted core, ultimately arriving at the unreacted/reacted material interface. The reacting gas
is considered to react instantaneously upon reaching this interface but resulting in a finite amount
of consumption/reaction of the core. This process continues until the whole core has reacted.
Thus, the reacting interface moves to the interior with time. This situation represents a moving

boundary problem. It is recognized that as the reaction proceeds, the porosity and the
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composition as well as all properties that depend on these two variables continuously change.

Figure 4.1 illustrates this mechanism.

CO; Moving boundary

Shell
Non-converted core

Converted core

Figure 4.1. Schematic of the pellet structure and shrinking core model mechanism.

Since the reaction is considered to be instantaneous, the rate of reaction becomes
diffusive mass transport limited. Under this assumption, the shrinking core model can be applied
to relate the extent of non-dimensional non-converted radius (X) for a spherical particle as a

function of time (t).

t = a;[1—3X?% + 2X3] (4-5)
Here, a; and X are:
pS(pRLZ‘OT'e rTlOTl
a, =—>F— (4-5a) X = (4-5b)
! 6Dng,bulk Rcore

where, ps is the density of the unreacted solid, ¢ is the volume fraction of the component that
reacts, Rcore IS the original radius of the core, De is the effective diffusivity, Cgpui is the
concentration of the gas in the particle and rnon is the radius of the non-converted core, and its
value ranges from zero to Reore 292,

A number of parameters are needed to relate the conversion (X) to the reaction time (t).

The structural parameters of the pellet (Rcore and ¢) were obtained from images obtained by
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scanning electron microscopy (SEM) and from the mass ratio respectively. The effective density
of the pellet was calculated as the average of densities based on the mass ratio of the compounds
present in the pellet. The transport coefficient, i.e. the effective diffusivity can be calculated

following the Bosanquet formula (4-6) considering both Knudsen and molecular diffusivities.

L _e (L N L) (4-6)

D, t\Dx D,
where, ¢ refers to the porosity of the pellet, 7 is the tortuosity and Dk and Da are the Knudsen and
molecular diffusivities respectively®2. Since the average pore size (223A) that was obtained by
N adsorption analyses was smaller than the mean free path of the molecules (>1000A), the
Knudsen diffusion rate was much slower than the molecular diffusion rate. Therefore, the latter
was neglected and only the Knudsen diffusion was taken into consideration with its value
determined by Eqn. (4-7). In this regard, note that the average pore size is significantly smaller
than the size of pore that would be required to take into consideration the molecular diffusivity.
That means that, although the pore size changes throughout the reactions, most likely it would
not become similar or larger than that at which molecular diffusion competes with Knudsen
diffusion. Nevertheless, considering only Knudsen diffusion, a larger average pore size would
result in a faster Knudsen diffusion rate, which in turn would result in the gas molecules reaching
the active sites faster, i.e., shorter times of reaction. On the contrary, a smaller average pore size

would result in slower Knudsen diffusion rates, and longer times of reaction.

’T
Dy = 4850d, |5+ (4-7)
A
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Eqn. (4-6) contains a factor for the tortuosity, which is often unknown and must be
estimated. In the present study, the tortuosity was calculated as the inverse of the porosity®?, as

shown in Eqgn. (4-8):

(4-8)

1
T =—
€

In addition, the porosity of the particles changes as the reactions proceed, which changes
the diffusivity. For instance, while the carbonation takes place, the CO2 molecules occupy the

void space, reducing the porosity and making the path more tortuous. Eqn. (4-9) was used to

capture the change in diffusivity®:

D = Do () (4-9)

Deo and & are the initial values of the diffusivity and porosity respectively, i.e., the
values at time zero of the reaction, while De and ¢ are the values at any time after the reaction has
started. According to the literature, the exponent of Eqn. (4-9) must be between 2 and 5, so since
from the development of the mathematical model, the resulted number is 2, no further
modification was considered®3%,

Since the porosity of the pellet changes with the progression of reaction, the term
instantaneous porosity will be used to refer to the porosity at any time while the reaction takes
place, . It was calculated following Eqn. (4-10) and, in that equation, ys is the conversion, Vinon
and Vcon are the specific volumes of the non-converted and the converted core respectively, and

Cso Is the concentration of solid in the particle.

€ =¢&+ Xs(v;wn,s - VCOTL,S)CSO (4-10)
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The conversion is expressed via Eqn. (4-11) below:

3

. (4-11)

Vnon -1 Thon

VCOT@ Rcore

Eqgn. (4-12) and (4-13) were used to obtain the concentration of gas and solid in the particle

Xs=1-

respectively.

g,bulk RT (4-12)
m; (4-13)
Cen =
50 ‘/COTE EO

4.1.2 Heat transfer model

The spatio-temporal temperature profile can then be obtained by solving the classical heat
transfer by conduction problem. The generalized heat conduction equation in spherical
coordinates is presented below (4-14). The same equation applies to all three domains — shell,

converted core and non-converted core; here, the subscript non, refers to the non-converted core.

1 0Thon 10 ( 26Tmm)

aeff_mm ot B TZ E ar (4-14)

The effective thermal diffusivity of the non-converted part of the core was calculated following
Egn. (4-15).

+ [e - X,k
+ [5 ) yg,ipg,iCPg,i]

keff,non _ [(1 - 8) ’ Z xS,ikS,i]
(pCP)eff,non [(1 -8y xS,ipS,iCPS i]

non

aeff,non -

(4-15)

non
Boundary Conditions: The boundary conditions for each domain were as follows.
For the non-converted core, the symmetry condition is applied.

a’1-'7'107'1
Atr = —_— = BC.1
tr =0 ar | _, 0 ( )
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In addition, the condition at the interface between the non-converted and the converted
core must be applied. This condition establishes that the heat generated at the moving source due
to the exothermic reactions is distributed between the non-converted and converted cores. The

heat that each part will take depends upon their thermal conductivity.

das aTnon aTCO‘I‘L

Atr = S(t) PsQreaction a = - knon 7 con 7 0<t< treaction (BC'Z)

The parameter s(t) is the time-dependent location of the interface, which moves as the
reaction takes place. The interface position as a function of time is obtained via equation (4-5).
Linear approximation to the non-linear relationship between non-converted radius with time is
applied and discussed in more detail in Section 4.2.2

For the converted core, the first boundary condition is also applied at the moving
interface. The condition assumes equal temperatures for the non-converted and converted cores.
Also, the symmetry condition is applied, but this time only at the time at which the reaction is

complete, i.e., the whole core has been converted.

Atr= S(t) Tnon (S(t), t) = Tcon (S(t), t) (BCB)
T,
Atr = 0and t = tregetion a’:’" =0 (BC.4)

=0, t=treqction

Finally, for the shell, the first boundary condition establishes that the temperature at the
interface between the converted core and the shell is the same. Regarding the second boundary
condition, it states that the heat conducted through the shell is the same as that transferred to the
external ambient.

At r = Rcore Teon (Rcore, t) = Tshen (Rcore, t) (BC-S)
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0Tshen

Atr = R, — Kshen or

= h(Tspen — Too) (BC.6)

The heat transfer coefficient h was obtained by calculating the Nusselt number through Eqn. (4-

16), which is for flows around spheres.

1/4
Nu = 2 + (0.4Rey/* + 0.06Re’/*)Pro* (ﬁ) (4-16)
S

In order to calculate the velocity, to obtain the Reynolds number, we used experimental
values of flow rates (300 cm®/min) and dimensions of the TGA system where the experiments
were performed (i.d. 5.6 cm).

F F
D2

(4-17)

ISE

Initial conditions: The initial conditions used for each part of the pellet are the same. For
carbonation (4-1) and oxidation (4-2) reactions the initial temperature was 873 K, while 1073 K
was the initial temperature for reactions reduction (4-3) and calcination (4-4).

Model parameters: To calculate the effective properties, the porosity and composition of
the pellet had to be taken into consideration. As explained previously, the instantaneous porosity
was calculated using Eqgn. (4-10). The thermal conductivity, density and heat capacity were taken
from the literature® %, and are summarized in Tables 4.1 and 4.2. Note that these properties are
temperature-dependent. However, in this work, they were assumed to be constant at the
temperatures at which the process was carried out, i.e. 873 K and 1073 K. As mentioned, the

chemical composition of the non-converted pellet was 50% CuO, 40% CaO and 10% cement.
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Table 4.1. Volumetric heat capacity (Cr x p) for solid and gas phase components.

Cp xp (J/m3-K) Cp xp (J/m3-K)
Compound 873 K 1073 K
Ca0 3,150,833 3,224,264
cu 3,914,822 4,110,444
CaCOs 3,388,504 3,467,177
Cuo 4,293,395 4,438,119
AlLOs 4,723,738 4,893,792
CHa i 980
Co; 723 617
Air 447 ]
H20 i 472

Table 4.2. Thermal conductivity (k) for solid and gas phase components.

K (W/(m-K)) K (W/(m-K))
Compound 873 K 1073 K
CaOo 7.2 7.0
Cu 348.7 334.8
CaCOs 0.6 0.2
Cuo 17.9 17.2
Al,O; 4.2 33
CHs - 0.2167
CO; 0.0621 0.0754
Air 0.0621 i
H20 i 0.1076

For the shell, it is important to note that, although it contains CaO, to simplify the
problem it is assumed that no reaction takes place within the shell. Therefore, neither the
porosity nor the composition changed with time. Consequently, the thermal conductivity, density

and heat capacity remained constant for each temperature.
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Hence, for the stated partial differential equations with the associated boundary and

initial conditions, an analytical solution of the form below was considered:

Toon(r,t) = A + B<1 — lerf <;> > (4-18)

2/ Apont

Teon(r,t) = C + D (1 — lerf <;> > (4-19)

2./ Acont
For the shell, since no reaction takes place there, a linear temperature profile was obtained. The
mathematical expression is Eqgn. (4-20).

Tshell (T', t) =FE + rF (4'20)

4.2 Results and Discussion
4.2.1 Carbonation — Reduction/Calcination — Oxidation cycles

For the model, it was taken into consideration that the calcination step was generally
complete before the reduction of CuO started. That is, while the pellets are heated from 873 K to
1073 K, the carbonate decomposed (i.e., the mass decreased). Figure 4.2 depicts three
experimental cycles in which this effect is observed.

Therefore, when CH4 was introduced to reduce CuO, little or no CaCOs remained such
that the heat released during the combustion of CH4 was not being used to decompose the
CaCOa. Hence, it is possible that the temperature inside the pellets during the reduction stage
increased significantly, favouring sintering. For this chapter, instead of referring to the

reduction/calcination stage, only reduction will be mentioned.
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Figure 4.2. Typical experimental cycling of core-in-shell pellets consisting of A: Oxidation
with air, B: Carbonation with 20% CO2/Nz balance, C: Calcination in N2, and D:
Reduction in CHa. As shown, the conditions for these cycles were carbonation and

oxidation at 873 K, and reduction at 1073 K.

4.2.2 Mass transport

The experimentally observed conversions as a function of time for the carbonation,
reduction and oxidation steps are shown and compared with those predicted by the shrinking
core model in Figure 4.3. The largest difference is found in the reduction step, while for the

oxidation and carbonations steps the differences are smaller. The shrinking core model for the
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carbonation step predicts 80% conversion to be achieved in approximately 430 min (~7 h)
whereas in TGA experiments this was achieved in ~1200 min (20 h). That is, the model appears
to imply faster mass transport than is actually observed. During carbonation, the porosity and
pore size are both expected to reduce and some pores may be even blocked, which hinders the
access to the inner part of the pellet. Such blockages of pore are not considered in the model.

For the reduction step, the shrinking core model overpredicts the time for complete
conversion as 82 min whereas the experimentally observed time is less than 3 min. Since the
model assumes mass transport-limited rate of conversion, the experimentally observed rate
cannot be attributed to increase in kinetics because a faster kinetics would imply an even more
dominant transport limited conversion. From our simple analysis, it would appear that the model
considers a significantly reduced diffusivity than that in the real system.

For the oxidation stage, although the shrinking core model is not a good fit to the
experimental data, it does follow the same trend and the predicted time for complete conversion
compares very well with that observed experimentally. For this step complete conversion was
reached in the TGA experiments after approximately 450 min. It is possible that the oxidation is
less affected by the reduction of porosity since this reaction is performed when the pellet is
calcined and reduced, which means that it is at its highest level of porosity. Unlike the
carbonation reaction, for this particular application no study on the kinetics of this reaction has
been found in the literature. For the carbonation, it has been reported that the reaction is
controlled by the kinetics initially, and subsequently diffusion becomes the controlling

mechanism®. Based on the similar behaviour during the oxidation stage, the same mechanisms

may apply.
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Figure 4.3. Conversion vs time results for each stage with time. Comparison of the
experimental results and those provided by shrinking core model - (a) Carbonation

reaction (b) Reduction reaction (c) Oxidation reaction.

The differences in the model predictions and experiments point out the need for an
improved mass transfer model. For example a two-zone variable diffusivity shrinking core model
with expanding product layer®® may result in a closer match to the experimental data. However,
testing different mass transfer models is not trivial. In this study, we have used the conversion
versus time obtained from the mass transfer model for carbonation and oxidation stages. For the
reduction stage, an empirical fit of the experimentally observed conversion data is employed to
determine the heat source term in the heat transfer model. This was accomplished by changing
parameter a; in equation (4-5). The property/parameter with highest uncertainty in the expression
for a1 (Eqn. 4-5b) is the effective diffusivity. As pointed out, a higher diffusivity would be
needed to capture the observed fast conversion. Although the exact reason for the higher
diffusivity is not clear, it may be possible that molecular diffusion rather than Knudsen diffusion
contributes to the overall diffusivity. Another possibility is that a faster diffusing species, e.g. Ho,
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rather than CHj4 serves as the reducing species. Hydrogen could be produced from methane at the
copper sites in the converted portion of the pellet.

The evolution of the moving interface with time for each stage, obtained from shrinking
core model, is depicted in Figure 4.4 in the form of the ratio R/R, for each of the three stages. In
each of the three stages, the ratio R/R, follows a linear trend with respect to time except at the

beginning and end of the reactions.
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Figure 4.4. Moving boundary (s(t)) position relative to pellet's core radius (Rcore) - (a)

Carbonation reaction (b) Reduction reaction (c) Oxidation reaction.

The linearity range for each reaction is different; for carbonation is observed
approximately between 400 to 2000 min; for calcination, between 5 to 75 min; and for oxidation
between 75 to 375 min. Accordingly, a linear approximation for the R/R, plots was employed.
Again, it must be noted that the mass transport is not the focus of this study and that the results
provided by the shrinking core model were used as an input to develop the spatio-temporal
temperature profiles. Moreover, based on the results provided by the heat transfer model, we can

infer how the results would appear if a more accurate mass transfer model is implemented.
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4.3 Heat transfer results
4.3.1 Temperature evolution with time

The evolution of the temperature with time for each reaction stage is shown in Figure 4.5.
It is important to note that the temperatures shown correspond to the moving boundary, i.e., the
point where heat is released. Since each of the reaction stages is exothermic, the temperature at
the moving boundary is the maximum temperature reached inside the pellet at any given
instance. As expected, the temperature continuously increased with time as long as the reaction
proceeds. The largest increase in temperature is obtained for the reduction reaction but this
increase is only 6 K. However, this temperature increase is estimated using the mass transfer
results from the shrinking core model, which severely over predicted the rate of conversion.
Upon using moving interface profile generated by using a modified value of parameter a; that
matches the experimental data (Figure 4.3b), the estimated temperature increase over time for the

actual time of reaction is approximately 33 K.
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Figure 4.5. Evolution of temperature with time for each stage - (a) Carbonation reaction (b)

Reduction reaction (c) Oxidation reaction.
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This result would suggest reduction stage may be the most important one for thermal
management to reduce sintering related degradation of pellets. Reducing the temperature in this
stage could be achieved by slowing down the chemical reaction, which could be accomplished
by lowering the operating temperature or using a lower concentration of reducing agent, although
that would increase the time of reaction. Nonetheless, sintering could be prevented to some

extent and the lifetime of the pellets could be extended.

4.3.2 Temperature difference profiles within the pellet

The temperature difference profiles within the pellet, i.e. difference between the center of
the pellet and the external shell, for each stage are illustrated in Figure 4.6. The largest
difference, ~3.8 K, is obtained in the reduction stage. For this case, the difference between the
non-converted and the converted parts of the core is negligible. It is between the internal part of
the shell and the ambient where the 3.8 K difference is observed. For the carbonation and
oxidation, the largest differences are smaller than 0.05 K, which means that the entire pellet is at
the same temperature. The model indicates that internal thermal resistance is negligible. Further,
although the temperature difference is small, it may be recalled that this result is obtained based
on the conversion-time response obtained from the shrinking core model. The actual difference

may be larger if the process is not transport-limited and the actual reaction rates are faster.
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Figure 4.6. Temperature difference profile inside pellet for each stage — Carbonation (750
min), Reduction (44 min), Oxidation (202 min) (LHS = Non-converted core, Centre =

Converted core, RHS = Shell).

4.4 Results for different calcination temperatures

The estimated temperature increase for the reduction stage when the actual time of
reaction was used was 33 K, which was much larger than any other result. This, along with the
observation that the calcination was complete by the time the reduction started (see Figure 4.2),
led to the performance of experiments in which the calcination would be carried out at

temperatures lower than 1073 K. Hence, 1023 K and 973 K were tested as temperatures for the
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calcination stage, and the results are summarized in Table 4.3. After five cycles, the capacity of

the pellets to capture CO> decreased by 50% when the calcination temperature was 1073 K.

Table 4.3. Results of carbonation percent and capacity loss for different calcination

temperatures.
Cycle
Temperature 1st 2nd 3rd 4th 5th CCL (%)*
(K)
1073 469+30 358+22 294+20 257+13 234+09 50.0+1.2
1023 471408 364+12 31.0x15 275+11 258+09 453+14
973 424+07 33.7+26 29.8+15 258+10 234+0.56 447 +1.3

*CCL = CO2 Capacity Loss

On the other hand, at 1023 K, the capacity to capture CO> decreased by 45%, although it
took 10 min instead of 3 min to reach full conversion. However, it must be noted that at this
temperature, unlike the case where calcination was performed at 1073 K, the carbonate was only
partially decomposed when CHj started to be fed, which means that the heat of combustion could
be used to decompose the carbonate. Likewise, at 973 K, the capacity decreased by 45%, which
is similar to the loss at 1023 K. However, at this temperature, the time of reaction was 30 min,
which is significantly longer than the time needed to reach complete conversion at 1073 K (3
min), and at 1023 K (10 min).

Therefore, as it was commented before, it is observed that the temperature for the
calcination stage plays an important role in the process. At 1023 K the capacity to capture CO>

decreased by 5% less than at 1073 K, with minimal time increase. Similar reduction of the
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capacity loss is obtained when the temperature is further decreased to 973 K, but with the

drawback of the CH4 consumption.

4.5 Chapter summary

The theoretical model developed to simulate the temperature profile of the core-in-shell
pellets has shown that the temperature profile inside the pellets, under the conditions used in the
process, was small enough to assume uniform temperature at all times. On the other hand, the
model has also shown that the maximum temperature increases for each stage were 2 K for the
carbonation reaction, 6 K for the reduction reaction and 3 K for the oxidation reaction. However,
in the actual process the temperature increase for the reduction stage would likely be larger
because the time of reaction predicted by the shrinking core model was more than 25 times
longer than the actual time of reaction. The estimated temperature increase was 33 K.

Therefore, decreasing the temperature for this stage was suggested in order to diminish
the temperature rise and, accordingly, preliminary tests were conducted. After five cycles, the
capacity loss is reduced by 5% when the reduction/calcination is performed at 1023 K and 973
K. However, the times of reaction were longer than at 1073 K, especially at 973 K, for which the

time was 10 times longer (i.e. 30 min). This fact resulted in a larger consumption of methane.
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|Chapter Five - Performance of homogeneous pellets over multiple CaL/CLC cycles

After developing the heat transfer model and demonstrating better performance of the
pellets at lower calcination temperatures, the conditions for the calcium looping and chemical
looping combustion cycles needed to be changed based on the energy balances and partial
pressure limitations. The energy balances performed by our collaborators at the University of
Ottawa determined that the temperatures for every stage needed to be higher. The temperatures
were increased to 923 K, 1148 K and 1173 K for the carbonation, calcination/reduction, and
oxidation, respectively. For the calcination/reduction it is important to remark that the
temperature was increased because the content of CO> in the calciner would be high as part of
the CO- separated in the process would be recycled for fluidization purposes. Therefore, in order
to reach the equilibrium pressure, the temperature needed to be increased. Otherwise, based on
the Le Chatelieur’s principle, the calcination could not be achieved because the partial pressure
of COz in the reactor would prevent the calcination reaction from occurring.

In addition, the configuration of pellets was narrowed to only homogeneous pellets. The
attrition tests performed at the Ecole Polytechnique de Montréal demonstrated that the core-in-
shell structure behaved similarly to the homogeneous configuration, and the latter one involved a
less complicated process of manufacturing. Furthermore, the fluidization tests, which were also
performed at Ecole Polytechnique determined that the size of the pellets should be smaller.
Consequently, instead of 0.425-1.425 mm, the range was reduced to 0.250-0.600 mm.

Therefore, the performance of homogeneous pellets with different compositions at the
conditions mentioned was studied, and the results are provided in this chapter. The flowrates and

compositions of the gases did not change, i.e., 300 ml/min for furnace, heating and reaction gases
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and 330 ml/min for the purge gas. For the experiments that are about to be discussed, the number
of cycles was increased to 20 because the modified setup of the TGA enabled this option.
Depending on the pellet composition, a different maximum number of cycles could be
performed: pellets containing CaO and CE (90/10), and CuO and CE (50/50) were subjected to
20 cycles, while composite pellets with CuO, CaO and cement (50/40/10), which required
additional oxidation step, were only subjected to 16 cycles. The TGA software could only handle
a total of 99 steps - each heating ramp was a step, each time that the temperature was kept
constant was another step and each cooling ramp was another step. Therefore, each cycle

involved 6 steps, and the breakdown is shown in Table 5.1.

Table 5.1. Steps required per cycle of combined CaL and CLC, and per cycle of only CaL.

Combined Calcium Looping and Chemical

Step Looping Combustion Calcium Looping
. Constant temperature for
1 Constant temperature for carbonation (923 K) carbonation (923 K)
. Heating ramp from 923 to
2 Heating ramp from 923 to 1148 K 1148 K
3 Constant temperature for Constant temperature for
calcination/reduction (1148 K) calcination (1148 K)
4 Heating ramp from 1148 K to 1173 K Cooling ragmngf:fm 114810
5 Constant temperature for oxidation (1173 K) -
6 Cooling ramp from 1173 to 923 K -
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The TGA software only allowed up to 99 steps, which is almost the number of steps for
16 cycles of combined Calcium Looping and Chemical Looping Combustion (96). In contrast,
for the pellets with compositions 90/10, and 50/50 fewer steps were required because these
compositions were subjected to cycles of only carbonation/calcination, or oxidation/reduction.
The same number of steps was required for both compositions. The breakdown of steps for
Calcium Looping is also summarized in Table 5.1.

In total, four steps per cycle were required, which enabled to perform more than 20
cycles. However, the scope of this thesis was to enhance the performance of the pellets over
cycles rather than only study their performance over cycles. Furthermore, the first target number
of cycles was 15, which makes 20 a reasonable number of cycles for this thesis. Also, note that
for the composite pellets the limit of 15 cycles was also achieved.

In this chapter, in addition to the study of the performance of each composition of pellets,

the analysis of the surface area, pore volume and pore size distribution is provided.

5.1 Results of surface area, pore volume and pore size distribution

The analysis of the surface area, pore volume and pore size distribution was performed
three times for each composition of pellets. The results of surface area and pore volume are
summarized in Table 5.2. The two compositions of pellets that were developed for the dual
configuration of reactors, i.e., 50/50 and 90/10, had surface areas higher than the composite
pellets, 50/40/10. If we compare these two compositions, the 50/50 pellets have the highest
surface area. According to the literature, CuO usually presents low values of surface area and

pore volume®’. However, it must be noted that this composition of pellets has a high proportion
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of cement, which contains alumina, a support that has high surface area. Therefore, the higher

surface area for the 50/50 is probably associated with the higher content of alumina.

Table 5.2. Results of surface area and pore volume.

Composition Sget (M?/Q) Vp (cm3/g)

50% CuO, 40% CaO, 10% Cement (50/40/10) 152+1.1 0.078 £ 0.006
90% CaO, 10% Cement (90/10) 19.7+0.6 0.112 + 0.008
50% CuO, 50% Cement (50/50) 34.2+3.1 0.052 + 0.004

On the other hand, the pellets with 90/10 had smaller surface area than the 50/50 pellets,
but the highest value of pore volume. It must be taken into account that high surface area does
not necessarily involve large pore volume. For example, a sample with many micropores can
provide a high surface area. However, if all the micropores are combined, in the end a large pore,
with lower surface area, would be obtained, and that pore would have exactly the same volume

as all the micropores together (see Figure 5.1).

Pores randomly distributed Pores combined Equivalent pore

Figure 5.1. Schematic showing that surface area and pore volume are not directly related.
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In Figure 5.2 it can be observed that for the pellets with 50% CuO and 50% CE, the
majority of the pores were located within the micro and meso-pore ranges (w<20 A and 20 A
<w<500 A respectively)®, while for the pellets with 90% CaO and 10% CE, most of the pores
were within the meso and macro-pores (w>500 A) ranges. Therefore, based on the explanation
given, this result is consistent with the pore volume and surface area results; the 50/50 pellets
had the highest surface area because most of the pores were located in the micro and meso-pore
ranges, but since the surface area was very low, the total pore volume is consequently very small.
On the other hand, the 90/10 pellets had less surface area than the 50/50 pellets because most of
the pores were within the meso and macro-pore ranges, but, as opposed to the surface area, they
had a larger pore volume.

As for the composite pellets (50/40/10), they had an intermediate pore volume; according
to Figure 5.2, for this composition there is a combination of the results obtained for the 50/50
and 90/10 pellets, i.e., there are micro, meso and macropores. However, the mesopores seem to
be the most common based on the number of points located within that range for both
compositions.

In summary, the pellets with composition of 50/40/10 had the smallest surface area and
intermediate pore volume with respect with the other two compositions, 90/10 and 50/50. The
pore size distribution indicated that the majority of the pores were located within the mesopore
range, followed by the micro and macro-pore ranges. The 50/50 composition provided the
highest surface area but also the lowest pore volume. In this case, the majority of the pores were
located within the micro and meso-pore ranges, without any sign of macropores. Last, the 90/10
pellets provided the second highest surface area, and the largest pore volume. The pore size
distribution indicated that the majority of the pores were located within the mesopore range.

82



(a) 5040110

Ze-4

Pore Volume [cmg -4

] 200 400 GO0 BOD 100D 1200 1400
Pore Width {4}

f=-d4

(b) B0I50

Ze-4 o

Pore Wolume [cmg-A)

] 200 400 600 20D 1000 1300 1400
Pore Width [A)

(c) 90110

Ze-4

Pare YVolume [cmg-A)

] 200 400 B00  BOD 100D 1200 1400
Pore Width (&)

Figure 5.2. Pore size distributions of each composition of pellets — (a) 50% CuO, 40% CaO,

10% CE; (b) 50% CuO, 50% CE; (c) 90% CaO, 10% CE.
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Taking into consideration these results, it could be inferred what would be trend of the
surface area and pore volume when the composition of the pellets changes. For instance, after
carbonation, the 90/10 pellets will have smaller surface area and pore volume because the CO>
molecules will occupy the void space. Eventually, the diffusion of the CO2 molecules will be
hampered because the void space will have diminished, which is in agreement with the
preliminary results provided in Chapter Three. Likewise, the 50/50 pellets will have larger pore
volume and surface area after reduction since the Cu atom is smaller than the CuO molecule.

Same comments apply for the composite pellets, 50/40/10.

5.2 Results of performance of pellets with 50% CuO, 40% CaO and 10% CE (50/40/10)

This composition of pellets is the same as that of the first batch of pellets (see Table 3.1).
The homogeneous configuration of the first batch was not tested because the size of pellets was
recommended to be reduced before any experiment with the homogeneous pellets could be
performed. Nonetheless, even if any experiment would have been carried out, since the size of
pellets is smaller than that of the first batch, studying this composition is necessary in order to
compare its performance with that of the other two compositions prepared in the second batch.

The 50/40/10 composition could only be studied for 16 cycles because of the reasons that
have been explained at the beginning of this chapter. Each experiment was repeated three times
to check the reproducibility, and for the study of errors. An example of the TGA report is
illustrated in Figure 5.3. To better understand Figure 5.3, Figure 5.4 shows the first cycle in

detail. Also, to guide the reader through Figure 5.3, labels for each cycle have been added.
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Figure 5.3. TGA report of 16 cycles of calcium looping and chemical looping combustion

for 50/40/10 homogeneous pellets.

Figure 5.4 shows the moment after the pellets have been calcined at 1148 K under pure
CHa. The temperature is then increased to 1173 K to perform the oxidation step (A). The gas
used for this step is air, and it is fed for 10 min. Afterwards, the sample needs to be cooled to 923
K to perform the carbonation. The cooling takes approximately 25 min and the carrier gas used
for this step is N2. Then, once the cooling is completed, the carbonation (B) is carried out by
feeding the mixture of 20% CO2/N2 balance into the TGA for 15 min. Next, the sample is heated

to 1148 K under N2 to perform the calcination/reduction step. As the sample is heated, the

decomposition of CaCOs is occurring (C).
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Figure 5.4. Magnification of first cycle of calcium looping and chemical looping combustion
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with 50/40/10 pellets shown in Figure 5.3. (A) oxidation, (B) carbonation, (C) calcination,

(D) reduction. 4p are differences of buoyancies due to either the change of temperature or

This phenomenon is unavoidable since it depends on the temperature of decomposition of

change of gas.

the carbonate, which according to the literature® is within the range of ~910 K to ~1140 K. At

1148 K, CHjs is fed for 10 min, although the reduction of CuO and decomposition of any

remaining CaCOs takes place in approximately 3 min (D). After this step, the next cycle starts.
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Also, in Figure 5.4 there are two significant drops, labelled as Ap, that are worth
mentioning. These drops are due to different densities; in the first case, the gas is switched from
air to N2, and although there is not a significant difference between the densities of these two
gases, the temperature is decreased from 1148 K to 923 K, which affects the density of the gas,
making it heavier at 923 K than at 1148 K. Therefore, the mass of sample decreases since the
buoyancy produced by the gas is stronger. As for the second drop, the difference of density is
more noticeable because the gas is switched from CH4 to N2. In this case, the density of methane
is almost half the density of N2 (0.65 kg/m® of CH4 versus 1.13 kg/m? of N2 at 298 K)%. Thus,
when the gas is switched, the mass of sample decreases dramatically because the buoyancy in N2
is different than the buoyancy in CHa.

In Figure 5.3, the carbonation becomes less significant as the number of cycles increases.
It is within the first five cycles where the decrease is more noticeable, and as per previous
discussion, it is believed to be due to sintering. Another hypothesis for the loss of capacity to
capture COs is that part of the CaO reacts with the cement, thus reducing the amount of CaO for
COz capture. To test this hypothesis, two XRD analyses were performed, 1) with raw 90/10
pellets, and 2) with 90/10 pellets subjected to 50 cycles of carbonation/calcination. The results
are summarized in Table 5.3, and the spectra are included in Appendix D.1 (Figure D.1 and D.2).
The data provided in this table is approximated and it does not represent the exact composition
since the analyses were conducted to obtain an estimate and determine whether the fraction of
CaO changed over time. Nevertheless, it can be seen that mayenite is present (Cai2Al14033) in
the pellets subjected to 50 cycles. In the literature it has been reported that katoite
(CasAlz(OH)12) is the precursor for mayenite®, as is shown below:

7 CazAlz(OH)12 — Ca12Al14033 + 9 CaO + 42 H,0 (5-1)
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However, according to Eqn. 5-1, and based on the results provided in Table 5.3, it is not
feasible that the mayenite was exclusively formed from the katoite (see Appendix D.2 for
calculation). The formation of this compound has also been observed in Ca-Al-based sorbents?,

Therefore, part of the loss of capacity could be associated to the formation of mayenite.

Table 5.3. Results of XRD analyses of 90/10 pellets prior and after carbonation/calcination

cycles.
Pellets Components  Chemical formula  Mass fraction (%)
Portlandite Ca(OH)2 74.5
Katoite CazAl2(OH)12 6.3
90/10 (raw)
Calcite CaCOs3 17.9
Quartz SiO; 1.4
90/10 Lime CaO 89.9
(after 50 cycles)  Mayenite Ca1rAl14033 10.1

On the other hand, the oxidation remains stable over cycles, which means that the
Cu/CuO does not lose capacity to be re-oxidized. This fact also means that the CuO does not
suffer from sintering, or if it does, it does not affect its capacity for oxidation. Also in both
Figures 5.3 and 5.4, there is a spike in the temperature during the oxidation. This issue was
associated with carbon deposition, which was already suggested in Chapter Four. In the
literature, other authors have also reported carbon formation while using CHjs at high
temperatures'®21%, As a matter of fact, at the end of some experiments, a black residue was

observed on the hanging wire of the TGA, but no further analysis was performed on this residue.
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Although the study of this issue was not included in the scope of this thesis, in order to confirm
this hypothesis and explain the temperature spikes, separate experiments were conducted and the
results are presented in the next section.

The results corresponding to this composition of pellets are summarized in Table D.1
(Appendix D.3); for this section, in Table 5.4 there is an extract of Table D.1, and it provides the
results of the first and last cycle, which are the most significant for the discussion. The
methodology to calculate each parameter, as it was already mentioned in Chapter Three, it can be

found in Appendix B.6.

Table 5.4. Results of performance of 50/40/10 pellets for first and last cycle.

O2 Capacity  CO2 Capacity

Cycle Y oxidation (%) carbonation (%) (gOz/gPeIIets) (gCOz/gPeIIets)

OCL (%)? CCL (%)P

1 85.3+2.6 16.0+1.38 0.107 +£0.003  0.050 + 0.005 N/A N/A

16 88.2+1.7 42+10 0.111+0.002  0.013 +0.003 -35+12 732%81

a. Oy Capacity Loss
b. CO2 Capacity Loss

For this composition of pellets, the oxidation capacity remained constant over cycles,
even showing a slight improvement after 16 cycles, which demonstrates the stability of Cu/CuO,
and its good performance as oxygen carrier. After 16 cycles, the oxygen capacity was 0.111
gOa/gPellets. In contrast, the carbonation capacity decreased dramatically, losing more than 70%
of the capacity after 16 cycles. This loss in capacity (CCL) is depicted in Figure 5.5. Within the
first 5-6 cycles, already more than 50% of the capacity is lost. Initially, the capacity was 0.050

gCO2/gPellets, but after 16 cycles, decreased to 0.013 gCO./gPellets.
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Figure 5.5. CO2 capacity loss CCL (%) vs cycles for 50/40/10 pellets. Error bars represent

the confidence interval.

In summary, the composition of pellets 50/40/10 showed a good performance over cycles
in terms of oxidation capacity. However, regarding the capacity to capture COg, it diminishes
significantly after only 5-6 cycles, and up to 73% after 16 cycles. Also, in these experiments was
observed that carbon deposition may be occurring during the reduction, which affected the

temperature during the oxidation step.
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5.3 Carbon deposition due to use of CH4 of high purity at high temperature

In Chapter Four it was already suggested that during the reduction stage it was possible
that hydrogen could be produced since the effective diffusivity that was obtained to fit the
experimental results for this stage was higher than the theoretical diffusivity based on CH4, CO>
and water/steam being present. However, the time predicted for this stage was much longer than
the actual time of reaction. By changing the value of the diffusivity it was possible to achieve a
good fit for this stage, and the final value suggested that other gases with higher diffusivities
could be present, with hydrogen being one of possibilities.

According to the results shown in Section 5.2, this hypothesis takes more relevance since
it seems reasonable that hydrogen is produced as a result of the carbon deposition. In order to test
this hypothesis, a test in which no crucible was placed into the TGA was conducted. The purpose
of this test was to check first if the carbon deposition was due to the presence of pellets or not.

For this test, the outlet gases were analyzed by means of the ABB Gas Analyzer. This
instrument enables the analysis of CO, CO2, Hz and CHa. The result of the test is illustrated in
Figure 5.6. The steps followed for this test were the same as those used for a normal test of the
50/40/10 pellets with the only exception that CH4 was fed for 30 min instead of 10 min with the
purpose of ensuring enough time to observe whether there was formation of Hz or not. As CH4
was fed into the TGA, the ABB detected the presence of Hy, as well as small fractions of CO and
CO.. The curve for CH4 reaches a plateau because the concentration was higher than the upper
level of the detector. The brief formation of CO and CO> could be due to the presence of
remaining oxygen in the line. This result is in agreement with the idea that the black residue
observed on the hanging wire was indeed carbon. Once the flow of CH4 was stopped, and the

line purged with Na, air was fed into the TGA and then the presence of CO and CO> was
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detected, which suggests the oxidation of the carbon residue. Also, to understand the fact that the
carbon deposited onto the hanging wire surface, the nature of this material, platinum, must be
taken into account. Deposition of carbon on platinum surface has been reported by other authors

who used ethylene at high temperatures (700 — 1400 K)%4,
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Figure 5.6. Analysis of the outlet gases for test of carbon deposition. H2 (%ovol.);

CO (%vol.); ———— CO2 (%vol.); — —  CHa (ppm).

Further analysis of Figure 5.6 was performed in order to determine if the amount of H»
detected was consistent with the amounts of CO and CO.. To that end, the areas under the curves
of Hz, CO and CO: were calculated, and the values were 217 for Hz, 53 for CO and 48 for CO..
It is important to note that the moles of H, are double the moles of CO and CO- respectively,
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because from each molecule of CH4, two molecules of Hz and one molecule of C are obtained, as
is shown in Equation 5-1. Thus, the area of H2 should be two times the combined area of CO and
COz. The combined area of CO and CO- is 101, which means that the area for H> should be 202.
Therefore, there is a slight deviation between the amount of H detected and the combined
amounts of CO and CO». That deviation could be associated to the accuracy of the analyzer.
Nonetheless, the results were considered consistent since the deviation was less than 7%.

CHs— C+2H, (5-2)

Note that in addition to the formation of carbon deposits on the hanging wire, it could be
possible that the pellets also promoted the formation of carbon deposits'®. However, for this
thesis, no further investigation was performed since the goal was to determine whether the
formation of carbon was occurring or not.

In summary, the test performed shows that, even though the presence of the pellets could
be affecting the formation of the carbon deposits, its formation took also place separately from
the pellets. This information could support the change of the diffusivity that was made to fit the
experimental data in Chapter Four since the formation of hydrogen using CHs at high

temperatures has been detected.

5.4 Results of performance of pellets with 50% CuO and 50% CE (50/50)

This composition of pellets was designed for the dual configuration of reactors that was
described in detail in the Introduction. In this dual configuration, instead of composite pellets of
CuO, Ca0 and cement, pellets with only CuO and cement (50/50), and pellets with only CaO
and cement (90/10) were considered. The 50/50 pellets would circulate between the calciner and

the air reactor, going through reduction and oxidation in each reactor, respectively.
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For this configuration of reactors, it is interesting to have a high content of CuO to
guarantee that enough energy would be produced to carry out the decomposition of CaCOs. To
start, it was considered to test pellets with the same content of CuO as those with the
composition of 50/40/10. As per the comments made at the beginning of this chapter, this
composition of pellets could be tested for 20 cycles, and the conditions used were the same as
those that were used for reduction and oxidation for the 50/40/10 pellets, i.e., 10 min for
reduction at 1148 K under pure CH4, and 10 min for oxidation at 1173 K under air. In Figure 5.7,
the first cycle is depicted to illustrate these steps.

On the other hand, in Figure 5.8 the full TGA report that was obtained in one of the
experiments is shown. The capacity of the pellets to be re-oxidized multiple times remained
stable after 20 cycles, as it happened with the 50/40/10 composition. Also, this composition of
pellets showed a better performance after 20 cycles (2-3%), which confirmed the result obtained
for the 50/40/10 pellets.

However, this composition presented one drawback, which was agglomeration. This
issue might not become relevant in a fluidized bed reactor since the pellets would not be static
but in continuous movement. In the TGA experiments, this phenomenon was observed when the
pellets were removed from the crucible. The full sample was agglomerated and it was necessary
to use the tweezers to remove the pellets. In addition, a pink residue remained on to the surface
of the crucible, which was associated to Cu based on the colour and the recently observed

agglomeration issue.
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Figure 5.7 Magnification of first cycle of chemical looping combustion with 50/50 pellets.

(A) oxidation; (B) reduction. 4p are differences of buoyancies due to change of gas.
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Figure 5.8. TGA report of 20 cycles of chemical looping combustion for 50/50 homogeneous

pellets.

The full table of results for this composition can be found in Appendix D.3 (Table D.2),

but in this section only the results for the first and last cycle are provided (Table 5.5). The level

of conversion remained within the same range (almost 80%) after 20 cycles. Also, comparing the

gOa/gPellets after 20 cycles with those of the 50/40/10 pellets after 16 cycles, the values are

similar, which is reasonable since the loading of CuO is the same in both compositions.
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Table 5.5. Results of performance of 50/50 pellets for first and last cycle.

Cycle  yoxidation (%0)  O2 Capacity (gO2/gPellets) OCL (%)*

1 87.8+1.7 0.111 +0.002 N/A

20 89.2+34 0.112 + 0.004 -16+24
*OCL = O Capacity Loss

5.5 Results of performance of pellets with 90% CaO and 10% CE (90/10)

The dual configuration of reactors involves, in addition to the 50/50 pellets, the 90/10
pellets, which would circulate between the carbonator and the calciner. In this case, it is
interesting to have a high loading of CaO so that the capture of CO, would be high as well. This
composition of pellets, as well as the 50/50, could be tested over 20 cycles. The conditions used
were 15 min for carbonation, under a mixture of 20% CO2/N> balance, and 3 min under N for
the calcination. As opposed to the time for calcination/reduction that was used for the composite
pellets (10 min), for these tests the calcination stage was reduced to 3 min because the
decomposition of CaCOsz took place while the pellets were heated. Since for this composition of
pellets it was not necessary to perform the reduction, there was no reason to extend the time for
this stage. In Figure 5.9 the steps followed for each cycle of carbonation and calcination are
shown. Then, Figure 5.10 depicts the full report obtained after 20 cycles, in which each cycle has

been labelled.
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Figure 5.9. Magnification of first cycle of calcium looping. (A) carbonation; (B) calcination.

Recalling what has been commented regarding the time for the calcination, in Figure 5.9

even before the temperature for calcination was reached (1148 K), the mass of sample had

returned to the initial point. Therefore, this supports the idea that extending the time for

calcination is not necessary.

Figure 5.10 shows the evolution of the carbonation over 20 cycles. As happened with the

50/40/10 pellets, the level of carbonation decreased dramatically after a few cycles, especially

the first 5-6 cycles (see Figure 5.11). In this regard, this decrease can also be observed in Figure

5.12, which shows the 20 cycles overlapped. Figure 5.12 shows that the decrease of capacity is
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mainly due to the decrease of the kinetically-controlled stage of the carbonation. This result

suggests that the number of available active sites was reduced, or that the pores that offer a more

accessible path to these sites were blocked, which forced the molecules to diffuse through the

particle. As a consequence, the time to reach the active sites increased, and since the time for the

carbonation staged was fixed (15 min), the conversion achieved was smaller.
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Figure 5.10. TGA report of 20 cycles of calcium looping for 90/10 homogeneous pellets.

Table 5.6 summarizes the results for this composition of pellets for the first and last

cycle, but the full table of results can be found in Appendix D.3 (Table D.3). It is noticeable that

the CCL (%) decreases by 66.3% after 20 cycles, which is slightly smaller than the CCL (%)

obtained for the 50/40/10 pellets (73.2%). Although since the confidence interval for the
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50/40/10 pellets is broader, the value of CCL (%) obtained for the 90/10 pellets falls within the
confidence interval of the 50/40/10 pellets. Therefore, it is not clear if the performance of the
90/10 pellets was slightly better than the 50/40/10 pellets, or if the change of the time for the
calcination stage could have had any influence. This fact becomes more significant if the
conversion of CaO is taken into consideration; for the 50/40/10 pellets, the conversion of CaO

was approximately 16% in the first cycle, while for the 90/10 it was almost 66%.
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Figure 5.11. CO2 capture capacity loss vs cycles for 90/10 pellets. Error bars represent the

confidence interval.

This result could be explained by the presence of CuO, which reduces the void space as it
was shown before in Section 5.1 (discussion of pore volume). It is possible that if, for the

50/40/10 pellets, the carbonation would be performed prior to the oxidation, the conversion of
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CaO would be higher. However, it was explained in Chapter Three that the sequence of reactions
was established to be first oxidation, next carbonation, and then calcination/reduction.
Nevertheless, the CCL (%) is high in both cases, which suggests that regardless of the

conversion, the capacity of the pellets decreases over time, and that can be explained by the

sintering process.
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Figure 5.12. Overlapped calcium looping cycles performed with 90/10 pellets.

As for the CO» capacity, in this case the capacity cannot be compared to that of the
50/40/10 pellets in terms of gCOz/gPellets because the loading of CaO in the 90/10 pellets is

more than two times the loading in the 50/40/10 pellets. For this composition of pellets (90/10)
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the final capacity after 20 cycles was 0.157 gCO/gPellets, which is more than 10 times the
capacity of the 50/40/10 pellets subjected to 16 cycles, 0.013 gCO2/gPellets. If the capacity is
compared in terms of gCO2/gCa0, the results show that the 50/40/10 capture 0.033 gCO2/gCa0,

while the 90/10 capture 0.174 gCO./gCaO.

Table 5.6. Results of performance of 90/10 pellets for first and last cycle.

Cycle  ycarbonation (%0)  CO2 Capacity (gCO2/gPellets) CCL (%)*

1 65.8 0.5 0.465 + 0.004 N/A

20 222+1.0 0.157 £ 0.007 66.3+1.4
*CCL = CO» Capacity Loss

Therefore, the capacity of CaO to capture CO- is decreased when used in combination
with CuO. Some reasons could be the less void space in the composite pellets, which hampers
the access of the CO2 molecules. Also, because of the low melting point of Cu (~1360 K), it
could be that partial melting of this compound occurs during the calcination/ reduction (1148 K)

and oxidation (1173 K) stages, which could lead to blockage of pores of CaO by the Cu.

5.6 Comparison of performance with other sorbents

The results obtained for each composition of pellets have already been compared between
them. It seems that the dual configuration, in which the 50/50 and 90/10 pellets are involved, is
more suitable to achieve higher levels of CO> capture. The oxidation capacity of the oxygen
carrier was similar with both the 50/40/10 and 50/50, which suggests that the pair CuO/Cu can

operate in either configuration. However, to put the results obtained for each composition of
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pellets in context, the performance of these compositions are compared with the performance of
other sorbents and oxygen carriers reported in the literature. The 90/10 will be considered as the
composition of pellets to be compared with other sorbents because of its better CO2-uptake. As
for the oxygen carrier, the compositions 50/40/10 and 50/50 showed similar performances, but to
avoid redundancy, the 50/50 pellets will be taken as the case to be compared.

Starting with the CO> capacity, multiple types of sorbents are currently under
development, including solid amine-based, carbon-based, graphite/graphene-based or zeolite-
based**1%._ Although some sorbents may have higher capacity to capture CO2, not every sorbent
is designed to work at the same conditions as the pellets developed for this thesis. For instance,
one type of graphite/graphene-based sorbent showed a capacity of 2.480 gCO./g, but the
conditions were 298 K and 30 bar'®®, which are completely different to the conditions used in
this work. Therefore, in order to make a reasonable comparison, it will be taken into
consideration only those sorbents that are designed to work at similar conditions as the pellets
described in this thesis.

The highest CO2-uptake of the 90/10 pellets was 0.465 gCO»/gPellets, which was
achieved on the first cycle. However, after 20 cycles of carbonation/calcination, this capacity
decreased to 0.157 gCOo/gPellets. In Table 5.7 a number of sorbents, their capacities and the
number of cycles performed with them are summarized. The capacity of the 90/10 pellets puts it
in the low range of capacities in that table, being only higher than 3 out of 17. However, it must
be remarked that the CaO used for the 90/10 pellets did not go through any treatment,
modification or synthesis procedure!4, while all of the sorbents mentioned in Table 5.7 did.
Therefore, there is still margin to improve the performance of the 90/10 pellets, which will be
covered in Chapter Six.
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Table 5.7. CO2-uptake of some calcium-based sorbents!®. (Reproduced with permission
from the Royal Society of Chemistry. A copy of the copyright permission is provided in

Appendix D.4).

Capacity (gCO2/gSorbent)

Sorbent Cycles after last cycle
CaO by coprecipitation 17 0.700
CaO by sol-gel 70 0.242
CaO by sol-gel 35 0.590
CaO by sol-gel 20 0.510
Synthetic CaO 25 0.651
Ca0-Gai12Al14033 hollow spheres 30 0.620
Organic acid modified CaO powder 20 0.251
Organic acid modified CaO pellets 20 0.101
Mineral acid modified CaO powders 13 0.299
Formic acid modified 20 0.308
Ca0-GagAlgO1s 30 0.590
CaO/meso-SiC 30 0.132
Ca0-Ca12Al14033 30 0.321
Ca0O-Cai2Al14033 nanospheres 30 0.612
CaO-MgO 50 0.700
Ca0-SiO2 50 0.088
CaCOz(a)mesoporous silica 50 0.378
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Other sorbents designed for similar conditions are the alkali silica-based sorbents, and
their performance is closer to that of the 90/10 pellets, ranging from 0.154 to 0.299 gCO2/g,
although in this case none of them surpassed the number of cycles performed with the 90/10
pellets. The alkali zirconate-based sorbents are in the same range of the 90/10 pellets®. The
examples given do not summarize the state-of-the-art for sorbents designed to work at the same
conditions than the 90/10 pellets, but they provide enough information to put in context the
results obtained for the 90/10, which is the purpose of this section.

As for the performance of the 50/50 pellets, they showed stable capacity for oxidation
over multiple cycles, providing an oxygen capacity of 0.112 gO2/gPellets after 20 cycles of
oxidation and reduction, which was similar to the capacity in the first cycle. In terms of
conversion, almost 90% of conversion was achieved after 20 cycles, and for both the 50/40/10
and 50/50 compositions, there was a slight increase of the conversion over cycles (2-3%).

In the literature, many of the approaches taken by other authors involve the use of CuO as
oxygen carrier, either as the sole compound or mixed with other metals, such as Fe,O3, and/or
supports, such as ZrO, MgAl,Os, sepiolite, TiO,, or Si0,*31971%8 For instance, Siriwardane et
al.’%® reported that the combination of CuO with Fe,O3 had a synergetic effect in improving the
oxygen release capacity. In addition, the agglomeration issues, which have also been reported in
this thesis, were diminished because of the presence of Fe;Os. Therefore, the capacity of the
pellets to provide more oxygen for the combustion of CH4 could be enhanced by adding Fe>O3 to

the mixture, as well as preventing in some extent the agglomeration issue.
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5.7 Chapter summary

Three different compositions of pellets have been evaluated. One of them contained CuO,
Ca0 and cement. These pellets showed low surface area (15.2 m?/g) and low pore volume (0.078
cm?®/g). This composition of pellets showed good performance over cycles in terms of oxygen
capacity stability, but poor performance in terms of CO- capture stability. After 16 cycles, the
capacity to capture CO> decreased from 0.050 to 0.013 gCO2/gPellets (decreased by 73.2%).

The other two compositions were designed to operate in a dual configuration of reactors.
The pellets that contained 50% CuO and 50% cement had a surface area of 34.2 m?/g, which was
the highest among the three compositions, and suspected to be a result of the high cement
(alumina) content rather than the CuO. In contrast, these pellets had the lowest pore volume
(0.052 cm®/g). This composition showed high stability over cycles, even improving around 2-3%
after 20 cycles. On the other hand, they suffered from agglomeration, which can be a limiting
factor if the content of CuO is required to be very high. The last composition of pellets contained
90% CaO and 10% cement. These pellets had low surface area (19.7 m?/g), but the highest value
of pore volume (0.112 cm®/g). The capacity of these pellets to capture CO, decreased
substantially after 20 cycles (65.8%), going from 0.465 to 0.157 gCO2/gPellets.

To end, deposition of carbon during the reduction stage was inferred based on temperature
spikes during the oxidation stage, and the presence of a black residue at the end of several
experiments. Separate tests confirmed the hypothesis that the black residue was carbon, and also
that hydrogen was produced during this process. This issue was associated with the

decomposition of CH4 due to the high temperatures.
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IChapter Six — Effect of thermal treatment, impregnation with potassium and steam

The results that have been discussed in the previous chapter have showed that the main
issue with the pellets is the decay of the capacity to capture CO. over cycles. The capacity for
oxidation remained stable and even showed a slight increase over cycles. Therefore, the next
steps were oriented to enhance the capacity of the pellets to capture CO. As it was explained in
Chapter Three, two different approaches were taken, namely a thermal treatment and
impregnation with potassium. In addition to these two approaches, experiments at
CanmetENERGY - Ottawa were performed using steam as part of the mixture of gases during
the carbonation stage. According to the literature'®-13, steam could have a positive effect on the
capacity to capture COz. In Section 6.3 the setup, compositions of pellets, conditions, and results

are presented.

6.1 Effect of thermal treatment on pellets with 90% CaO and 10% cement (90/10)

The pellets that were chosen for this treatment contained 90% CaO and 10% cement
(90/10), and the nomenclature given to each batch of pellets was 1) TT1.5N-90/10 for pellets
thermally treated (TT) under N2 using the 1.5 K/min ramp, 2) TT1.5A-90/10 for those treated
under air with a heating rate of 1.5 K/min, and 3) TT7.5N-90/10 for those treated under N2 and
using 7.5 K/min as the heating rate. The goal of this study was to determine if the heating rate
had any influence on the performance of the pellets.

The calcium looping method applied to these compositions of pellets was the same as that
used for the non-treated pellets, i.e., 20 cycles of carbonation at 923 K under a mixture of 20%

CO2/N2 balance, and calcination in N2 atmosphere. Each batch of pellets was tested three times.
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In order to evaluate the results obtained, the performance of the 90/10 pellets without treatment
will be taken as the base case. Table 6.1 provides a summary of the results; the full results can be

found in Appendix E.1, Tables E.1, E.2 and E.3.

Table 6.1. Summary of results of thermally treated pellets; results of raw pellets included

for comparison.

Sample Cycle  ycarbonation (%0) (gcé) (2)2(/:;5;?;3) CO: g%pf c(iot/z/)Loss,
90/10 (raw) 1 65.8+0.5 0.465 + 0.004 N/A

90/10 (raw) 20 222+1.0 0.157 £ 0.007 66.3+1.4
TT1.5N-90/10 1 57.20.7 0.404 + 0.005 N/A
TT1.5N-90/10 20 28319 0.200 £ 0.014 50.5+3.38
TT1.5A-90/10 1 58.6 £ 0.5 0.414 + 0.004 N/A
TT15A-90/10 20 271720 0.196 + 0.014 52.7+3.38
TT7.5N-90/10 1 55.4+0.8 0.391 + 0.006 N/A
TT7.5N-90/10 20 29.6 £ 0.6 0.209 + 0.004 46.6 + 0.6

The capacity is higher in the first cycle for the raw pellets than for those that were
thermally treated. As depicted in Figure 6.1, after three cycles the thermally treated pellets had
higher capacities, demonstrating that the thermal treatment stabilizes the pellets. The capacity is
increased from 0.157 to 0.196 gCO»/gPellets (24.8%) with the TT1.5A-90/10 pellets, to 0.200
gCO./gPellets (27.4%) with the TT1.5N-90/10 pellets, and to 0.209 gCO2/gPellets (33.1%) with

the TT7.5N-90/10 pellets.
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Figure 6.1. Evolution of CO2 capacity over cycles for raw 90/10 pellets, TT1.5N-90/10,

TT.7.5N-90/10, and TT1.5A-90/10. Each curve is the average of three runs.

The better capacities are explained by the higher conversion of CaO, which is increased
by 6.1%, 5.5%, and 7.4% respectively. Also, the CCL (%) is smaller for the thermally treated
pellets, but it must be taken into account that the capacity of these samples was already smaller
in the first cycle than it was for the raw 90/10 pellets. Therefore, the initially smaller capacity,
along with the better performance after 20 cycles, results in a smaller CCL (%).

Comparing the thermally treated pellets, the results for TT1.5N-90/10 and TT1.5A-90/10

show that the pellets treated under N2 and under air, using the same heating rate, provide the
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same capacity, which indicates that the presence of O» does not affect the capacity of the pellets.
Therefore, since air is cheaper and more accessible, it would be recommended as the carrier gas.
On the other hand, between the TT1.5N-90/10 and TT7.5N-90/10 there is a slight
difference. The pellets treated using a faster heating (7.5 K/min) rate performed better than those
treated with a slower heating rate (1.5 K/min). The TT7.5N-90/10 provides 4.5% more capacity
than the TT1.5N-90/10. According to the confidence intervals, both results are within the same
range. Therefore, it is unclear if the faster heating rate slightly enhances the performance of the
pellets over cycles, or if the heating rate does not really affect the performance. Thus, it is
possible that the better performance of the pre-treated pellets could be due to the temperature at
which the pellets are heated up, and the time at which they are kept at such temperature. For the
three cases studied, the temperature was 1173 K and the holding time was 2 h. Other authors
reported similar treatments on CaO compounds, although with different temperatures and
holding times®”#?, and the results of the performance were also better after the thermal treatment.
In summary, the thermal treatment enhanced the stability of the pellets. The smallest
increase was that of the TT1.5A-90/10 (24.8%), and the largest increase was obtained with the
TT7.5N-90/10 pellets (33.1%). Treating the pellets under N2 and air provided the same results,
which indicates that the presence of O- is not detrimental. Finally, it is not clear if the heating
rate has any influence on the performance of the pellets because the difference in the results
between TT7.5N-90/10 and TT1.5N-90/10 was within the confidence interval. It is possible that
the key variable would be the temperature at which the samples are treated, and/or the holding

time.
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6.2 Effect of impregnation with KOH on pellets with 90% CaO and 10% cement

The second approach that was taken parallel to the thermal treatment was the addition of
potassium. Potassium has been reported to have a high mobility®®, and the purpose of
impregnating the pellets with this element was to check if the high mobility could prevent
sintering. Additionally, by adding potassium hydroxide, there was the possibility of increasing
the capacity to capture CO; since different potassium-based compounds have been applied for
CO; capture process’®"2. Also, other types of sorbents, such as carbon-based sorbents, have been
treated with KOH to enhance their capacity’®.

Two different loadings of potassium hydroxide were tested, 5% and 20% (%wt.). These
loadings refer to the ratio of elemental potassium and CaO. See Appendix B.1 for an example of
the calculations made to determine the amount of KOH required to achieve the loading of
potassium sought. The nomenclature used for the batches of pellets prepared for these tests is
20K-90/10 for pellets with 20% loading, and 5K-90/10 for pellets with 5% loading.

The TGA results obtained for each composition of pellets are shown in Figure 6.2. The
mass increases for the 20K-90/10 pellets were significantly smaller than the mass increases for
the 5K-90/10. In Figure 6.3, the first cycle is depicted in more detail, and for that figure, the first

cycle of the raw 90/10 pellets was included for comparison.
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Figure 6.2. TGA results for 5K-90/10 and 20K-90/10 pellets.

Figure 6.3 is aimed to show, first, the capacity to capture CO; of the impregnated pellets,
which compared to that of the raw pellets decreased since the first cycle. For the 20K-90/10 the
capacity decreased from 0.089 to 0.068 gCO2/gPellets after 20 cycles. The capacity was
considerably smaller than that of the raw 90/10 pellets (0.157gCO2/gPellets after 20 cycles). For
this case, only two tests were performed to confirm the results, but given the low performance, it
was considered unnecessary to perform the third replicate and the study of errors. For the 5K-
90/10, the capacity diminishes from 0.387 to 0.123 gCO./gPellets after 20 cycles, which is also

worse than the results obtained for the raw 90/10 pellets. Therefore, these results indicate that the
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addition of potassium hydroxide did not have the expected effect and did not enhance the
performance of the pellets. Second, there is a significant difference between the results of the

5K-90/10 and the 20K-90/10 pellets. In both cases the capacity to capture CO3 is diminished, but

more so for the 20K-90/10 pellets.
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Figure 6.3. TGA report - first cycle for raw 90/10, 5K-90/10, and 20K-90/10 pellets.

A reasonable explanation would be that the potassium hydroxide blocked the pores of the

pellets, thus hampering the capture of CO». That would explain why for the 20K-90/10 the

decrease was substantially larger than for the 5K-90/10. It is also possible that the impregnation
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treatment had affected the pellets, that is, some of the CaO may have dissolved in the water used
for the KOH impregnation.

In addition, the transition from kinetic to diffusional control becomes more abrupt for the
impregnated pellets, especially for the 5K-90/10. To determine if this was indeed happening, the
reaction rate of the carbonation reaction in the first cycle for each case is shown in Figure 6.4.
The calculations made to determine the reaction rate are described in Appendix E.2. Also, to plot
the reaction rate, the data from the TGA was smoothed in order to eliminate noise and reduce
data points (see Appendix E.3).

Initially, all 90/10 pellets begin with the same reaction rate, but the analysis of the low
conversion zone shows that the raw 90/10 pellets had the fastest reaction rate at all times. Hence,
the observation regarding the transition from the kinetic to diffusional control seems to be
confirmed. The reaction rate for the 5K-90/10 pellets decreased faster than for the raw 90/10
pellets. In the case of the 20K-90/10 pellets the reaction rate rapidly reached a maximum at 1%
conversion, decreased slightly to ~10% and then sharply to zero.

The conversions obtained for the impregnated pellets are smaller than that of the raw
pellets. In the first cycle, for the 20K-90/10 pellets the conversion achieved was 13%, and for the
5K-90/10 it was 55%, both below the 66% obtained for the raw pellets in the first cycle. After 20
cycles, these conversions decreased to 10%, 17% and 22% for the 20K-90/10, 5K-90/10 and raw

pellets, respectively.
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Figure 6.4. Kinetics of the carbonation reaction in the first cycle for the raw 90/10, and

KOH-impregnated 90/10 pellets.

In summary, the addition of KOH was not beneficial in terms of enhancing the capacity
of the pellets to capture CO>. The presence of KOH slowed down the kinetics of the reaction and
made the diffusional limitations more significant than in the case of the raw 90/10 pellets. As
mentioned, it is probable that the KOH blocked the pores of the pellets, thus hindering the access
of the CO2 molecules. The difference of the results between the 5K-90/10 and 20K-90/10 could

be explained by this effect.
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6.3 Effect of steam on pellets with 90% CaO and 10% cement (90/10)

The last approach that was taken to improve the capacity of the pellets was the addition
of steam as part of the inlet gases for the carbonation stage. In an actual coal-fired plant, in
addition to other gases, such as sulfur oxides, nitrogen oxides, or particulate matter, steam will
be present since it is a product in the combustion reaction. According to some authors, the
presence of steam can enhance the performance of the pellets to capture CO2 over multiple
cycles'®113 The mechanism that leads to the improvement of the performance is unclear. Dou et
al. suggested the formation of Ca(OH),, which reacts with the CO, molecule!'4. In contrast,
Yang and Xiao*!! reported that the performance of CaO was improved even if Ca(OH)2 was not
formed. In general, it is accepted that the presence of steam leads to larger pores, which
facilitates the diffusion. In fact, Arias et al.*> showed that the kinetic-controlled part of the
carbonation was not affected by the presence of steam, but the diffusion-controlled part was
enhanced, which is in agreement with the formation of larger pores. Therefore, performing
cycles of carbonation including steam as part of the mixture of gases has significant interest.

Due to incompatibilities between some materials of the TGA apparatus and steam, the
experiments with steam were performed at the facilities of CanmetENERGY — Ottawa. In this
section the setup of the TGA at CanmetENERGY, composition of pellets used, testing

conditions, methodology of the experiments, and the results are explained.

6.3.1 Experimental conditions

The composition of pellets that was selected for the experiments with steam was the same
as that used for the other two approaches taken, i.e., the pellets that contained 90% CaO and 10%

cement (90/10). Two different carbonation conditions were used, 1) mixture of 20% CO- (Linde,
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Grade 4, 99.99%), 10% steam, and 70% N> (Linde, Grade 5.0, 99.999%), and 2) 20% CO2, 30%
steam and 50% N>. The temperatures and holding times were almost exactly the same as before;
the only difference was that the time for carbonation was extended from 15 min to 21 min
because the length of the line that went from the CO: cylinder to the reactor was longer and that
caused a delay of 5-6 min in the start of the reaction. This issue was found after the first
experiment, which was run without steam to test the differences between the setup at Canmet and
the setup at Calgary. In this first run an unexpected shape at the end of the carbonation was
observed, as illustrated in Figure 6.5. The increase in the reaction rate is due to the increase of

the temperature.
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Figure 6.5. Carbonation/calcination cycle of the first experiment performed at Canmet

with 90/10 pellets and without steam.
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Therefore, in order to compare the results at Canmet with those obtained at Calgary, it
was necessary to ensure 15 min of carbonation at 923 K, and for that, the time for this stage was
extended to 21 min. Thus, the carbonation was performed under the conditions already
mentioned, and the calcination at 1148 K under N2, with 3 min of holding time. As for the
number of cycles, due to limited availability of the TGA at Canmet, it was not possible to
perform the same number of cycles as in the TGA of the LECA group. At Canmet, the total
number of cycles needed to be reduced to 15.

Two different experiments were planned with the 90/10 pellets, and they are summarized
in Table 6.2. Each experiment was carried out three times to check the reproducibility and

conduct the study of errors.

Table 6.2. Summary of the experiments performed at CanmetENERGY -Ottawa.

Pellets Carbonation Calcination  Cycles
923 K 1148 K
90% CaO, 20% CO2, 70% N, 15
10% cement N2, 10% H2O()
15 min 3 min
923 K 1148 K
90% CaO, 20% COz, 50% N, 15
10% Cement N2, 30% H20)
15 min 3 min
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6.3.2 TGA setup

The configuration of the TGA at Canmet is depicted in Figure 6.6. Compared to the TGA
at the Laboratory for Environmental Catalytic Applications (LECA), the main differences were
that the reactor was made of steel instead of quartz, and the furnace was not attached to the
reactor as in the TGA in LECA, but it was a separate piece. Once the sample was placed and
reactor mounted, the furnace was placed around the reactor so that it remained in the center of
the furnace. The fact that the furnace was a separate piece of the equipment involved the absence
of furnace gas. Instead, the air between the furnace and the reactor acted as the furnace gas. Also,
the sensitivity of this TGA was 1 pug, which is one order less than that of the TGA at Calgary (0.1
ug). Additionally, the hanging wire was not surrounded by a baffle (see Figure 6.7), which
increases the chances of the wire to sway and makes the reading of the weight less accurate.

Regarding the sample holder, it was not a quartz crucible, but a platinum pan.

Balance

[ ] Hanging wire
I.Z.l Clamp

Steel reactor

High temperature
furnace

Pan

i Thermocouple

Figure 6.6. Schematic of the TGA apparatus at CanmetENERGY.
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Figure 6.7. Cross section of the configuration of the TGA at Canmet.

Figure 6.8 illustrates the general setup for the TGA at Canmet. The most significant
differences with respect to the TGA at LECA are related to the addition of steam. To add steam,
a syringe was filled with deionized water and placed onto a syringe pump. The syringe pump
infused the amount of water needed to produce the steam flowrate required. Next, the water went
through the steam generator, which heated the water up to ~405 K. Then, the steam was further
heated to ~435 K by means of a heating trace. The main purpose of this heating trace was to keep
the steam hot enough so that it did not condense along the line. Last, prior to entering the reactor,
the line containing the steam, already mixed with the other gases (N2 and CO>), was covered

with heating tape to increase the temperature to 518 K.
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Figure 6.8. General schematic of the setup of TGA at CanmetENERGY -Ottawa.

The control of the rest of gases was performed by mass flow controllers. Although for the
experiments with these pellets CH4 and air were not necessary, these gases could be used when
working with pellets containing CuO, which require CH4 and air for reduction and oxidation
respectively. For these gases, in addition to the mass flow controllers, there were two solenoid
valves, namely SV1 and SV2, which enabled switching between the gases. The SV3 was used to
purge steam, and SV4 enabled the flow of steam into the TGA. The entire setup was monitored
and controlled through two LabVIEW interfaces, which in this case cannot be shown in this

thesis because they were developed by CanmetENERGY — Ottawa.
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6.3.3 Results of pellets with 90% CaO and 10% cement (90/10)

In addition to the study of the effect of steam, tests without steam were run for two
reasons, 1) quantify the performance of the pellets in the setup at Canmet, so that there was a
base case to compare the effect of steam, 2) determine if the results at Canmet could be directly
compared with the results at Calgary. It must be taken into consideration that each setup behaves
differently, which affects the performance of the samples studied. In such case, the comparison
of the results should be made based on the trends and not the absolute values.

For the 90/10 pellets, the addition of steam seems to enhance the performance of the
pellets over cycles. According to the results shown in Table 6.3, the conversion of the pellets
after 15 cycles was 18.2% for the case without steam, and 24.3% with 10% steam. The case for
30% steam is explained separately next. The evolution of the capacity to capture CO;

(gCO2/gPellets) is depicted in Figure 6.9.

Table 6.3. Summary of the results of the 90/10 pellets obtained at Canmet.

CO2 Capacity

Experiment Cycle  ycarbonation (%0) (gCO/gPellets) CCL (%)
0010 pellets L 65.1+14.9 0.46 +0.11 N/A
without steam 45 182+ 0.4 013+001  713+6.7
1 69.2+6.2 0.49 + 0.04 N/A
90/10 pellets
with 10% steam ;g 24.3+9.6 0.17 £ 0.07 Gf fgi
0010 pellets L 65.0 + 8.8 0.47 +0.06 N/A
with 30% steam™ ;5 38.0 + 4.4 027+004  39.8+7.1

*Results of 5 experiments
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Although it seems that adding 10% steam slightly increased the capacity, the analysis of
these results by means of t-test indicated that the mean obtained in each cycle, for both cases,
could not be considered different. In other words, the results are not significantly different to
consider that the steam had any effect on the capacity to capture CO> (full tables of experimental

results are provided in Appendix E.4, and results of the t-test are summarized in Appendix E.5).
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Figure 6.9. Evolution of capacity to capture CO2 over cycles of 90/10 pellets for two

carbonation conditions.

This result could be inferred by the confidence intervals provided in Table 6.3. In this

regard, comparing these results with those obtained at Calgary (for instance see Table 6.1), it is
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noticeable that the confidence intervals are broader for the results at Canmet. This indicates that
the reproducibility of the experiments at Canmet is lower. The sensitivity of the TGA at Canmet
was one order smaller than that of the TGA at Calgary (1 pg versus 0.1 ug). In addition, the
hanging wire of the TGA at Canmet, as opposed to the TGA at Calgary, was not protected by a
baffle. This part of the equipment surrounds the hanging wire and prevents it from swaying,
which creates disruption in the reading of the weight (noise), thus, decreasing the accuracy.

The capacities of the pellets to capture CO> decreased from 0.46 to 0.13 gCOz/gPellets
for the case in which steam was not added, which means 71.3% of capacity loss. For the case in
which 10% was added, the capacity diminished from 0.49 to 0.17 gCO>/gPellets, i.e., 68.6%.
Therefore, it seems that a low fraction of steam may have influence in the capacity to capture
COgo, but based on the results and the errors, it would be small or even negligible, which is still
positive as industrially the gases will contain steam.

With 30% steam, the experiments were more complicated than expected, and several
issues limited the performance of the tests. The main issue that could not be completely
addressed was the partial condensation of the steam throughout the line that connected the steam
generator with the reactor of the TGA. This line was thoroughly insulated and heated by a
heating trace, and heating tapes that kept the temperature always higher than 430 K. However,
the results obtained suggest that condensation of steam was occurring. Figure 6.10 illustrates the
result obtained for one of the experiments, which represents perfectly the results for the other
experiments conducted (five in total) under the same conditions, i.e., 923 K for 21 min under
20% CO3, 30% steam and balance N> for carbonation, and 1148 K for 3 min under N for
calcination. For this case, the total number of experiments conducted was higher than usual (five
versus three) because of the condensation issue.
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In Figure 6.10, the carbonation does not follow a normal trend, but it shows alternating
increases and decreases, as opposed to the ordinary decrease that could be expected. This
phenomenon can only be explained by the presence of steam, which should enhance the capacity
to capture CO2 when it reached the reactor. In those cycles in which a low capacity was
observed, it is believed that steam was present in a fraction smaller than expected, or not present
at all. Although Figure 6.10 only illustrates one experiment, the other four tests showed similar
results, with the only difference that the maximums and minimums did not necessarily occur in

the same cycles as those of the experiment shown in Figure 6.10.
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Figure 6.10. Evolution of the capacity to capture CO2 over cycles of 90/10 pellets under two

carbonation conditions.
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To offer a clearer view of the impact of the steam on the 90/10 pellets, in Figure 6.11
there are five curves depicted: 1) the results obtained for pellets treated in the absence of steam,
2) pellets treated with 10% steam during carbonation, 3) average of all the experiments
performed with 30% steam, ignoring if the steam was present in the expected amount or not, 4)
highest value obtained for each cycle among the experiments performed with 30% steam, and 5)

lowest value obtained for each cycle among the experiments performed with 30% steam.
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Figure 6.11. Summary of results obtained with 90/10 pellets under different carbonation

conditions.
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The purpose of this figure is exclusively qualitative, not quantitative (except for the
experiments without steam and with 10% steam). For the curve of maximum values of the
experiments with 30% steam is assumed that steam was present in the correct amount, and that
no condensation took place whatsoever. On the other hand, as mentioned before, for the
minimum values of the experiments with 30% steam, the fraction of steam is assumed to be
smaller than 30%, or null because of the condensation issue.

According to these results, for the experiments in which the target was 30% steam, even
the lowest values of CO, capture capacity are higher than the average values of the experiments
with 10% steam. On average, the capacity to capture CO- in each cycle of the 30% steam
minimums is 1.2 times larger than each value of the 10% steam. Regarding the maximums of the
30% steam experiments, on average the capacity in each cycle is 1.8 times larger when compared
to that of the 10% steam experiments. Therefore, it seems that a higher fraction of steam has a
more significant and noticeable impact on the capacity of the pellets to capture CO».

In summary, the results indicate that the presence of steam may enhance the capacity of
the pellets to capture CO». Also, while for the 10% fraction of steam the experiments could be
conducted without issues, for the 30% fraction it was not possible to obtain consistent results.
Nonetheless, the results obtained seemed to indicate that a higher fraction of steam could involve
a significant enhancement of the capacity to capture CO>. In addition, it must be noted that in
any of the cases studied in this thesis it has been observed the opposite effect, i.e., decrease of the
capacity due to the presence of steam, which towards the industrial scale would have been an

important drawback.
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6.4 Chapter summary

In this chapter, three different approaches to address the loss of capacity to capture CO;
have been presented. The thermal treatment of pellets resulted in a significant enhancement of
the capacity to capture CO; after multiple cycles. The best result was obtained for pellets
subjected to a heating rate of 7.5 K/min up to 1173 K, held for 2 h, under air, whose capacity
after 20 cycles was 33% than that of the non-pre-treated pellets. Also, no difference between
pellets treated under pure nitrogen and air was found. The heating rate seemed to have little
influence in the performance of the pellets. It is believed that the actual key parameters are the
temperature and the holding time.

On the other hand, the impregnation with potassium hydroxide did not improve the
capacity of the pellets to capture COz. Pellets impregnated with 5% loading had better
performance than pellets impregnated with 20%. Although the reason for the lower capacities of
the impregnated pellets is unclear, it has been suggested that the KOH molecules may block the
pores of the pellets, thus hindering the diffusion of molecules through them.

Last, the presence of steam had a positive effect on the capacity of the pellets to capture
COs.. Experiments in which 10% steam was injected as part of the mixture of gases during the
carbonation seemed to have higher conversion (6%) after 15 cycles than pellets for which steam
was not used. The experiments with 30% steam involved condensation issues and, consequently,
the quantitative analysis was complicated. Nevertheless, the results showed better capacity than
for the experiments in which 10% steam was used, although it was not possible to determine the

exact fraction of steam injected.
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IChapter Seven — Conclusions and Recommendations

7.1 Conclusions

In this thesis, pellets developed to integrate calcium looping and chemical looping
combustion have been studied. The goals of this thesis were to study the performance of the
pellets over multiple cycles, and improve their capacity to capture CO». Two different
configurations of pellets were tested, namely core-in-shell and homogeneous. The core-in-shell
pellets contained 50% CuO, 40% CaO and 10% calcium aluminate cement (CS-50/40/10), while
for the homogeneous configuration, in addition to the 50/40/10 composition, two more
compositions were tested, 90% CaO and 10% cement (90/10), and 50% CuO and 50% cement
(50/50).

Both configurations of composite pellets, with 50/40/10 composition, showed excellent
performance in terms of capacity to be oxidized and reduced multiple times. However, the
capacity to capture CO> decreased substantially after a few cycles, 50% after five cycles for the
core-in-shell, and 47% after five cycles for the homogeneous (73% after 20 cycles). This issue
was their main limitation.

The homogeneous pellets containing 50% CuO and 50% cement (50/50), and 90% CaO
and 10% cement (90/10), were designed to work in the dual configuration of reactors. The 50/50
pellets showed excellent performance during 20 cycles, but agglomeration issues occurred.
Therefore, the content of CuO may need to be reduced in order to avoid this problem. The 90/10
pellets lost 66% of the capacity to capture CO; after 20 cycles. However, even though the
content of CaO for the 90/10 is barely two times that of the 50/40/10, the capacity was more than

10 times that of the composite 50/40/10. The comparison of the capacity in terms of gCO2/gCaO
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showed that the 90/10 had better performance, which indicated that the combination of CaO with
CuO leads to a lower capacity to capture COx.

Pure methane as a fuel for the chemical looping combustion can lead to carbon deposits.
Thus, this issue should be addressed because, if the carbon deposits onto the surface of the pellet,
in the air reactor CO2 would be produced, which would reduce the efficiency of the process.

Finally, the capacity of the pellets to capture CO2 can be enhanced by subjecting the
pellets to a thermal pre-treatment. Also, the presence of steam during the carbonation can lead to
significantly higher capacity to capture CO.. In contrast, the addition of KOH does not improve

the capacity whatsoever.

7.2 Recommendations for future research

The major limitation of the pellets studied in this thesis was the loss of capacity to
capture CO- after multiple cycles. Different approaches were taken in order to address this
problem, but each approach was taken separately. Since pellets thermally pre-treated, and pellets
subjected to carbonation in the presence of steam, showed better performances, the combination
of these two approaches may lead to even better results.

Also, regarding the thermal treatment, different temperatures, holding times and
atmospheres should be tested. For instance, Mastin et al. pre-treated CaO samples at 1053 K
under a mixture of CO, and steam for 20 h, and obtained remarkable results*®®.

The addition of KOH did not improve performance, but other potassium-based
compounds, such as potassium carbonate may produce different results. Also, adding such

compounds during the preparation of pellets could be an option to take into consideration.
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Therefore, further work on the addition of compounds to enhance the capacity to capture CO>
should be performed.

Another option to avoid the decrease of the capacity to capture CO- is to use a different
preparation method and/or support. For instance, Broda et al. reported high CO> uptakes when
using a co-precipitation method to synthesize the CaO-based sorbent!t. Also, supports that could
enable good dispersion of the CaO molecules may help to prevent sintering issues, ultimately
leading to the enhancement of the capacity to capture CO2 over multiple cycles.

Also, characterization of the pellets prior and after being subjected to multiple cycles can
provide insights into the changes that may be occurring in the structure and/or composition of the
pellets. BET and BJH analyses can help to find whether changes on the surface area, pore
volume and pore size distribution take place or not. Also, elemental mapping across the pellet
can provide information about the internal composition of the pellet.

The oxygen carrier used in this thesis presented agglomeration issues. Other authors
overcame this problem by preparing a mixture of iron and copper oxides. Thus, either smaller
fractions of oxygen carrier, or mixtures with other oxygen carriers are recommended.

In addition, two different ranges of pellets size were studied, but the configurations were
different, core-in-shell with sizes between 0.425 — 1.425 mm, and homogeneous with sizes
between 0.250 — 0.600 mm. Therefore, the pellet size may have an effect on their performance,
in either chemical looping combustion and/or calcium looping. Therefore, it is recommended to
study the effect of this variable.

In this thesis, it has not been studied the effect of other gases present in a coal-fired
power plant, such as NOx and SOx. Therefore, it is vital to determine how the pellets would
perform under those circumstances. Depending on the configuration of reactors, not every
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composition of pellets should be subjected to such gases. For instance, in the dual configuration,
the 50/50 pellets would not need to be tested in the presence of NOx or SOx because in an actual
process they would not be in contact with those gases.

Last, some studies on the kinetics of the carbonation reaction have been done®2. However,
there is little information on the oxidation, calcination and reduction. Such information would
have been of great use for the mass transfer model. Therefore, the kinetics of those reactions

could be of major interest in other studies, such as modeling of reactors.
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APPENDIX B — ADDITIONAL INFORMATION FOR CHAPTER THREE
B.1 — Calculations for KOH impregnation

Calculation of amount of KOH for impregnation of pellets
Composition of pellets: 90% CaO and 10% CE (wt%)
wit% of K desired: 20%

Precursor of K: KOH flakes — 85% purity

Molecular weight of K = 39.10 g/mol

Molecular weight of KOH = 56.11 mg/mol

Calculation steps:

mass of pellets = 500 mg

mass of CaO = (500)-(0.90) = 450 mg

mass of K = (450)-(0.20) = 90 mg

56.11 mg KOH/mmol
39.10 mg K/mmol

mass of pure KOH =90 mg of K =129.1 mg of KOH

mass of KOH flakes = % =151.9 mg

"““mgof flakes
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B.2 — Table of Z values for analysis of errors
Table B.1. Standard Normal Distribution: table values represent area to the left of the Z

scoretl’,

Z 00 01 02 03 .04 05 .06 07 .08 .09

-3.9 | 00005 {00005 .00004 .00004 00004 {00004 00004 00004 00003 00003
-3.8 | 00007 00007 .00007 .00006 00006 00006 00006 00005 00005 00005
-3.7 | .00011 00010 00010 .00010 00009 00009 .00008 00008 {00008 .00008
-3.6 | 00016 00015 00015 .00014 00014 {00013 00013 00012 .00012 200011
-3.5 | 00023 .00022 .00022 .00021 00020 00019 .00019 00018 00017 .00017

-3.4 | 00034 00032 00031 .00030 00029 00028 00027 00026 00025 00024
-3.3 | 00048 00047 00045 00043 00042 00040 00039 000338 00036 00035
-3.2 | 00069 00066 00064 00062 00060 00058 00056 00054 00052 00050
-3.1 | 00097 00094 00090 .00087 00084 00082 00079 00076 00074 00071
-3.0 | 00135 00131 00126 00122 (00118 00114 00111 00107 00104 00100

-1.9 | 00187 {00181 00175 00169 {00164 00159 00154 00149 00144 .00139
-2.8 | 00256 00248 00240 00233 00226 00219 00212 00205 00199 00193
-2.7 | 00347 00336 00326 00317 00307 00298 00289 00280 00272 00264
-1.6 | 00466 00453 00440 00427 00415 00402 00391 {00379 00368 00357
-1.5 | .00621 00604 00587 00570 00554 00539 00523 00508 00454 00480

-2.4 | 00820 00798 00776 00755 00734 00714 00695 00676 {00657 00639
-1.3 | 01072 01044 01017 00990 00964 00939 00914 00889 00866 00842
-2.2 | 01390 {01355 01321 01287 01255 01222 01191 01160 01130 01101
-2.1 | 01786 01743 01700 01459 01618 01578 01539 01500 01463 01426
-2.0 | 02275 .02222 .02169 .02118 02068 .02018 01970 .01923 .01876 .01831

-1.9 | 02872 {02807 02743 02680 02619 {02559 I _02500| {02442 {02385 02330
-1.8 | 03593 03515 03438 03362 03288 03216 03144 {03074 03005 02938
-1.7 | 04457 04363 04272 .04182 04093 04006 03920 {03836 03754 03673
-1.6 | 05480 {05370 05262 05155 {05050 04947 04846 04746 04648 04551
-1.5 | .06681 06552 06426 06301 06178 06057 05938 (05821 05705 05592

-1.4 | .08076 07927 07780 07636 07493 {07353 07215 07078 06944 06811
-1.3 | 09680 09510 09342 09176 {09012 08851 08691 08534 {08379 {08226
-1.2 | 11507 11314 11123 10935 10749 10565 10383 10204 10027 {09853
-1 | 13567 13350 13136 12924 12714 12507 12302 12100 11900 11702
-1.0 | 15866 15625 .15386 15151 14917 14686 14457 14231 14007 .13786

-0.9 | .18406 18141 17879 17619 17361 17106 16853 16602 16354 16109
-0.8 | 21186 20897 20611 20327 20045 19766 19489 19215 18943 18673
-0.7 | 24196 (23885 23576 23270 22965 22663 22363 22065 21770 21476
0.6 | 27425 27093 26763 26435 26109 25785 25463 25143 24825 24510
-0.5 | 30854 30503 30153 29806 29460 29116 28774 28434 28096 27760

-0.4 | 34458 34090 33724 33360 32997 32636 32276 31918 31561 31207
-0.3 | 38209 37828 37448 37070 36693 36317 35942 35569 35197 34827
-0.2 | 42074 41683 41254 40905 40517 40129 39743 39358 38974 38591
-0.1 | 46017 45620 45224 44828 44433 44038 43644 43251 42858 42465
-0.0 | 50000 49601 49202 48803 48405 48006 47608 47210 46812 46414

154



B.3 — Development of Equation 3.2

Mass of sample before analysis [S] = [CS] - [C]

Mass of moisture and volatiles removed after analysis [A] = [CSW] — [CSWA]
Mass of dry mass [D] = [S] — [A] = [CS] - [C] — [CSW] — (- [CSWA]) =

= [CSWA] — [CSW] + [CS] - [C]

155



B.4 — Calculation of CO2 partial pressure at two temperatures
Equation below describes the evolution of the partial pressure of CO- as a function of

temperature®’:

8308

log10(Pco,eq) = 7.079 Tm® B-1

At 1073 K, the partial pressure of COz is:
8308
Peo,eq = 10797771073 = 0.22 atm

At 1148 K, the partial pressure of CO2 increases significantly:

8308
Peo,eq = 1077771148 = 0.70 atm
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B.5 — Labview interfaces

File Edit Operate Tools ‘window Help
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Figure B.1. Initial version of the LabVIEW interface for the TGA.
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Figure B.2. Last version of the LabVIEW interface for the TGA.
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B.6 — Results — calculation methodology
Calculation methodology to determine:

- Conversion for carbonation (%)

- Conversion for oxidation (%)

- CO; Capacity (gCO2/gPellets)

- O Capacity (gO2/gPellets)

- CO2 Capacity loss, CCL (%)

- 02 Capacity Loss, OCL (%)
First, from the TGA report we extract the values of mass of calcined pellets (mcarc), mass of
oxidized pellets (moxid), and mass of carbonated pellets (mcaw). For each of these parameters, it
was made sure that the reading taken was always under N2 atmosphere, so that the values of
mass were normalized. Figure F.1 shows one of the cycles of Figure 3.10 (Section 3.5.2), and for
this case, labels to mark the parameters mcaic, Moxia and Mcarh have been added.
Then, the parameters mentioned at the beginning can be calculated with only knowing the
molecular weights of CaO, CaCO3, Cu and CuO.

» Conversion for carbonation (%)

Mearp — Moxid

Xcarbonation(%) = MWCaCO3 -100 (B-2)
MoxiaYcao (Wm -1

» Conversion for oxidation (%)

Moxia — Mcal
Xoxidation(%) = o MWCC:OC -100 (B-3)
MeqicYcu (Ww - 1)
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» CO; Capacity, CC (gCO2/gPellets)

gCOZ ) — Mearp — Moxid

CO, Capacity (gPelletS

(B-4)
Moxid

» O3 Capacity, OC (gO2/gPellets)

902 ) — Moxida— Mcealc (B-5)

0, Capacity (gPellets

Meaic

» CO. Capacity Loss, CCL (%)

(QCOZ/QPellets)cycle 1~ (QCOZ/gPelletS)cyclen )
(QCOZ/gPellets)cycle 1

CCL (%) = 100 (B-6)

» O Capacity Loss, OCL (%)

(gaz/gpe”ets)cycle 1 (goz/gpellets)cyclen .

0 =
OoCL (A)) (goz/gpellets)cyclel

100 (B-7)
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Figure B.3. lllustration of the mass values used for calculations.
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B.7 — SEM images of homogeneous pellets

HV |Mag| WD |Spot Det|Tit PosX Pos Y HV Mag | WD |Spot|Det Tilt| Pos X Pos Y
20 kV/500x/10mm, 4 |SE |0 °-2.2693 mm|-15.7675 mm —100 ym— 20 kV 5000 x 10 mm| 4 |SE|0°|-2.224 mm -15.8035 mm —10 ym——

Figure B.4. External part of a non-calcined Figure B.5. External part of a non-calcined

homogeneous pellet (500X). homogeneous pellet (5000X).

| . A QAR el
HV Mag WD Spot|Det Tilt| Pos X PosY | WD |Spot Det Tit] Pos X PosY
20 kV/500 x/10.1 mm, 3 | SE |0 °|9.553 mm|-17.6015 mm —100 ym— 20 kV|5000%/10.1 mm| 3 |SE|0°/9.5385 mm/-17.611 mm —10 ym——
Figure B.6. Internal part of a calcined Figure B.7. Internal part of a calcined
homogeneous pellet (500X). homogeneous pellet (5000X).
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APPENDIX C — ADDITIONAL INFORMATION FOR HEAT TRANSFER MODEL.

SOLUTION TO DIFFERENTIAL EQUATION AND PARAMETRIC STUDY

The procedure use to solve the differential equations posed in Chapter Four, and the
solution of the parameters A, B, C, D, E and F of the final equations are provided. In addition,
results obtained from the parametric study wherein the effects of time particle size, heat of
reaction, thermal conductivity and time of reaction were examined. The carbonation stage was
chosen as the basis to carry out this study. Thus, any parameter involved, such as density or

diffusivities of gases, was kept unchanged.

C.1 - Procedure to solve the differential equations
To solve the differential equation, the following change of variable was made:
O=rT

Hence,

Onon(r,t) =1 -A + B <1 — lerf <;> )
I 2/ pont/ /]

Opon (1, t) =1 -C + D <1 — lerf <;> >
I 2 /acont/ /]

Qsheu(r, t) = rE + TZF

G =1To

On=r1Ts
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Also,

and,

20
“S=A + B<1 -
ar

a Gnon
or

=C +D<1—

Eventually, by applying this equations to the boundary conditions, the parameters A, B, C,

D, E and F result as follows:

A =873 0r 1073

1-—|erf <;)
B=D 2\/ Acont
1- erf(—2 '—cf t)

C =873 0r1073

oT 100

=

r

erf <2 V aTLOTLt>

r

erf (2,/acont)

aG)shell
ar

2 e 4apont

2 e “4acont

—1rB—
> ‘/EZ\/ Anont

= =E+ 2rF

70 (32)

—rD—
) \/EZ\/ ®cont

erf <

S
2./ 0cont

s2

e 4onont

erf <
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E=C+D<1—

) = ReoreF

)-1.

< RCOT@ )
erf| —
2\/ aCOTlt

C+D<1—

R
erf core >
<2\/ Acont
k
Rcore - Rpellet - FS

F =

The units for each parameter are degrees Kelvin (K).

C.2 — Particle size

The results obtained for four different radii are illustrated in Figures C.1 and C.2. The
time of reaction was assumed to be the same as that of the original radius (~2400 min). For sizes
of particle larger than the base case, the temperature differences should be larger as well since
the resistance to heat transfer is increased. Figure C.1 shows that when the size of the particle is
increased, the difference of temperature between the center of the pellet and the outer part of the
shell becomes larger, although it still remains insignificant. For a radius 5 times larger, the

difference does not exceed 0.10 K.
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0.10 - Non-converted core Converted core Shell

0.08

0.06 -

AT (K)

0.04 ~

0.02 ~

0.00

Figure C.1. Temperature increments for different sizes of pellets after 750 min vs
normalized radius. Normalized radii have been used to represent and compare all the cases

at once (® = R/Ro where Ro = radius of pellet).

On the other hand, as shown in Figure C.2, the temperature evolution with time is more
noticeable, but still not very significant. For a pellet 5 times larger, the final temperature
predicted is 882 K, which is 9 K higher than the initial temperature. Therefore, even for larger

particles, no significant temperature increases would be expected.
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Figure C.2. Temperature evolution with time for different radii.

C.3 — Heat of reaction

Heat of reaction is another important model input parameter whose effect was examined.
Figure C.3 illustrates the temperature profile within the pellet for four different cases. One
corresponds to the base case heat of reaction of the carbonation reaction (-174.7 kJ/mol), and the
other three correspond to heats of reaction 0.5, 1.5 and 2 times the original heat of reaction. As
shown in Figure C.3, the largest temperature difference within the pellet for a heat of reaction 2

times the heat of the base case barely surpasses 0.03 K.
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Figure C.3. Temperature increments for several heats of reaction after 750 min.

On the other hand, Figure C.4 depicts the evolution of the temperature with time. For a

heat of reaction 2 times larger, the model predicts almost 877 K as the final temperature, which

is 2 degrees higher than the base case. Therefore, it seems that the heat of reaction has little

impact on the temperature difference, although it is possible that for shorter reactions its effect

would be more significant.
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Figure C.4. Evolution of the temperature with time for several heats of reaction.

C.4 — Thermal conductivity

Another parameter studied was the thermal conductivity. Figure C.5 shows that higher
values of thermal conductivity lead to smaller temperatures increases. On the other hand, when
lower values of thermal conductivity are tried, the maximum temperature becomes larger. In
agreement with these results are the temperature profiles illustrated in Figure C.6. Higher values
of thermal conductivity lead to flatter temperature profiles, while lower values lead to larger

temperature differences within the pellet.
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Figure C.5. Evolution of moving boundary temperature with time for several values of

thermal conductivity.
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Figure C.6. Temperature changes from the center of the pellet to the outer part of the shell

for several thermal conductivities after 750 min.

C.5 - Time of reaction

As mentioned before, the time of reaction seemed to have an important role in the
temperature evolution and temperature difference within the pellet. In this section, four different
times of reaction for the carbonation are tested. Since the time for complete carbonation was long
(~2400 min), the times of reaction tested are shorter, namely, 10, 50 and 100 times shorter. In
Figure C.7 is depicted the temperature evolution over time and it is observed that if the

carbonation would be 100 times faster, the temperature increase would be ~18 K, which is
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approximately 10 times the temperature increase for the base case. On the other hand, in Figure
C.8 are illustrated the temperature differences within the pellet. In this case, the largest
difference is still smaller than 0.25 K. This result is significant if the estimated temperature

increase for the reduction is taken into account (see Chapter Four, Section 4.3.1).

890

885

880

Temperature (K)

875

870 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure C.7. Temperature evolution over time for four different times of reaction (t = t/tr

where tr = time of reaction).

For the reduction, the estimated temperature difference within the pellet was 3.8 K, which
is substantially larger than 0.25 K (note that the time of reaction for the 100-times-faster

carbonation reaction is shorter than that of the reduction, 24 min versus 82 min). To explain this
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result the thermal conductivity must be taken into consideration. For the carbonation reaction,
the thermal conductivities of the CaO, CaCQOgs, and Al2O3 are similar, while in the reduction, the
thermal conductivity of Cu is much larger than those of CuO and Al>Os (see Table 4.2). On the
other hand, the increase of temperature over time is larger for the fastest carbonation case than
for the reduction, 18 K versus 6 K, which is in agreement with the idea that shorter reaction

times lead to larger temperature increases over time.

0.25

Non-converted core Converted core Shell

0.20 A T - 100x faster
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____—_________________/ X
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Figure C.8. Temperature difference within the pellet for four different times of reaction.
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APPENDIX D — ADDITIONAL INFORMATION FOR CHAPTER FIVE

D.1 - Results from XRD analyses

[90% CaO.raw] 90% Cao DL

01-076-0571> Portlandite - Ca(OH) »

20.04

15.04
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Figure D.1. XRD analysis of raw 90/10 pellets.

Intensity(Counts)

[ALVARO 90caO..raw] Alvaro-90Cao10Ce

01-070-5490> Lime - CaO
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Lo W

Two-Theta (deg)

Figure D.2. XRD analysis of 90/10 pellets subjected to 50 cycles of carbonation/calcination.
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D.2 — Calculation of mayenite content based on data from XRD analyses

Assuming 1 g of 90/10 pellets, according to Table 5.3, the content of the sample would be:
0.063 g of CazAl2(OH);2 - katoite
0.745 g of Ca(OH):

0.179 g of CaCOs3

0.014 g of SiO;

Molecular weights:

Katoite: CasAl>(OH)12 = 378 g/mol
Portlandite: Ca(OH). = 74 g/mol
Calcite: CaCOs = 100 g/mol

Quartz: SiO2 = 60 g/mol

Mayenite: Ca12Al14033 = 1386 g/mol

Lime: CaO =56 g/mol

Recalling that:
7 CazAlz(OH)12 — Cai12Al14033 + 9 CaO + 42 H,0
And assuming that 1 mol of Ca(OH). and 1 mol of CaCOs will produce 1 mol of CaO, and that
SiO2 will remain stable, then the following calculations apply:
- Mayenite formed from katoite
7 -Nmayenite = Nkatoite
7+ (Mmayenite/ MWmayenite) = Mkatoite/MWkatoite
Mmayenite = Mkatoite* MWmayenite /(7 MWhatoite) = (0.063)(1386)/((7)(378)) = 0.033 g
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Lime formed from katoite
7-Ncao = 9-Nkatoite
7-(Mcao/MWcao) = 9- (Miatoite/ MWatoite)

Mcao = 9-Miatoite- MWeao /(7-MWiatite) = (9)(0.063)(56)/((7)(378)) = 0.012 g

Lime formed from portlandite
Ncao = Nca(oH)2
Mcao/MWcao = McaoH)2/ MW caoH)2

Mcao = M caoH)2- MWcao /IMW caon)2= (0.745)(56)/(74) = 0.564 g

Lime formed from calcite
Ncao = Ncaco3
Mcao/MWcao = Mcacos/MW cacos

Mcao = M caco3-MWcao /MW cacosz = (0.179)(56)/(100) = 0.100 g

Final mass
Mcao(katoite) + Mcao(calcite) + Mcao(portiandite) + Mmayenite + Msio2 = 0.012 + 0.564 + 0.100 +

0.033+0.014=0.723 g

Fractions of each component

CaO = (0.012 + 0.564 +0.100)/(0.723) = 0.935 — 93.5%
Mayenite = 0.033/0.723 = 0.046 — 4.6%

Quartz =0.014/0.723 = 0.019 — 1.9%
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D.3 — Tables of results for 50/40/10, 50/50 and 90/10 pellets

Table D.1. Results of 16 cycles of calcium looping and chemical looping combustion for

50/40/10 pellets.

Cycle  yoxidation (%)  yearbonation (%6) (8555‘53?5!) (ggéjg‘g;‘fété) OCL (%)* CCL (%)°
1 853+26  160+18  0107+0.003 0050+0005  N/A N/A
2 §73+18 125408  0110£0002 003940003 -24+15 220437
3 87.6+17 109405  0110+0002 003440001 -28+13 316484
4 879+18  94+03  0111+0002 003040001 -31+11 40.7+73
5  87.9+22  84+03  0111+0003 002640001 -31+07 474+7.2
6  878+24  77+03  0111+0003 002440001 -30+04 516458
7 879+22 70405  0111+0003 002240002 -31+05 558+456
8§  87.7+18  66+02  0110£0002 002140001 -29+10 583+43
9  880+18  62+03  0111+0002 002040001 -33+11 60.9+4.2
10 877+17 59402 011040002 0018+0001 -29+12 632+38
11 885+17 58401  0111+0002 0018+0001 -38+14 639+34
12 881+15 54404 011140002 0017+0001 -33+14 66.3+458
13 884+13 52404  0111+0002 0016+0.001 -37+16 675+57
14 879+15 49405  0111+0002 001540001 -32+14 69.1+6.0
15  881+20  48+05  0111+0002 0015+0.001 -34+0.8 70.0%6.6
16 882+17 42410 011140002 0013+0003 -35+12 732+8.1

8CCL (%) = CO. Capacity Loss
bOCL (%) = O, Capacity Loss
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Table D.2. Results of 20 cycles of chemical looping combustion for 50/50 pellets.

Cycle Yoxidation (%0) O2 Capacity (gO2/gPellets) OCL (%)*

1 878+ 1.7 0.111 + 0.002 N/A

2 88.0+21 0.111 +0.003 -0.2+0.6
3 88.9+21 0.112 + 0.003 -1.2+0.5
4 88.5+1.9 0.111 +0.002 -0.8+0.2
5 88.9+1.8 0.112 + 0.002 -1.3+0.2
6 89.3+2.0 0.112 +0.002 -1.7+0.6
7 89.3+2.3 0.112 + 0.003 -1.7+0.7
8 89.7+2.2 0.113 +0.003 -22+1.0
9 89.9+23 0.113 +0.003 -23+0.9
10 89.6 +2.4 0.113 +0.003 -21+1.0
11 90.0+2.6 0.113 + 0.003 -24+14
12 90.0+2.7 0.113 +0.003 -25%15
13 89.8+2.7 0.113 + 0.003 -23+15
14 89.9+25 0.113 +0.003 -23+x14
15 89.8+2.9 0.113 +0.004 23+ 17
16 89.6 +3.1 0.113 +0.004 -21+19
17 89.6 £ 3.3 0.113 +0.004 -21+22
18 89.3+3.1 0.112 +0.004 -1.7+2.0
19 89.2+3.3 0.112 + 0.004 -1.6+2.3
20 89.2+34 0.112 + 0.004 -16+24

“OCL (%) = O, Capacity Loss
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Table D.3- Results of 20 cycles of calcium looping for 90/10 pellets.

Cycle  ycarbonation (%)  CO2 Capacity (gCO2/gPellets) CCL (%)*
1 65.8+0.5 0.465 + 0.004 N/A
2 473+1.4 0.334 £ 0.010 28.2+15
3 40.0+1.3 0.283 + 0.009 39.2+15
4 36.0+12 0.255 + 0.008 452+1.4
5 334+11 0.236 + 0.008 492+13
6 31.4+1.0 0.222 + 0.007 52.2+1.2
7 299+10 0.211 + 0.007 54512
8 28.7+10 0.202 + 0.007 56.5+1.2
9 27610 0.195 + 0.007 58.1+1.2
10 26611 0.188 + 0.008 59.6+15
11 259+0.9 0.183 + 0.007 60.6+1.2
12 25.2+0.9 0.178 + 0.007 61.7+1.2
13 24610 0.174 + 0.007 626+1.2
14 24.1+09 0.170 + 0.006 63.3+1.2
15 23.7%£0.9 0.167 + 0.007 64.0+1.2
16 233210 0.165 + 0.007 64.6+1.2
17 229+10 0.162 + 0.007 65.1+1.3
18 22610 0.160 + 0.007 65.6+14
19 224+10 0.158 + 0.007 66.0+14
20 222+10 0.157 + 0.007 66.3+14

“CCL (%) = CO2 Capacity Loss
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transferred by you to any other person without the E5C's written permission.

NO AMENDMENT EXCEPT IN WRITING
This license may not be amended except in a writing signed by both parties (or, in the case
of “Other Conditions, v1.27, by CCC on the RSC's behalf).

OBJECTION TO CONTRARY TEEMS

You hereby acknowledge and agree that these terms and conditions, together with CCC's
Billing and Payment terms and conditions (which are incorporated herein), comprise the
entire agreement between you and the RSC (and CCC) concerning this licensing transaction,
to the exclusion of all other terms and conditions, written or verbal, express or unplied
{including any terms contained in any purchase order, acknowledgment, check endorsement
or other writing prepared by you). In the event of any conflict between your obligations
established by these terms and conditions and those established by CCC's Billing and
Payment terms and conditions, these terms and conditions shall control.

JURISDICTION
This license transaction shall be governed by and construed in accordance with the laws of
the District of Columbia. You hereby agree to submit to the jurisdiction of the courts located

in the District of Columbia for purposes of resolving any disputes that may arise 1n
connection with this licensing transaction.

LIMITED LICENSE
The following terms and conditions apply to specific license types:

Translation

This permission 1z granted for non-exclusive world English rights only unless vour license
was granted for translation rights. If vou licensed translation rights you may only translate
this content into the languages you requested. A professional translator must perform all
translations and reproduce the content word for word preserving the integrity of the article.

Intranet
If the licensed material i1s being posted on an Intranet, the Intranet 1s to be password-
protected and made available only to bona fide students or employees only. All content
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posted to the Intranet must maintain the copyright information line on the bottom of each
image. You must also fully reference the matenial and include a hypertext link as specified
above.

Copies of Whole Articles

All copies of whole articles must maintain, if available, the copyright information line on the
bottom of each page.

Other Conditions
vl2

Gratis licenses (referencing 50 in the Total field) are free. Please retain this printable license
for your reference. No payment is required.

If yvou would like to pay for this license now, please remuat this license along with
yourpayment made payable to "COPYRIGHT CLEARANCE CENTER." otherwise yvou will
be invoiced within 48 hours of the license date. Payment should be in the form of a check or
money order referencing vour account number and this invoice number {Invoice Number}.

Once you recerve your invoice for this order, you may pay vour invoice by credit card.
Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001

PO Box 843006

Boston, MA 02284-3006

For suggestions or comments regarding this order, contact Rightslink Customer Support:
customercare@copyright.com or +1-853-239-3415 (toll free in the US) or +1-978-646-2777.

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
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APPENDIX E — ADDITIONAL INFORMATION FOR CHAPTER SIX
E.1 — Pellets thermally pre-treated - results

Table E.1. Results of TT1.5N-90/10 pellets.

Cycle  ycarbonation (%0)  CO2 Capacity (CO2/gPellets) CCL (%)*

1 57.2+0.7 0.404 + 0.005 N/A

2 458 £ 0.7 0.323 +0.005 201+21
3 405+£0.9 0.286 + 0.006 29.2+23
4 37.5+1.0 0.265 + 0.007 344+24
5 355+1.0 0.251 + 0.007 37.9+23
6 340+1.1 0.240 + 0.007 406+24
7 329+1.0 0.232 + 0.007 425+ 2.3
8 31.9+0.9 0.225 + 0.006 442 +2.2
9 31.3+0.9 0.221 +0.007 453+2.2
10 30.7+1.0 0.217 +0.007 46.3+24
11 30.1+1.1 0.213 + 0.008 474+ 25
12 296+1.1 0.209 + 0.008 482+ 25
13 203%11 0.207 +0.008 48.8+ 25
14 29.0+1.1 0.205 +0.008 494 %25
15 28711 0.203 +0.008 499+25
16 285+1.1 0.201 +0.008 50.2+2.6
17 283%1.1 0.200 + 0.008 50526
18 28.2+13 0.199 + 0.009 50.7+29
19 28.2+1.6 0.199 + 0.011 50.7+3.2
20 28.3+1.9 0.200 +0.014 50.5+3.8

“CCL (%) = CO_ Capacity Loss
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Table E.2. Results of TT1.5A-90/10 pellets.

Cycle  ycarbonation (%0)  CO2 Capacity (gCO2/gPellets) CCL (%)*
1 58.6 £ 0.5 0.414 + 0.004 N/A

2 46.4+0.7 0.327 £ 0.005 209+16
3 405+13 0.286 + 0.010 309+29
4 37.3x15 0.264 + 0.011 36.3+3.2
5 35.3+17 0.249 + 0.012 39.7+34
6 33.8x17 0.238 £ 0.012 424+ 34
7 32.7+18 0.231 £ 0.013 44.2 + 3.6
8 31.8+1.9 0.224 + 0.013 457+ 3.7
9 31.1+19 0.219 + 0.013 47.0+ 3.6
10 30.6+1.6 0.216 £ 0.011 47.7+3.2
11 29.8+2.0 0.211 £ 0.014 49.0+3.9
12 29.5+2.0 0.208 £ 0.014 49.7+3.9
13 29.1+18 0.205 + 0.013 50.4+35
14 29.0x17 0.205 + 0.012 50.5+3.3
15 284+20 0.201 £ 0.014 51.4+3.38
16 28.3+2.0 0.200 £ 0.014 51.7+3.38
17 28.1+2.0 0.198 + 0.014 52.0+3.38
18 28.0+2.0 0.197 £ 0.014 52.2+3.38
19 27.8+2.0 0.197 £ 0.014 52.5+3.9
20 27720 0.196 + 0.014 52.7+3.8

“CCL (%) = CO2 Capacity Loss
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Table E.3. Results of TT7.5N-90/10 pellets.

Cycle  ycarbonation (%) CO2 Capacity (gCOz2/gPellets) CCL (%)*
1 55.4+0.8 0.391 + 0.006 N/A

2 46.2+0.5 0.326 + 0.003 16.6 £ 0.6
3 41.7+0.3 0.294 + 0.002 248+0.9
4 389+0.2 0.274 £ 0.001 29.8+0.8
5 37.0+0.3 0.261 + 0.002 33.2+05
6 35.6+0.3 0.251 £ 0.002 358+0.5
7 346+0.3 0.244 + 0.002 37604
8 33.7+£0.3 0.238 £+ 0.002 39.2+0.3
9 329+04 0.233 £ 0.002 40.5+0.3
10 324 +0.3 0.229 + 0.002 416+0.3
11 31.8+04 0.225 + 0.003 426+0.1
12 31.4+0.3 0.221 + 0.002 43.4+0.3
13 31.0+04 0.219 + 0.003 440+0.2
14 30.7+04 0.217 £ 0.003 445+0.1
15 30.5+04 0.215 + 0.003 449+0.1
16 30.2+0.3 0.213 + 0.002 455+0.2
17 30.1+04 0.212 + 0.003 457+0.1
18 29.8+£0.7 0.210 + 0.005 46.2+0.7
19 29.6+0.6 0.209 + 0.004 46.5+0.7
20 29.6 £ 0.6 0.209 + 0.004 46.6 £ 0.6

“CCL (%) = CO2 Capacity Loss
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E.2 — Calculation of reaction rate
The reaction rate was calculated following the equation below:

dX,
— -4 E-1
(=Ra) dt

The conversion was calculated following the same procedure that was explained in Appendix
B.6:
Mearp — Mealc

MWeqco, E-2
MeqicinedY a0 WEaO -1

X4 = Xcarbonation =

Then, the differential increments are approximated to finite increments:

AXy
—R,) =—%2 E-3
(=Ra) At

Finally, the reaction rate is calculated using the smoothed data. At used was 5 seconds.

AXy _ Xai— Xaji-1

(-R,) = E-3
A
At ti —ti—q
40 1200
- 1000
<
S - 800 v
E 5
7 g
()
(1 a
= - 600 g
'_
- 400
N, 20% CO,/N, ' N,
20 T T T T T 200
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Time (min)

Figure E.1 — Carbonation/calcination cycle for 90/10 pellets with labels of mcarb and Mcaic.
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E.3 — Smoothing of raw data

To calculate the reaction rates showed in Chapter Six, the raw data was smoothed by
means of the Lowess local regression smoothing method. The smoothing process consists of
reducing the number of data points by calculating the smoothed value using the neighbouring
data points within a defined a span. For the data points within the span, a regression weight
function is defined. Then, for each span, there is a weight function, which is calculated from the

regression of the weights of each data point within the span. The equation used to calculate the

x—x; P\

where X is the predictor value associated with the response value to be smoothed, x; are the

weights is as follows:

nearest neighbours of x as defined by the span, and d(x) is the distance along the abscissa from x
to the most distant predictor value within the span.

Once the weights for the data points within the span are calculated, a weighted linear
least squares regression is performed. For the Lowess method the regression uses a second
degree polynomial. Finally, the smoothed value is calculated using the weighted regression at the
predictor value of interest. These steps are repeated for each span.

Figure E.2 illustrates the result obtained for the 5% K-impregnated pellets. The noise and

fluctuations are greatly reduced, and the trend of the reaction rate is conserved.
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Figure E.2 — Comparison of raw and smoothed data for 5% K-impregnated pellets.
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E.4 — Pellets subjected to carbonation with steam - results

Table E.4. Results of 90/10 pellets without using steam during the carbonation stage.

Cycle  ycarbonation (%)  CO2 Capacity (gCOz2/gPellets) CCL (%)*

1 65.1+14.9 0.46 +0.11 N/A

2 55.2+155 0.39+0.11 158+ 7.6
3 388+4.4 0.28 +0.03 39.4+8.9
4 335+22 0.24 +0.02 47.3+10.1
5 298+ 1.7 0.21 +0.02 53.0+9.7
6 21.3+1.7 0.19+0.01 57.0+£8.9
7 253%15 0.18 +0.01 60.2 £ 8.2
8 241+15 0.17+0.01 62.1+7.6
9 229+13 0.16 +0.01 64.0+7.4
10 221+0.9 0.16 £ 0.01 65.0 £ 8.7
11 20.7+0.5 0.15+0.01 67.2+8.6
12 199+04 0.14+0.01 68.6 + 7.6
13 19.1+0.7 0.14+0.01 69.9 6.5
14 185+0.2 0.13+0.01 70.6+7.6
15 18.2+0.4 0.13+0.01 71.3+6.7

“CCL (%) = CO2 Capacity Loss
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Table E.5. Results of 90/10 pellets using 10% steam during the carbonation stage.

Cycle Ycarbonation (%0)  CO2 Capacity (gCO2/gPellets) CCL (%)*
1 69.2+6.2 0.49 +0.04 N/A

2 53.0+3.8 0.37+£0.03 23.1+96
3 45.0+3.0 0.32+0.02 346+7.8
4 39.2+3.6 0.28 +0.03 43.0+8.5
5 32.1+3.2 0.23+0.02 53.3x7.7
6 32.6x4.2 0.23+0.03 52584
7 31.1+58 0.22 +0.04 54.7+10.0
8 29.5+6.5 0.21+0.05 57.0+10.8
9 27.8+5.7 0.20 +0.04 59.6 +9.6
10 26.8+6.2 0.19 +0.04 60.9+10.3
11 25.6+6.2 0.18 +0.04 62.7+10.2
12 25.0+6.2 0.18 £ 0.04 63.6 £ 10.1
13 24673 0.17 +0.05 64.2+11.3
14 246+9.0 0.17 £ 0.06 64.2 £ 13.5
15 24.3+9.6 0.17 +0.07 64.6 +14.3

“CCL (%) = CO> Capacity Loss
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Table E.6. Results of 90/10 pellets using 30% steam during the carbonation stage.

Cycle Ycarbonation (%0)  CO2 Capacity (gCOz2/gPellets) CCL (%)*
1 65.9+8.8 0.47+ 0.06 N/A

2 64.2 +10.2 0.46+ 0.07 -0.4+ 18.7
3 55.9+47 0.40+ 0.04 12.2+14.7
4 56.3+ 8.3 0.40+ 0.05 13.1+75

5 50.5+ 7.2 0.36+ 0.05 20.3+ 16.3
6 47.8+8.9 0.34+ 0.06 26.7£ 6.5

7 45.6+ 4.7 0.33+0.05 27.5+17.1
8 47.7+9.1 0.34+ 0.06 26.6+ 10.3
9 43.0+ 4.8 0.31+ 0.04 31.4+16.8
10 39.9+10.3 0.29+ 0.07 39.0+11.2
11 38.8+4.0 0.28+ 0.04 38.4+ 14.5
12 423+ 7.5 0.30+ 0.05 35.1+5.6

13 38.0+ 6.1 0.27+ 0.05 39.3+ 16.0
14 39.1+6.4 0.28+ 0.04 39.9+ 4.6

15 38.0+4.4 0.27+ 0.04 39.8+ 13.3

“CCL (%) = CO, Capacity Loss
**Note: these results show the average of 5 experiments, and the performance in each cycle was

not always the same because of condensation issues.
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E.5 — t-Test results

The t-Test analysis was performed using Excel 2010.

1st cycle

t-Test: Paired Two Sample for Means

No steam 10%
steam

Mean 0.463383 0.488631
Variance 0.009068 0.001492
Observations 3 3
Pearson Correlation 0.140146
Hypothesized Mean

Difference 0

df 2

t Stat -0.448

P(T<=t) one-tail 0.349003

t Critical one-tail 2.919986

P(T<=t) two-tail 0.698005

t Critical two-tail 4.302653

3rd cycle

t-Test: Paired Two Sample for Means

10%
steam

No steam

Mean

Variance
Observations
Pearson
Correlation
Hypothesized
Mean Difference
df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.276077 0.317975
0.000893 0.000345
3 3

-0.82587

0

2
-1.56381
0.129154
2.919986
0.258308
4.302653
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2nd cycle

t-Test: Paired Two Sample for Means

10%
steam

No steam

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-talil
t Critical two-tail

0.392872 0.374065
0.009948 0.000555

3 3
-0.90584

0

2
0.268139
0.406858
2.919986
0.813716
4.302653

4th cycle

t-Test: Paired Two Sample for Means

No steam 10%
steam

Mean 0.238653  0.27672
Variance 0.00027 0.000512
Observations 3 3
Pearson Correlation -0.58672
Hypothesized Mean

Difference 0

df 2

t Stat -1.88896

P(T<=t) one-tail 0.099745

t Critical one-tail 2.919986

P(T<=t) two-tail 0.19949

t Critical two-tail 4.302653




5th cycle
t-Test: Paired Two Sample for Means

No steam 10%
steam
Mean 0.212313 0.226769
Variance 0.000176 0.000405
Observations 3 3
Pearson Correlation 0.971308
Hypothesized Mean
Difference 0
df 2
t Stat -3.17172
P(T<=t) one-tail 0.043338
t Critical one-tail 2.919986
P(T<=t) two-tail 0.086677
t Critical two-tail 4.302653
7th cycle
t-Test: Paired Two Sample for Means
No steam 10%

steam
Mean 0.180096 0.219973
Variance 0.000127 0.001313
Observations 3 3

Pearson Correlation -0.60247
Hypothesized Mean

Difference 0
df 2
t Stat -1.57173
P(T<=t) one-tail 0.128312
t Critical one-tail 2.919986
P(T<=t) two-tail 0.256625
t Critical two-tail 4.302653

6th cycle

t-Test: Paired Two Sample for Means

No steam 10%
steam
Mean 0.194322 0.230417
Variance 0.000172 0.000677
Observations 3 3
Pearson Correlation -0.43161
Hypothesized Mean
Difference 0
df 2
t Stat -1.84854
P(T<=t) one-tail 0.102886
t Critical one-tail 2.919986
P(T<=t) two-tail 0.205771
t Critical two-tail 4.302653
8th cycle
t-Test: Paired Two Sample for Means
No steam 10%
steam

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.171608 0.208446
0.000126 0.001663

3
-0.6266

0

2

-1.3126
0.159858
2.919986
0.319717
4.302653

3
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9th cycle

t-Test: Paired Two Sample for Means

10th cycle

t-Test: Paired Two Sample for Means

No steam 10%
steam

Mean 0.162663 0.196044
Variance 9.59E-05 0.001247
Observations 3 3
Pearson Correlation -0.59248
Hypothesized Mean
Difference 0
df 2
t Stat -1.38091
P(T<=t) one-tail 0.150684
t Critical one-tail 2.919986
P(T<=t) two-tail 0.301368
t Critical two-tail 4.302653
11th cycle
t-Test: Paired Two Sample for Means

No steam 10%

steam

Mean 0.147197 0.180657
Variance 1.5E-06 0.001511
Observations 3 3
Pearson Correlation -0.26369
Hypothesized Mean
Difference 0
df 2
t Stat -1.47798
P(T<=t) one-tail 0.13874
t Critical one-tail 2.919986
P(T<=t) two-tail 0.277479
t Critical two-tail 4.302653

No steam 10%
steam

Mean 0.157162 0.189586
Variance 5.67E-05 0.0015
Observations 3 3
Pearson Correlation -0.00501
Hypothesized Mean
Difference 0
df 2
t Stat -1.42202
P(T<=t) one-tail 0.145475
t Critical one-tail 2.919986
P(T<=t) two-talil 0.290951
t Critical two-tail 4.302653
12th cycle
t-Test: Paired Two Sample for Means

No steam 10%

steam

Mean 0.141241 0.176564
Variance 6.22E-06  0.00151
Observations 3 3
Pearson Correlation -0.99874
Hypothesized Mean
Difference 0
df 2
t Stat -1.47953
P(T<=t) one-tail 0.138559
t Critical one-tail 2.919986
P(T<=t) two-tail 0.277118
t Critical two-tail 4.302653




13th cycle

t-Test: Paired Two Sample for Means

14th cycle

t-Test: Paired Two Sample for Means

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

10%

No steam
steam

15th cycle

0.131821 0.173889

3.2E-07 0.003153

3 3
-0.37559

0

2
-1.29262
0.162669
2.919986
0.325338
4.302653

t-Test: Paired Two Sample for Means

No steam 10%
steam
0.135626 0.173839 Mean
2.55E-05 0.002072 Variance
3 3 Observations
-0.97542 Pearson Correlation
Hypothesized Mean
0 Difference
2 df
-1.31187 t Stat
0.159959 P(T<=t) one-tail
2.919986 t Critical one-tail
0.319918 P(T<=t) two-tail
4.302653 t Critical two-tail
No steam 10%
steam

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-talil
t Critical two-tail

0.129409 0.171973

1.33E-05 0.003557

3 3
-0.7969

0

2
-1.17795
0.179998
2.919986
0.359996
4.302653
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