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ABSTRACT

Full Name : Shamseldin Awad Hagahmed Mohamed

Thesis Title : Cerium Modified Nickel And Iron Based Oxygen Carriers For
Chemical Looping Combustion

Major Field . Chemical Engineering

Date of Degree : September 2014

The present Thesis reports the promotional effects of Ce modification on a NiO/Ce-
vALO3; and Fe,O3/Ce-yALO3; oxygen carriers for chemical-looping combustion (CLC).
The oxygen carrier samples were prepared by an incipient wetness technique using a
successive metal loading. The reduction characteristics of the prepared oxygen carriers
were evaluated in repeated temperature programmed reduction/oxidation cycles. The
results show that the presence of Ce minimizes the metal support interaction and
improves the reducibility and oxygen carrying capacity of the oxygen carriers. As a
result, almost 94 % of the loaded nickel oxide species on Ce-yALO3 have been reduced as
opposed to only 70 % reduction of nickel oxide species on yAl,O3. The presence of Ce
also provides stable reduction performance over repeated oxidation/reduction cycles,
which is essential for a CLC process. The sustained reducibility of the samples is mainly
due to the absence of agglomeration and the formation of easily reducible nickel oxide
species instead of nickel aluminate, as confirmed by the hydrogen pulse chemisorption
and XRD analysis respectively. The EDX mapping of the oxygen carrier shows that the
presence of Ce influences the uniform nickel dispersion on the support. A nucleation
model was proposed to describe the solid-state reduction kinetics of the Ce modified

NiO/Ce-yALO3 oxygen carrier. The oxygen carriers were further evaluated in a fluidized

xi



CREC Riser Simulator using methane/ethane as fuel and air for re-oxidation. The Ce
containing oxygen carriers showed excellent reactivity and stability over the repeated

fludized CLC cycles.
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CHAPTER 1

INTRODUCTION

In recent years the world became aware of the environmental impact of our human
lifestyle; as environmental issues like global warming, climate change and greenhouse

gases became a major concern to all the people around the globe.

It’s evident that the earth is warming and since the late 19th century to the year 2012 the
global average surface temperatures of the earth (land and ocean surface combined) have
increased 0.85 °C [1], not to mention that the linear trend for the last 50 years is about

0.13 °C per decade which is double the increasing rate for the 100 years before (see

Figure 1).
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Figure 1: Global surface temperature of the earth, Source (NASA satellite observations)
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This change can affect the biodiversity on the planet as well as the biological and

physical systems.
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Figure 2: Worldwide Greenhouse gases emissions, Source (IPCC, 2014)

Majority of the scientists believe that the main cause behind the global warming is the
increase of the anthropogenic greenhouse gases emissions such as carbon dioxide,
methane, nitrogen oxides and hydro-fluorocarbons. These emissions have recorded a 70
% growth over the period between 1970 and 2004 according to IPCC [2]. Population
growth, rapid urbanization and improving quality of human lifestyle are believed to be

the major factors for greenhouse gases emissions.
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Figure 3: Global greenhouse gases emissions by gas, Source (IPCC, 2007)

The atmospheric concentrations of carbon dioxide exceeded the levels of the pre-
industrial era by 40% to reach 391 ppm in 2011, and with a percentage of about 77% of
the greenhouse gases emissions due to human activities in 2004 as presented in the figure
above, carbon dioxide is considered the most significant anthropogenic greenhouse gas

(GHG) when considering its emission control [1], [3].

The combustion of fossil based fuels to meet the world’s energy demands coupled with
industrial processes involving combustion of fossil based fuels are considered the main
source of carbon dioxide emissions (Figure 4). Since the fossil based fuels are available

and reliable their contribution is about 80 % of the energy supply worldwide [4]. All of



which had led to the increase of carbon dioxide global atmospheric concentration to 390

ppm in 2010 compared to 280 ppm in the pre-industrial era [5].

B Power

B Cement
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B Iron and Steel
H Refineries

= Ammonia

= Hydorgen

= Others

Figure 4: Carbon dioxide emissions by source

The combustion of fossil based fuels to meet the world’s energy demands is considered
the main source of carbon dioxide emissions representing about 57% of the world
anthropogenic greenhouse gases emissions [6]. It is important here to mention that
Kingdom of Saudi Arabia, the world largest fossil fuel based energy supplier was ranked
14™ in total carbon dioxide emissions from fossil based fuel combustion, production of

cement and gas flaring in 2009".

! Source: Tom Boden and Bob Andres
Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory

Gregg Marland
Research Institute for Environment, Energy and Economics, Appalachian State University
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RANK NATION CO, TOT

1 CHINA (MAINLAND) 2096295
2 UNITED STATES OF AMERICA 1445204
3 INDIA 539794
4 RUSSIAN FEDERATION 429339
5 JAPAN 300282
6 GERMANY 200327
7 ISLAMIC REPUBLIC OF IRAN 164182
8 CANADA 140152
9 REPUBLIC OF KOREA 138908
10 SOUTH AFRICA 136083
11 UNITED KINGDOM 129419
12 INDONESIA 123202
13 MEXICO 121690
14 SAUDI ARABIA 118018
15 ITALY (INCLUDING SAN MARINO) 109309
16 AUSTRALIA 109134
17 BRAZIL 100122
18 FRANCE (INCLUDING MONACO) 99088
19 POLAND 81512
20 SPAIN 78601

In 1997, several nations held a climate protection meeting in Kyoto, Japan and drafted the
Kyoto Protocol. The ratification of the Kyoto Protocol in 2005 set a goal to reduce the
GHG emissions by 5.2 % during 2008 to 2012 compared to the levels of 1990.
Unfortunately, the Kyoto conference failed to achieve much regarding the reduction of
greenhouse gases emissions and if no measures are taken in the near future the emissions

will continue to increase [7].

Currently the available options for reducing carbon dioxide emissions are: (1) reducing
the energy consumption via efficient utilization of energy, (2) switching to high hydrogen
to carbon ratio fossil based fuels like natural gas, (3) increasing the share of renewable
clean energy sources (wind power, solar energy, etc.) in the energy generation and (4)
carbon dioxide capture and storage. It is evident that all of the above options must be
implemented to reduce carbon dioxide emissions to the desired level. Unfortunately,

renewable energy alternatives are not ready yet to replace the fossil based fuels because



of the high cost and the risk involved with those alternatives. Add to that, the disturbance
that could result in worldwide economy and energy supply chain form the sudden change

to non-fossil based fuels.

Therefore, the world will continue to rely on fossil fuels (oil, coal and gas) in the near
future, and according to the international energy agency fossil fuels provide 80% of the
world energy demand on the first part of the 21st century [8] (see Figure 5). That’s why
carbon dioxide capture and storage is considered a promising option for the minimization

of carbon dioxide emissions.

B Renewables ®Hydor MNuclear ®Gas ®Oi1l BCoal

100% -

90%

80% -

70% -

60% -

50%

40% -

30% -+

20%

10%

1973 2002 2030

Figure 5: Energy sources by fuel type
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Currently, the techniques available for carbon dioxide capture are: (1) pre-combustion
capture where the de-carbonization of the fuel is carried out before the combustion
process, (2) post-combustion capture, which involves the separation of carbon dioxide
from the flue gases resulting from the combustion, (3) oxy-fuel combustion where the
fuel is combusted using almost pure oxygen instead of air. However, most of the above
mentioned processes are energy intensive, which will result in an increase in the cost of
energy and reduce the efficiency of energy generation. On the other hand, the novel
chemical looping combustion (CLC) has a high potential as an efficient and economical
technology for capturing carbon dioxide without any energy penalty [5], [9]. The main
disadvantage of chemical looping combustion is the maturity of the technique since it is
an emerging technology, but it must be considered that during the last two decades great

efforts have being made by researchers regarding the development of CLC.

The present study deals with the synthesis of Ce modified Ni and Fe based oxygen
carriers for the process of chemical looping combustion as developing suitable oxygen

carriers is one of the main challenges towards the large scale application of chemical

looping combustion.

The oxygen carrier samples were prepared, characterized and finally tested in CREC
Riser simulator unit to evaluate the reactivity of the oxygen carriers with different fuel
types. Modification of the support with cerium improves both the reactivity and the

stability if the oxygen carriers as it will be shown later in the results section.
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CHAPTER 2

LITERATURE REVIEW

2.1 Carbon Dioxide capture techniques

The separation of carbon dioxide from the flue gases is the first step in management and
sequestration of carbon dioxide form the atmosphere. As previously mentioned carbon
dioxide emissions can be minimized by three capturing technologies: post-combustion
techniques, oxy-fuel combustion and pre-combustion/de-carbonization. The selection of
the capturing technique will depend on the type of fuel, the gas stream pressure and CO-
concentration in the stream. The bases of the existing technologies are the chemical and
physical separation of carbon dioxide which includes adsorption, membrane, absorption

and cryogenics.

2.1.1 Post combustion

In post combustion capture, carbon dioxide is removed from the flue gases resulting from
the fuel combustion process. Since almost 80% of the air is nitrogen and it is used in
fossil fuel based power plants for fuel combustion, the concentrations of carbon dioxide
in the flow gas will be lower than 15% [4]. Thus, carbon dioxide must be separated from

the flue gases as the sequestration of these gases is not practical due the cost and
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difficulty of compression and storage. It is difficult to develop and design feasible post
capture techniques for removal of carbon dioxide from the flue gases due to the large
amounts of gases in which CO, concentration are very low. Bedside the large size of the
equipment thus large capital costs, there is another challenge in the flue gases high
temperature. Post combustion capture processes include the use of membranes, chemical

absorption and distillation [10].

2.1.2 Pre-combustion

Pre-combustion CO, capture involves de-carbonization of the fuel before the combustion
process. A gas mixture of CO and hydrogen fuel can be produced through reaction of fuel
with air or steam, which is called gasification process. The syngas mixture is shifted by
steam to convert CO to CO, and generate more hydrogen. Carbon dioxide is separated

leaving hydrogen as combustible fuel. For example the typical reactions for coal

gasification are [11]:

2C+ 0, +H,O - H, + CO + CO»

C+H,0O—-H,+CO

CO+H,O—-COs+H

The advantage of pre-combustion capture is the reduction in the cost and size of the
separation equipment as a result of the concentrated carbon dioxide stream. However, the

high capital cost is the main drawback of this technology.

9



2.1.3 Oxy-fuel combustion

In oxy-fuel combustion the fuel is combusted using almost pure oxygen instead of air,
which yields a high concentrated carbon dioxide flue gas stream. Since the flue gas
stream is highly concentrated with carbon dioxide only simple carbon dioxide separation
is needed if no at all. In addition, the formation of NOx compounds is minimized as a
result of the pure oxygen used in the combustion process. The process of providing the
pure oxygen for the combustion is the controlling step in determining the cost of the

process and the energy penalty.

Steam
Turbines [@ Power

Fuel
Post-

g
Combustion Air
—

Boiler

Flue gas
N, (70%)

CO, (3-15%)
Nitrogen
CO,
co, -
Pre- Capture Combustion Power
Syn gas Turbi
Combustion — ﬁ g urbine
CO, (40%)
Steam
Trubines| @ Power
Oxy-
Combustion E -

Recycle Flue Gas

Figure 6: CO, capture techniques
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The bases of the existing separation technologies are the chemical and physical separation of

carbon dioxide which includes adsorption, membrane, absorption and cryogenics.

In chemical absorption the chemical solvents will react with carbon dioxide to form
intermediate compounds that will be broken when the heat is applied to produce pure
carbon dioxide stream. The chemical absorption technology utilizes amine solutions like
monoethanolamine (MEA), methyl diethanolamine (MDEA) and diethanolamine (DEA)
as absorbents [12]. While, organic solvents such as dimethylether polyethylene glycol,
propylene carbonate, sulfolane and methanol are used in physical absorption [13]. The
low amount of carbon dioxide that can be absorbed, solvent degradation caused by SOx
and NOx compounds, corrosion of the equipment and the high energy needed during the

regeneration of solvent are major disadvantages of the previous techniques.

Adsorption techniques rely on the adsorption of carbon dioxide on solid adsorbent
including zeolite, activated carbon and alumina molecular sieves, followed by the
regeneration of the adsorbent. Also the amount of energy associated with the regeneration

IS a major drawback of those processes.

Another capture technique is the utilization of porous membranes to separate specific
components from a stream. The components can be carbon dioxide from combustion fiue
gases as in post combustion processes or oxygen from air as in oxy-fuel combustion. The
membranes can be made from different materials: organic such as polymers or inorganic
as zeolite, metallic, ceramic or carbon [10]. In comparison to the other techniques

membranes require less energy and no phase change during the process [4]. On the other

11



hand, membranes require high selectivity because of CO, concentration and the low

pressure ratio and also they require multi-stage operation and/or recycling of streams.

2.2  Chemical looping combustion

The process of Chemical looping combustion (CLC) was first proposed in 1983 by
Richter and Knoche [14], where the combustion reaction is carried through two separate
intermediate reactions: reduction and oxidation reactions. The two reactions occurred
separately inside two fluidized bed reactors connected to each other: the first one is the

air reactor and the second is the fuel reactor (Figure 7).

N, O, CO, H,0
MexO, (s) ;

AIR FUEL
REACTOR REACTOR
'MeXOy_l (5)

Air Fuel

Figure 7: Schematic description of chemical-looping combustion process

Circulating between the fuel and air reactor is the metal oxide (solid) referred to as
oxygen carrier which carries the oxygen required for the combustion reaction. In the fuel

reactor the feed (fuel) is burned using the oxygen carrier which will get reduced during
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the process. The reduced oxygen carrier is re-oxidized by air in the second reactor

producing flue gas (only air) that is used to generate energy.

The fuel is fed into the fuel reactor where it will get combusted (oxidized) by the oxygen
carrier releasing only carbon dioxide and water vapor (in case of complete combustion)

according to the following reaction:
C,H,,, + (2n+ m)MeO - nCO, + mH,0 + (2n+ m)Me

During the combustion reaction the oxygen carrier will be reduced (Me) and then
transported to the air reactor, where it will get re-oxidized by air according to the reaction

below:
0, + 2Me — 2MeO

The gaseous outlet from the air reactor can be sent out to the atmosphere without

environmental consequences since the exhaust gas contains only nitrogen and unreacted

oxygen.

While in most of the cases the reduction reaction inside the fuel reactor is endothermic,
the oxidation of the oxygen carrier is exothermic. The amount of heat absorbed or
released during the two reactions depends on the oxygen carrier used as well as the type
of fuel. The net amount energy released during both reactions is the same as the energy
released during the combustion of fuel with air [9]. Since the oxidation reaction is
exothermic, the hot flue gas from the air reactor is used for the production of steam for

the generation of energy, and the hot re-oxidized oxygen carrier will supply the required
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heat for the combustion reaction. Figure 6 represents a simplified process flow diagram

of CLC process [15].
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Figure 8: Simplified chemical looping combustion process flow diagram, Source
(Moghtaderi, 2011)

Since there are no nitrogen or nitrogen compounds present in the flue gas, the carbon
dioxide can be easily captured by condensation of water vapour[9]. Consequently, the
application of CLC can successfully eliminate the cost of the additional energy as
required by other carbon dioxide separation processes. In addition, the NOXx formation in
CLC process is also minimal given that the fuel combustion takes place without any
flame and the NOx compounds usually form above 1200 °C, which is CLC maximum
temperature [16]. In order to capitalize these advantages, last several years the CLC

research received huge attention towards developing matured CLC technologies.
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2.2.1 Oxygen carriers

The oxygen carrier availability is considered as the main challenge for the chemical-
looping combustion to be applied in a large scale. The selection of the oxygen carrier will
affect the performance of the CLC system, since the net amount of heat produced relies
on the type of metal oxide being used. In addition, the oxygen carrying capacity largely
determines the solids (oxygen carrier) circulation rate between the two reactors and the
amount of the oxygen carrier in each one of them. The O.C. must possess the following

properties [9]:

e High oxygen carrying capacity

e High reactivity in both oxidation and reduction reactions
e Agglomeration resistance

e Adequate fluidization properties

e Attrition resistance

e Stability under reduction/oxidation cycles

e Friendly to the environment

e Low cost.

The development of suitable materials for oxygen carrier has been the center of focus of
many researchers in the field of chemical looping combustion. Oxides of transition
metals like nickel, copper, manganese and iron have been widely used as active
components for oxygen carrier preparation because of their good reduction/oxidation

properties [17]-[20]. Also oxides of the above mentioned metals have a high fuel
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conversion compared to other metal oxides. These metal oxides can be used directly as
oxygen carriers, but often lack the sintering resistance and mechanical strength to
withstand the repeated oxidation/reduction cycles [21], [22]. Thus, they are usually

supported on materials such as AlbO3, NiALO4, MgALO4, SiO,, TiO, and ZrO,.

Oxygen carrier preparation methods

Since pure metal oxides often don’t have the required properties for making a good
oxygen carrier, they are usually supported on inert materials to improve mechanical
properties as mentioned before. The supporting material increases the mechanical
strength, reduces the attrition rate and provides large surface area for the reaction in case

of porous supporting material.

The dispersion of the metal oxide over the supporting material, mechanical stability of
the oxygen carrier during the repeated redox cycles and the reactivity of the oxygen
carrier, these are the main properties that will be strongly affected by the method used for
the preparation. Many preparation methods have been used by the researchers in the
synthesis of oxygen carriers. These methods can be ranged from mixing metal oxides and
support powders mechanically [23], [24], spray drying [25], freeze granulation [26] and
spin flash, and impregnation methods in which active metal solution is impregnated on
porous support [27] to precipitation methods such as: sol-gel method [28], solution

combustion [29] and co-precipitation.
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Oxygen carriers materials

Cu based oxygen carriers

Copper has some advantages over other material used as oxygen carriers. Copper based
oxygen carriers have a high reactivity in reduction and oxidation reactions, no
thermodynamic limitations for the complete conversion of fuel to carbon dioxide and
water [5], friendly to the environment and also cheaper than the other materials used.
However Cu is exposed to agglomeration because of its low melting point [9]. This is
clear when pure CuO [30] is used as oxygen carrier; the performance will decreased with
the number of oxidation reduction cycles as a result of the agglomeration of the oxygen

carrier which will decrease the surface area available for the reduction/oxidation process.

To overcome the stability issues and increase the performance of CuO, several supporting
materials have been investigated. Alumina is one of the supporting materials used [31]-
[33]. Similar to the case of NIO, interactions between CuO and the alumina support has
been reported [33] which will lead to the formation of CuAl,O4. However, CuALO4 Iis
fully reducible and will not hinder the oxidation reduction performance of the oxygen

carrier.

Other supporting materials have been considered such as: NiAl,O4 [34] which resulted in
an increase in the reactivity, but showed lower reduction percentage than NiO. MgAl,O4
has been also investigated [35] and ZrO, [24] which showed high reactivity but also high

attrition rates and agglomeration at higher temperatures.
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Fe based oxygen carriers

Iron is one of the most encountered, used and commonly available metals in nature. Also
iron is environmentally friendly and nontoxic, add to that its availabilty and low cost.
That’'s why Fe is commercially attractive for chemical looping combustion application.
Performance wise, iron has weak characteristics when it comes to reduction/oxidation

cycles, low fuel conversion and low oxygen carrying capacity.

FeoO3 has high attrition rate when used unsupported for oxygen carrier application [23].
Alumina has been used as support for Fe,O3 [26], [35], and the prepared oxygen carriers
did not exhibit any agglomeration and the attrition rate was acceptable. High efficiencies
for syngas combustion were also reported. Other supporting materials includes: TiO, [36]
and ZrO, [37]. In most of the applications iron oxide was used pure or mixed with other

metal oxides.

Ni based oxygen carriers

Despite being toxic and expensive compared to other metals, nickel-based oxygen
carriers have been extensively tested in the literature due to their high reactivity and
agglomeration resistance as a result of their high melting temperature. Supporting
materials have been introduced to improve the mechanical strength, attrition and
agglomeration resistances. In this regard, ALOs; has been widely investigated as a
supporting material for the nickel oxide based oxygen carriers due to the superior
fluidization properties and stability [38], [39]. When NiO is deposited on alumina
(particularly y-alumina) always there is a possibility of nickel aluminate (NiALO,)
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formation because of the NiO/support interactions [40], [41]. The formation of nickel
aluminate (NiALO4) reversely affects the performance of the oxygen carrier because of

the lower reactivity and poor fuel conversion.

To avoid the formation of nickel aluminate other supporting materials (a-Al, YSZ and
MgALO,4) have been introduced considering their low interactions with NiO. That said,
these materials must be calcined at high temperatures beyond 1400 °C to achieve the
required mechanical strength. Despite improving mechanical strength, calcination under
high temperatures lowers the reactivity by increasing the support/metal interactions and
furthermore increases the cost of oxygen carrier preparation[42]. The problem created by
the formation of nickel aluminate can be eliminated by using NiAl,O4 itself as a support
for NiO, which is reported to show high reactivity with gaseous fuels, stable performance
under high temperature, excellent fluidization properties and  agglomeration
resistance[43], [44]. While using NiALO, to support NiO helps improving the
performance of the oxygen carrier, it will significantly increase the cost of the oxygen
carrier as the support contains nickel compounds, which is expensive compared to other

supporting materials.

The task of minimizing the interactions between the support and nickel oxide can also be
achieved by chemical treatment of the support. In which the support is coated with other
compounds prior to loading the active metal. J.-l. Baek et al. [42] reported that the
modification of y-AbO3 support with MgO improves the oxygen transfer capacity and the
performance of the Ni-based oxygen carrier. Also E. Jerndal et al. [25] tested the effects
of MgO and CaO addition to a-Alumina support and concluded that the addition MgO to

the support prior loading NiO improves the fuel conversion. In another studies Co and La
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were found to improve the oxygen carrier reducibility as a result of minimizing the

support/metal interactions [40], [45].

2.2.2 Chemistry

As mentioned earlier the oxygen carrier generally consists of an active metal oxide
loaded on an inert support. The support will provide the high surface area for the metal
dispersion and the required mechanical strength to withstand the repeated CLC cycles.
The metal oxide which is the active part of the oxygen carrier will participate in the
oxidation reduction reactions that represent the combustion process during chemical

looping combustion.

Listed below are some of the proposed reaction schemes for some of the common oxygen

carriers in chemical looping combustion as reported in the literature [36], [46]-[49].

Iron
4Fe,0, + CH, — 8Fe0 + CO, + 2H,0
2Fe0 + >0, - Fe,0;
FeO+ H, -» Fe + H,0
3Fe,0; + H, —» 2Fe;0, + H,0
Fe,0, +H, — 3Fe0 + H,0
Nickel
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4NiO + CH, - 4Ni + CO, + 2H,0

NiO + H, - Ni + H,0

2Ni + 0, - 2NiO
Copper

CuO + CO - Cu + CO,

AH = —132.9 kJ]/mol

CuO + H, —» Cu+ H,0

AH = —98.9 kJ/mol

Cu + -0, - Cu0

AH = —149.4 k] /mol

CuO + CH, —» Cu+ 2H, + CO

Calcium
CaSO, +4H, — CaS + 4H,0
CaS + 20, — CaS0O,
CaSO, +4C0O — CaS + 4CO,

AH = 174.16 kJ/mol
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Manganese

6MnO + 0, » 2Mn,0,

AH = —4523 30,
mol

1 1
2Mn;0, + > CH, — 6Mn0 + > CO, + H,0

K]
AH=512——0,
mole

Complex products can be produced as a result of the interactions between the active
metal and the support depending on the preparation technique. Formed compounds can
be difficult to reduce, which will lead to the deterioration of the oxygen carrier activity
under repeated CLC cycles. One of these compounds is the nickel aluminate NiAl,O4

which will be formed as a result of the interaction between NiIO and Alumina support.

2.2.3 Reaction kinetics

The performance of chemical looping combustion system is highly influenced by the
reaction Kinetics of the oxygen carrier/gas systems. Also the reaction Kinetics is an

important step in the selection and design of the fuel and air reactors for chemical looping

combustion.

Huge efforts have been done and several experiments have been performed to determine

the Kinetics and reactivity of the oxidation and reduction reactions of oxygen carriers.
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The reactions occur in the air and fuel reactors can be considered non-catalytic gas/solid
reactions [5]. Reviewing the literature one can find several kinetic models, but there are
three models that are used frequently: shrinking core models [50], nucleation growth
models [51] and the Changing Grain Size Model (CGSM). Figures 9 and 10 show the

different reaction steps proposed by the above-mentioned models.

Changing grain size model (CGSM)

There are common steps in gas/solid reactions involving: bulk diffusion of the reactants,
reactants diffusion inside the pores, adsorption of reactants on the surface of the solid and
the chemical reaction [52]. CGSM takes account of the most steps in gas/solid reactions

[53]. The model main assumptions are:

e The particle is consisting of non-porous uniform length grains.
e The grain size will change, while the unreacted core will shrink as the reaction

takes place.

Shrinking core model

The dependency of the solid pore structure and particle size on the rate of reaction is
included in the shrinking core model [9]. According to the model the metal/metal oxide
interface will move towards the grain center, leaving a porous layer in which the products

and reactants will diffuse as the reaction proceeds.
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Nucleation growth model

According to this model as the reaction proceeds, the metallic nuclei will form and then
grow to finally overlap. The increase in the nuclei numbers increases the rate of reaction
during the reaction first moments [5]. The reaction will proceed uniformly past this point

with the reaction front advancing into the grain inner parts.
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CHAPTER 3

Objectives

The main objective of the present research is to develop two different oxygen carriers
which are NiO/Ce-yALOs; and Fe;03/Ce-yALO3. The oxygen carriers should be highly
reactive with both the fuel and air and show stable oxygen carrying capacity in repeated
CLC cycles. It is also the objective of this research to investigate the reduction Kinetics
oxygen carriers. The main derive behind this work is the modification of the yALOs3
support with Ce to minimize the metal support interactions in addition to the
improvement of the dispersion of the metal oxide over the support, which will lead to

better reduction oxidation performance.

The specific tasks are to:

Synthesize Ce promoted Ni and Fe based oxygen carriers.

e Investigate the effects of preparation method and metal loading percentage on the
performance of the oxygen carrier.

e Test the stability of the oxygen carriers under repeated oxidation reduction cycles.

e Characterize the oxygen carrier samples through XRD, SEM, BET, TPR, TPO
and Pulse chemisorption.

e Evaluate the reactivity of the oxygen carriers with the fuel and air.

e Investigate the reduction Kinetics of the oxygen carriers and compare the model to

the experimental data.
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CHAPTER 4

Experimental and methodology

4.1 Oxygen carrier preparation

The oxygen carrier samples were synthesized by incipient wetness technique (see Figure
11) using y-AbOs3 as a support, while nickel nitrate, iron nitrate and cerium nitrate were
used as sources for nickel, iron and cerium oxides, respectively. For the improvement of
the thermal stability, y-ALbO3; was first modified with Ce (1-5 wt. %) before introducing
nickel or iron.  Although some factors such as: the nature of the support and the
preparation method have some effects on the agglomeration and the formation of the
metal (nickel/iron) oxide layer, the metal content has the most influence. Consequently,
the metal (nickel/iron) loading was varied between 5 to 20 wt. % to avoid sintering and

agglomeration [27], [38].

The main steps involved in metal (Ce/Ni/Fe) loading are: impregnation of the support,
drying, reduction and calcination. The same procedure is used for Ce, Ni or Fe loading
on Alumina. Ce(NO3),.6H,0, Ni(NO3)3.6H,O or Fe(NO3),.6H,O powder was dissolved
in ethanol and the amount of solvent used is 0.8 mL of ethanol for each gram of alumina.
The solution was slowly added (by using a syringe) to the alumina support in a sealed

conical flask while under vacuum with continuous mixing. The resultant paste was dried
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overnight at ambient conditions.  After drying, the sample was moved to a fluidized bed

reactor located inside a furnace.

Y-AlLO,

l

. . 1
Calcination

Ce(NO;)3.6H,0/Ethanol  ——— Ce Loading
Drying 2
10% Hy/He — Reduction *
v
Ni(NQ,),.6H,0/Ethanol ——— Ni Loading <
Drying 2
A4
10% Hy/He 5 Reduction *

Calcination *

Figure 11: Incipient wetness technique

2 Calcination at 750 °C
2 Drying overnight at ambient temperature
% Reduction at 750 °C for 8 hrs
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The sample was reduced by flowing hydrogen/helium mixture (10% mole fraction
hydrogen) under fluidized condition. During the reduction step the temperature was
increased from room temperature to 750 °C over 4 hours period and maintained at this
temperature for another 8 hours, then brought back to ambient conditions. The thermal
treatment process in the presence of hydrogen decomposes the nitrates Ni(NO3), to
oxides (NIO and/or NiALO,), and furthermore reducing them to their metallic forms [27].

lllustration of the thermal treatment is presented in Figure 12.

750 °C

Ambient 1 i

Figure 12: Thermal treatment process illustration

The three steps (support impregnation, drying and reduction) were repeated until 20%
metal loading was achieved. In each cycle 5 wt% nickel was loaded to the Ce modified y-

ALO; support.  After reaching the 20% nickel loading, the prepared samples were

29



calcined inside an oven under the flow of air. The temperature was increased to 750 °C

applying the same temperature ramp used in the reduction step.

4.2 Temperature programmed studies

In this investigation the oxygen carrying capacity and reducibility of the synthesized
oxygen carriers were tested using temperature programmed reduction (TPR) and
temperature programmed oxidation (TPO) methods. The TPR, hydrogen pulse
chemisorption and TPO analysis were performed using ‘“Micromeritics AutoChem II”
equipment (Figure 13). For each analysis 0.2 gm of O.C. samples were loaded in a U-

tube reactor, which was held inside a furnace.

4.2.1 TPR/TPO experiments

Before temperature programmed studies, the sample was pretreated by flowing inert gas
(He or Ar). The TPR test was performed using a gas mixture that contains 10% hydrogen
in argon circulating through the bed of the prepared sample. The sample was heated to
750 °C from ambient with a rate of 10 °C per minute. Thermal conductivity detector
(TCD) was used to analyze the outlet gas concentration. The data from TCD was
processed to obtain the hydrogen consumption during the reduction reaction, which was

further used to find the metal percentage reduction.
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The TPO was conducted to measure metal oxidation percentage. In this test a gas mixture
of 5% oxygen in helium was used and the sample temperature was increased to 750 °C

from ambient with a rate of 10 °C per minute. Similar to the TPR, the outlet gas was

analyzed using (TCD).

4.2.2 Pulse chemisorption

Hydrogen pulse chemisorption tests were carried-out to estimate the percent metal
dispersion, average active area and the average particle size. The test was conducted

under flowing stream of argon. A series of 1 mL hydrogen pulses were fed to the bed at
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ambient temperature. The hydrogen adsorption was analyzed using a TCD detector. The
amount of chemically adsorbed hydrogen on the oxygen carrier active sites was used to

find the percent metal dispersion, average active area and the average particle size.

4.3 CREC Riser simulator

The reactivity, stability and re-generability of the oxygen carriers were established using
a CREC Riser simulator operated under the conditions as expected in a large scale

fluidized CLC unit (H. de Lasa 1992) [54].
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Figure 14: CREC simulator Schematic Diagram, Source (Hossain and de Lasa, 2008)
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The CREC Riser simulator (Figure 14) is a bench scale mini-fluidized bed reactor
consisting of (i) a 50 ml reactor basket, (ii) heaters (upper and lower), (iii) a vacuum box
and (iv) an impeller. The reactor is placed between the upper and lower heaters to
maintain uniform temperature of the oxygen carrier bed. The reactor is connected to the
vacuum box (1000 ml) by a four port automatic control valve to ensure precise
termination of the reaction following pre-specified reaction time. The vacuum box also
serves as a product container and directly connected to a GC for product analysis. The
impeller, placed on top of the reactor, can rotate upto 7000 rpm speed. The rotation of the
impeller forces the gases to flow outward of the impeller center and downward into the
reactor annulus, leading to the fluidization of the solid oxygen carrier and ensures

intimate contact between gaseous feed and solid oxygen carrier.

For the CLC experiments, 0.5-1 gm of oxygen carrier was loaded in the reactor basket.
After leak test, the system was purged with argon to remove the air completely.
Meanwhile, the temperature program was started to heat the reactor to the desired
temperature (up to 700 °C). During the heating period argon flow was maintained to
avoid any interference of air into the system. The argon flow was stopped as the reactor
attained to the desired temperature. The reactor was isolated from the vacuum box when
it reached to 1 atm pressure. On the other hand, the vacuum box was evacuated to 3.7 psi
using a vacuum pump. At this stage the impeller was turned on and feed (CH4/C2Hg) was
injected into the reactor using a preloaded gastight syringe. The pressure profile of the
reactor was recorded during the combustion of methane using a pressure transducer. At
the end of the pre-specified reaction time the isolation valve was automatically opened up

and transferred all the reactor contents into the vacuum box. The abrupt decrease of the
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reactor pressure confirmed the complete transfer of the reactor contents and ensured the
termination of the reaction after the pre-specified time. Finally, the products were
analyzed wusing gas chromatography. The reduced oxygen carrier was regenerated

(oxidized) using a flow of air at a specific temperature during pre-set reaction time.

Finally, the product species was analyzed using a gas chromatograph. Before the next

cycle, the oxygen carrier was regenerated using air.

4.4 Nitrogen adsorption and XRD

The nitrogen adsorption test was performed to find the specific surface area of the
sample, pore volume and average pore radius of the synthesized oxygen carrier samples.
The test was carried out at a temperature of 77 K. Prior the analysis the samples were
degassed at 200 °C for 2 h. The total pore volume was calculated from the amount

adsorbed at a relative pressure (P/P0) close to unity.

The oxygen carrier samples phases were obtained by using X-ray diffraction unit (XRD).
The oxygen carrier samples were scanned at room temperature and the intensity was
analyzed in the range from 10° until 90°. Analysis software was applied to identify the

phases.
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CHAPTER 5

RESULTS AND DISCUSSION

As mentioned in Chapter 4, for this study nickel and iron based oxygen carriers were
synthesized using a cerium modified y-alumina as a support. The prepared oxygen carrier

samples are listed below:

Table 1: List of prepared oxygen carrier samples

No. Sample 1D Ce loading Ni loading Fe loading
(wt %) (wt %) (wt %)

1 NiO(5)/Ce(1)-yALO3 1 5 -

2 NiO(10)/Ce(1)-yALO3 1 10 -

3 NiO(15)/Ce(1)-yALO3 1 15 -

4 NiO/Ce(1)-yALO3 1 20 -

5 NiO(5)/Ce(5)-yALO3 5 5 -

6 NiO(10)/Ce(5)-yALO3 5 10 -

7 NiO(15)/Ce(5)-yALO3 5 15 -

8 NiO/Ce(5)-yALO3 5 20 -

9 Fe,03(20)/Ce(1)-yALOs | 1 - 20

10 Fe,03(15)/Ce(5)-yALO; |5 - 15
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Different characterization techniques including: SEM, XRD and BET have been
performed in addition to the temperature programmed reduction and oxidation and
hydrogen pulse chemisorption to investigate the performance of the oxygen carriers
during chemical looping combustion process. The reactivity of the oxygen carrier with

gaseous fuel is studied using CREC Riser simulator.

5.1 Temperature programmed studies

In this work the TPR experiments were conducted simulating the reduction reactions in
the fuel reactor while TPO experiments were performed to simulate the re-oxidation of
the oxygen carrier inside the air reactor of a CLC process. Therefore, the successive
TPR/TPO cycles basically represent the complete CLC process. The only difference is
that TPR/TPO experiments were conducted in a fixed bed while CLC operates in
fluidized beds. These techniques are also very effective tools in two different ways: (i) to
investigate the changes of the surface and/or bulk reactivity of the samples as a result of
variation in composition, promotion, preparation method and preliminary pretreatment,

and (i) qualitative and quantitative analysis of the gas-solid interaction Kinetics.

5.1.1 Iron based oxygen carriers

The reduction profiles of two oxygen carriers samples, namely: Fe»03(20)/Ce(1)-yALO3

and Fe203(15)/Ce(5)-yALO3 are presented in the above figure. The samples were
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prepared with 20 wt.% and 15 wt.% iron respectively. Looking at the graph it is clear that
both oxygen carriers have the same reduction trend. At around 360 °C there is a slightly
narrow peak for the two samples, which corresponds to the reduction of Fe,O3 to Fe3O4.
The narrow peak is followed by wider peak at about 565 °C and this peak is attributed to
the transition of FesO,4 to FeO to Fe [55]. For the second iron sample Fe203(15)/Ce(5)-
vALO3 the second is slightly wider due to the reduction of some of the cerium oxide

species [56].
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Figure 15: TPR profiles of (i) Fe,O3(20)/Ce(1)-yAL O3 (ii) Fe203(15)/Ce(1)-yALO3
sampels
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Successive TPR/TPO experiments were performed to test the oxygen carrier stability for
chemical looping combustion. The reduction percentage  Fe,O3(20)/Ce(1)-yALO3 is
around 67% which is understandable for iron based oxygen carriers due to the weak
reduction/oxidation properties of the iron oxide [5]. However, for the second sample
Fe203(15)/Ce(5)-yAlO3 the reduction percentage is much higher around 80% as a result
of the promotional effects of cerium oxide [57]. Regarding the oxygen carrier stability
under repeated reduction/oxidation cycles, both oxygen carriers exhibit stable

performance through 9 TPR/TPO cycles as shown in Figure 16 and 17.
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Figure 16: Reduction percentage of Fe;O3(15)/Ce(1)-yAlLO3 under repeated cycles
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Figure 17: Reduction percentage of Fe;O3(20)/Ce(1)-yAlO3 under repeated cycles
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Figure 18: TPR profiles of (i) YALO3 (i) NiO/yALOzand (iii) NiO/Ce-yALO3 samples
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Figure 18 shows the TPR profiles of three different samples (i) yAl,O3 (only unmodified
support), (i) NiO/yALO3 (nickel on unmodified support) and (iii) NiO/Ce(1)-yALO3
(nickel on 1 wt % Ce modified support). It is import to mention here that both the
unmodified NiO/yAlLO3 and the Ce modified NiO/Ce(1)-yALO3 samples were prepared
with equal 20 wt% of nickel loading. One can see in the TPR profiles, that the hydrogen
consumption by the alumina support (only) is almost negligible which indicates that the
support itself does not carry any oxygen during a CLC process. After nickel loading the
hydrogen consumption peaks are significantly increased as seen in both the Ce modified
and unmodified samples. When the TPR profiles of Ce modified (NiO/Ce(1)-yALO3) and
the unmodified (NiO/yALO3) samples are compared, there are clear distinctions in two
aspects, the first is the profiles and the second the area under each curve. In case of the
unpromoted sample the peak is broad and appeared at higher temperature. On the other
hand for the Ce modified sample the peaks were rather sharp and appeared at lower
temperature. For the Ce modified sample the reduction peaks at 421 °C and 720 °C
represent the reduction of NIO and nickel aluminate (NiAl,O4), respectively [9], [27],
[40]. With the unpromoted sample the reduction peaks of NiO and nickel aluminate are
merged into one broad peak. These observations indicate that the addition of Ce helps
minimizing the interactions between the active metal oxide and the support leading to the
formation of easily reducible nickel oxides. As a result the reduction peak temperature of
the Ce modified sample is significantly shifted to lower temperature as compare to the
unmodified sample. Similar results were reported by Zhuang et al. 1991 who found that
the reduction reaction starts at much lower temperature for cerium doped samples and the

activity was also higher [58]. The amount of hydrogen consumption (obtained by the
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integration of the area under the TPR profile) by the Ce modified sample is much higher
than that of the unmodified sample which further proves the promotional effects of Ce on

the oxygen carrier sample.

In order to determine the upper limit of promotional effects of Ce, a second batch of
oxygen carrier was prepared with 5 wt % Ce loading keeping the nickel loading as before
(20 wt%). Figure 19 represents the TPR profiles of 1 wt% and 5 wt% Ce modified
samples. It is interesting to observe that increasing the loading of Ce from 1 wt% to 5
wt%, the height of the peak was significantly decreased. This trend was also observed by
Bortolozzi et al. 2014 where he found that the presence of small amounts of cerium
enhances the ethanol conversion until the cerium to nickel ratio reaches 0.17 and
decreases beyond that [59]. In addition to that an extra small peak at around 600 °C was
also appeared. The small peak at 600 °C represents the release of the surface oxygen of

the cerium oxide.
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Those changes suggest the presence of synergetic interactions between the cerium and
nickel oxides, which leads to the formation of oxygen species that are only reducible at
higher temperatures [55]. This effect is due to the strong metal-support interactions
(SMSI) between cerium oxide and nickel in which the cerium oxide covers portions of
the metal surface which can affect the reaction and chemisorption properties of the
oxygen carrier [60]. SMSI-like interactions between the cerium oxide and nickel were
suggested by Chung et al.1984 [61]. In another study Bernal et al. 2003 [62] also
indicated that CeOj/metal systems exhibited interactions at temperatures above 773 K
that resembles the SMSI previously reported for TiO,/metal systems. Additionally
Wrobel et al. 1993 [63] reported that with Ni/Ce ratios larger than 0.5 NiO particles

mixed with cerium oxide smaller grains.

The total amount of reducible nickel species was determined from the consumed

hydrogen during TPR using the following equation:

MW,V
Wy, = eV, 1
vpg

where, W\y; is the weight of reducible nickel species, MWy; the molecular weight of
nickel, Vo the volume of the consumed hydrogen at STP, pq the gas molar volume and v
Is stoichimetric number based on reaction stoichimetry. During TPR of nickel based

sample one can consider the following reaction:
NiO + H, — Ni + H,0

Therefore, to reduce one of NiO one mole of hydrogen is required. Finally, the percent

of nickel oxide reduction was calculated according to the following equation:
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% Reduction = V\# x 100

where, W\y; is the weight of reducible nickel species, W the actual amount of metal in the

catalyst.

100
[ )

S 80
-8 .
S [ )
©
o 60
(]
o
x
o 40
o
~
=l
= 20
X

0 T T T T T

0 1 2 3 4 5 6

Ce loading (wt%)

Figure 20: Effect of Ce modification on percent of nickel oxide reduction

Using Equation (2) the percent of nickel oxide reduction was calculated and Figure 20
shows the reduction percentage for NiO/yAlL,Osz, NiO/Ce(1)-yALOs and NiO/Ce(5)-

vALO3 to show the effect of increasing the percentage of Ce modifier.

The reduction percentage of NiO/yALOs3 is 71% as a result of the formation of poorly
reactive nickel aluminate due to the interaction between the support and the nickel oxide.

In addition, the calcined unpromoted NiO/yAl,O3 o0xygen carriers were reported to
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contain poorly crystalline nickel oxide particles [64]. Modification of the alumina support
with 1 wt% Ce increases the amount of easily reducible NiO while reducing the
formation of NiALO4 as a result of the minimization of the interaction between the metal
oxide and the support, as suggested by Xavier et al. 1999 [57]. As a result, the percentage
reduction increases to 94%. The further increase of Ce to 5 wt% brought down the
reduction percentage to 75% as a result of the synergistic interactions between Ce and Ni
leading to the formation of less reactive oxygen species as mentioned before. Besides
that, increasing the cerium percentage means increasing the metal loading which

increases the agglomeration of OC samples [38].

Based on the TPR analysis as discussed above, NiO/Ce(1)-yALO3; sample was selected
for further evaluation in repeated TPR/TPO cycles. The cyclic TPR/TPO experiments
were used to measure the percentage reduction and the oxygen carrier stability over
multiple redox cycles. As mentioned above, the TPR/TPO cycles represents the repeated

combustion and regeneration reactions during CLC process.

Figure 21 plots the percentage reduction for NiO/Ce(1)-yAl,Os during the repeated
TPR/TPO cycles. One can see that the percentage reduction remains almost unchanged
around 94% through the reduction/oxidation cycles, which is an indication the oxygen
carrier stability under the repeated redox cycles and the absence of agglomeration. The
oxygen carrier stable activity further confirms the promotional effects of the cerium
which prohibits the formation of nickel aluminate and the transformation of y- ALOj; to
a- AbO3; which causes the support to lose the high surface area and mechanical strength
and leads to deactivation [42], [65]. Not to mention that, the presence of cerium decreases
the carbon deposition over the oxygen carrier [58], [66].
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Figure 21: Percent of nickel oxide reduction of NiO/Ce(1)-yALO3 sample over repeated

TPR/TPO cycles

5.2 Oxygencarrier characterization

The nickel based oxygen carrier samples were chosen for further investigation based on
the previous results. The oxygen carrier characteristics: pore size and volume and the
specific surface area are very important properties when it comes to determining the
active sites distribution, reactivity and adsorption capacity of the oxygen carrier and the
probability of sintering deactivation of the carrier. The active sites dispersion, reactivity
and adsorption capacity of the oxygen carrier will improve largely with the increase in
the specific surface area of the oxygen carrier [56]. N2 adsorption was used to calculate

the specific surface area, pore diameter and pore volume of the prepared oxygen carrier

samples.
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Table 2: N, adsorption results
sample BET Area Average pore size Vm cmi/g Vp cmi/g
P (melg) (nm) STP STP
Calcined yALO3 | 148.75 19.82 34.17 0.74
Ce(1)-yALO3 134.53 21.89 30.90 0.74
Ce(5)-yALO3 135.15 21.16 31.05 0.72
NiO/Ce(5)-
vALOq 89.42 21.73 20.54 0.49

The values of specific surface area, average pore size and pore volume values are listed in

Table 2. The surface area was calculated using BET equation form the linearity of the
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adsorption isotherms between relative pressure values of 0.05 to 0.4 as shown in Figure
22. Looking at the nitrogen adsorption isotherms one can see that the adsorption
isotherms are of IV profile type, which is common among mesoporous solids. Also it is

clear that the pore structure was altered after nickel loading.

After modification of the support with Ce the specific surface area decreased to about 135
mP/g, and further decreased after nickel loading. But still with a value of 89.42 m?/g the
surface area is much higher than the surface area of aAl,O3 and this indicates there is no
phase transformation of the yAlL,Osz support, which is crucial to the oxygen carrier
stability and deactivation resistance, because aAl,O3 has less surface area and mechanical
resistance compared to yAlLOs. While the loading of the cerium and nickel had no
significant effect on the average pore size, the reduction on pore volume was noticeable

after nickel loading.

0.06

0.05

0.04

0.03

0.02

H, Chemisorption

0.01

0 2 4 6 8 10 12 14 16 18 20
Time (min)

Figure 23: Pulse chemisorption profile
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Table 3 summarizes the results of hydrogen pulse chemisorption analysis as obtained for
oxygen carrier samples after the first reduction cycle and after 10 TPR/TPO cycles.
Typical pulse chemisorption profile is shown in Figure 23, where hydrogen pulses were
injected to the oxygen carrier sample to be chemisorbed and the excess hydrogen volume
was recorded to calculate the dispersion and crystal size. The chemically adsorbed
hydrogen on the catalyst active sites is used in the calculation of the dispersion

percentage according to the following equation:

%D:% 3
W
where C is a constant, X is the total chemisorbed hydrogen, W is the percentage of

weight metal and f is the reduced metal fraction. The crystal average size (dy) can be
estimated using the following formula:

AL T 4

dv = —_—
sm %D

where, ¢ is the particle shape constant, Sy, is the average surface area of the exposed metal
surface per metal atom surface, Vi, is the volume of metal atoms. The addition of cerium
oxide improves the surface area and the dispersion of the nickel, which enhances the
oxygen carrier reducibility as confirmed by Liu et al. 2008 [67]. But apparently,
increasing the percentage of Ce has minimal impact on the metal dispersion as can be

seen from Table 3.
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Table 3: Dispersion and crystal size results

Sample TPR/TPO cycle Dispersion (%) Crystal size (nm)
(No.)

NiO/Ce(1)-yALO3 1 1.86 50.4

NiO/Ce(1)-yALO3 10 1.67 50.7

NiO/Ce(5)-yALO3 1 1.63 51.5

NiO/Ce(5)-yALO3 10 1.64 51.9

However, one can see that both the metal dispersion and nickel crystal sizes remained
stable over the repeated TPR/TPO cycles, which further confirms the oxygen carrier

stability under the repeated oxidation/reduction cycles and the absence of agglomeration.

The uniform dispersion of the metal oxide over the support was further confirmed using

SEM mapping as presented in the following figure:

Figure 24: SEM mapping for NiO/Ce(1)-yALO3 (left) nd NiO/Ce(5)-yALO3 (right)
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53 X-ray diffraction test
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Figure 25: XRD Patterns of the prepared oxygen carriers

Figure 25 presents the X-ray diffractograms of fresh NiO/Ce(1)-yALO3 and NiO/Ce(5)-
yALO3; samples and the reduced samples after 10 TPR/TPO cycles. XRD test results
didn’t show any peaks corresponding to CeO2 or CeAlO3, which indicates a uniform
dispersion of the cerium phases on the support, and also this could be as a result of the
relatively low concentration of Ce. For all samples the XRD diffraction peaks at 19.4°,
31.9°, 45.6° 60.5°, and 66.4° corresponds to the YAl,O3 and this confirms that YALO3
support was not transformed to aAlLOsz and explains the stability of the oxygen carrier

over the repeated cycles [65].
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For the fresh samples the lines at 37.6°, 43.5° and 75.8° are comparable to nickel oxide
crystals. However, in the case of fresh NiO/Ce(5)-yALO3 the diffraction line at 43.5°
disappear. This could be a result of the coupling of the two peaks at 43.5° and 45.6° for
NiO and yALOg3 respectively into one peak and similar results have been observed by
others[65], [68]. The peaks at 37.6°, 45.6° and 60.5° cold be traced back to nickel
aluminate and to confirm whether there is a presence of NiAl,O4 on the oxygen carrier or
not, the oxygen carrier samples were reduced at 750 °C before performing XRD
experiments. Based on the XRD results of the reduced samples both showed peaks at
44.7°, 52.1° and 76.5° which correspond to the reduced nickel (Ni). Since the reduced
samples only showed peaks for yYALO3 and Ni, this indicates that most of the nickel oxide
loaded on the support was reduced and this not possible for NiAl,O4 which cannot be
reduced at this temperature. Those findings confirm the absence of nickel aluminate

species on the oxygen carrier.

XRD results indicate the formation of easily reducible NiO species over the y-alumina
support, which didn’t transform into the less stable aAl,O3 during the preparation of the
oxygen carrier. Also the absence of NIO or NiAlL,O, peaks on the reduced samples

confirms the superior reduction properties of the oxygen carrier samples.

5.4 Solid state reduction kinetics

The oxidation and reduction reactions of the oxygen carrier are considered as a multiple
steps process. And similar to heterogeneous reactions, diffusion, adsorption and reaction
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steps are included in the overall rate of reaction. Which step or steps are controlling the

overall reaction depends on the properties of the reducible compounds.

The intrinsic Kinetics of temperature programmed reduction can be formulated under the
consideration of the overall rate of reaction to be a function of the gas phase composition

and the reduction degree of the solid material flor) [68], [69].

d
T (D@)p,, ) >

where o represents the reaction progress, which can be calculated as follows:

a(t)—
ntotal

where in case of TPR, Anis the hydrogen consumption at time t, and the total number of

moles consumed is Antotal.

The rate constant K is calculated using:

E, (1 1 7
k:ko exXp ? T_T_
p

Where E, is the energy of activation, R the global gas constant and T, is the peak

centering temperature. The function f(py ,py,o) can be taken as a constant given that
there is no water in the hydrogen, same hydrogen flow rate for all TPR experiments and

differential conversion, which will reduce equation (6) to:

2 ofi o 8
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Using Avarmi-Erofeyev model for random nucleation:
fla)=1-a 9

Substitution of equation 7 will lead to:

da(t) E, 10
o Ko eXp[R <T BT )l( )

Tp is the initial temperature and B is the temperature ramping rate.

Mathematica 8.0 was used to fit the experimental data and find the activation energy and

the reaction rate constant (ko).

Figure 26 and 27 display a comparison between the experimental conversion of the nickel
particles and the random nucleation model (RNM) for NiO/Ce(1)-yALO3 and NiO/Ce(5)-
vALO3 samples respectively. It is clear from the figure that the random nucleation model

adequately fits the experimental data.
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Figure 26: Experimental versus model predicted conversion of nickel oxide (alpha) using
NiO/Ce(1)-yAlLO3 oxygen carrier

07 ® Expremintal

0.6 1
e \odel

0.5 1

alpha(t)

0.2 1

0.1 A

0 200 400

Temperature K

Figure 27: Experimental versus model predicted conversion of nickel oxide (alpha) using
NiO/Ce(5)-yALO3 oxygen carrier
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The activation energy (E;) was found to be 52.4 + 0.3 kJ/mol and 52.3 + 0.2 respectively,

which are close to the values reported in the literature as compared in Table 4.

Table 4: Activation energy for the reduction of nickel oxide

Sample Reactant Ea (kJ/mol)
NiO/Ce(1)-yALO3 H, 52.4+0.3
NiO/Ce(1)-yALO3 H, 52.3+0.2
NiO/yALO3™ H, 53.5+2.0
NiO/C0(0.5)-yALO3 H, 45.1+2.0
NiO(60)/Bentonite™ CHy, 57.0
NiO(65)/yALO5 CH, 55.0

[a] ((Hossain et al. 2007[68])) [b] ((Son et al. 2006[70])) [c] ((Moghtaderi et al.
2010[71)]))

55 CRECRisersimulator reactivity studies

The reactivity of the oxygen carrier samples with gaseous fuel (methane/ethane) was
tested using CREC Riser simulator unit. The combustion reactions were performed at
various temperatures and after each combustion reaction the oxygen carrier was re-
generated by following air for 10 minutes at a temperature of 550 °C. Several combustion
and re-generation cycles were performed using the same oxygen carrier sample to test the

stability of the oxygen carrier over multiple chemical looping combustion cycles.

The reaction temperature was varied between 550 °C to 650 °C, while the contact time

was in the range between 10 to 60 seconds.
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5.5.1 Iron based oxygen carriers

Iron based oxygen carrier sample Fe,03(20)/Ce(1)-yALO3 was reacted with ethane at 550

C° and the contact time was 60 seconds. The pressure profile inside the reactor during the

combustion process is presented in the figure below.
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Figure 28: Pressure profile during the combustion process for Fe;03(20)/Ce(1)-yALO3

The pressure inside the reactor was kept at 14.7 psi at the start and the vacuum box was at
3.7 psi. The pressure is increased immediately as the fuel (ethane) is injected into the
reactor. After the injection there is a slight gradual increase in the pressure as a result of
the formation of the products. The valve between the reactor and the vacuum box was

opened immediately at the end of reaction time to insure the reaction was terminated.

56



Opening the valve between the reactor and the vacuum box the pressure is dropped to

about 4 psi.
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Figure 29: Ethane conversion during multiple cycles in CREC Simulator
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Figure 30: Iron conversion during mulktiple cycles in CREC Simulator

57



The conversion of ethane and the oxygen carrier is plotted in Figure 29 and 30
respectively. The ethane conversion is around 8% while the iron oxide conversion is
about 11%. The conversion values are low which is predictable since the reaction
temperature is low (550 °C) and the release of the oxygen in iron based oxygen carrier

occurs above 600 °C [55], [56].

The combustion and re-generation reactions occur according to the following suggested
reactions:

4Fe,0, + CH, - 8Fe0 + CO, + 2H,0

2Fe0 + -0, - Fe,0;

5.5.2 Ni based oxygen carriers

Following the promising characteristics, the NiO/Ce(1)-yALO3; oxygen carrier was
further evaluated in a fluidized CREC Riser Simulator using methane as fuel and air to
re-generate the reduced oxygen carrier. In the open literature, there are studies suggested
to operate CLC at high temperatures (~ 1200 °C) in order to achieve higher efficiency for
power generation [68], [72], [73]. Although performing CLC at high temperature
conditions increases the efficiency of power generation, it has other consequences. The
most important one is the possibility of NOx formation in the air reactor at elevated
reaction temperature [5], [41]. Beside NOx formation, the high temperature operating

also increases the possibility of metal sintering and oxygen carrier particles
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agglomeration, which eventually leads to drop in the oxygen carrying capacity of the
oxygen carrier in CLC process [72]. Because of the above reasons, the oxygen carrier
samples were evaluated at a maximum temperature of 750 °C in both the TPR test and in
the CLC experiments the temperature was varied temperatures between 550 °C to 650
°C. After each combustion reaction the oxygen carrier was re-generated by following air
at 550 °C for 15 minutes. The reaction time was varied from 10 to 60 seconds to study
the effect contact time on the conversion. The repeated methane combustion and oxygen
carrier re-generation cycles were performed using the same oxygen carrier sample to test

the stability of the oxygen carrier over multiple CLC cycles.

Similar to the case with the iron based oxygen carrier, Figure 31 shows a typical the
pressure profile of the reactor system during the methane combustion run. The upper
curve represents the pressure inside the reactor chamber, while the lower curve shows the
pressure profile of the vacuum box. Before fuel injection, the reactor was kept at 14.7 psi
while the vacuum box pressure was 3.7 psi. As soon as the fuel was injected, the reactor
pressure sharply increased. After that, there is a gradual increase in the reactor pressure as
a result of the methane combustion with nickel oxide. Once the pre-specified reaction
time was owver, the isolation valve between the reactor and the vacuum box was opened
immediately which ensured the termination of the reaction given the vacuum box
maintained at 250 °C with no oxygen. The abrupt decrease of the reactor pressure

confirmed the transformation of the reactor products into the vacuum box.
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Figure 31: Pressure profile during the combustion process for NiO/Ce(1)-yALOs3

The product sample in the vacuum box was analyzed using gas chromatography. The
gaseous product mainly contains CO, and H,O and trace amount of CO. The very low
concentration of CO is due to the complete combustion of methane with NiO [68].
Another reason for the absence of CO in the products might come from the fact that
hydrogen and CO very reactive with the nickel oxide as confirmed by the TPR and
several previous studies [41], [74]. As a result any traces of CO formed due to incomplete
combustion were further converted to CO;, by water-gas shift reaction. Base on the
pressure profile and product analysis, on can consider the following reactions during the

fludized bed CLC process with methane [49], [75], [76]:

Fuel combustion

CHj + 4NiO — 4Ni + CO3 + 2H,0
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Hz + NiO — Ni+ H,0

CO +NiO — Ni+ CO»

CH4; +NiO —- Ni+ CO + 2H>»

Reforming

CHs + H,O — CO + 3H>

CH4 + CO,; — 2CO +2H»

Decomposition

CH4—)C+2H2

Water-gas shift reaction

CO+H,O—-COs+H

As mentioned before, the reduced oxygen carrier was re-generated by flowing air for 15
minutes to re-oxidize the metal after the combustion process. The following reactions can

be proposed to happen during the regeneration process of the oxygen carrier [68], [75]:

Ni + 1/20; — NiO

C+0,—COy

The conversions of methane and nickel oxide are the two important parameters has been
assessed from the CLC experiment in the fluidized CREC Riser Simulator. Methane
conversion is calculated from the product analysis data considering CO, is the only
carbon containing species in the methane combustion with nickel oxide:

61



CCO2 Jout

x100 %

X(:H4 =

CCH40ut + CO,,out

where Ccraouwt and Ccozou are the final concentrations of methane and carbon dioxide,
respectively, remaining in the reactor after the desired reaction time.  Nickel oxide(s)
conversion is calculated on the basis of the number of moles of reacted oxygen, the
weight of the carrier and the nickel composition of the carrier according to the following

equation:

4 x NCHA0 x X

M «100%

X.. . =
"o Wx Xy nio
MWyio

where Nchao IS the initial number of moles injected into the reactor, Xcns is the

conversion of methane, w is the mass of oxygen carrier loaded into the reactor, Xw nio IS
fraction of nickel oxide present in the oxygen carrier sample and MW\io is the molecular
weight of nickel oxide.

Figure 32 and Figure 33 plots the methane and nickel oxide conversions, respectively
during the repeated CLC cycles in fluidized CREC Riser Simulator. It is clear from
Figure 12 that the methane conversion increased substantially from about 50% to 88%
after modification of the support with cerium oxide. This is due to the improvements in
the nickel dispersion and the minimization of nickel aluminate formation which leads to
the formation of easily reducible nickel oxide species as shown in TRP/TPO analysis and

other characterization results.
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Figure 32: Methane conversion for modified and un-modified oxygen carrier over
multiple CLC cycles
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Figure 33: NiO conversion for modified and un-modified oxygen carrier over multiple
CLC cycles
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The oxygen carrier (NiO) conversion also increased from 44% to 76% after the
modification. It is important to mention that the reaction was carried out at 650 °C and
the contact time was 40 seconds while the oxygen carrier weight was 0.4 gm. In the case
of the unmodified nickel based oxygen carrier (NiO/yAl,O3) the reduction process was
limited by the formation of nickel aluminate that is usually formed when nickel oxide is
loaded on alumina.

Figure 34 shows the effects of reaction temperature on the conversion of the oxygen
carrier NiO/Ce(1)-yALOs. The temperature was varied between 550 °C and 650 °C at
constant reaction of 40 second. One can see in Figure 34, the oxygen carrier (NiO)
conversion with reaction temperature, which is a direct result of the increase in the
amount of oxygen released from the oxygen carrier. The conversion of the oxygen

carrier was also increased with increasing the reaction time as shown in Figure 35.
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Figure 34: Effect of reaction temperature on NiO conversion
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Figure 35: Effect of reaction time on NiO conversion
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6.1

CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

Conclusion

In this investigation fluidizable NiO/Ce-yALO3 and Fe;O3/Ce-yALO3 oOxygen carriers

were prepared, characterized and evaluated in a chemical-looping combustion (CLC)

cycle of methane/ethane using a fluidized CREC Riser Simulator. Following are the

conclusions of this study:

The Ce modification improves the thermal stability of support YAI2O3 and helps
minimizing the formation of difficult reducing nickel aluminate as revealed by the
TPR/TPO analysis. However, excess amount Ce resulted in synergetic
interactions between cerium oxide and the metal oxide leading to the increase of

the reduction temperatures for the oxygen species.

For iron based oxygen carriers the reduction percentage was low, but it was

improved after the modification of the support with 5 wt.% cerium.

NiO on 1 wt % Ce modified yAl,O3 showed the highest reducibility (94 %). It
also reduced below 600 °C, which is highly favorable in CLC application. This
sample demonstrates sustained reactivity over the repeated redox cycles. The
dispersion of nickel crystal on the Ce modified support remained unchanged with

no sign of agglomeration.
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Vi.

Vii.

viii.

6.2

TGA and XRD analysis further confirms the stability of the NIO/Ce(1wt%)-

vALO3 oxygen carrier with no phase transformation of the support

The random nucleation model was found to adequately represent the experimental
reduction data, with the parameters being calculated are comparable with that of

the literature values.

The NiO/Ce(1wWt%)-yALO3; sample display excellent reactivity and stability in
repeated CLC cycles in a fluidized bed CREC Riser Simulator using methane as
fuel and air to re-generate the reduced oxygen carrier.

The combustion of methane with NiO/Ce(1wt%)-yALO3; mainly give CO, as
combustion product indicating the complete combustion capabilty of the
synthesized oxygen carriers.

The conversion of ethane in reaction with iron based sample Fe,O3(20)/Ce(1)-
vALO3 was low at around 8% as a result of the low reaction temperature relative

to iron based oxygen carriers.

Both iron based and nickel based oxygen carriers were stable under multiple CLC

cycles using CREC Riser simulator.

Recommendations

Listed below are the recommendations for future work:

Evaluation of the iron based samples in CREC Riser simulator using methane for

fuel and increasing the reaction temperature beyond 600 °C.
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Testing the oxygen carriers in CLC experiments using different types of fuels
such as mixture of methane and ethane, liquid fuels, solid fuels etc.
Preparation of oxygen carriers using more than one metal oxide to improve the

overall performance of the oxygen carrier.
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