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ABSTRACT

The present invention relates to a raw material composition for preparing oxygen
carrier particles, which comprises a first component that is at least one of nickel oxide
and nickel hydroxide; and a second component that is at least one from among boehmite,
cerium oxide, cerium hydroxide, magnesium oxide, magnesium hydroxide and titanium
oxide, wherein if the first component is nickel oxide, the second component comprises
cerium hydroxide. The raw material composition for preparing oxygen carrier particles
of the present invention is prepared as oxygen carrier particles according to an oxygen
carrier particle preparation method to be described below by controlling the composition
thereof and the mixing ratio (formulation) and the homogenizing degree of raw materials,
and thereafter has physical properties such as shape, particle size and size distribution
suitable for a fluidized bed or fast fluidized bed process, and can prepare oxygen carrier
particles having improved wear resistance, long-term durability and oxygen delivery
performance while lowering the firing temperature as compared to conventional

techniques.
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[DESCRIPTION]

[1nvention Title]

RAW MATERIAL COMPOSITION FOR PREPARING OXYGEN CARRIER
PARTICLES, OXYGEN CARRIER PARTICLES PREPARED BY USING SAME,

AND METHOD FOR PREPARING OXYGEN CARRIER PARTICLES

[ Technical Field)

The present invention relates to a raw material composition for preparing oxygen
carriers, oxygen carriers prepared using the same, and a method of preparing oxygen

carriers.

[ Background Art])

Duc (o the greenhouse effect caused by an increase in carbon dioxide (CO2)
concentration in the atmosphere, an average temperature of the Earth has increased and
damage by climate change is continuously occurring. Thermal power plants are point
sources of CO; emission that emit the largest amounts of anthropogenic CO..
Reduction of COz emission from thermal power plants may be achieved by carbon
capture and storage (CCS). However, when a conventional CCS technology is applied
to power plants, power generation efficiency is significantly decreased which leads to an
increase in costs for power generation. Accordingly, there is a need for a new
technology to minimize a decrease in power generation efficiency and to lower CO2
capture costs.

Chemical looping combustion (CLC) technology has gained attention as a
technology that captures CO> while reducing a penalty in power generation efficiency.

In the CLC technology, fuel combustion occurs by oxygen supplied from solid particles
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(oxygen carriers) which have metal oxides as their main components, and thus flue gas
contains water vapor and COz only. After condensing water vapor, only COz remains.
Therefore, it is possible to separate COz without separate additional capture plant. A
CLC process is consisted of two inter-connected fluidized-bed reactors, a fuel reactor
and an air reactor. In a fuel reactor, a reduction reaction of oxygen carriers occurs as
oxygen contained in the oxygen carriers is transferred to fuel. In an air reactor, the
reduced oxygen carriers are oxidized by receiving oxygen in the air and thus the oxygen
carriers are regencrated to an initial oxidized state. The overall process becomes a
circulating fluidized-bed process.

Oxygen carriers applied to such a CLC process should satisfy various conditions
required for fluidized bed process. The oxygen carriers should have physical properties
suitable for a fluidized bed process. That is, the oxygen carriers should have sufficient
strength and spherical shape, a packing density or tapped density, an average particle size,
and a particle size distribution suitable for fluidization. In addition, in terms of
reactivity, the oxygen carriers should have high oxygen transfer capacity so that the
oxygen carriers are able to supply sufficient oxygen required for complete fuel
combustion while the fuel passes through a fuel reactor.

However, conventional oxygen carriers have a problem in that the oxygen
carriers are prepared using a method not suitable for mass prepartion, physical properties
such as the shape, strength, and density of the oxygen carriers are cither not suitable for
application to a fluidized bed process or require improvements, a support material having
a stable crystal structure is used to decrease an intensity of an interaction between metal
oxides and the support material, which increases a calcination temperature for obtaining

sufficient strength and degrades oxygen transfer performance, fluidization does not occur
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due to an agglomeration phenomenon between the oxygen carriers during a reaction, or
content of metal oxides is low and thus the oxygen transfer capacity is low.

Therefore, there is a need for development of oxygen carriers which have
sufficient strength and physical properties suitable for a fluidized bed process, suppress
an agglomeration phenomenon between the oxygen carriers that may occur during a
reaction in an oxidation-reduction cycle, do not cause significant degradation of oxygen
transfer performance even during calcination at a high temperature, and are capable of

lowering a calcination temperature.

[Disclosure]

[ Technical Problem]

One object of the present invention is to provide a raw material composition for
preparing oxygen carriers having physical properties, including strength, suitable for a
fluidized bed process and having improved attrition resistance, long-term durability, and
oxygen transfer performance while reducing a calcination temperature as compared with
the prior art.

Another object of the present invention is to provide oxygen carriers and a
method of preparing the same in which the above-described raw material composition is
used to prepare a uniformly dispersed, stable fluidic colloidal slurry, and the fluidic
colloidal slurry is used to preparc oxygen carriers having excellent attrition resistance
and oxygen transfer performance at a lower calcination temperature as compared with
the prior art while having a shape, a particle size, a particle size distribution, and
mechanical strength or attrition resistance suitable for a chemical looping combustion

(CLC) circulating fluidized bed process.
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Still another object of the present invention is to provide a chemical looping
combustion (CLC) method in which, while a fuel is effectively combusted using the
above-described oxygen cartiers, carbon dioxide (CO2) generated by the combustion is
internally captured within the boiler, and, while oxygen carrier inventory in a CLC
process and a makeup quantity to compensate for attrition loss which occurs during a
long-term operation are reduced, a decrease in thermal efficiency of a system due to CO2

capturc is lessened.

[Technical Solution]

An embodiment of the present invention relates to a raw material composition for
preparing oxygen carriers, the raw material composition including a first component
which is one or more of nickel oxide and nickel hydroxide and a second component
which is one or more of boehmite, cerium oxide, cerium hydroxide, magnesium oxide,
magnesium hydroxide, and titanium oxide, wherein, when the first component is nickel
oxide, the second component includes cerium hydroxide.

The raw material composition for preparing oxygen carriers may include 55
weight% to 80 weight% nickel hydroxide, 15 weight% to 40 weight% boehmite, and 3
weight% to 15 weight5 magnesium oxide or magnesium hydroxide.

The raw material composition for preparing oxygen carriers may include 55
weight% to 75 weight% nickel oxide and 25 weight% to 45 weight% cerium hydroxide.

The raw malerial composition for preparing oxygen cartiers may include 55
weight% to 80 weight% nickel hydroxide, 5 weight% to 35 weight% boehmite, 3
weight% to 20 weight% cerium oxide or cerium hydroxide, 3 weight% to 15 weight%
magnesium oxide or magnesium hydroxide, and 0 weight% to 15 weight% titanium

oxide.
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The nickel oxide or mickel hydroxide may have an average particle size in the
range of greater than 0 to 5 pm and a purity of 98% or higher.

The bochmite may be in the form of a powder or sol and may have an average
particle size in the range of greater than 0 to 5 um in which the boehmite is dispersed in
a solvent and a purity of 98% or higher in a state.

The cerium oxide or cerium hydroxide may have an average particle size in the
range of greater than O to 5 um and a purity of 98% or higher.

The magnesium oxide or magnesium hydroxide may have an average particle
size in the range of greater than 0 to 5 um and a purity of 97% or higher.

The titanium oxide may have an average particle size in the range of greater than
0 to 5 um and a purity of 95% or higher.

Another embodiment of the present invention relates to oxygen carriers which are
formed from the above-described raw material composition for preparing oxygen carriers
and which include nickel oxide.

The oxygen carriers may be subjected to a attrition test for 5 hours at a flow rate
of 10.00 I/min (273.15 K, 1 bar) according to ASTM D5757-95 from the American
Society for Testing Materials (ASTM) using a attrition tester, and then a attrition index
indicated using Equation 1 below may be 20% or lower.

[Equation 1]

Al(%) = [(W2)/(W1)]X100%

In Equation 1, W1 represents a weight in g of a sample before the attrition test,
and W2 represents a weight in g of fine particles captured during the 5 hours of the

attrition test.

Date Regue/Date Received 2022-09-16
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The oxygen carriers may have a shape of spherical non-blowholes, an average
particle size in the range of 60 um to 150 pm, a particle size distribution in the range of
30 pm to 400 um, and a packing density in the range of 1.0 g/ml to 4.0 g/ml.

An oxygen transfer capacity of the oxygen carriers may be in the range of 8
weight% to 25 weight% based on the total weight of the oxygen carriers.

Still another embodiment of the present invention relates to a method of
preparing oxygen carriers, the method including: (A) preparing a shury for preparing
oxygen carriers by mixing a solvent with the raw material composition for preparing
oxygen carriers; (B) stirring the shurry to prepare a homogenized slurry; (C) spray-drying
the homogenized slurry to form solid particles; and (D) drying and calcining the formed
solid particles to prepare oxygen carriers.

In the (A) preparing the slurry for preparing oxygen carriers, the raw material
composiiton for preparing oxygen carriers and the solvent may be mixed at a weight
ratio of 15 to 60:40 to 85, and the solvent may be water.

In the (A) preparing the slurry for preparing oxygen carriers, the slurry may
further include one or more additives of a dispersant, a defoamer, and an organic binder.

The dispersant may include one or more of an anionic surfactant, a cationic
surfactant, an amphoteric surfactant, and a nonionic surfactant.

The anionic surfactant may include one or more of a poly-carboxylate salt and a
poly-carboxylate amine salt.

The defoamer may include one or more of a silicone-based defoamer, a metal
soap-based defoamer, an amide-based defoamer, a polyether-based defoamer, a
polyester-based defoamer, a polyglycol-based defoamer, and an alcohol-based defoamer.

The organic binder may include one or more of a polyvinyl alcohol, polyethylene

glycol, and methylcellulose.

Date Regue/Date Received 2020-05-13
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The additives may include all of the dispersant, the defoamer, and the organic
binder, and the dispersant is present in an amount of 0.01 to 5.0 parts by weight, the
defoamer is present in an amount of 0.01 to 1.0 parts by weight, and the organic binder is
present in an amount of 1.0 to 5.0 parts by weight based on 100 parts by weight of the
raw material composition for preparing oxygen carriers.

The (B) stirring of the slurry to prepare the homogenized slurry may further
include removing foreign substances from the stirred and milled slurry.

The (C) spray-drying of the homogenized slurry to form the solid particles
comprises pumping the homogenized slurry into a spray-dryer and spraying while
maintaining an inlet air temperature in the range of 260 °C to 300 °C and an outlet air
temperature in the range of 90 °C to 150 °C to form the solid particles.

The (D) drying and calcining the formed solid particles to prepare oxygen
carriers may include drying the formed solid particles at 110 °C to 150 °C for 2 to 24
hours, putting the dried solid particles in a calcination furnace, and elevating a
temperature therein to a temperature in the range of 1000 °C to 1450 °C at a rate in the
range of 1 °C/min to 5 °C/min to calcine the dried solid particles for 2 to 10 hours.

Yet another embodiment of the present invention relates to a chemical looping
combustion (CLC) method including contacting the above-described oxygen carriers
with a fuel so that the oxygen carriers are reduced and the fuel is combusted, and
contacting the reduced oxygen carriers with oxygen so that the oxygen carriers are

regenerated,

[ Advantageous Effects]

The present invention can provide a raw material composition for preparing

oxygen carriers having physical properties, including strength, suitable for a fluidized
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bed process and having improved attrition resistance, long-term durability, and oxygen
transfer performance while a calcination temperature is lowered as compared with the
prior art. Also, the present invention can provide oxygen carriers and a method of
preparing the same in which the above-described raw material composition is used to
prepare oxygen carriers having excellent attrition resistance, long-term durability, and
oxygen transfer performance while having a shape, a particle size, a particle size
distribution, and a mechanical strength or attrition resistance suitable for a chemical
looping combustion (CLC) circulating fluidized bed process. In addition, the present
invention can provide a CLC method in which, while oxygen carrier inventory in a CLC
process and a makeup quantity to compensate for attrition loss which occurs during a
long-term operation are reduced using the above-described oxygen carriers, a decrease in

thermal efficiency of a system due to CO2 capture is lessened.

[ Description of Drawings]

FIG. 1 is a flowchart illustrating a method of preparing oxygen carriers according
to an embodiment of the present invention.

FIG. 2 is a flowchart illustrating steps (A) and (B) of the method of preparing
oxygen carriers of the present invention.

FIG. 3 is a flowchart illustrating step (C) of the method of preparing oxygen
carriers of the present invention.

FIG. 4 is a flowchart illustrating step (D) of the method of preparing oxygen
carriers of the present invention.

FIG. 5 is a schematic diagram of a chemical looping combustion (CLC) method

according to an embodiment of the present invention.
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[ Best Mode of the Invention]

<Raw material composition for preparing oxygen carriers>

An embodiment of the present invention relates to a raw material composition for
preparing oxygen carriers, the raw material composition including a first component
which is one or more of nickel oxide and nickel hydroxide and a second component
which is one or more of boehmite, cerium oxide, cerium hydroxide, magnesium oxide,
magnesium hydroxide, and titanium oxide, wherein, when the first component is nickel
oxide, the second component includes cerium hydroxide.

Such a raw material composition for preparing oxygen carriers of the present
invention is formed into oxygen carriers according to an oxygen carrier preparing
method, which will be described below, by adjusting the composition, formulation of
raw materials, and degree of homogenization. Then, it is possible to prepare oxygen
carriers having physical properties such as a shape, a particle size, and a particle
distribution suitable for a fluidized bed process and having improved attrition-resistance,
long-term durability, and oxygen transfer performance while a calcination tcmperaturc is
lowered as compared with the prior art.

In addition, the oxygen carriers prepared by the suggested raw material
composition for preparing oxygen carriers have an excellent characteristic of transferring
oxygen for both solid fuels and gas fuels such as liquefied natural gas, shale gas, and
synihetic gas and being rapidly regenerated by obtaining oxygen from a gas containing
oxygen such as air, and the oxygen carriers may be repeatedly used continuously.
Accordingly, when the oxygen carriers are applied to a chemical looping combustion

process (CLC process), it is possible to reduce the an oxygen carrier inventory and a
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makeup quantity for attrition loss during a long-term operation.Thereby, thc CLC
process can be more compact and more economical.

The raw material composition for preparing oxygen carriers of the present
invention includes one or more active raw materials of nickel oxide (NiO) and nickel
hydroxide (Ni(OH).) as a first component.

When nickel oxide is applied to CLC process or the like, the nickel oxide serves
to transfer oxygen to a fuel so that the nickel oxide itself is reduced while the fuel is
efficiently combusted and the reduced nickel serves to receive oxygen from the air again
to be regenerated.

The nickel oxide may be industrial nickel oxide whose average particle size is in
the range of greater than O to 5 pm, specifically, in the range of greater than 0 to 4 pm.
In such a range, sufficient mechanical strength suitable for use in a fluidized bed process
may be obtained even at a lower calcination temperature, and the degree of dispersion in
the oxygen carrier may be made more uniform.

The nickel oxide may include various precursors thereof which may be converted
to nickel oxide.

The nickel oxide may have a purity of 98% or higher, e.g., a purity of 99% or
highcr. In such a range, the strength and oxygen transfer capacity of thc oxygen
carriers may be further improved.,

Nickel hydroxide becomes nickel oxide (NiO) as water is discharged from the
nickel hydroxide in a calcination process when the oxygen carriers are prepared. When
the nickel oxide formed from the nickel hydroxide is applied to the CLC process or the
like, the nickel oxide serves to transfer oxygen to a fuel so that the nickel oxide itself is
reduced to nickel (Ni) while the fuel is efficiently combusted and the reduced nickel

serves to receive oxygen from the air to be regenerated.

10
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In addition, when nickel hydroxide (Ni(OH).) is used as an active raw material,
sufficient strength suitable for use in a fluidized bed process may be obtained even at a
lower calcination temperature as compared with when nickel oxide (NiO) is used, and
magnesium (Mg) content may be increased while maintaining excellent oxygen transfer
performance. Thus, there is an cffect of addressing a problem of an agglomeration
phenomenon between the oxygen carriers that may occur during a reaction in an
oxidation-reduction cycle of CLC. Also, the nickel hydroxide (Ni(OH)z) is
advantageous for allowing the shape of the oxygen carriers to be spherical.

The nickel hydroxide may be industrial nickel hydroxide whose average particle
size is in the range of greater than 0 to 5 pum), specifically, in the range of greater than 0
to 4 um. In such a range, sufficient strength suitable for use in a fluidized bed process
may be obtained even at a lower calcination temperature, and the degree of dispersion
may be made more uniform.

The nickel hydroxide may have a purity of 98% or higher, e.g., a purity of 99%
or higher. In such a range, the strength and oxygen transfer capacity of the oxygen
carriers may be further improved.

The raw material composition for preparing oxygen carriers of the present
invention may use nickel oxide or nickel hydroxide alone or in combination with other
metal oxides.

Types of metal oxides that may be used in combination with one or more of the
nickel oxide (NiO) and nickel hydroxide (Ni(OH)2) are not particularly limited.
Specifically, examples of the metal oxides include copper-based oxides including copper
oxides (CuQ, Cuz0), iron-based oxides including iron oxides (FeO, Fez20s, Fe3O4),
manganese-based oxides including manganese oxides (MnO, MnO2z, Mn203, Mn30a),

and cobalt-based oxides including cobalt oxides (Ca0, Co304).
11
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The content of one or more of the nickel oxide and nickel hydroxide may be 55
weight% to 80 weight%, e.g., 55 weight% to 80 weight%, 55 weight% to 75 weight%,
60 weight% to 70 weight%, based on the total raw material composition for preparing
oxygen carriers. Also, when the nickel oxide and nickel hydroxide are used in
combination, the content refers to a sum of weights of the nickel oxide and nickel
hydroxide. In the above content range, the oxygen carriers may have improved oxygen
transfer capacity and excellent physical properties such as high attrition resistance of the
oxygen carriers after calcination, and a sintering phenomenon between nickel oxide
(NiO) grains in the oxygen carriers may be suppressed during calcination process.

The raw material composition for preparing oxygen carriers of the present
invention includes one or more raw support materials of boehmite (AIOOH), cerium
oxide, cerium hydroxide, magnesium oxide, magnesium hydroxide, and titanium oxide
as a second component.

The boehmite (AIOOH) may support nickel oxide or mickel oxide formed from
nickel hydroxide during a calcination process to be evenly distributed throughout the
oxygen carriers so that utilization of active components is improved, may provide a
porous structure required for diffusion of a reaction gas, and simultaneously serve as an
inorganic binder to provide sufficient strength to the oxygen carriers after calcination.
That is, bochmite may simultaneously perform a function of supporting nickel oxide or
nickel oxide generated from nickel hydroxide and serve as an inorganic binder that binds
to one another during calcination to give strength to the oxygen carriers.

In addition, the boehmite may serve to suppress agglomeration between oxygen
carrier particles while the oxygen carricrs repeat an oxidation-reduction cycle at a high
temperature, may serve to suppress a sintering phenomenon of grains of an active

material (NiO), and may serve to create a path between the outside of the oxygen carriers
12
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and the active material so that gases before and after a reaction may easily enter and exit
(be diffused) therebetween.

The boehmite is structurally unstable as compared with gamma alumina or alpha
alumina. Due to such a characteristic, as water (H:0) is discharged from the boehmite
according to a temperature increases during calcination, the boehmite is transformed to
gamma alumina or alpha alumina, and in this process, the boehmite forms pores and
binds to one another. Therefore, the boehmite has an advantage of being able to give
higher strength and higher porosity to the oxygen carriers at a relatively lower
calcination temperature.

The boehmite may be in the form of a powder or sol and may have an average
particle size in the range of greater than O to 5 pm, e.g., in the range of greater thanQ to 1
pm in a state in which the boehmite is dispersed in a solvent and a purity of 98% or
higher. In such ranges, sufficient strength suitable for use in a fluidized bed process
may be obtained even at a lower calcination temperature, and the degree of dispersion of
active materials in the oxygen carriers may be made more uniform.

Forms in which the boehmite is supplied are not limited. For example, the
boehmite may be boehmite in the form of a sol that is mixed in a solvent or may be
boehmite supplied in the form of a solid powder. In such cases, the finally prepared
oxygen carriers may have characteristics more suitable for a fluidized bed process and
have excellent strength at a lower calcination temperature.

The content of the boehmite may be 5 weight% to 40 weight%, e.g., 5 weight%
to 35 weight% or 15 weight% to 40 weight%, based on the total raw material
composition for preparing oxygen carriers. In the above content range, the sintering
phenomenon between active materials in the oxygen carriers may be more efficiently

prevented such that the oxygen transfer capacity of the oxygen carriers is improved.
13
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The cerium oxide (CeO2) or cerium hydroxide (Ce(OH)s) becomes cerium oxide
(Ce02) as waler is discharged from the cerium hydroxide during a calcination process
when the oxygen carriers are prepared. In this process, the cerium oxide may support
nickel oxide particles, which are active components, to be evenly distributed throughout
the oxygen carriers so that utilization of the active components is improved and may
accelerate oxygen transfer. Further, since the cerium oxide itself has a function of
exchanging oxygen, the cerium oxide improves the oxygen transfer capacity. Also, the
cerium hydroxide may allow the shape of the oxygen carriers to be spherical.

In addition, the cerium oxide (CeOz) or cerium hydroxide (Ce(OH)s) may also
simultaneously serve as an inorganic binder to provide sufficient strength for a fluidized
bed process, to the oxygen carriers after calcination.

That is, cerium oxide (CeOz) or cerium hydroxide (Ce(OH)s) may simultaneously
perform a function of supporting metal oxides, i.e., active materials (nickel oxides), an
inorganic binder and an oxygen transfer accelerator.

In addition, the cerium oxide (CeQO2) or cerium hydroxide (Ce(OH)s) may serve
to suppress a phenomenon in which the oxygen carriers agglomerate with each other
while the oxygen carriers repeat an oxidation-reduction cycle at a high temperature, may
serve to suppress a sintering phenomenon of grains of an active material (NiO), and may
serve to create a path between the outside of the oxygen carriers and the active material
so that gases before and after a reaction may easily enter and exit (be diffused)
therebetween.

The content of the cerium oxide (CeO2) or cerium hydroxide (Ce(OH)4) may be 3
weight% to 45 weight%, c.g., 3 weight% to 20 weight%. 25 weight% to 45 weight%,
based on the total raw malerial composition for preparing oxygen carriers. In such a

content range, the effects of increasing porosity, improving physical properties, and

14
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preventing the sintering phenomenon of active materials in the oxygen carriers may be
further enhanced. Also, in such a content range, the oxygen transfer capacity may be
further increased, and by decreasing an intensity of an interaction between active
components in the calcination process of the oxygen carriers, the oxygen transfer
capacity may be further improved.

The cerium oxide or cerium hydroxide may have an average particle size in the
range of greater than 0 1o 5 pum in a state in which the cerium oxide or cerium hydroxide
is dispersed in a solvent and a purity of 98% or higher. In such ranges, sufficient
strength suitable for use in a fluidized bed process may be obtained at a lower calcination
temperature, and the degree of dispersion of active materials in the oxygen carriers may
be made more uniform.

Forms in which the cerium oxide or cerium hydroxide is supplied are not limited.
For example, the cerium oxide or cerium hydroxide may be supplied in the form of a
solid powder. In such a case, the finally prepared oxygen carriers may have
characteristics more suitable for a fluidized bed process and have excellent strength at a
lower calcination temperature.

In the raw material composition for preparing oxygen carriers of the present
invention, the magnesium oxide (MgO) or magnesium hydroxide (Mg(OH)2) may serve
to give porosity and strength to oxygen carriers while binding to one another or binding
to bochmite, which is a raw support material used in combination therewith, during a
calcination process.

The magnesium hydroxide (Mg(OH)z) may be transformed to magnesium oxide
(Mg0) as water is discharged therefrom according to a temperature increases during
calcination, and the magnesium hydroxide (Mg(OH),) particles may bind to one another

or bind to boehmite which is used in combination with the magnesium hydroxide
15
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(Mg(OH)z) as a support material. Accordingly, as compared with the prior art in which
oxygen carriers are preparcd using a raw material composition including alpha-alumina
or magnesium aluminate, oxygen carriers of the present invention may have sufficient
strength for a fluidized bed process while lowering calcination temperature.

In the present invention, by a method of adding magnesium oxide (MgO) or
magnesium hydroxide (Mg(OH)2), a magnesium (Mg) component is added to oxygen
carriers. In such a case, when the oxygen carriers are applied to the CLC process, it is
possible to achieve an effect of addressing a problem of agglomeration between oxygen
carriers that may occur during a cyclic oxidation-reduction reaction.

The magnesium oxide or magnesium hydroxide may have an average particle
size in the range of greater than 0 to 5 um and a purity of 97% or higher. In such
ranges, sufficient strength suitable for use in a fluidized bed process may be obtained at
an lower calcination temperature, and the degree of dispersion in the oxygen carrier may
be made more uniform.

The content of magnesium oxide (MgO) or magnesium hydroxide (Mg(OH)z)
may be 3 weight% to 15 weight% based on the total weight of the raw material
composition for preparing oxygen carriers. When the content of the magnesium oxide
(MgO) or magnesium hydroxide (Mg(OH)2) is less than 3 weight%, there are concerns
that physical properties may be degraded, e.g., the porosity may be decreased, the
agglomeration phenomenon may occur between oxygen carriers during a reaction in a
CLC cycle, and the sintering phenomenon may occur between active materials.
Conversely, when the content of magnesium oxide (MgO) or magnesium hydroxide
(Mg(OH).) exceeds 15 weight%, there is a concern that oxygen transfer performance
may be degraded, e.g., the oxygen transfer capacity may be decreased due to the

sintering phenomenon between active materials which occurs due to an increase in a

16



10

15

20

CA 03032070 2019-01-25

calcination temperature for obtaining strength, an oxygen transfer rate may be decreased,
or the oxygen carriers may not be regenerated to their initial state in an oxidation
reaction in which the oxygen carriers are supposed to obtain oxygen from the air to be
regenerated.

The titanium oxide may serve to give porosity and strength to oxygen carriers by
the particles binding to one another or binding to other raw materials like as boehmite,
magnesium oxide (MgO), or magnesium hydroxide (Mg(OH)2) whichused in
combination therewith, during a calcination process.

The content of the titanium oxide may be 0 weight% to 15 weight% based on the
total weight of the raw material composition for preparing oxygen carriers. When the
content of the titanium oxide exceeds 15 weight%, there is a concern that oxygen transfer
performance may be degraded, e.g., the oxygen transfer capacity may be decreased due
to the sintering phenomenon between active materials which occurs due to an increase in
a calcination temperature for obtaining strength, an oxygen transfer rate may be
decreased, or the oxygen carriers may not be regenerated to their initial state in an
oxidation reaction in which the oxygen carriers are supposed to obtain oxygen from the
air to be regenerated.

The titanium oxide may be industrial nickel oxide whose average particle size is
in the range of greater than 0 to 5 pm. In such a range, sufficient strength suitable for
use in a fluidized bed process may be obtained, and the degree of dispersion may be
made more uniform.

The titanium oxide may have a purity of 95% or higher, e.g., a purity of 98% or
higher. In such a range, the strength and oxygen transfer capacity of oxygen carriers

may be further improved.
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In a specific example, the raw material composition for preparing oxygen carriers
may include nickel hydroxide, boehmite, and magnesium oxide or magnesium hydroxide.
For example, the raw material composition for preparing oxygen carriers may include 55
weight% to 80 weight% nicke!l hydroxide, 15 weight% to 40 weight% boehmite, and 3 to
15 weight% magnesium oxide or magnesium hydroxide.

In another specific example, the raw material composition for preparing oxygen
carriers may include nickel oxide and cerium hydroxide. For example, the raw material
composition for preparing oxygen carriers may include 55 weight% to 75 weight%
nickel oxide and 25 weight% to 45 weight% cerium hydroxide.

In still another example, the raw material composition for preparing oxygen
catriers may include nickel hydroxide, boehmite, cerium oxide or cerium hydroxide,
magnesium oxide or magnesium hydroxide, and titanium oxide. For example, the raw
material composition for preparing oxygen carriers may include 55 weight% to 80
weight% nickel hydroxide, 5 weight% to 35 weight% boehmite, 3 weight% to 20
weight% cerium oxide or cerium hydroxide, 3 weight% to 15 weight% magnesium oxide

or magnesium hydroxide, and 0 weight% to 15 weight% titanium oxide.

<0Oxygen carriers>

Another embodiment of the present invention relates to oxygen carriers
containing nickel oxide which are formed from the above-described raw material
composition for preparing oxygen carriers, the raw material composition including a first
component which is one or more of nickel oxide and nickel hydroxide and a second
component which is onc or more of boehmite, cerium oxide, cerium hydroxide,
magnesium oxide, magnesium hydroxide, avnd titanium oxide, wherein, when the first

component is nickel oxide, the second component includes cerium hydroxide.
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In this way, the oxygen carriers of the present invention have excellent oxygen
transfer rate, oxygen transfer capacity, and durability due to compositions and structural
characteristics of the used components. Also, when such oxygen carriers are applied to
a CLC process and a CLC apparatus, oxygen carrier inventory and attrition loss may be
reduced.

The oxygen carriers may be used for CLC of solid fuels as well as gas fuels and
may also be effectively used in partial oxidation of a fuel, reforming of a fuel, and
hydrogen prepartion.

In addition, in the oxygen carriers of the present invention, since solid raw
materials milled in an average size of 5 um or smaller, e.g., in an average size of 1 pm or
smaller, are stably and evenly dispersed in a slurry state, oxygen carriers which are
finally obtained by calcination have excellent long-term durability, have a spherical
shape, a particle size, a particle size distribution, a packing density, and a strength
suitable for a fluidized bed process, and have a low calcination temperature and excellent
oxygen transfer performance.

When such high-performance oxygen carriers are applied to the CLC process,
CO> may be internally captured within the boiler while reducing a decrease in thermal
efficiency of a system caused by CO: capture as compared with a conventional
combustion method requiring separate CO- capture plant.

The oxygen carriers may be subjected to a attrition test for 5 hours at a flow rate
of 10.00 I/min (273.15 K, 1 bar) according to ASTM D5757-95 using a attrition tester,
and then a attrition index indicated using Equation 1 below may be 20% or lower, e.g.,
18% or lower, 15% or lower, or 10% or lower.

[Equation 1]

Al(%) = [(W2)/(W1)]X100%
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In Equation 1, W1 represents a weight in g of a sample before the attrition test,
and W2 represents a weight in g of fine particles captured during the 5 hours of the
attrition test.

The lower limit of the attrition index is not particularly limited, and it is
preferable that the lower limit be closer to 0%. In such a range, when the oxygen
carriers are used in CLC, attrition loss is further reduced such that the quantity of oxygen
carriers that should be supplemented during a process operation may be reduced, and a
generation rate of a fine powder or the like generated during the process operation is
lowered. These leads that the oxygen carriers have characteristics more advantageous for
application to a circulating fluidized bed process or the like.

The oxygen carriers may have a shape of spherical non-blowholes, an average
particle size in the range of 60 pm to 150 pum, a particle size distribution in the range of
30 pm to 400 pm, and a packing density in the range of 1.0 g/ml to 4.0 g/ml, e.g., in the
range of 1.0 g/ml to 3.0 g/ml or in the range of 2.0 g/ml to 4.0 g/ml. In such a case,
when the oxygen carriers are used in CLC, attrition loss is further reduced such that the
quantity of oxygen carriers that should be supplemented during a process operation may
be reduced, and a generation rate of a fine powder or the like generated during the
process is lowered such that the oxygen carriers have characteristics more advantageous
for application to a circulating fluidized bed process or the like.

The non-blowholes are spherical shapes excluding shapes including blowholes
such as a dimple shape and a hollow shape.

Regarding the average particle size and particle size distribution of the oxygen
carriers, the average particle size may be in the range of 60 pm to 150 um, more
specifically, in the range of 70 um to 130 um, and the particle size distribution may be in

the range of 30 pm to 400 pm, more specifically, in the range of 38 pm to 350 um.
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An oxygen transfer capacity of the oxygen carriers may be in the range of 8
weight% to 25 weight%, specifically, 10 weight% to 25 weight%, and more specifically,

12.5 weight% to 20 weight%, based on the total weight of the oxygen carriers.

<Method of preparing oxygen carriers>

Still another embodiment of the present invention relates to a method of
preparing oxygen carriers, the method including: (A) preparing a slurry for preparing
oxygen carriers by mixing a solvent with the above-described raw material composition
for preparing oxygen carriers; (B) stirring the slurry to prepare a homogenized slurry; (C)
spray-drying the homogenized slurry to form solid particles; and (D) drying and
calcining the formed solid particles to prepare oxygen carriers.

The slurry for preparing the oxygen carriers may be prepared by mixing the
above-described raw material composition for preparing oxygen carriers with the solvent.

The raw material composition for preparing oxygen carriers may include a first
component which is one or more of nickel oxide and nickel hydroxide and a second
component which is one or more of boehmite, cerium oxide, cerium hydroxide,
magnesium oxide, magnesium hydroxide, and titanium oxide, wherein, when the first
component is nickel oxide, the second component includes cerium hydroxide.

In a specific example, the raw material composition for preparing oxygen carriers
may include nickel hydroxide, boehmite, and magnesium oxide or magnesium hydroxide.
For example, the raw material composition for preparing oxygen carriers may include 55
weight% to 80 weight% nickel hydroxide, 15 weight% to 40 weight% boehmite, and 3 to
15 weight% magnesium oxide or magnesium hydroxide.

In another specific example, the raw material composition for preparing oxygen

carriers may include nickel oxide and cerium hydroxide. For example, the raw material
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composition for preparing oxygen carriers may include 55 weight% to 75 weight%
nickel oxide and 25 weight% to 45 weight% cerium hydroxide.

In still another example, the raw material composition for preparing oxygen
carriers may include nickel hydroxide, boehmite, cerium oxide or cerium hydroxide,
magnesium oxide or magnesium hydroxide, and titanivm oxide. For example, the raw
material composition for preparing oxygen carriers may include 55 weight% to 80
weight% nickel hydroxide, 5 weight% to 35 weight% bochmite, 3 weight% to 20
weight% cerium oxide or cerium hydroxide, 3 weight% to 15 weight% magnesium oxide
or magnesium hydroxide, and 0 weight% to 15 weight% titanium oxide.

In the (A) preparing the slurry for preparing oxygen carriers, the slurry for
preparing oxygen carriers is prepared by mixing the solvent with the above-described
raw material composition for preparing oxygen carriers of the present invention.

The raw material composition for preparing oxygen carriers and the solvent may
be mixed at a weight ratio of 15 to 60:40 to 85, e.g., 15 to 50:50 to 85 or 20 to 60:40 to
80. In such a range, the quantity of the solvent that should be evaporated during the
spray-drying and the solid content in the slurry are maintained in an appropriate range.
Therefore, a viscosity is maintained in an appropriate range such that fluidity is
improved, milling is further facilitated during homogenization, and excellent prepartion
efficiency may be achieved,

Types of the solvent are not particularly limited, and any soivent commonly used
in the art may be used as the solvent. Specifically, water may be used as the solvent.
In such a case, operability and prepartion efficiency may be further improved in the
homogenization and calcination process.

In the (A) preparing the slurry for preparing oxygen carriers, the slurry may

further include one or more additives of a dispersant, a defoamer, and an organic binder.
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Specifically, the additives may be added to the above-described solvent in
advance and then mixed with the raw material composition for preparing oxygen carriers.
In such a case, dispersibility and mixability of the raw material composition for
preparing oxygen carriers may be further improved.

The dispersant may prevent a phenomenon in which components included in the
raw material composition for preparing oxygen carriers agglomerate during milling of
the slurry which will be described below. Also, the dispersant may further improve
efficiency of controlling particle sizes of raw material components constituting oxygen
carriers in the homogenizing process.

Specifically, one or more of an anionic surfactant, a cationic surfactant, and a
nonionic surfactant may be used as the dispersant. For example, the anionic surfactant
may be poly-carboxylate ammonium salts, poly-carboxylate amine salts, or the like. In
such a case, functions of controlling charges on a particle surface and controlling
dispersion and agglomeration of the raw materials may be further improved by using the
dispersant, and the slurry may be allowed to have a high sclid content.

In addition, the dispersant may improve efficiency in which a formed prepart
(oxygen carrier assembly), i.c., a green body, generated by spray-drying the slurry is
prepared in a spherical shape excluding a donut shape, a dimple shape, and a blowhole
shape.

The content of the dispersant may be 0.01 parts by weight to 5 parts by weight
based on 100 parts by weight of the raw material composition for preparing oxygen
carriers. In such a range, a dispersion effect of raw materials may be superior.

The defoamer may be used to remove foam of the slurry to which the dispersant

and organic binder are applied.
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Specifically, the defoamer may include one or more of a silicone-based defoamer,
a metal soap-based defoamer, an amide-based defoamer, a polyether-based defoamer, a
polyester-based defoamer, a polyglycol-based defoamer, and an alcohol-based defoamer.
In such a case, compatibility of the defoamer may be superior.

The content of the defoamer may be 0.01 parts by weight to 1.0 parts by weight
based on 100 parts by weight of the raw material composition for preparing oxygen
carriers. In such a range, foam generation during the process of preparing the slurry
may be reduced, the efficiency of preparing spherical oxygen carriers during the spray-
drying may be further improved, and the content of residual ash after calcination may be
reduced so that the oxygen transfer capacity is further improved. More specifically, the
content of the defoamer may be increased or decreased according to a quantity of
generated foam.

The organic binder may be added during the preparing the slurry to give plasticity
and fluidity to the slurry and, ultimately, to give strength to oxygen carriers assembled
by the spray-drying and forming. In this way, handling of the assembly, i.e., the green
body, may be facilitated before pre-drying and calcination.

Specifically, one or more of a polyvinyl alcohol, polyethylene glycol, and
methylcellulose may be used as the organic binder.

The content of the organic binder may be 1 part by weight to 5 weight% based on
100 weight% of the raw material composition for preparing oxygen carriers. Insuch a
range, a binding force between solid particles formed by the spray-draying is improved
such that a characteristic of maintaining the spherical shape before drying and
calcination may be improved, and content of residual ash after calcination is reduced so

that the oxygen transfer capacity is further improved.
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In a specific example, the additives may include all of the dispersant, the
defoamer, and the organic binder, and 0.01 to 5.0 parts by weight of the dispersant, 0.01
to 1.0 parts by weight of the defoamer, and 1.0 to 5.0 parts by weight of the organic
binder based on 100 parts by weight of the raw material composition for producing
oxygen carriers may be added as additives to the slurry. In such a case, it is
advantageous for controlling the average particle size, particle size distribution, and
shape of the oxygen carriers while further improving the oxygen transfer capacity of the
oxygen carriers.

The slurry may be a fluidic colloidal slurry. In such a case, operability and
prepartion efficiency may be further improved in the homogenization and calcination
process.

The (B) stirring of the slurry to prepare the homogenized slurry may include
stirring the previously prepared slurry using a stirrer and milling the slurry to
homogenize. In such a case, an ability to control homogenization characteristics of the
slurry, the concentration, viscosity, stability, and fluidity of the slurry, and the strength,
density, and the like of particles after the spray-drying may be further improved.

The stirring may be performed in a process in which components to be included
in the mixture are being added to the mixture or may be performed after all of the
components to be included in the mixture have been added to the mixture. In this case,
for example, the stirring may be performed using a stirrer.

Specifically, the slurry prepared by mixing the solvent and/or the additives and
the raw material composition for preparing oxygen carriers may be stirred and then
milled using a mill. In this way, the particle size in the slurry may become several

microns (pm) or less. Since particles milled in this process are more uniformly
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dispersed in the slurry, and agglomeration of the particles in the slurry is suppressed, a
homogenized and stable slurry may be prepared.

The milling process may be repeated several times as necessary, and the
dispersant and the defoamer may be added between individual milling processes to
control fluidity of the slurry.

For example, a wet milling method may be used as a milling method. Insucha
case, the milling effect may be improved, and problems such as dust scattering that
occurs during dry milling may be addressed, Meanwhile, when a particie diameter of
the raw material composition is several microns or less, a separate milling process may
also be omitted.

In the present invention, removing foreign substances from the stirred and milled
slurry may be further performed. In this step, foreign substances or a lump of raw
materials that may become a cause of nozzle blockage or the like during the spray drying
may be removed. For example, the removal of foreign substances may be performed by
sieving.

There is no particular limitation on fluidity of the homogenized slurry. The
homogenized slurry may have any level of viscosity as long as the homogenized slurry
may be fed through a pump.

The (C) spray-drying of the homogenized slurry to form the solid particles
comprises pumping the homogenized slurry into a spray-dryer and spraying while
maintaining an inlet air temperature in the range of 260 °C to 300 °C and an outlet air
temperature in the range of 90 °C to 150 °C to form the solid particles.

The forming of the homogenized slurry into the solid particles may be performed

using the spray-dryer. Specifically, the homogenized slurry may be fed to the spray-
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dryer through a pump, and then the fed slurry may be sprayed into the spray-dryer to
form the solid particles.

Adding an organic binder may be advantageous for maintaining the spherical
shape of the particles during the spray-drying step.

Operational conditions commonly used in the art may be applied for forming the
oxygen carriers using the spray-dryer.

More specifically, the oxygen carriers may be formed by spraying the fluidic
homogenized slurry using a countercurrent flow type spraying method in which the
fluidic homogenized slurry is sprayed through a centrifugal pressure nozzle in a direction
opposite to the flow of drying air.

In this case, the inlet air temperature of the dryer may be maintained in the range
of 260 °C to 300 °C, and the outlet air temperature thereof may be maintained in the
range of 90 °C to 150 °C. In such temperature ranges, the efficiency of preparing
spherical oxygen carriers may be further improved.

The (D) drying and calcining the formed solid particles to prepare oxygen
carriers may include drying the formed solid particles at 110 °C to 150 °C for 2 to 24
hours, putting the dried solid particles in a calcination furnace, and elevating a
temperature therein to a temperature in the range of 1000 °C to 1450 °C at a rate in the
range of 1 °C/min to 5 °C/min to calcine the dried solid particles for 2 to 10 hours.

When the drying is performed under the above temperature and time conditions,
cracking by moisture expansion during calcination may be prevented. In this case, the
drying may be performed in an air atmosphere.

When the drying is completed, the dried particles may be put in the calcination
furnace, the final calcination temperature may be elevated to a temperature in the range

of 1000 °C to 1450 °C, ¢.g., in the range of 1000 °C to 1250 °C, 1100 °C to 1300 °C, or
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1350 °C to 1450 °C, and then the dried particles may be calcined for 2 to 10 hours, e.g.,
3 to 10 hours. In such a calcination time range, it is possible to prevent weakening of
the strength of the particles or an excessive increase in calcination costs. In such a case,
due to the calcination, organic additives (dispersant, defoamer, and organic binder)
added during the preparing the slurry are combusted, and binding occurs between the
raw materials such that the strength of the particles is improved. Also, in the above
calcination temperature range, the oxygen transfer capacity may be sufficiently improved
while a decrease in the strength of the oxygen carriers by an insufficient calcination
temperature is prevented.

More specifically, the calcination may be performed using a method in which a
stagnation interval of 30 minutes or more is assigned at each of two or more stages of
constant temperatures until the final calcination temperature is reached. In such a case,
destruction of the shape of particles due to moisture evaporation and a gas gencrated by
combustion of organic additives inside the oxygen carriers may be prevented.

The calcination may be performed using a calcination furnace such as a muffle
furnace, a tubular furnace, or a kiln.

Hereinafter, the present invention will be described in more detail using examples
according to the present invention and comparative examples with reference to the
accompanying drawings so that those of ordinary skill in the art to which the present
invention pertains may casily practice the present invention. However, the scope of the
present invention is not limited to the examples given below.

FIG. 1 is a process chart schematically illustrating an oxygen carrier preparing
method (S100) using the oxygen carrier raw material composition according to the
present invention. As illustrated in FIG. 1, the oxygen carrier preparing method

includes (A) mixing a solvent with the raw materials for preparing oxygen carriers; (B)
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preparing a homogenized slurry by milling and dispersing a slurry prepared by the
mixing; (C) spray-drying the homogenized slurry to form solid particles; and (D) drying
and calcining the formed and prepared solid particles (green body of the oxygen carriers)
to prepare the oxygen carriers.

FIG. 2 is a process chart illustrating an exemplary process of preparing a mixture
of a raw material composition and water into a slurry. As illustrated in FIG. 2,
preparing a slurry may include adding an additive to water (S11), mixing solid raw
materials with the water ($12), adding organic additives to the mixture (521), and
milling and dispersing a slurry prepared by the mixing to homogenize the slurry and
prepare a dispersed slurry (S22) and may further include removing foreign substances
included in the slurry (823).

FIG. 3 is a process chart illustrating an exemplary process of forming oxygen
carriers by spray-drying a slurry.  As illustrated in FIG. 3, forming oxygen carriers by
spray-drying a slurry ($30) may include feeding the slurry to a spray-dryer (S31) and
forming oxygen carriers by spraying the fed slurry into hot air chamber of the spray-
dryer (832).

FIG. 4 is a process chart illustrating a process of preparing the final oxygen
carriers by drying and calcining a green body of the oxygen carriers formed using the
spray-drying method. As illustrated in FIG. 4, the green body of the formed oxygen
carriers may be subjected to a preliminary drying process (S41) and then prepared into

the final oxygen carriers through a calcination process (542).

<Chemical looping combustion (CLC) method>
Yet another embodiment of the present invention relates to a chemical looping

combustion (CLC) method including contactingthe above-described oxygen carriers with
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a fuel so that the oxygen carriers are reduced and the fuel is combusted, and contacting
the reduced oxygen carriers with oxygen so that the oxygen carriers are regenerated.

Here, the fuel is not particularly limited, and any of a solid fuel, a liquid fuel, and
a gas fuel may be used as the fuel. Preferably, the fuel may be a gas fuel. The gas
fuel used in the present invention is not particularly limited. For example, the fuel may
be one or more selected from the group consisting of methane, hydrogen, carbon
monoxide, alkanes (CaH2u+2), liquefied natural gas (LNG), and synthetic gas (syngas).

A schematic diagram of the CLC method of the present invention is shown in
FIG. 5.

When the oxygen carriers are reacted with a fuel, the oxygen carriers are reduced
while transferring oxygen to the fuel and CO2 and water are emitted. The reduced
oxygen carriers are oxidized and regenerated when reacted with oxygen again. In the
CLC method of the present invention, the above process is repeated.  Also, oxygen may
be provided to the reduced oxygen carriers by contacting the reduced oxygen carrierwith
air.

When the oxygen carriers of the present invention are applied to the CLC process,
CO; may be internally captured within the boiler while reducing a decrease in thermal
efficiency of a system caused by COz capture as compared with a conventional
combustion method requiring separate COz capture plant.. In addition, since CO; is not
captured using a solution in the CLC process, the CLC process has advantages in that the
amount of water used is small and there is almost no generation of waste water.

In addition, such a CLC method (CLC process) may be performed using a CLC
apparatus including a fuel reactor configured to cause oxygen carriers to react with a fuel

so that the oxygen carriers are reduced and the fuel is combusted; and an air reactor

30



10

15

20

25

CA 03032070 2019-01-25

configured to cause the reduced oxygen carriers to react with oxygen so that the reduced
oxygen carriers are oxidized.

Specifically, in the fuel reactor, metal oxides (MxOy) in the oxygen carriers react
with a fuel and become metal oxides (MxOy—1) in a reduced state, and fuel is combusted.
The reduced oxygen carriers move to the air reactor so that the reduced oxygen carriers
react with oxygen in the air and are oxidized again. The oxidized oxygen carriers are
circulated to the fuel reactor and repeat the above process.

The reactions in the fuel reactof and the air reactor are shown in Rcaction
Formulas 1 and 2. Reaction Formula 1 below shows the reaction in the fuel reactor,
and Reaction Formula 2 below shows the reaction occurring in the air reactor.

<Reaction Formula 1>

4M;0y + CHa ~+ 4MxOy-1 + 2H20 + CO2

<Reaction Formula 2>

MixOy-1 +0.502 — MOy

In Reaction Formulas 1 and 2, M represents a metal, and X and Y represent
propottions occupied by each element in metal oxide molecules.

Although an example in which a single oxygen atom O is transferred from a
single metal oxide molecule is shown in Reaction Formulas 1 and 2, less than one or
more than one oxygen atom may also be transferred, and in this case, Reaction Formulas

1 and 2 may be changed to correspond to the number of transferred oxygen atoms.

Examples

Hercinafter, the configurations and actions of the present invention will be
described in more detail using preferred examples of the present invention. However,

the examples given below are merely some of the examples of the present invention, and

31



10

15

20

25

CA 03032070 2019-01-25

the present invention should not be limitedly interpreted in any way according to the
examples below.
Since description not described herein may be technically inferred sufficiently

easily by those of ordinary skill in the art, description thereof will be omitted.

Example 1

Ni{OH): (purity of 98% or higher, powder form), boehmite (AIOOH) in a powder
form (purity of 99% or higher, average particle size of 1 um or less when dispersed in a
solvent), and MgO (powder form, average parlicle size of 5.5 pm, purity of 97% or
higher) were prepared. As shown in Table 1, each material was weighed (5.72 kg of
Ni(OH)z, 2.0 kg of AIOOH, 0.34 kg of Mg(OH),) corresponding to a composition ratio
(70 weight% Ni(OH)z, 25.8 weight% AlOOH, 4.2 weight% Mg(OH)) of oxygen carriers
10 be prepared(final weight after calcination at high temperature is 8 kg), so that the raw
material composition was prepared.

A dispersant (anionic surfactant) and a defoamer {metal soap-based) were added
to 40 L of distilled water and then mixed using a stirrer. The raw material composition
was added to the water mixed with organic additives. Then, to prepare a mixed slurry,
the mixture was mixed on it . The mixed slurry was milled over 3 times using a high
energy ball mill. To facilitate milling in the milling process, water and the above-
described organic additives were further added when necessary after the first milling.
After the second milling, polyethylene glycol was added, and the third milling was
performed to prepare a stable and homogenized fluidic colloidal slurry. Foreign
substances were removed from the milled slurry by sicving, and a solid concentration in
the final slurry was measured. The total amount of added additives and the measured

solid concentration in the final slurry are shown in Table 1 below.
32



10

15

20

CA 03032070 2019-01-25

The prepared colloidal slurry was fed to a spray-dryer through a pump and was
subjected to spray-drying to form the colloidal slurry into oxygen carriers. An
assembly, i.e., a green body, of the oxygen carriers formed and prepared in this way was
pre-dried for 12 hours in a dry oven at a 120 °C under air atmospherc and then was
calcined for 5 hours at a 1300 °C in a calcination furnace to prepare oxygen carriers.
Before reaching the final calcination temperature, a constant temperature zones were
assigned at 200 °C, 300 °C, 400 °C, 500 °C, 650 °C, 800 °C, and 950 °C for about 1 hour,

and a temperature elevation rate was about 5 °C/min.

Examples 2 to §

In Examples 2 to 8, oxygen carriers were prepared using the same method as in
Example 1 except that components and contents were changed as shown in Table 1
below.

In addition, in Examples 2, 4, 6, and 8, an initial amount of water added was
changed to 35 L, and boehmite in the form of a sol was used.

In addition, in Examples 3, 4, 7, and 8, Mg(OH). (powder form, average particle
diameter of 4.5 pm, purity of 98.5% or higher) was used instead of magnesia .

In addition, in Examples 5, 6, 7, and 8, raw materials were weighed and used so
that 8.4 parts by weight of a magnesium-giving raw material in the form of MgO was
included based on 100 parts by weight of a dried raw material sample assuming H,O was

discharged by high-temperature calcination.

[Table 1]
Component Exampl | Exampl | Exampl | Exampl | Exampl | Exampl | Exampl | Exampl
el €2 €3 e4d es eb e7 ed
Nickel 70 70 70 70 70 70 70 70
hydroxide
(Ni(OH)z)
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Nickel oxide
(NiO)

Boehmite 25.8 - 25.8 - 21.6 - 21.6 -
(AIOOH) in]| -

form of
powder

Boehmite - 258 - 25.8 - 21.6 - 21.6
(AIOOH) in
form of sol

Magnesium 4.2 4.2 - - 8.4 8.4 - -
oxide (MgQO)

Magnesium - - 42 4.2 - - 8.4 8.4
hydroxide

(Mg(OH))

Cerium - - - - - - - -
hydroxide
(Ce(OH)4)

Cerium oxide | - - - - - - - R
(CeOz)

Titanium - - - - - - - -

oxide (TiOz)

Total  solid | 100 100 100 100 100 100 100 100

content

Dispersant 2.6 2.7 1.6 1.7 1.7 1.7 1.6 1.7

Defoamer 0.6 0.6 0.6 0.7 0.7 0.7 0.6 0.7

Organic 3.1 3.2 32 3.4 3.3 3.4 3.2 3.3
binder

Solid 17 19.8 18.9 18.4 184 19.5 18 16.7
concentration
in slurry

(In Table 1 above, a unit of each component included in oxygen carriers is parts
by weight and is based on solid samples. The content of nickel hydroxide or nickel
oxide is based on the form of NiO after drying and calcination. The content of
boehmite in the form of a powder or sol is based on the form of Al;O3 after drying and
calcination. The content of magnesium hydroxide or magnesium oxide is based on the

form of MgO after drying and calcination.)
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In Comparative Examples 1 to 5, oxygen carriers were prepared using the same

method as in Example 1 except that components and contents were changed as shown in

Table 2 below.

In addition, nickel oxide (NiO) was used as an active raw material that exchanges

oXygen.

In addition, to compare performance of particles exhibited when oxygen carriers

are prepared by using the raw support materials of the prior art which use alumina and

magnesium-containing raw materials with performance of particles in Examples of the

present invention, raw material compositions of Comparative Examples 1 to 5 were

designed by selecting gamma alumina, alpha alumina, magnesia, and magnesium

aluminate and using combinations thereof.

[Table 2]

Component

Comparative
Example 1

Comparative

Example 2

Comparative
Example 3

Comparative
Example 4

Comparative
Example 5

Nickel
hydroxide
(Ni(OH),)

Nickel
(NiO)

oxide

70

70

70

70

70

Bochmite
(AIOOH) in
form of powder

Boehmite
(AIOOH) in

form of sol

Gamma
alumina (v-
Al;O3)

258

216

Alpha alumina
(0-Al203)

25.8

21.6

Magnesium
oxide (MgO)

4.2

84

4.2

8.4
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Magncsiﬁm - - - - -
hydroxide

(Mg(OH)y)

Magnesium - - - - 30
aluminate

(MgAl,04)

Cerium - - - - -
hydroxide
(Ce(OH)y)

Cerium oxide | - - - - -
(CeO2)

Titanium oxide | - - - - _
(TiOy)

Total solid | 100 100 100 100 100
content

Dispersant 0.2 03 0.3 03 0.2

Defoamer 0.1 0.2 0.2 0.2 0.1

Organic binder | 3.0 3.0 3.0 3.0 3.8

Solid 353 54.4 35.5 40.0 60.4
concentration
in slurry

(In Table 2, a unit of each component included in oxygen carriers is parts by

weight and is based on solid samples.)

Comparative Examples 6 to 13

In Comparative Examples 6 to 13, oxygen carriers were prepared using the same
method as in Example 1 except that components and contents were changed as shown in
Table 3 below.

In addition, in Comparative Examples 1, 3, 6, 7, 8, and 9 of Comparative
Examples 1 to 13, a content of magnesium containing raw materials was controlled so
that a magnesium content in the final oxygen carriers after calcination was maintained at
the same level as in Examples 1, 2, 3, and 4 (Mg content: about 2.5 parts by weight). In
Comparative Examples 2, 4, 5, 10, 11, 12, and 13, a content of magnesium containing

raw materials was controlled so that a magnesium content in the final oxygen carriers
36
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content: about 5.1 parts by weight).

[Table 3]

same level as in Examples 5, 6, 7, and 8 (Mg

(Unit:
parts by
weight)

Comparati
ve
Example 6

Comparati
ve
Example 7

Comparati
ve
Example 8

Comparati
ve
Example 9

Comparati
ve
Example
10

Comparati
ve
Example
11

Comparati
ve
Example
12

Comparati
ve
Example
13

Nickel
oxide
(NiO)

70

70

70

70

70

70

70

70

Bochmit
e
(AIOOH
) in form
of
powder

258

258

21.6

21.6

Boehmit
e
(AIOOH
) in form
of sol

258

25.8

21.6

21.6

Gamma
alumina
(v-
Al;O3)

Alpha
alumina
(-
Al20r)

Magnesi
a (MgO)

42

42

8.4

8.4

Magnesi
um
hydroxi
de
(Mg(OH
)2)

4.2

8.4

8.4

Magnesi
um
aluminat

[
(MgAl
0.)
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Total 100 100 100 100 100 100 100 100
solid
content

Dispersa | 0.7 0.8 1.3 13 14 0.6 1.3 1.0
nt

Defoam | 0.4 0.4 0.5 04 04 0.4 0.5 0.5
er

Organic | 2.9 3.0 2.8 2.9 29 3.0 2.8 2.9
binder

Solid 22.5 21.5 25.5 237 25.7 24.9 26.4 24.4
concentr ’
ation in
slurry

(In Table 3 above, a unit of each component included in oxygen carriers is parts
by weight and is based on solid samples. The content of boehmite in the form of a
powder or sol is based on the form of Al;Os after drying and calcination. The content

of magnesium hydroxide is based on the form of MgO after drying and calcination.)

Example 9

Example 9 is an example related to prepartion of NiO-based oxygen carriers
using NiO, which is an active component, as a raw material for producing NiO-based
oxygen carriers and using Ce(OH)4 in the form of a powder as a raw support material for
cnhancing dispersion of NiQ, giving strength, and enhancing an oxygen transfer reaction,

Ce(OH)s becomes CeQz as water (H20) is discharged therefrom during
calcination at a high temperature. The raw material composition for preparing oxygen
carriers of Example 1 was designed so that 70 weight% nickel oxide (NiQ) and 30 parts
by weight CeO2 were included based on 100 parts by weight of a dricd raw material
sample assuming H2O was discharged by high-temperature calcination.

More specifically, the oxygen carriers of Example 9 were prepared using the

method below.
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To prepare CeQ. support material-based NiO-based oxygen carriers, industrial
NiO (purity of 98% or higher, powder form, averagﬁ particle diameter of 1 pm or less)
and Ce(OH)4 (powder form, average particle diameter of 1 um or less, purity of 99% or
higher) were prepared.

To prepare CeQ: support material-based NiO-based oxygen carriers, 7.0 kg of
industrial nickel oxide (NiO) and 3.63 kg of cerium hydroxide (Ce(OH)4) were weighed
(65.85 weight% NiO and 34.15 weight% (Ce(OH)4)) to prepare a raw material
composition so that the total weight of oxygen carriers after the final calcination was 10
kg. A dispersant (anionic surfactant) and a defoamer (metal soap-based) were added to
12 1 of water and then mixed with a stirrer. The raw material composition was added to
the water mixed with organic additives. Then, to prepare a mixed slurry, the mixture was
mixed on it . The mixed slurry was milled over 3 times using a high energy ball mill.
To facilitate milling in the milling process, polyethylene glycol was added after the
second milling, and the third milling was performed to prepare a stable and homogenized
fluidic colloidal slurry. Foreign substances were removed from the milled slurry by
sieving, and a solid concentration in the final slurry was measured. The total amount of
added additives and the measured solid concentration in the final slurry are shown in the
table below.

The prepared colloidal slurry was fed to a spray-dryer through a pump and was
subjected to spray-drying to form the colloidal slurry into oxygen carriers. An
assembly, i.e., a green body, of the oxygen carriers formed and prepared in this way was
pre-dried for 12 hours in a dry oven at a 120 °C under air aimosphere and then was
calcined for 5 hours at a 1400 °C in a calcination furnace to prepare oxygen carriers.

Before reaching the final calcination temperature, a constant temperature zones were
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assigned at 200 °C, 300 °C, 400 °C, 500 °C, 650 °C, 800 °C, and 110 °C for about 1 hour,

and a temperature elevation rate was about 5 °C/min.

Comparative Examples 14 to 17

In Comparative Examples 14 to 17, oxygen carriers were prepared using the same
method as in Example 9 except that components and contents were changed as shown in
Table 4 below. In addition, the raw material composition for preparing oxygen carriers
of Comparative Examples 14 to 17 was designed so that 70 weight% nickel oxide (NiQO)
was included based on 100 parts by weight of a dried raw material sample assuming H20
was discharged by high-temperature calcination.

[Table 4]

(Unit: parts by | Example 9 Comparative | Comparative | Comparative | Comparative
weight) Example 14 | Example 15 | Example 16 | Example 17

Nickel oxide | 70 70 70 70 70
(NiO)

Gamma - 30 - - -
alumina  (y-
Al2O3)

Alpha alumina | - - 30 - -
(a-A1203)

Magnesium - - - 30 -
aluminate

(MgAl:0,)

Cerium oxide | - - - - 30
(CeO)

Cerium 30 - - - -
hydroxide
(Ce(CH)4)

Total solid | 100 100 100 100 100

content

Dispersant 1.5 0.2 0.2 0.2 1.0

Defoamer 0.3 0.1 0.1 0.1 0.4

Organic binder | 2.4 1.3 2.4 3.8 30

Solid 40.2 34.0 755 60.4 58.9
concentration
in slurry
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(In Table 4 above, a unit of each component included in oxygen carriers is parts
by weight and is based on solid samples. The content of cerium hydroxide is based on

the form of CeO; after drying and calcination.)

Example 10

Example 10 is an example related to prepartion of Ni-based oxygen carriers using
Ni(OH). for providing NiO, which is an active component, as a raw material for
producing Ni-based oxygen carriers and using boehmite (AIOOH) in the form of a sol as
a raw support material for enhancing dispersion of NiO and giving strength, using
Ce(OH)4 in the form of a powder as a raw support material for enhancing dispersion of
NiO and an oxygen transfer reaction, using Mg(OH)z as a raw support material for
giving a magnesium component for suppressing particle agglomeration during a
continuous reaction cycle of oxidation-reduction, and using TiOz as a raw material for
enhancing physical properties through lowering a calcination temperature of oxygen
catriers,

NiO2, AIOOH, Ce(OH)4, and Mg(OH)2 become NiO, Al;0s, CeO2, and MgO,
respectively, as water (H20) is discharged therefrom during calcination. In an example,
the raw material composition was designed so that 70 parts by weight NiO, 5 parts by
weight MgO, 5 to 15 parts by weight CeO,, and 0 to 10 parts by weight TiO; were
included based on 100 parts by weight of a dried raw material sample assuming H20 was
discharged by high-temperature calcination, wherein Al:O3; made up the remainder in
parts by weight.

More specifically, oxygen carriers of Example 10 were prepared using the

method below.
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To prepare Ni-based oxygen carriers, industrial Ni{OH). (purity of 98% or higher,
powder form), bochmite (AIOOH) in the form of a sol (in boehmite in the form of a sol
whose solvent was water, the content of boehmite (AIOOH) in the form of the sol was 20
parts by weight in the form of alumina (Al203) when the sol was dried and calcined),
Mg(OH); (powder form, average particle diameter of 4.5 pm, purity of 98.5% or higher),
Ce(OH)4 (powder form, average particle diameter of 1 um or less, purity of 99% or
higher), and TiO2 (powder form, average particle diameter of 1 um or less, purity of 95% |
or higher) were prepared.

Each of the raw materials was weighed according to a composition ratio of the
final Ni-based oxygen carriers to be prepared (so that the final weight after calcination
was 5 kg). Ni(OH)2, AIOOH, Ce(OH)s, and Mg(OH); were weighed so that NiO,
Al,03, CeO2, MgO, and TiO: were respectively included at 70 parts by weight, 15 parts
by weight, 10 parts by weight, and 5 parts by weight after calcination. A dispersant
(anionic surfactant) and a defoamer (metal soap-based) were added to 25 1 of water and
then mixed with a stirrer. The raw material composition was added to the water mixed
with organic additives. Then, to prepare a mixed slurry, the mixture was mixed on it.

The mixed slurry was milled over 3 times using a high energy ball mill. To
facilitate milling in the milling process, water and the above-described organic additives
were further added when necessary after the first milling. After the second milling,
polyethylene glycol was added, and the third milling was performed to prepare a stable
and homogenized fluidic colloidal slurry. Foreign substances were removed from the
milled slurry by sieving, and a solid concentration in the final slurry was measured.
The total amount of added additives and the measured solid concentration in the final

slurry are shown in Table 5 below.
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The prepared colloidal slurry was fed to a spray-dryer through a pump and was
subjected to spray-drying to form the colloidal slurry into oxygen carriers. An
assembly, i.e., a green body, of the oxygen carriers formed and prepared in this way was
pre-dried for 12 hours in a dry oven at a a 120 °C under air atmosphere and then was
calcined for 5 hours at a temperature range of 1000 °C to 1200 °C in a calcination
furnace to prepare oxygen carriers. Before reaching the final calcination temperature, a
constant temperature zones were assigned at 200 °C, 300 °C, 400 °C, 500 °C, 650 °C,
800 °C, and 950 °C for about 1 hour, and a temperature elevation rate was about

5 °C/min.

Examples 11 to 15

In Examples 11 to 15, oxygen carriers were prepared using the same method as in
Example 10 except that an initial amount of water added was 20 L, TiO; was added in
Examples 14 and 15, and the raw material compositions were changed as shown in Table
5 below.

[Table 5]

Component Example | Example |Example | Example | Example | Example
10 11 12 13 14 15

Nickel 70 70 70 70 70 70
hydroxide
(Ni(OH)2)

Nickel oxide | - - - - - -
(NiO)

Boehmite - - - - - -
(AIOOH) in
form of powder

Boehmite 15 20 10 15 10 10
(AIOOH) in
form of sol

Magnesium - - - - - -
oxide (MgO)
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Magnesium 5 5 5 5 5 5
hydroxide

(Mg(OH);)

Cerium 10 5 15 5 10 5
hydroxide

(Ce(OH)4)

Cerium  oxide | - - - - . N
(CeO2)

Titanium oxide | - - - 5 5 10
(TiOz)

Total solid | 100 100 100 100 100 100
content

Dispersant 0.8 0.8 0.8 0.8 0.8 0.8

Defoamer 0.4 0.4 0.4 0.4 04 0.4

Organic binder | 3 3 3 3 3 3

Solid 18.5 19.8 21.8 20.7 2.1 21.2
concentration in
slurry

(In Table 5 above, a unit of each component included in oxygen carriers is parts
by weight and is based on solid samples. The content of nickel hydroxide is based on
the form of NiO after drying and calcination. The content of boehmite in the form of a
sol is based on the form of AlO; after drying and calcination. The content of
magnesium hydroxide is based on the form of MgO after drying and calcination. The

content of cerium hydroxide is based on the form of CeO: after drying and calcination.)

Comparative Examples 18 and 19
In Comparative Examples 18 to 19, oxygen carriers were prepared using the same
method as in Example 1 except that compositions were changed as shown in Table 6

below.
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Component

Comparative
Example 18

Comparative
Example 19

Nickel hydroxide
(Ni(CH)2)

70

70

Nickel oxide
(NiO)

Boehmite
(AIOOH) in form
of powder

Boehmite
(AIOOH) in form
of sol

Gamma alumina
(y-Al203)

25.8

Alpha
(a-ALOs)

alumina

25.8

Magnesium oxide

(MgO)

Magnesium
hydroxide
(Mg(OH),)

4.2

4.2

Magnesium
aluminate

(MgALOJ)

Cerium
hydroxide
(Ce(OH)a)

Cerium oxide
(CeOy)

Titanium  oxide
(TiOy)

Total solid
content

100

100

Dispersant

1.0

1.0

Defoamer

0.1

0.1

Organic binder

Solid
concentration in
slurry

23.0

25.4
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<Evaluation on physical properties>

(1) Measurement of shapes of oxygen carriers

Shapes of oxygen carriers prepared in Examples and Comparative Examples
were investigated using an industrial microscope, and results are shown in Tables 7 to 11
below.

(2) Measurement of average particle size and particle size distribution

The average particle size and particle size distribution of oxygen carriers were
calculated by classifying 10 g of sample for 30 minutes using MEINZER-II Shaker and a
standard size on the basis of ASTM E-11 from the American Society for Testing
Materials (ASTM).

(3) Measurement of packing density

The packing density of oxygen carriers was measured using AutoTap
{Quantachrome), which is an apparatus to measure packing density based on ASTM
D4164-88.

(4) Measurement of attrition resistance

The attrition resistance of oxygen carriers was measured using a attrition tester
according to ASTM D5757-95. A attrition index (AI) was determined at 10std L/min
(standard volume per minute) over 5 hours following the ASTM method described above,
and the attrition index represents a ratio of a fine powder generated over 5 hours. A
lower attrition index (Al) indicates that a mechanical strength of particles is stronger. A
attrition index (AI) of AkzoFCC (Fluid Catalytic Cracking) catalyst used by oil
companies that was measured using the same method for comparison was 22.5%.

(5) Measurement of oxygen transfer performance

The oxygen transter performance of the oxygen carriers prepared in the above

examples was evaluated using thermogravimetric analysis (TGA). In the above
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examples and comparative examples, a mixture of 15 vol% CHg and 85 vol% CO2 was
used as a composition of a reaction gas used for a reduction reaction of oxygen carriers,
and air was used as a reaction gas for oxidizing the reduced oxygen carriers. 100%
nitrogen was supplied between an oxidation reaction and a reduction reaction to prevent
direct contact between fuel and air in a reactor. An amount of oxygen carrier sample
used in the experiment was about 30 mg. A flow rale of each reaction gas was 300
ml/min (based on 273.5 K, 1 bar), and the oxidation/reduction reaction was repeatedly
performed at least 10 times or more at 850 °C. The oxygen transfer capacity was
calculated from a difference between weights of oxidized and reduced oxygen carriers.
The oxygen transfer capacity is an amount of oxygen transferred to a fuel by the oxygen
carriers and is a value obtained by dividing a weight change amount, which is obtained
by subtracting a weight of oxygen carriers measured at the end of a reduction reaction of
the oxygen carriers from a weight of completely oxidized oxygen catriers, by the weight

of completely oxidized oxygen carriers, wherein the value is indicated in percentage by

weight.
[Table 7]
Calcinati | Shape Average | Particle | Packing | Adtrition | Oxygen
on particle size density index Al | transfer
temperatu size (um) | distributi | (g/ml) (%) capacity
re (°C) on (pm) (weight%
)
Example | 1100 Spherical | 87 37 ~114 16.7 14.8
1 302.5
1200 73 37 ~ 2.8 5.4 12.8
302.5
Example | 1100 Spherical | 97 37 ~ |15 12.0 14.6
2 302.5
1200 75 37 ~123 3.6 129
302.5
Example | 1100 Spherical | - - - 38.7 -
3
1200 65 37~19 |19 6.6 14.7
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Example | 1100 Spherical | 72 415 ~]15 111 14.2
4 231
1200 67 37~231 {22 35 143
Example | 1100 Spherical | - - - 55.8 -
5
1200 74 37~196 |18 6.8 13.8
Example | 1100 Spherical | - - - 29.2 -
6
1200 68 37~196 |20 5.3 130
Example | 1100 Spherical | - - - 60.6 -
7
1200 75 37~231 |18 9.6 137
1250 67 37~196 |24 5.1 133
Example | 1100 Spherical | - - - 61.4 -
8
1200 82 37 ~1 17 14.3 13.3
302.5
1300 81 37 ~125 5.6 12.6
302.5
[Table 8]
Calcinati | Shape Average | Particle | Packing | Attrition | Oxygen
on particle | size density | index Al | transfer
temperat size distributi | (g/ml) (%) capacity
ure (°C) (pm) on (um) (weight
%)
Comparative | 1400 Spherica - - 73.6 -
Exampie 1 1
1500 87 37 ~124 7.4 12.1
302.5
Comparative | 1400 Spherica | - - - 44.1 -
Example 2 1
1500 106 415 ~ |29 20 Incompl
3025 ete
regenera
tion
Comparative | 1200 Spherica | - - - 60.4 -
Example 3 1
1350 91 415 ~]26 16.7 123
3025
1400 90 415 ~128 04 122
302.5
Comparative | 1200 Spherica | - - - 47.2 -
Example 4 1
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1300 90 415 ~12.8 17.9 Incompl
302.5 ete
regenera
tion
1400 84 41,5 ~ 127 1.7 Incompl
231 ete
regenera
tion
Comparative | 1300 Spherica | - - - 50.7 -
Example 5 1
1400 99 415 ~126 22.1 -
231
1500 98 415 ~ |26 220 -
231
Comparative | 1350 Spherica | - - - 481 -
Example 6 l
1400 113 415 ~13.0 73 12.2
302.5
Comparative | 1400 Spherica | - - - 225 -
Example 7 1
1450 70 37~231 131 1.7 Incompl
ete
regenera
tion
Comparative | 1300 Spherica | - - - 319 -
Example 8 1
1400 83 415 ~127 73 12.1
302.5
1500 72 37~196 | 2.9 25 Incompl
ete
regenera
. tion
Comparative | 1300 Spherica | - - - 24.8 -
Example 9 1
1400 9 415 ~124 18.8 -
3025
1500 85 37 ~129 20 Incompl
302.5 ete
regenera
tion
Comparative | 1400 Spherica | - - - 30.1 -
Example 10 1
1450 106 49 ~129 14 Incompl
302.5 ete
regenera
tion
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Comparative | 1400 Spherica | - - - 23.5 -
Example 11 1
1450 85 415 ~ |29 1.9 Incompl
302.5 ete
regenera
tion
Comparative | 1400 Spherica | - - - 28.8 -
Example 12 |t
1500 85 37 ~ 128 20 Incompl
302.5 ete
regenera
tion
Comparative | 1400 Spherica | 78 37~231123 209 12.8
Example 13 1
1500 71 37~231 129 1.4 Incompl
ete
regenera
tion

The raw material compositions for preparing oxygen carriers of Examples 1 to 8
include 55 weight% to 80 weight% nickel hydroxide, 15 weight% to 40 weight%
boehmite, and 3 weight% to 15 weight% magnesium oxide or magnesium hydroxide.

As can be seen from Tables 7 and 8 above, the oxygen carriers prepared using the
raw material compositions for preparing oxygen carriers of Examples 1 to 8 of the
present invention exhibit a high strength characteristic of a attrition index of 10% or
lower at a calcination temperature in the range of 1200 °C to 1300 °C and have physical
properties suitable for an industrial fluidized bed process.

That is, the oxygen carriers of Examples 1 to 8 have an average particle size in
the range of 65 to 81 pm, a particle size distribution in the range of 37 to 302.5 um, a
packing density in the range of 1.8 to 2.8 g/ml, and a attrition index of 10% or lower.

In addition, shapes of all of the oxygen carriers of Examples 1 to 8 are spherical.

It can be seen that, for the oxygen carriers of Comparative Examples 1 to 13

prepared using NiO instead of Ni(OH)z, which is an active raw material used in
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Examples of the present invention, the calcination temperature was elevated to 1400 °C
or higher to exhibit a high strength characteristic of a attrition index of 10% or lower.

In addition, for the oxygen carriers of Comparative Examples 1 and 2 prepared
using alpha alumina, the calcination temperature was elevated to 1500 °C or higher to
exhibit a high strength characteristic of a attrition index of 10% or lower.  Also, for the
oxygen carriers of Comparative Examples 3 and 4 prepared using gamma alumina, the
calcination temperature was elevated to 1400 °C or higher to exhibit a high strength
characteristic of a attrition index of 10% or lower. The oxygen catriers of Comparative
Example 5 prepared using MgAlz04 as a support material had a attrition index of 20% or
higher even at the calcination temperature of 1500 °C, and thus there was difficulty in
preparing particles with high mechanical strength.

In Comparative Examples 6 to 13, raw material compositions were designed and
prepared to have the same composition as those in Examples based on a dried raw
material sample after calcination using the same support raw materials as in Examples
except that the active raw material was changed to NiO. However, it was confirmed
that it is not possible to obtain a high strength characteristic of a attrition index of 10% or
lower at the calcination temperature of 1200 °C, and it was confirmed that calcination
should be performed at the calcination temperature of 1400 °C or higher to obtain the
high strength characteristic.

Particularly, the oxygen carriers of Comparative Examples 10 to 13 having high
Mg content were unable to obtain the high strength characteristic even at the calcination
temperature of 1400 °C, unlike the oxygen carriers of Examples 5 to 8 which had the
same Mg content but were able to obtain the high strength characteristic of a attrition

index of 10% or lower at the calcination temperature in the range of 1200 °C to 1300 °C.
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The oxygen transfer capacity of the oxygen carriers of Examples which exhibited
the high strength characteristic of the attrition index of 10% or lower was in the range of
12.6 weight% to 14.7 weight%, which is up to 20% higher than the range of 12.1 to 12.8
weight% of the oxygen transfer capacity of the oxygen carriers of Comparative
Examples. Also, the oxygen transfer rate was higher in the oxygen carriers of
Examples in both the oxidation reaction and the reduction reaction as compared with the
oxygen carriers of Comparative Examples.

The oxygen cartiers of Comparative Examples 2, 4, 10, 11, 12, and 13 prepared
so that the Mg content was 5.1 parts by weight exhibited an incomplete regeneration
characteristic in which, when calcination was performed at 1400 °C or higher to obtain
the high strength characteristic of a attrition index of 10% or lower, the weight of the
oxygen carriers was not restored to the weight thereof in a completely oxidized state
before the cycle reaction in an oxidation reaction step after the reduction reaction.
Accordingly, although the Ni content in the oxygen carriers was similar to that in the
oxygen carriers of Examples, the oxygen transfer capacity was significantly decreased.
This indicates that a utilization rate of active raw materials added in the oxygen carriers
is low. In contrast, the oxygen carriers of Examples 5 to 8 having the same Mg content
exhibited an excellent oxygen transfer characteristic, in which the oxygen carriers were
restored to an initial oxidized state, while having the high strength characteristic of a
attrition index of 10% or lower.

Among the oxygen carriers of Examples and Comparative Examples, all of the
oxygen carriers having the high strength characteristic of a attrition index of 10% or
lower while having the Mg content of 2.5 parts by weight exhibited a weak
agglomeration phenomenon in which particles bound to each other after a reaction

during the oxidation-reduction cycle. In contrast, the oxygen carriers of Examples 5 to
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8 prepared by increasing the Mg content to 5.1 parts by weight did not exhibit the
agglomeration phenomenon and were conﬁrmved to be suitable for long-term use in the
CLC process.

In this way, it can be seen that, using the compositions proposed by Comparative
Examples, it is not possible to prepare oxygen carriers not exhibiting the agglomeration
phenomenon by high Mg content and having excellent oxygen transfer capacity and
oxygen transfer rate while having the high strength characteristic of a attrition index of
10% or lower even at the calcination temperature of 1300 °C or lower.

The above results confirm that it is possible to prepare oxygen carriers having a
form suitable for a fluidized bed process that are capable of effectively combusting a fuel
in the CLC technology even at the calcination temperature in the range of 1100 °C to
1300 °C by using the raw material compositions for preparing oxygen carriers of
Examples 1 to 8 proposed in the present invention and the method of preparing oxygen
carriers using the same. The oxygen carriers prepared using such raw material
compositions and prepartion methods may be easily mass-preparcd and have improved
particle performance, thereby making the CLC process more economical. Therefore,
the oxygen carriers may become a competitive technology.

The oxygen carriers of Examples 1 to 8 according to the present invention have
physical properties and reactivity suitable for the fluidized bed process of the CLC
technology. As compared with oxygen carriers prepared using different raw support
materials and NiO, the oxygen carriers of Examples 1 to 8 may obtain the high strength
characteristic even at a lower calcination temperature such that prepartion costs are
lowered, Also, the oxygen carricrs of Examples 1 to 8 have excellent attrition
resistance and cause little particle loss due to attrition by rapid solid circulation in the

fluidized bed process, thereby decreasing a particle makeup quantity. Also, the oxygen
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carriers of Examples 1 to 8 have excellent oxygen transfer performance and may use a

relatively small amount of particles such that it is possible to make the process compact

and more economical.

[Table 9]
Calcinati | Shape Average | Particle Packing | Attrition | Oxygen
on particle size density index Al | transfer
temperatu size (um) | distributi | (g/ml) (%) capacity
re (°C) on (um) (parts by
weight)
Example 9 1400 Spherical | 83 37~231 |37 3.8 159
Comparative | 1300 Spherical | 75 37 ~ |24 18.2 11.9
Example 14 302.5
1400 74 37 ~125 11 11.2
302.5
Comparative | 1300 Spherical | - - - 61.7 -
Example 15
1400 114 37 ~ 126 9.0 10.8
302.5 '
Comparative | 1300 Spherical | - - - 50.7 -
Example 16 :
1400 99 415 ~ |26 221 -
231
1500 98 415 ~ |26 22.0 -
231
Comparative | 1200 Dimple - - - 66.3 -
Example 17
1300 87 49 ~13.1 17.9 14.7
3025
1400 78 415 ~ |34 5.6 14.5
302.5

The raw material composition for preparing the oxygen carriers of Example 9

includes 55 weight% to 75 weight% nickel oxide, and 25 weight% to 45 weight% cerium

hydroxide.

As can bc scen in Table 9 above, the oxygen carriers prepared using the

composition according to Example 9 of the present invention had an average particle size

of 72 um at the calcination temperature of 1400 °C, a particle size distribution in the
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range of 37 to 231 um, a packing density of 3.7 g/ml, a attrition index of 5% or lower,
and an oxygen transfer capacity of 15.9 parts by weight, thereby having excellent
performance. In this way, it was confirmed that the oxygen carriers of Example 9
exhibited a high strength characteristic and had physical properties suitable for an
industrial fluidized bed process.

On the other hand, the oxygen carriers of Comparative Examples 14 and 15
prepared using gamma alumina or alpha alumina as raw support materials exhibited an
oxygen transfer capacity of 11.2 parts by weight or less, which is significantly lower than
the oxygen transfer capacity of the oxygen carriers of Example 9, at the calcination
temperature of 1400 °C.

Meanwhile, the oxygen carriers of Comparative Example 16 prepared using
magnesium aluminate as a raw support material were unable to obtain a high strength
characteristic at the calcination temperature of 1500 °C.

In addition, the oxygen carriers of Comparative Example 17 prepared using CeOz
instead of Ce(OH)s, which is a raw support material of Examples, had a dimple shape
and thus the oxygen transfer capacity, the attrition index, or the like thereof were not
suitable for application to a fluidized bed process. When dimple-shaped particles are
used in a fluidized bed process for a long period of time, as compared with spherical
particles, attrition loss of the particles is higher, and thus there is a concern that a makeup
quantity for the particle loss may be increased.

The NiO-based oxygen carriers prepared using cerium hydroxide (Ce(OH)s) as
the raw support material of Example 9 transferred the largest amount of oxygen in both
the oxidation and reduction reactions in a reaction time of 1 minute.

On the other hand, it was confirmed that the oxygen carriers prepared using

cerium oxide (CeQ2) as the raw support material of Comparative Example 14 also had
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excellent oxygen transfer performance, but since the shape thereof was not spherical, the
oxygen carriers were not suitable for the fluidized bed process, and the total oxygen
transfer capacity was also lower than that of the oxygen carriers of Example 9.

In this way, it can be seen that the compositions proposed as Comparative
Examples 14 to 17 cannot prepare oxygen carriers which are spherical and have a high
strength characteristic of a attrition index of 10% or lower and a high oxygen transfer

capacity of 15 wt% or higher as the oxygen carriers of Example 9.

[Table 10]
Calcinati | Shape Average | Particle | Packing | Attrition | Oxygen
on particle | sizc density index Al | transfer
temperat size (pm) | distributi | (g/ml) (%) capacity
ure (°C) on (pmy) (parts by
weight)
Example | 1100 Spherical | 77 37 ~118 13.1 -
10 302.5
1200 71 37 ~128 3.7 134
231.0
Example | 1100 Spherical | 101 37 ~1 1.5 255 -
11 302.5
1200 86 37 ~122 4.9 13.2
302.5
Example | 1100 Spherical | 78 37 ~ |17 36.1 -
12 231.0
1200 68 37 ~|25 6.1 14.2
231.0
Example | 1000 Spherical | 76 37 ~123 278 -
13 302.5
1100 72 37 ~ | 2.6 7.9 13.5
302.5
Example | 1000 Spherical | 85 37 ~l22 9.4 -
14 302.5
1100 78 37 ~ |29 2.1 14.1
302.5
Example | 1000 Spherical | 82 37 ~ 126 16.2 -
15 302.5
1100 73 37 ~ (29 3.1 14.7
302.5
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[Table 11]
Calcinati | Shape Average | Particle | Packing | Attrition | Oxygen
on particle | size density | index Al | transfer
Tempera size distributi | (g/ml) (%) capacity
ture (°C) (pm) on (um) (parts by
weight)
Comparative | 1200 Spherica | 75 37 ~125 32.2 -
Example 18 1 302.5
Comparative | 1200 Spherica | 82 37 ~12.7 36.9 -
Example 19 1 302.5

The raw material compositions for preparing the oxygen carriers of Examples 10
to 15 include 55 weight% to 80 weight% nickel hydroxide, 5 weight% to 35 weight%
boehmite, 3 weight% Lo 20 weight% cerium oxide or cerium hydroxide, 3 weight% to 15
weight% magnesium oxide or magnesium hydroxide, and 0 weight% to 15 weight%
titanium oxide.

As can be scen from Tables 10 and 11, the oxygen carricrs prepared in Examplces
10 to 15 of the present invention exhibited a high strength characteristic of a attrition
index of 10% or lower at a calcination temperature in the range of 1000 °C to 1250 °C
and had physical propetties suitable for an industrial fluidized bed process. Also, it was
confirmed that the oxygen carriers prepared in Examples 11 to 15 had a spherical shape,
an average particle size in the range of 68 to 86 pm, and a particle size distribution in the
range of 37 to 302.5 pm. In this way, it was confirmed that the oxygen carriers of the
present invention exhibited a high strength characteristic and had physical properties
suitable for the industrial fluidized bed process.

All of the oxygen carriers prepared in Examples 10 to 15 had a spherical shape.

Particularly, the oxygen carriers of Examples 13 to 15 to which TiO; was added

exhibited a high strength characteristic at a lower calcination temperature than the
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oxygen carriers of Examples 10 to 12 to which TiO2 was not added. This shows that
TiO2 has an effect of lowering the calcination temperature.

In contrast, the oxygen carriers of Comparative Examples 18 to 19 prepared using
NiO instead of Ni(OH),, which is an active raw material used in Examples of the present
invention, required a calcination temperature of 1400 °C or higher to obtain a high
strength characteristic of a attrition index of 10% or lower. The oxygen carriers of
Comparative Example 18 prepared using gamma alumina exhibited the high strength
characteristic of a attrition index of 10% or lower at a calcination temperature of 1500 °C,
and the oxygen carriers of Comparative Example 19 prepared using alpha alumina
exhibited the high strength characteristic of a attrition index of 10% or lower at a
calcination temperature of 1400 °C.

In addition, the oxygen carriers prepared using MgAl204 as a support material
had a attrition index of 20% or higher even at the calcination temperature of 1500 °C,
and thus there was difficulty in preparing particles with high mechanical strength.

Raw material compositions were designed and prepared to have the same
composition as those in Examples based on a dried raw material sample after calcination
using the same support raw materials as in Examples except that the active raw material
was changed to NiO. However, it was confirmed that it is not possible to obtain a high
strength characteristic of a attrition index of 10% or lower at the calcination temperature
of 1200 °C, and it was confirmed that calcination should be performed at the calcination
temperature of 1400 °C or higher to obtain the high strength characteristic.

Meanwhile, the oxygen carriers prepared using nickel hydroxide (Ni(OH)2) as
the active material like Examples of the present invention and using a mixture of
magnesium hydroxide (Mg(OH)2) and alpha alumina or gamma alumina were not able
to obtain a high mechanical strength of a attrition index of 10% or lower like Examples

of the present invention by calcination at 1200 °C.
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In addition, it can be seen from Examples 10 to 14 that the oxygen transfer
capacity is improved when the CeO: content increases. Also, it can be seen from
Examples 10 and 14 and 11 and 15 that adding TiO: is also effective in improving
oxygen transfer performance.

On the other hand, the oxygen carriers of Comparative Examples exhibited an
incomplete regeneration characteristic in which, when calcination was performed at
1400 °C or higher to obtain the high strength characteristic of a attrition index of 10% or
lower, the weight of the oxygen carriers was not restored to the weight thereof in an
initial completely oxidized state when the oxidation reaction step was re-performed after
the reduction reaction. Accordingly, although the Ni content in the oxygen carriers was
similar to that in the oxygen carriers of Examples, the oxygen transfer capacity was
significantly decreased. This indicates that a utilization rate of active raw materials
added in the oxygen carriers is low. In contrast, the oxygen carriers of Examples
exhibited an excellent oxygen transfer characteristic, in which the oxygen carriers were
restored to the initial oxidized state, while having the high strength characteristic of a
attrition index of 10% or lower.

In this way, it can be seen that, using the compositions proposed as Comparative
Examples, it is not possible to prepare oxygen carriers having excellent oxygen transfer
capacity and oxygen transfer rate while having the high strength characteristic of a
attrition index of 10% or lower at the calcination temperature of 1200 °C or lower like

the oxygen carriers of Examples.
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The above results confirm that it is possible to prepare high-strength Ni-based
oxygen carriers having a form suitable for a fluidized bed process that are capable of
effectively combusting a fuel in the CLC technology even at the calcination temperature
in the range of 1000 °C to 1250 °C by using the raw material compositions for preparing
oxygen carriers of Examples 10 to 15 of the present invention and the method of
preparing oxygen carriers using the same. The oxygen carriers prepared using such raw
material compositions and prepartion methods may be easily mass-prepared and have
improved particle performance, thereby making the CLC process more economical and
may become a competitive technology.

The oxygen carriers of Examples 10 to 15 according to the present invention have
physical properties and reactivity suitable for the fluidized bed process of the CLC
technology. As compared with Ni-based oxygen carriers prepared using different raw
support materials and NiO, the oxygen carriers of Examples 10 to 15 may obtain the high
strength characteristic even at a lower calcination temperature such that prepartion costs
are lowered. Also, the oxygen carriers of Examples 10 to 15 have excellent attrition
resistance and cause little particle loss due to attrition by rapid solid circulation in the
fluidized bed process, thereby decreasing a particle makeup quantity. Also, the oxygen
carriers of Examples 10 to 15 have excellent oxygen transfer performance and may use a
relatively small amount of particles such that it is possible to make the process compact
and more economical.

As an example, the result of evaluation for oxygen carriers prepared using NiO
and gamma alumina by laboratory preparation methods such as a conventional
impregnation method, a coprecipitation method, and a physical mixing method showed
that nickel aluminate (NiA104), which is a stable compound, was easily formed due to

an interaction with NiO during calcination process, and thus oxygen transfer
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performance of finally obtained oxygen carriers was not good. Therefore, alpha alumina
is considered to be more suitable as a support material of NiO-based oxygen carriers.
Accordingly, conventionally, even when oxygen carriers having high NiO content are
mass-prepared using a spray-drying method following a result of research using a
laboratory method, alpha alumina has been commonly used as a raw support material.
However, since alpha alumina has a very stable structure, in order to give strength
(attrition resistance) sufficient for application to a fluidized bed process to the oxygen
carriers prepared by the spray-drying method using alpha alumina as a support material
of NiO, calcination should be performed at a temperature of 1400 °C or higher which is
significantly higher than the calcination temperature proposed in the laboratory method.
When the particles are calcined at a high temperature, unlike when the evaluation is
performed at a lower calcination temperature, an intensity of an interaction between NiO
and alpha alumina increases, and thus a greater amount of nickel aluminate (NiAl204),
which is a stable compound, is formed as compared with the Jow-temperature calcination.
Also, as the sintering phenomenon of the active material becomes more pronounced, the
oxygen transfer performance is degraded. That is, a utilization rate of NiO, which is an
active maierial, is decreased.

However, as can be seen from the above-described Examples and Comparative
Examples, the oxygen carriers prepared using the raw material composition for preparing
oxygen carriers of the present invention may have excellent long-term durability and
oxygen transfer performance while having a shape, a particle size, a particle size
distribution, and a mechanical strength or attrition resistance suitable for a CLC
circulating fluidized bed process. In this way, oxygen carrier inventory in a CLC

process and a makeup quantity to compensate for attrition loss which occurs during a

long-term operation may be reduced.
61



CA 03032070 2019-01-25

The configurations and actions of the present invention have been described
above on the basis of preferred embodiments according to the present invention, but the
present invention is not limited to specific embodiments, and those of ordinary skill in
the art may modify and change the present invention in various ways within the scope
not departing from the idea and technical scope of the present invention defined in the

claims below.

62



CLAIMS:

1. A raw material composition for preparing oxygen carriers by a spray-drying
method, the raw material composition comprising 55 weight% to 80 weight% nickel
hydroxide, 15 weight% to 40 weight% of boehmite, and 3 weight% to 15 weight% of
magnesium oxide or magnesium hydroxide,

wherein the oxygen carriers are formed by calcination after the spray-drying, and
wherein when the calcination temperature is 1200 °C, the oxygen carriers have an
oxygen transfer capacity of 12.5 parts by weight to 25 parts by weight based on the total
weight of the oxygen carriers and have an attrition index obtained by Equation 1 below
of 20% or lower:

[Equation 1]

Al(%) = [(W2)/(W1)] X100%

In Equation 1, W1 represents a weight in g of a sample before an attrition test,
and W2 represents a weight in g of fine particles captured during the 5 hours of the
attrition test,

the attrition test is conducted for 5 hours at a flow rate of 10.00 1/min (273.15 K,
1 bar) according to ASTM D5757-95 from the American Society for Testing Materials

(ASTM) using an attrition tester.

2. The raw material composition of claim 1, wherein the nickel hydroxide has an
average particle size in the range of greater than O pm and less than or equal to 5 pm and

a purity of 98% or higher.

63

Date Regue/Date Received 2022-09-16



3.  The raw material composition of claim 1, wherein the boehmite is in the form of
a powder or sol and has an average particle size in the range of greater than 0 um and
less than or equal to 5 um in a state in which the boehmite is dispersed in a solvent and

a purity of 98% or higher.

4.  The raw material composition of claim 1, further comprising cerium oxide or
cerium hydroxide, wherein the cerium oxide or the cerium hydroxide has an average
particle size in the range of greater than 0 pm and less than or equal to 5 ym and a

purity of 98% or higher.

5. The raw material composition of claim 1, wherein the magnesium oxide or
magnesium hydroxide has an average particle size in the range of greater than 0 um

and less than or equal to 5 um and a purity of 97% or higher.

6.  The raw material composition of claim 1, further comprising titanium oxide,
wherein the titanium oxide has an average particle size in the range of greater than 0

pum and less than or equal to 5 um and a purity of 95% or higher.

7. A method of producing oxygen carriers by spray-drying, the method comprising:
producing a slurry for producing oxygen carriers by mixing a solvent with a raw
material composition;
stirring the slurry to produce a homogenized shurry;
spray-drying the homogenized slurry to form solid particles; and

drying and calcining the formed solid particles to produce oxygen carriers,
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wherein the raw material composition comprises 55 parts by weight to 80 parts by
weight of nickel hydroxide, 15 parts by weight to 40 parts by weight of bochmite, and 3
parts by weight to 15 parts by weight of magnesium oxide or magnesium hydroxide,
wherein when the calcination temperature is 1200 °C, the oxygen carriers have an
oxygen transfer capacity of 12.5 parts by weight to 25 parts by weight based on the total
weight of the oxygen carriers and have an attrition index obtained by Equation 1 below
of 20% or lower:

[Equation 1]

Al(%) = [(W2)/(W1)]X100%

In Equation 1, W1 represents a weight in g of a sample before an attrition test,
and W2 represents a weight in g of fine particles captured during the 5 hours of the
attrition test,

the attrition test is conducted for 5 hours at a flow rate of 10.00 1/min (273.15 K,
1 bar) according to ASTM D5757-95 from the American Society for Testing Materials

(ASTM) using an attrition tester.

8. The method of claim 7, wherein in the step of producing the slurry for the

producing oxygen carriers, the raw material composition for producing oxygen carriers

and the solvent are mixed at a weight ratio of 15 to 60:40 to 85, and the solvent is water.

9. The method of claim 7, wherein in the step of producing the slurry for producing

the oxygen carriers, the slurry further comprises at least one of a dispersant, a defoamer,

and an organic binder.
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10. The method of claim 9, wherein the dispersant includes at least one of an anionic

surfactant, a cationic surfactant, an amphoteric surfactant, and a nonionic surfactant.

11. The method of claim 10, wherein the anionic surfactant includes at least one of a

poly-carboxylate salt and a poly-carboxylate amine salt.

12. The method of claim 9, wherein the defoamer includes at least one of a silicone-
based defoamer, a metal soap-based defoamer, an amide-based defoamer, a polyether-
based defoamer, a polyester-based defoamer, a polyglycol-based defoamer, and an

alcohol-based defoamer.

13. The method of claim 9, wherein the organic binder includes at least one of a

polyvinyl alcohol, polyethylene glycol, and methylcellulose.

14. The method of claim 9, wherein:

the slurry comprises the dispersant, the defoamer, and the organic binder; and
the dispersant is present in an amount of 0.01 to 5.0 parts by weight, the defoamer is
present in an amount of 0.01 to 1.0 parts by weight, and the organic binder is present in
an amount of 1.0 to 5.0 parts by weight based on 100 parts by weight of the raw material

composition for preparing oxygen carriers.

15. The method of claim 7, wherein stirring of the slurry to produce the
homogenized slurry further comprises removing foreign substances from the stirred and

milled slurry.
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16. The method of claim 7, wherein spray-drying of the homogenized slurry to form
the solid particles comprises pumping the homogenized shurry into a spray-dryer and
spraying while maintaining an inlet air temperature in the range of 260 °C to 300 °C and

an outlet air temperature in the range of 90 °C to 150 °C to form the solid particles.

17. The method of claim 7, wherein drying and calcining the formed solid particles
to produce oxygen carriers comprises drying the formed solid particles at 110 °C to
150 °C for 2 to 24 hours, putting the dried solid particles in a calcination furnace, and
elevating a temperature therein to a temperature in the range of 1000 °C to 1450 °C at a
rate in the range of 1 °C/min to 5 °C/min to calcine the dried solid particles for 2 to 10

hours.
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