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ABSTRACT

In the last few decades of industrialization, there has been a significant increase in the
concentration of carbon dioxide (CO) and other greenhouse gases in the atmosphere, which has a
visible harmful effect on the environment we live in today. Regarding that, many organizations
around the world have invested heavily in research activities towards CO, capture and storage.
Adsorption processes are characterized with low energy costs and can involve low investment in
terms of both initial cost and space required.

In this work, the adsorption equilibrium of CO2 and N2 in commercial binder-free beads of
KY zeolite has been studied between 313 K and 423 K and pressure up to 3.5 bar using a gas
chromatographic technique (frontal chromatography/breakthrough technique). At the temperature
of 313 K, the results showed that the amount adsorbed of CO> in binder-free KY is up to 6.42
mol.kg™ with heats of adsorption of 41.4 kJ.mol. The amount adsorbed of N at similar conditions
is much less compared to CO2 where it doesn’t exceed 0.68 mol.kg™ being the heat of adsorption
around 21.1 kJ.mol™. The adsorption equilibrium data were fitted with the Langmuir and the dual-
site Langmuir (DSL) models and compared with other Y zeolites modified by cation exchange
available in literature. The comparisons showed that the commercial binder-free KY studied in
this work is a good alternative adsorbent for the adsorption COz, being also characterized by a high
adsorption capacity at low pressure (below 1 bar) when compared to other cation exchanged
materials. In addition, the binder-free type KY was responsible for an improvement for up to 20

% in COz loading compared to the standard binder beads of KY zeolite.

Binary-component experiments CO2/N> were also carried out under typical post-
combustion conditions (15% CO> / 85% N) at 313, 373 and 423 K. At 313 K, the selectivity of
CO2 over N2 goes over 105 at low pressures below 0.1 bar. At 298 K, the competitive working
capacity between 0.03 and 1 bar is equal to 4.52 mol.kg, which is a relatively high value when
compared with materials such as: Mg-MOF-74 and zeolite 13X. Generally, the results show that
binder-free K works best in the low-pressure region and therefore, is a promising adsorbent for
the recovery of CO, from post-combustion streams.



Also, the binary breakthrough curves CO2/N2 onto the binder-free zeolite KY were
simulated using a numerical technique developed in MATLAB. The results showed that the zone
spreading of the breakthrough curves in the bed are completely dominated by axial dispersion. The
effect of the flowrate of N> to clean the bed was also studied by simulation and the results showed
that it is possible to reduce the total volume of N2 used in the desorption step by at least 13% while

reducing the N2 purge time up to 71%.
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Total gas concentration (mol m)

Feed gas-phase concentration at the inlet of the fixed bed (mol m=)
Heat capacity of gas (J mol’t K1)

Heat capacity of solid (J mol* K1)

Pellet diameter (m)

Column diameter (m)

Diffusivity of A in B (m?s™?)

Axial mass dispersion coefficient (m? st)

Crystal diffusivity (m? s

Knudsen diffusivity (m? s?)

Molecular diffusion (m?s™)

Effective diffusivity (m? s?)

Feed molar flow rate of component i at the inlet of the bed (mol m2 s™)
Feed molar flow rate of component i at the outlet of the bed (mol m2 s™)
Film heat transfer coefficient (W m2 K1)

Wall heat transfer coefficient (W m? K1)

Overall effective rate coefficient (W m?2 K?)

Dimensionless Henry’s law equilibrium constant (-)

Linear Driving Force coefficient (s)

Effective axial bed thermal conductivity (W m?* K1)

Length of column (m)

Nusselt number
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pi

Pe
qi
qi

Gcal

Gcal

Re

SBET
Sext
SLangmuir

Smic

Partial pressure of component i (bar)

Total pressure of column (bar)

Peclet number

Adsorbed phase concentration of component i (mol kg™t)
Average adsorbed phase concentration of component i (mol kg™)
Calculated adsorption capacity (mol kg?)

Average calculated adsorption capacity (mol kg™)
Maximum adsorbed phase concentration (mol kg™t)
Pore radius (A)

Crystal radius (m)

Pellet radius (m)

Universal gas constant (J mol™? K1)

Reynolds number

BET surface area (m? g?)

External surface area (m? g1)

Langmuir surface area (m? g?)

Micropore surface area (m? gt)

Time (s)

Saturation time (s)

Temperature in bulk gas phase (K)

Temperature in solid phase (K)

Wall temperature (K)

Superficial velocity (m s™)

Interstitial velocity (m s?)

Column volume (m?)

Micropore volume (mm3®g?)

Total pore volume (mm3g?)

Average pore width (nm)

Molar fraction of sorbate species i in the bulk phase

Axial coordinate in bed (m)
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Greek letters

ap Pure component selectivity (-)

ac Competitive component selectivity (-)

Bp Pure working capacity (mol kg™t)

Bc Competitive working capacity (mol kg™)

AH; Isosteric heat adsorption of species i (J mol?)
& Bed porosity

&p Solid porosity

Ps Apparent adsorbent density (kg m=)

T Tortuosity

Abbreviations

GHG Greenhouse Gas

CCS Carbon Capture Storage

MOFs Metal-Organic Frameworks

NGCC Natural Gas Combined Cycle

IGCC Integrated Gasification Combined Cycle
FAU Faujasite-type

CEC Cation Exchange Capacity

PSA Pressure-Swing Adsorption

VSA Vacuum-Swing Adsorption

TSA Thermal-Swing Adsorption
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1. INTRODUCTION

1.1. Threat of Carbon Dioxide (COz2)

The global environment is a major issue today, and global warming in particular is the
focus of much attention. Accumulation of greenhouse gases in the atmosphere is responsible for
increased global warming of our planet. [1]

The removal and recovery of CO, from hot gas streams is becoming increasingly
significant in the field of energy production. The combustion of fossil fuels such as coal or natural
gas releases large volumes of CO: into the environment and has thereby become one of the most

serious global problems. [2]

Although carbon dioxide is removed from the atmosphere through plants in the biological
COz cycle, large amount of current and future anticipated CO: is beyond the capacity of our greens.
In addition, this natural cycle falls short when eventually plants and animals decay and begin to
release captured CO into the atmosphere, making an ineffective natural cycle. [3, 4].

It is assumed that the increasing concentration of carbon dioxide, mainly from flue gas,
automobile, and landfill emissions in the atmosphere is the major contributor to this problem with
more than 80% of total GHG emissions. [1] For this reason, the chosen greenhouse to focus on in
this study is carbon dioxide.

Numerous choices are there to reduce CO2 emissions in the atmosphere such as improving
power plant efficiency, replacement of coal by natural gas, introducing higher thermal efficiency
combined cycles of steam and gas for power generation, shifting to renewable resources and CCS.
[5]

Generally, these techniques are not applicable to the large number of existing fossil fuel-
fired power plants and other power-consuming units. In 2019, around 84% of global primary
energy came from coal, oil and gas. [6] This source of energy cannot be weeded out rapidly. Fossil
fuels will be relied on as the primary source of energy for the next several decades. Therefore, an

extensive research effort would be needed to improve the CO, capture and storage technologies.

[7]
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There are three basic CO> capture routes: (1) pre-combustion capture (via oxygen-blown
gasification); (2) oxy-fuel combustion, i.e. removing nitrogen before combustion; and (3) post-
combustion capture. In these processes, up to 90 % of CO- capture is possible to be achieved. This
percentage can be increased, but elevated cost is the main constraint. [8]

1.2. Post-combustion capture of CO2 from flue gas

The generation of carbon dioxide is inherent in combustion of fossil fuels, and the efficient
capture of CO- from industrial operations is regarded as an important strategy through which to
achieve a significant reduction in atmospheric CO> levels. Capture of CO. from flue gases
produced by combustion of a carbon-based fuels, such as coal or natural gas, is referred to as post-
combustion capture. Instead of being discharged directly to the atmosphere, flue gas is passed
through equipment which separates most of the CO.. The CO: is fed to a storage reservoir and the
remaining flue gas is discharged to the atmosphere. [9]

One of the biggest challenges in post-combustion capture is separating the relatively low
concentration of CO, from the large amounts of nitrogen in the flue gas. Flue gases from natural
gas combined cycle (NGCC) plants typically contains around 5% CO; by volume compared to a
CO2 concentration of 12-15% in flue gases from fuel-fired plants. [10]

Adopting the post-combustion capture route avoids the potentially long time periods
required to develop cost-effective coal-derived syngas separation technologies, hydrogen turbine
technology, and fuel-cell technology, etc. It can also provide means of CO; capture in the near-
term for new and existing stationary fossil fuel-fired power plants. [8]

Current adsorption technologies which propose the capture of CO; are costly and energy
intensive. Membrane technology is an attractive CO> capture options because of the advantages
such as energy-efficient passive operation, no use of hazardous chemicals, and tolerance to acid
gases and oxygen. However, an important challenge associated with membrane technology is how
to create the driving force efficiently, because the feed flue gas is at ambient pressure and contains
a relatively low CO> content. [8]

Solid sorbents are another promising capture technology. These sorbents can either react
with the CO; or it can be adsorbed onto the surface. Chemical sorbents that react with the CO> in
the flue gas can be comprise of a support, usually of high surface area, with an immobilized amine

or other reactant on the surface. Physical adsorbents can separate the CO, from the other flue gas
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constituents, but do not react with it. Instead, they use their cage-like structure to act as molecular
sieves. These sorbents can be regenerated using a pressure swing or temperature swing adsorption.
Physical adsorbents such as zeolites is safe for the local environment, and are generally

inexpensive to manufacture. [8]

1.3. Molecular sieves — Zeolites

The word zeolite is derived from the Greek "zeo" meaning boil and "lithos™ meaning stone.
Zeolites are crystalline metal aluminosilicates with a three-dimensional interconnecting network
structure of silica and alumina tetrahedra. Some occur naturally and some have only been produced
synthetically. Zeolites are of interest because they have the capacity to sorb gases, vapours and
liquids, to catalyse reactions, and to act as cation exchangers. [11]

Zeolites have a honeycomb or cage-like structure, which has been identified as the world’s
only mineral with naturally occurring negative charge. Conventional zeolites have interlocking
tetrahedron of silicate and aluminate in various regular arrangements through shared oxygen
atoms. Substitution of Si with Al (or other metals) leads to a negative charge on the framework.
The charge is balanced by exchangeable cations usually alkaline or alkaline-earth metals (e.g.,
Na*, K*, Ca?*, Mg?*). Water molecules and cations are free to move within the crystals and so can
be readily removed or exchanged respectively. These cations are located in the channels and
cavities throughout the pores structure. [7, 12, 13]

Furthermore, diffusion through these pores may be also heavily influenced by their
interaction with the surface. For every alumina tetrahedron in the zeolite structure, a positive
charge is required to make the entire structure neutral. Thus, the lower silica alumina ratio, the
greater the number of cationic charges. The electric field and basicity of this material normally
vary inversely with the Si/Al ratio. Lower ratio of Si/Al has higher basicity. Basicity increases the
specific interaction between CO> and zeolites that resulted in high value of CO. adsorption. [14]
Different zeolite families with their corresponding Si/Al ratio is presented in Table 1.

There are different types of natural and synthetic zeolites such as Type A (4A and 5A
Zeolites), Faujasite (Type X, Y), Mordenite, and Clinoptilolite. Each of them exhibits different
sizes, Si/Al ratio, ionic forms, chemical structure, adsorptive properties, CEC, and many other
specifications. This variety of zeolites brings a tremendous versatility of adsorbents available for

the industry today.
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Carbon may also be formed into a molecular sieve, but it is not a zeolite as it contains no
silica or alumina. It consists of elementary graphite microcrystallites which are stacked together
in random orientation, and the spaces between these crystals form the micropores. This difference
in composition leads to distinct differences in adsorption properties. [16]

Table 1: Different zeolites with corresponding Si/Al ratio. [15]

Zeolite Type Si/Al Ratio Ranges
Analcite 1.00 - 3.00
Clinoptilolite 2.92-5.04
Chabazite 1.43-4.18
Edingtonite 1.00-2.00
Erionite 3.05-3.99
Faujasite 1.00-3.00
Ferrierite 3.79-6.14
Heulandite 2.85-4.31
Laumontite 1.95-2.25
Mordenite 4.19-5.79
Phillopsite 1.45-2.87
Stibilite 2.50 - 5.00

1.3.1. Type A

Type A is one of the most commonly used zeolite, which does not occur naturally. It’s been
used in multiple practical applications including separation, drying and purification of gases. There
are 3 common ionic forms of A zeolite: potassium (3A), sodium (4A) and calcium (5A) forms.
[16]

The structure of Zeolite A is shown schematically in Figure 1. The pseudo cell consists of 8
sodalite cages located at the corners of a cube and joined through four-membered oxygen rings.
This arrangement forms a large polyhedral cage of free diameter about 11.4 A accessible through
eight-membered oxygen windows. Stacking these unites in a cubic lattice gives a three-
dimensional isotropic channel structure, constricted by eight-membered oxygen rings.

As Ruthven and Breck [17, 18] described, each pseudo cell contains 24 tetrahedral (AlO2 or
Si0O2) units and as the Si/Al ratio in zeolite A is always close to 1, there are 12 univalent
exchangeable cations per cell. Three distinct cation sites have been identified; near the centers of
the six-rings in the eight corners of the central cavity (type 1), in the eight-rings (type Il), and on
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the cage wall in close proximity to a four-ring (type Il1). With most cations the type | sites are
preferentially occupied, followed by the type Il sites, and the type I11 sites are filled only after all
sites of types I and Il have been occupied. In the sodium form (4A) there are 12 cations per cage.
These are accommodated in the eight type | sites and three type |1 sites (the six eight-rings are each
shared between two cages) with one cation in a type Il site. All windows are therefore partially
obstructed by a sodium cation and the effective aperture of the sieve is therefore reduced from
about 4.4 to 3.8 A. If the Na* cations are exchanged for Ca?* or Mg?* the number of cations per
cell decreases. At 67% exchange there are only eight cations per cell and all these can be
accommodated in this type | sites. Therefore, in Ca?* or Mg?* (5A) the effective aperture is
increased and somewhat larger molecules can penetrate.

Since the diameter of the potassium ion is greater than that of sodium, a sieve with a smaller
effective aperture (3A sieve) is obtained by potassium exchange. The 3A sieve is widely used for
drying reactive hydrocarbons such as olefins since the small pre size prevents penetration of the

lattice and thus the possibility of reaction. [17]

A type zeolite X and Y-type zeolite

Figure 1: Schematic representation of A and XY type zeolites. [19]

1.3.2. Type X, Y (Faujasite)

Zeolite Y, together with zeolite X, belongs to the family of aluminosilicate molecular sieves
with a faujasite-type structure (FAU). Type X zeolite is identical to type Y zeolite with the
exception that type Y has a higher Si/Al atomic ratio (1.0 — 1.5 for X as compared to 1.5 — 3.0 for
Y). There is a corresponding difference in number of exchangeable univalent cations, which varies
from about 10-12 per cage for X to as low as 6 for high silica Y. [17, 18] These cations are known
to populate three main sites within the cages as shown in Figure 2: sites I/1” in the sodalite cages,
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sites II/II” at the hexagonal rings inside the cavities, and sites III/III’ at the entrance of the
supercage. X zeolites can contain cations at all sites. Y zeolites typically have no cations located
at sites 111 and 11I’. The cations located at sites | and I’ are within the sodalite cages and are
generally not accessible for interaction with most adsorbate molecules, as Walton et al. [20] have

described in their advanced study of CO> adsorption in Y and X zeolites.
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Figure 2: Framework structure of Faujasite-type zeolites. [20]

The 24-tetrahedracuboctahedral units (sodalite cages) in the FAU framework type are arranged
in a way that they are connected via hexagonal prisms (double 6-rings) forming a 3-dimensional
porous channel structure along, characterized by 12-oxygen ring window openings with the
aperture of around 8 A and supercages of approximately 12 A [21]. There are many ionic forms of
type X zeolite, one of the more common being the calcium exchanged version (10 X zeolite),
which contains approximately 41 Ca **and 6 Na* ion per cage. Strontium, barium, and potassium
have also been used in various ionic combinations. The location of ions in the large faujasite cage
depend upon the nature and number of ions, and on the presence of trace quantities of moisture.
The faujasitic structure demonstrates extreme versatility in gas separations and catalytic
applications through ion exchange and metal impregnation. The 8.4 A pore openings in type X
zeolite is the largest in the common commercially produces zeolites, and therefore generally allow
quick diffusion into the pore structure. The large 192 tetrahedral unit cells have a void volume of
approximately 7500 A3, The pore volume and diameter are therefore affected relatively less by ion
exchange than those of type A zeolite. Therefore, with small gases the many ionic forms may be
used freely without worry of significant pore blockage due to the various ion sizes and locations
[16, 17].
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1.3.3. Mordenite

Mordenite is a zeolite mineral usually coming in Na* and H* cationic forms. It occurs naturally
in altered volcanic deposits and in marine sediments. It may also be synthesized. Mordenite’s
molecular structure is a framework containing chains of five-membered rings of linked silicate and
aluminate tetrahedra (four oxygen atoms arranged at the points of a triangular pyramid about a

central silicon or aluminum atom). [22]

The Si/Al ratio in both natural and synthetic forms is generally close to 5 but the aluminum
content of the framework may be decreased substantially by acid leaching without significant loss
of crystallinity. Unlike the other zeolites, the channel structure of mordenite is one-dimensional
for large molecules, and two-dimensional for the diffusion of very small molecules, as shown in
Figure 3. The main channel, which is formed from twelve-membered oxygen rings, has a nominal
free diameter of 6.7-7.0 A. However, natural mordenite behaves as a small-port zeolite and even
small molecules such as methane and ethane are only slowly adsorbed. This appears to be due to
one-dimensional structure that makes mordenite very susceptible to pore blockage due to the
presence of extraneous material. The sieve may be opened by controlled acid leaching which

evidently removes some of the detrital material from the channels. [16]

Figure 3: Schematic presentation of the Mordenite structure. [16]

A synthetic type of modernite known as “large port” mordenite has been prepared and it is
apparently free of this extraneous material, displaying the adsorption characteristics expected for
a 7 A pore size. The unit cell void volume of mordenite has been determined to be approximately
800 A3. [16, 22]
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1.3.4. Binder-free beads

Normally, most zeolites are formed by transforming the adsorbents zeolite powder into
molecular sieves. This transformation reduces up to 20% of the capacity of the pellet, which is the
amount of adsorptive inert clay binder generally used to give the necessary mechanical strength to
the beads in order to be used in packed-columns and at the same time to reduce pressure drop. To
increase the working capacity the binder can also be converted to zeolite matter leading to the so-
called binder-free pellets or bead. [18, 23].

Recently, this technology has been recovered and applied for the synthesis of binder-free
beads such as 13X zeolite and 5A zeolite, where the non-zeolitic components (temporary binder)
is converted to zeolite during a hydrothermal conversion after the manufacturing procedure. In this

way, the resulting binder-free pellet can increase the working capacities of existing zeolite

adsorbent technologies. [23, 24, 25].
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Figure 4: N2 adsorption isotherms (at 77 K) of zeolite NaMSX powder,
binder containing and binder-free molecular sieves. [26]

Figure 4 shows a comparison of the static adsorption capacity of zeolite NaMsX powder
of binder and binder-free molecular sieves. As expected, such binder-free molecular sieves show
an enhanced static adsorption capacity as compared to binder containing molecular sieves of the
same zeolite type. Due to the existence of a unique secondary pore system in advantageous
combination with the 100% zeolite content the new material shows remarkably better dynamic

adsorption properties in comparison to the conventional material. [26]
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1.3.5. Metal-Organic-Framework

A new class of adsorbents named Metal-Organic Framework (MOFs) are focused being clear
that in future they can be an excellent alternative to zeolite adsorbents due to its high surface area
and pore volume. However, MOFs need to be further refined regarding its production in large
scale, chemical and thermal stability, which are properties already well-established in zeolites.
[23]

1.4. Adsorption processes

Adsorption processes involves separation of a substance from one phase (gas or liquid)
accompanied by its accumulation or concentration at the surface of another (solid). The substance
being adsorbed is the adsorbate (or solute) and the solid on which adsorption occurs is the
adsorbent. An unbalanced force of attraction on the surface of the solid is generally responsible
for the adsorption to occur. Adsorption is thus different from absorption, a process in which
material transferred from one phase to another (e.g. liquid) interpenetrates the second phase to
form a “solution”. The term sorption is a general expression encompassing both processes. [27]

The adsorption of gases and solutes is usually described through the so-called isotherms,
that is, the amount of adsorbate on the adsorbent as a function of its pressure (if gas) or

concentration (for liquid phase solutes) at constant temperature.

In the process of gas adsorption, the molecules of the gas temporarily depart from the gas
phase when it comes to the vicinity of the solid surface and undergoes an interaction with it.
Molecules in this new condensed state remain for a short period and then return to the gas phase.
The duration of this stay depends on the characteristic of the adsorbing surface and the adsorbate,
the number of gas molecules that encounter the surface, their kinetic energy, and other factors such
as capillary forces, surface heterogeneities. Besides the characteristics of adsorbates and
adsorbents, the adsorption temperature and pressure also play an important role in gas
encapsulation in solid matrices. The effect of temperature on the adsorption capacity depends
greatly on the nature of solid matrices and type of adsorbing gas. For example, in hydrogen
adsorption on carbon nanotubes, lower temperature favors adsorption. [7, 28, 29]
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1.4.1. CO2 Adsorption behavior in different adsorbent materials

1.4.1.1. Carbon-based adsorbents

It is well known that carbon-based adsorbents exhibit a high adsorption capacity towards
CO: at ambient temperature and pressure. [30]

Owing to their low cost, high surface area, high amenability to pore structure modification
and surface functionalization, and relative ease of regeneration, carbon-based materials are
considered to be one of the most promising adsorbents for capturing CO> in integrated gasification
combined cycle (IGCC) processes for energy generation and hydrogen production. However, the
CO2 adsorption on carbon materials is ‘‘physical’’ and weak, which makes these adsorbents

sensitive to temperature and relatively poor in selectivity. [31]

1.4.1.2. Zeolites

Zeolites are very important adsorbents for CO2 gas separation and purification because
CO:2 has a high linear quadrupole moment which interacts with intra-zeolite cations. [32]
As we discussed before, the electric field and basicity of the zeolite material normally vary
inversely with the Si/Al ratio. Lower ratio of Si/Al has higher basicity. Basicity increases the
specific interaction between CO; and zeolites that resulted in high value of CO> adsorption. The
channel diameter of zeolites ranges from 300 to 1000 pm, while kinetic diameter of CO; is about
209 pm. As a result, zeolites can also separate CO2 by molecular sieving effect. [12]

The polarity and the presence of pores make the zeolite an efficient shape-selective sorbent
for a broad range of separation applications. Relatively large energetic dipole and quadrupole
moment in the molecules is also one appealing factor for selective adsorption of gases in zeolites.
[32] Gases having large quadrupole moment and polarizability interact more easily with the
electric field created by the structural cations of zeolites (Na+, K+, Ca2+, Mg2+), which favors
adsorption of CO2 on zeolites. The order of adsorption capacity of gases on zeolites is carbon
dioxide followed by nitrogen, methane, and hydrogen. This is explained by the fact that CO- has

greater quadrupole moment and polarizability than the other gases. [34]

Zeolites are generally considered to have strong adsorption behavior for moisture.

Sometimes, the moisture contents of zeolites reach 20 % of its own weight. The presence of
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moisture content significantly decreases adsorption capacity of cationic zeolites by favoring the
formation of bicarbonates and decreasing strength and heterogeneity of the electric field.
Additionally, CO. adsorption capacity increases with the gas phase pressure and decreases with
the rise in adsorption temperature. [7]

A study of zeolites made in IAU on the feasibility of CO> adsorption by solid adsorbents
revealed that there are 50 types of natural and 150 types of synthetic zeolites. The presence of
impurity in naturally occurring zeolites makes them less favorable for adsorption of CO..
Chabazite in naturally occurring zeolites and 13X and 5A in synthetic zeolites are better adsorbents
for CO» separations. [7]

1.4.1.3. MOFs

Metal-organic frameworks (MOFs) are one class of crystalline adsorbent materials that are
believed to be of huge potential in CO, capture applications because of their advantages such as
ultrahigh porosity, boundless chemical tunability, and surface functionality over traditional porous
zeolites and activated carbon. [35] However, the CO> adsorption and separation properties of
MOFs are often discussed only from a scientific point of view, without going into the details of
application-related aspects. The demands in terms of adsorption capacity, selectivity, pressure
range, stability, and so on differ from one application to another. Hence, there is no such thing as
a good general CO; adsorbent, as it is a must to identify the application for which the adsorbent is
best suited. [36]

1.4.2. Experimental techniques for gas adsorption studies

In gas adsorption studies, the adsorption capacity and the diffusivity are the two key
parameters commonly measured. The capacity represents the amount of gas adsorbed per unit
adsorbent and the diffusivity of gases in molecular sieves represents how fast the gas diffuse into
the adsorbent.

Determination of these parameters involves measurements of the adsorbent-adsorbate
system response to a change in conditions. The measured capacities and diffusivities can be used
to predict selectivities, and to choose and design adsorption processes. The most common ways to

do these measurements are using the volumetric, gravimetric, and gas chromatographic methods.
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1.4.2.1. Volumetric method

The volumetric method consists of expanding a gas from a pressure cell into an evacuated
adsorption cell containing a clean adsorbent during an isothermal process. The volumes of both
cells are known. Each measurement of the total quantity of gas admitted into the system and of the
amount of gas remaining in the gas phase at the adsorption equilibrium is determined by P-V-T
measurements before and after adsorption by using a real gas equation of state. The amount
adsorbed is calculated by a mass balance on the gas phase before and after adsorption. [37] In other
words, as the gas is adsorbed and allowed to come to equilibrium the measured decrease in the
closed system pressure yields the adsorbed under the given conditions. This method has been used
extensively to determine adsorption isotherms and measure diffusivities as it has the advantage of
being able to be combined with other methods. However, it takes a long time for the process to

reach equilibrium and it requires equipment with very sensitive pressure measurements.

1.4.2.2. Gravimetric method

The gravimetric method consists of exposing a clean adsorbent sample to a pure gas at
constant temperature. The change in the weight of the adsorbent sample as well as pressure and
temperature are measured when equilibrium is reached. This method allows the direct
measurement of the amount adsorbed which was not the case for the volumetric method. It is
considered as a well-established and accurate technique. Main advantage is that the amount of gas
adsorbed or desorbed is measured directly and by measuring the weight change with time,
diffusivities can also be calculated. However, the main disadvantage is, in addition to the required
high sensitivity of the scale (balance), the difficulty of mounting and maintaining such a balance

to be independent of any interference that may arise. [37, 38]

The two equilibrium methods are therefore favored for systems with relatively slow

diffusion and moderate conditions (temperature and pressure).

1.4.2.3. Gas chromatography method

The gas chromatographic methods provide an alternative to conventional gravimetric or
volumetric methods of determining adsorption equilibrium isotherms. Gas chromatograph works
by using a non-adsorbing carrier into which an adsorbable component is injected by a syringe or

added (to create a gas mixture) using a sample valve. Since the velocity of the concentration wave
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through a chromatographic column is determined by the slope of the equilibrium isotherm, the
method may be easily extended to the determination of the complete single-component isotherm.

The column is operated with a mixed carrier containing the adsorbable component (CO>)
and a non-adsorbable gas (Helium) in known proportions, and retention times are measured for
small pulses of the adsorbable component at a series of different carrier compositions. There are
two ways in which the isotherm may then be found directly by integration: (a) using the moment
method; (b) using breakthrough curves.

(@) The chromatographic response peaks obtained are processed and integrated
numerically to determine the first and second moments. Information on adsorption equilibrium
and kinetics can be obtained through mathematical analysis. The analysis can be accurate only
under the conditions of low sorbate concentration, isothermal operation, axially dispersed plug
flow regime in the column, instantaneous equilibrium between the sorbate containing carrier gas
and adsorbent phases for both concentration and temperature and negligible pressure drop across
the packed column. [16]

The mean retention time is a measure of the adsorption equilibrium (Henry's Law constant)
while the dispersion of the response peak is determined by the combined effects of mass transfer
resistance and axial mixing in the column. By conducting measurements over a range of conditions
it is possible to separate the contributions to the peak broadening from mass transfer resistance and
axial mixing.

Performing the experiments at low concentrations within the Henry's Law region of the
isotherm simplifies the interpretation of the data. In this region of the isotherm, the retention time
becomes independent of the size of the sorbate pulse, so changing the pulse size the validity of
linearity assumption can be checked. [39]

(b) A breakthrough curve is a plot of the duration of the test against the concentration of
the adsorbate in the effluent stream of the carrier-adsorbate gas mixture. Initially, as the gas
mixture enters a defined bed filled with zeolites, the adsorbate is adsorbed and the carrier gas
passes out of the bed free from the adsorbed gas. This continues as long as the bed of zeolites has
capacity to adsorb. When saturation is approached, the gas adsorbed is detected in the effluent gas
and its concentration increases until no further adsorption takes place and the composition of the

effluent mixture is equal to the composition of the entry mixture.
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For an idealized situation, the breakthrough curve is S-shaped, is symmetrical and is
described in terms of its (a) midpoint, (b) steepness and (c) shape. The midpoint is a function of
the rate of flow of the gas mixture through the bed, the concentration of the adsorbate in the mixture
and the capacity of the bed (size and quantity/quality of zeolites in the bed) as well as the operating
temperature of the bed. Higher temperatures reduce adsorption capacity and hence reduce
retentivity so producing shorter breakthrough times. The steepness of the curve depends on the
rate at which the gas mixture passes through the bed. The slower the rate of flow, the steeper the
breakthrough curves. Information on adsorption equilibrium and kinetics can then be obtained
through mathematical analysis. [40]

Those methods may also be extended to the determination of the binary equilibrium
isotherm for a mixture with two adsorbable components but with a different approach to the
analysis of the experimental data.

Both chromatographic method offers simplicity and rapidity in producing data, suitability
for higher temperature and pressure, applicability in a wider range of diffusivity values and in low
sorbate concentration measurements than the conventional static methods. However, the moment
method is limited to the low concentration region and it takes much longer time as it requires so
many runs to acquire all the points to complete the analysis for a single temperature. Therefore in
this work, the gas chromatography method using the breakthrough curve was used exclusively for

the determination of the adsorption equilibrium and kinetics of CO- in binder-free KY zeolite.
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2. THEORY

2.1. Effect of zeolite structural characteristics on CO2 adsorption

The CO; adsorption is influenced by diverse structural characteristics of zeolites including
size, polarizing power, distribution, the number of exchangeable cations in their cavities, the size
of the pores, and the Si/Al ratio. [14]

2.1.1. Basicity effect on CO2 Adsorption

The basic properties of zeolites brought by cations allow a strong capitation of acidic
molecules by enhancing the electron density of the framework oxygen. The basic strength of these
sites increases with the electropositivity of exchangeable cations. [14]

In basicity effect, the diameters of cations are Li* (1.4 A) < Na* (1.9 A) < K* (2.7 A) <Rb*
(2.9 A) < Cs* (3.3 A) [59]. Larger cations accept less charge transfer from the neighboring lattice
oxygen atoms, these oxygen atoms therefore remain more negatively charged and, hence, more,
basic. Therefore, the order of CO. adsorption at low pressure follows the same order of basicity of
the samples. It is suspected that the basic oxygen atoms play a role in CO2 adsorption on faujasite
Y. The interaction of CO2 with a cation and a basic oxygen atom would lead to a formation of a

bent carbonate-like species. [41]

2.1.2. Si/Al ratio effect on CO2 Adsorption

Ruthven et al. [61, 62] have proven that adsorption capacity and selectivity of zeolites
increases when the Si/Al ratio decreases. This effect is more important when the quadrupole
moment of molecules is great. This phenomenon could be due to an increase of electric field in the
zeolites pores induced by increasing number of charged sites present at the surface of zeolites.
Moreover, the basicity of zeolites framework enhances with the content of AI®* ions due to the
presence of a greater amount of exchangeable cations. [14]

However, higher silica-alumina ratio is advantageous in some cases as for instance, zeolite
KY offers improved catalytic and hydrothermal stability than of KX, it demonstrates more stability
under flue gas and adsorption operation conditions, as well as stability in the presence of water

vapor. Y zeolites are characterized with less affinity for water than X zeolites, where the affinity
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of water is many times higher than CO- and therefore the water content will be competing with
CO:. for the sites available for adsorption. Sometimes, the moisture contents of zeolites reach 20%
of its own weight. The presence of moisture content significantly decreases adsorption capacity of
cationic zeolites by favoring the formation of bicarbonates and decreasing strength and

heterogeneity of the electric field. [42]

2.1.3. Polarization, distribution, number and size of exchangeable cations effect on CO2
Adsorption

The polarizing power of the exchangeable cations represents a very important factor that
influences the local electric field and the polarization of the CO2 molecules on the zeolites. The
polarization of CO; induced by the electric field of the cation causes a shift to higher frequencies.
The shift is expected to increase with decreasing cation radius. [14] Therefore the polarity of the
cations can be written inversely proportion to the ionic radius: Li* > Na® > K" > Rb™> Cs*. Having
said that, the polarizing power is not the main factor that governs the adsorption of CO2 because
in Pirngruber’s et al. study [41], it was discovered that the less polarizing cations Cs+ and K+
adsorb more strongly CO> than Na+ and Li+. The authors identified two possible explanations for
the strong interaction of CO2 with CsY and KY:: (i) the formation of bridged adsorption complexes
where CO; simultaneously interacts with two cations and (ii) an adsorption mode where CO;
simultaneously interacts with the cation and lattice oxygen atoms.

Therefore, other factors should be considered before drawing conclusions on the CO>
adsorption due to the polarizing power.

The number of cations which are able to interact with adsorbates have also an importance
in the adsorption process. Indeed, a calorimetric study by Khvoshchev and Zverev [43] of CO>
adsorption in faujasites CaY and CaX has indicated that the isosteric heat of CO2 adsorption on
the zeolite CaX is higher than that of CO2 on the zeolite CaY. This could be a consequence of a
higher CO. adsorption on zeolite CaX than on the zeolite CaY. Moreover, this difference could
also be due to a greater number of Ca?* cations in the zeolite CaX which are able to interact directly
with the adsorbed CO2 molecules, than in zeolite CaY. Additionally, the distribution plays an
important role as it can bring this heterogeneous character of the CO2 adsorption. [14]

The pore sizes of the zeolites can also influence the capacity and rate of CO2 adsorption.

The presence of small exchangeable cations that can penetrate more easily within the zeolites
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cavities will have stronger interaction with CO: as the big cations and therefore will increase the
adsorption. The relationship between the CO> adsorption capacity of zeolites and the size of their
pores depends particularly of the pressure (loading). Indeed, at low pressures, the density of the
adsorbate is highest in the smaller pores while that is higher in larger pores at high pressures. This
was proven by Barrer [44] as he indicated that the affinity of the zeolite NaA for CO: is higher

than that of zeolites NaX and NaY at low pressures, this was due to a small diameter of zeolite A.

2.1.4. Importance of cation exchange in the performance of the zeolite on CO2 Adsorption

It is shown in Khelifa’s et al. studies [45, 46], that the CO, adsorption affinity decrease
when Na* cations of an X-type zeolite are exchanged by the M?* cations (Mg?*, Sr?*, Zn?* , Cu?*).
However, there is an increase of the CO; adsorption affinity when the degree of Na* exchange
increases. It is also shown that the CO, adsorption on zeolites X exchanged with Ni?* and Cr3*
decreases as compared to that of zeolite NaX due to a decrease of the adsorbate-adsorbent
interaction. This phenomenon has been associated with a depopulation of sites Il (Figure 2) and
a decrease of electric field in the cavities of zeolite. [14]

Nevertheless, Kiselev et al. [46] studied the adsorption properties of zeolites MgNaX and
CaNaX, he showed that the substitution of Na* cations by Mg?* and Ca?* cations changes only the
CO- adsorption when the rate of exchange is superior to 40-50%.

A similar effect has also been observed by Khvoshchev and Zverev [43] in their
calorimetric study where the isosteric heat of CO> adsorption on the dehydrated faujasites (Mg,
Ca)-X and (Mg, Ca)-Y was examined, following the substitution of a part of the Ca?* ions by the
Mg?* ions. The decrease of heat of adsorption achieved during the substitution has been attributed
to a greater screening of Mg?* ions by the oxygen atoms electric field of zeolites and therefore, do
not form adsorption complexes with CO, as compared to that of Ca®* ions. This might be caused
by the penetration of Mg?* ions deep within six-membered rings of the framework or to their
localization principally outside the cavities of zeolites. [14]

They have also shown that Ca?* ions located in large cavities of faujasites are preferential
adsorption centers for CO». The heats of adsorption in the ranges of coverages corresponding to
the interactions of adsorbed molecules with such ions are higher than those for sodium zeolites.
Therefore, the substitution of Na* by Ca* in zeolites leads to an increase of CO; adsorption heats

at low coverages. [43]
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2.2. Adsorption Equilibrium Loading Measurement by Chromatographic Breakthrough
Experiments

In chromatographic breakthrough experiments, the dynamic equilibrium loading can be
obtained by integrating the molar flow profiles of the breakthrough curves by the following
equation [48]:

1 teo
qi = (Ff,itn - f Fidt — EchCio) (1)
Mags 0

where mg, is the adsorbent mass, Fy; is the feed molar flow rate of component i at the inlet of
the bed; F; is the molar flow rate of component i at the outlet of the bed, t,, is the saturation time,
gy Is the bed porosity, V. is the column adsorption volume, and C;, is the feed gas-phase

concentration at the inlet of the fixed bed.

2.3. Adsorption Equilibrium Isotherm Models

2.3.1. Langmuir Model

The Langmuir equation has been widely applied to estimate the adsorption equilibrium of
single gases owing to its simplicity with only two parameters and sufficient accuracy for various
adsorbents. [49]

It is based on the four following assumptions [48]:

1. The absorbent surface is homogeneous and the energy of all adsorption sites are equal.

2. The interaction between the adsorbate particles could be neglected.

3. Each site can only hold one adsorbate molecule.

4. Adsorption equilibrium is dynamic, and the adsorption rate is equal to that of desorption

from the surface.

The Langmuir model for a single component can be represented by the following equation [64]:

1+bp )
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where g is the adsorbed concentration at equilibrium; q,, is the specific adsorbed saturation
capacity; p is the partial pressure and b is the adsorption affinity constant of the Langmuir
isotherm, which indicates the attraction force between the adsorbate molecule onto the surface of
the adsorbent.

The effect of temperature on the adsorption affinity constant b , is taken into account by

the integrated van’t Hoff equation:

b = b, e (~AH/RT) 3

where b, is the pre-exponential factor of the affinity constant at an infinite temperature, R is the
ideal gas constant, —AH is the heat of adsorption, and T is the experimental temperature. As the

adsorption is an exothermic process, the b constant decreases by increasing temperature.

2.3.2. Dual-site Langmuir Model

In the dual-site Langmuir model (DSL), the adsorbable species are distributed in two sites,
each one following the Langmuir model assumptions, with different binding energies and
maximum adsorption capacity in each site. The dual-site Langmuir model for a single component

can be represented by the following equation [50]:

b,p b,p

= 4 _

where g,,;, and g,,,, are the maximum adsorbed concentrations of site 1 and 2, respectively; b, and
b, are the adsorption affinity constants in each site. This model deviates from the ideal Langmuir
model accounting for certain heterogeneity of adsorbent surface. It reverts to the Langmuir model
(Eq. 2) if we consider only one site.

The extended DSL model isotherm to multicomponent systems (component i and j) is
given by the following equation:

qi = Qma buiPi + qma,i i ©
LML by T L+ X by
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The evolution of the heats of adsorption as function of coverage depends on the
contribution of adsorbate-adsorbent interactions, which either remain constant or decrease. [41]
The isosteric heat (AH,,) is the heat of adsorption as a function of the amount adsorbed and it is

defined by the following equation [44]:

AH, 0l
_ _( “p>q (6)

RT? aoT

Assuming AHg; is independent of the temperature, the isosteric heat can be calculated
directly by integrating equation 6 at a fixed coverage from experimentally measured adsorption

isotherms in a plot of In p against 1/T [17]:

AHg,

()
RT

Inp = constant —

The evolution of the heat of adsorption as a function of loading depends on the
intermolecular adsorbent-adsorbate molecular interactions. Higher values of isosteric heats means
stronger interactions. It can also give us an idea on the heterogeneous behavior of the material.
[63]. It is fair to say that the isosteric heat of sorption of CO on zeolites A, X and Y deceases with
increasing coverage. [65] This behavior can be predicted or calculated numerically by the
differentiation of the DSL model (eq. 4), assuming constant loading (dq = 0), and substituting the

result in the isosteric heat equation (eq. 6), resulting in the following equation [48, 51]:

b,AH, n b,AH,
T @ byp)® " 2 T+ Byp)? ®)
b,

(_ AHSt) = b1
I T+ byp? T2 T+ byp)?

It is therefore a numerical solution (eq.8) that can be used to predict the increase or decrease
of the isosteric heat with loading depending on the heterogeneity of the adsorbent. In the limit, the
value is constant when the surface adsorption in both sites are the same, meaning they are

homogeneous, as assumed in the Langmuir model. [51].
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2.4. Adsorbent Screening Metrics

After measuring both CO2 and N2 isotherms, adsorbent screening is usually performed
based on the so-called “adsorbent metrics” that can be calculated using single-component
isotherms. Selectivity and the working capacity using the pure component isotherms at a given
feed condition have been suggested as adsorbent metrics by Tezel [52]. Other metrics such as pure-
component and competitive selectivity, Henry’s selectivity, and others are found in literature [53,

54, 55] and are used to evaluate the separation performance.

The selectivity (a) of CO2 over N2 can be defined as:

QCoz/CINz
dA=—

Pcoz/ Pn, ©)

where qo, is the equilibrium adsorption quantity of CO2 and gy, is that of N at the same pressure

and temperature. pco, and py, are the partial pressures of CO2 and N2 respectively.

The Henry selectivity (ay) is calculated at low concentrations, where the adsorption

isotherm is in the limit of the linear range. It is defined by the following equation [54]:

_Heo,  (@miby + qmazba)co,
Hy, (qm1bs + szbz)z\r2

(10)

Ay

where g,,,; and g,,, are the saturation concentrations for site 1 and site 2, respectively. b, and b,

are the adsorption affinity constants in each site.

Pure component selectivities (ap) can be calculated by Eg. 11 and competitive
(multicomponent) selectivites (a.) by Eq.12 where y¢,, and yy, represent the feed molar fraction

of CO2 and N2 [53].

ap = KQCOZ,pure) Yn2 (11)
qu,pure yCOZ feed

ac = KQCOZ,comp) Yn2 (12)
qu,comp yCOZ feed
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The working capacity of an adsorbent is defined as the difference in equilibrium capacities
between the high and low pressures for the case of PSA/VSA and from high and low temperature
in the case of TSA. A general expression including both temperature and pressure for the pure and
competitive working capacity is shown below [56]:

Bp = |(Q(T1'P1) - q(TZ'PZ) Ipure (13)

Bc = I(q(TLPl) - Q(TZ'PZ)) |comp (14)

where q(T1,P1) is the CO; adsorption amount at temperature T1 and partial pressure P1 in the
adsorption step, and q(T2,P2) is that of temperature T2 and regenerating pressure P2 in the

desorption step.
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3. EXPERIMENTAL STUDIES

3.1. Breakthrough Experimental Apparatus

A single and multi-component breakthrough apparatus has been used to study the fixed bed
adsorption kinetics of CO2and Nz in their binary mixtures in KY zeolite. The experimental system

mainly consists of three sections:

a) Gas preparation system. b) Adsorption column. c) Gas Analysis (TCD).
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Figure 5: Schematic drawing of the experimental set-up used to perform single- and multi-component breakthrough
experiments to measure the adsorption equilibrium.
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Figure 5 shows the apparatus schematic used to perform the experiment. In the gas
preparation section, helium is used as a carrier gas as it enters the system through the carrier stream.
The adsorbate gas (CO2 or N2 or both species) goes into the system through line 1. The carrier-
gas is sent directly to the column to keep the material clean and the adsorbate gas first is bypassing
the column to verify the flowrate. When valve V1 is switched, the adsorbable species joins with
the carrier gas and go to the column oven through line 2. Helium is also connected directly to the
TCD to be used as reference.

Mass flow controllers (MFC) are used to set the flow rates and the total volumetric flow
rate is measured using the bubble flow meter technique, which is done by sending the gas mixture
into the bypass stream (using V1) and then into the ventilator (using VV2) where the bubble flow
meter, equipped with EC sensors, is located. Back pressure controller (BPC) is used to set the total
pressure of the system.

This apparatus is designed to perform single and multi-component experiments, with the
VICI Valco four-way valve (V3) used to select the type of the experiment. The configuration
presented in Figure 5 is selected to perform a multi-component experiment, where the gas exiting
the adsorption column is sent to the VICI Valco six-way valve (V4) so that the stream can pass by
the loop, and then either go to ventilation or through line 6, as the carrier gas exiting the reference
side of the TCD enters the valve and drags the sample contained within the loop to the analytic
section. In the analytic section, line 6 goes to the chromatographic column (Supelco silica gel 37),
with the effluent being detected in the sample side of the TCD.

To perform a single-component experiment, valve V1 must be in the opposite position so
that the output gas of the adsorption column bypasses valve V2 and go directly to the sample side
of the TCD through line 4.

The fixed bed adsorption column is filled with binder-free KY zeolites. Table 2 shows the
properties of the adsorption column, adsorbent and operating conditions. The adsorbate and inert
gases were supplied by Air Liquide with the following purities: He ALPHAGAZ 2 (99.9998 %),
CO2N48 (99.998%) and nitrogen N50 (99.999%).
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Table 2: Column, Adsorbent and Operating Conditions.

Parameter Value
Adsorbent properties

Total weight 26.2¢9

Beads diameter 1.60 -2.50 mm
Column properties

Bed density 0.649 g/cm?®
Bed porosity 0.4

Column Length 6.46 cm
Column Internal Diameter (1.D) 2.82cm
Cross-Sectional Area 6.24 cm?
Volume 40.3 cm3
Fluid properties

Pressure 1.00 — 3.50 bar
Temperature 313-423K

3.2. Experimental Procedures

Before the first run, the adsorption column is activated for 12 hours at 623 K under vacuum
and pure helium flows (10 mL/min). This activation step under high temperature and vacuum is
critical to remove the any pre-absorbed components, such as water. The weight of the column

before and after the activation was noted to define the amount of dehydrated water.

To prepare the gases, the flow rates of both carrier gas (He) and adsorbate gases (CO2/N) are
adjusted using the mass flow controller (MFC) so that the desired partial pressure is achieved when
both gases are mixed. The total pressure is set and taken into account using the back pressure
controller (BPC).

Before sending the prepared mixture into the adsorption column, it is best to keep using the
bypass (V1) and then only switching valve (V2) to the TCD side so that the concentrations of the
carrier gas and the adsorbate are monitored before going into the adsorption column. This gives
an idea of how the curve should look like after the adsorption is complete. The next step is to
switch valve (V1) to the bed-side, and therefore the mixture passes through the adsorption column,
which is placed inside a temperature controlled oven. For the first set of runs, the temperature was
set at 313 K.
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The mixture then exits the column and enter the thermal conductivity detector (TCD) which
provides an electronic signal proportional to the concentration of gases. Initially, as the gas mixture
enters, the adsorbate is adsorbed and the carrier gas passes out of the bed free from the adsorbed
gas. This continues as long as the bed of zeolites has capacity to adsorb. When saturation is
approached, the gas adsorbed is detected in the effluent gas and its concentration increases until
no further adsorption takes place and the composition of the effluent mixture is equal to the
composition of the entry mixture. The curve, which looks similar to an S-shape, is collected and
transferred into data to be able to perform mathematical analysis on the adsorption that took place.

This experiment was repeated with different partial pressures at the following temperatures:
313 K, 373 K, 423 K. Before each run, the column had to be re-activated under high temperature
(around 523 K) for at least 30 minutes with pure He flow, to remove any carbonate species formed
from the previous run. After a few set of runs is completed, the column is activated overnight (12

hours at 523K) to make sure that the zeolite is clean and ready for adsorption in the next day.

3.3. Commercial binder-free Zeolite KY

The sample of the commercial binder-free zeolite KY studied in this work, was furnished and
supplied as 1.6-2.5 mm beads by Chemiewerk Bas Kostritz GmbH (Germany). Cation exchange
of a parent NaY sample with a Si/Al ratio of 2.5 was performed to achieve the composition of 95%
K*. Table 3 shows some of the textural properties of the adsorbent used in the experimental
studies. Detailed information is given in Appendix B.

Table 3: Textural properties of the binder-free KY zeolite studied in this work.

Adsorbent Type KY zeolite
BET surface area (Sg,;) 570 m? g
Langmuir surface area (Syqngmuir) 845 m? gt
External surface area (Sy;) 13.0m?g?
Micropore surface area (S,,;c) 557 m?2 gt
Micropore volume (Vp;c) 297 mmé gt
Average pore width (W,,;.) 2.10 nm
Total Pore Volume (Vyoeqar) 316 mmég?
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4. RESULTS AND DISCUSSION

4.1. Adsorption Equilibrium of CO:2 on binder-free KY

The single component adsorption equilibrium data of CO> in binder-free KY was collected
at three temperatures, 313, 373, 423 K, and pressures up to 3.5 bar. The experimental conditions
of all performed runs, including flow rates of adsorbates (CO2) and inert gas (helium), partial

pressures of adsorbate, and total pressure of the process, are reported in Table 4.

From the breakthrough data, the amount adsorbed of each run was determined directly from
the fixed bed breakthrough experiments using equation (1) as shown in Appendix A. The
calculated loadings after the dead volume correction are shown in Table 4. Plotting the uptake
capacity (loading) over the partial pressure will provide us the adsorption isotherms of CO2 on

binder-free zeolite KY, which are illustrated in Figure 6.
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Figure 6: Adsorption equilibrium isotherms of CO; on zeolite KY.
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Table 4: Experimental conditions of all runs at 313, 373 and 423 K to study the CO; adsorption on binder-free KY

zeolite.

RUNS CO: Flow He Flow Total Pressure COgzpartial Loading
(313K) (ml/min) (ml/min) (bar) pressure (bar) (mol/kg)
11 4.61 87.6 1 0.05 212
12 9.22 83.0 1 0.1 3.16
1.3 46.1 46.1 1 0.5 5.38
14 27.7 64.5 5 15 5.92
15 64.5 271.7 5 3.5 6.42
RUNS CO: Flow He Flow Total Pressure COgz partial Loading
(373K) (ml/min) (ml/min) (bar) pressure (bar) (mol/kg)
2.1 3.87 735 1 0.05 0.275
2.2 7.74 69.6 1 0.1 0.543
2.3 38.7 38.7 1 0.5 1.92
24 23.2 54.2 5 15 3.36
2.5 46.4 30.9 5 3.0 4.46
RUNS CO: Flow He Flow Total Pressure COgz partial Loading
(423K) (ml/min) (ml/min) (bar) pressure (bar) (mol/kg)
3.1 341 64.8 1 0.05 0.0814
3.2 6.82 61.4 1 0.1 0.149
3.3 34.1 34.1 1 0.5 0.655
34 20.5 47.8 5 15 1.54
3.5 40.9 27.3 5 3.0 251

As can be seen, the amount adsorbed of CO> in zeolite KY increases by enhancing the
partial pressure. At a fixed pressure, the adsorption capacity decreases when the temperature is

increased in accordance to the exothermic behavior of the adsorption process.

The isotherms were firstly modeled by a numerical procedure in order to minimize the
absolute difference (Aq) between the experimental values (q) and the predicted or calculated
values (q.q;) on all experimental runs (M) by applying the Langmuir model (eq. 2). Therefore,

the objective is to minimize the following equation:
M
80 =) @Gear — 0 (15)
i=1
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Following the minimizing procedure (eg.15), values of the Langmuir model parameters
dm, b and AH can be determined. The coefficient of determination r2 represents the percentage of
variability in the dependent variable, meaning that it is employed to analyze the fitting degree of
the isotherm with the experimental data. It is a value that varies from 0 to 1, closer the coefficient

to 1 means less percentage of error. It is calculated by the following equation [50]:

2 _ (q — Gea)?
Z(q - @)2 + (CI - qcal)z (16)

r

Table 5 shows the calculated model parameters along with the coefficient of determination
when the Langmuir model was applied to the experimental isotherms. The adsorption equilibrium
isotherm of CO. on binder-free KY zeolite by applying the Langmuir model is shown in Figure 7.

Table 5: Adsorption equilibrium Langmuir model parameters for CO, on binder-free KY zeolite.

Im b * —-AH r?
(mol.kg) (bar?) (kJ/mol) @)
6.43 9.66 39.4 0.997

* The reference temperature used is 313.15 K
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Figure 7: Adsorption equilibrium isotherm of CO- on binder-free KY zeolite and fitting with the
Langmuir model.
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The Langmuir model is simple and reasonably accurate, however it assumes that the sites
are homogenous and so the surface adsorption is equal in all sites. This assumption can only be
correct if the isosteric heat as a function of the capacity coverage, is constant. Therefore, a plot of
the isosteric heat over the coverage is necessary to find out if the Langmuir model is

thermodynamically consistent with experimental data.

As mentioned before, the isosteric heat can be calculated directly by integrating equation
(6) at a fixed coverage from experimentally measured adsorption isotherms in a plot of Inp
against 1/T. Therefore, using equation (7), values of the isosteric heat can be determined from

the slope as shown below in Figure 8.
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Figure 8: Plot of In p over 1/T at fixed coverages for calculating the isosteric heat of CO..

As can be seen, the slope of the isosteric heat decreases as a function of coverage. This
verifies the fact that the surface adsorption in the sites are heterogeneous, this can be explained by
the charge density in the zeolite that interact with the strong quadrupole moment of the CO:
molecule, giving rise to the heterogeneous surface. Additionally, Pirngruber et al. [41] have shown
that K+—K+ distances inside the supercage of zeolite KY are smaller than NaY (the order of 8.6
A®). This small distance allows the interaction of CO2 with two K+ located in different sites
(K+...0=C=0...K+) of supercage resulting in different energy of adsorption. Also, the authors

conclude that a dual-site adsorption mode seems to be possible.
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Using the DSL model (eq.4) and the same numerical procedure (minimizing eq. 15), the

fitting is shown in Figure 9. Table 6 shows the calculated DSL model parameters for both sites.

Table 6: Adsorption equilibrium DSL model parameters for CO; on binder-free KY zeolite.

m b * —AH r?
(mol/kg) (bar?) (kJ/mol) O]
qQmq qm;, b, b, —AH, —AH,
3.93 2.80 4.98 18.0 38.3 42.6 0.996

* The reference temperature used is 313.15 K
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Figure 9: Adsorption equilibrium isotherms of CO; on binder-free KY zeolite and fitting using the
DSL model.
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The isosteric heat can be predicted or numerically calculated using equation (8). Figure 10
shows the numerical isosteric heat along with the previously calculated experimental values as a
function of coverage, where it can be seen that the DSL model predicts the experimental
observation of the slight decrease of the net isosteric heat of CO2 as a function of coverage

indicating a heterogeneity energy surface.
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Figure 10: Isosteric heat of adsorption as a function of CO, coverage experimental and numerically
predicted by the DSL model in binder-free zeolite KY.
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4.2. Comparison of CO2 adsorption equilibrium data in different ion-exchanged zeolites

Figure 11 show a comparison of the isotherms collected in this work for binder-free zeolite
KY and other Y zeolites modified by alkali metal cation exchange (NaY, LiY, KY, CsY) collected
at 323 K, shown in literature [41] where units were converted from molecules/UC into mol/kg.

The isosteric heats are also compared and shown in Figure 12.
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Figure 11: Comparison of CO; adsorption isotherms in different ion-exchanged zeolites at 323 K [41].
*The data for binder-free KY was measured in this work.
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Figure 13: Isosteric Heat Comparison of CO; on alkali-metal exchanged FAU zeolites [41].

* The data for binder-free KY was measured in this work.
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As be seen, the adsorption capacity of CO: in binder-free KY is very competitive
comparing it to most of the studied alkali metal exchanged zeolites. At low pressures, it is visible
that binder-free KY demonstrates the highest loading, this is confirmed in Figure 12 where the
adsorption isotherms are studied in the low pressure region at 333 K. In agreement with the results
of Pirngruber et al. [41], a clear trend in the order of adsorption at low pressure is observed: LiY
< NaY < CsY < KY. The K and Cs forms have more strongly concave downward isotherms
compared to the almost linear isotherms for NaY and LiY. This indicates a responsiveness of acidic
CO: to the basic properties of the zeolites containing larger cations, as Walton et al. [20] indicated.

Also, since the material studied in this work is binder-free, meaning that the non-zeolitic
components (temporary binder) was converted to zeolite during a hydrothermal conversion after
the manufacturing procedure, binder-free KY should have up to 20% increased capacity [24-26,
18]. This is visible in all comparisons as binder-free KY form follows the same trend as KY but
with around 10 - 20 % increased capacity.

For partial pressures above 6 bar at 323 K, NaY is characterized with the highest
adsorption capacity followed by binder-free KY, then LiY and KY and finally CsY, as shown in
Figure 11. These trends are explained by the volume occupied by the cations, which reduces the
space available for adsorption of CO2 when the pores are reaching saturation [41]. It is also
explained by the basicity effect, the basic strength of the sites increases with the electropositivity
of exchangeable cations and since larger cations accept less charge transfer from the neighboring
lattice oxygen atoms, these oxygen atoms therefore remain more negatively charged and so the
sites become less basic, hence, the adsorption capacity decreases [14]. Therefore, the trend in the
order of adsorption at intermediate and high pressure is as follows: NaY ~ Binder-free KY > LiY
~ KY > CsY.

Some could say that LiY should have much higher adsorption capacity than KY since it is
nearly half its size (0.68 A radius for Li* and 1.33 A for K*). However, the large cavities in
faujastie-type zeolites makes it easy for K* ions to become a competitive adsorption center for
COz. As shown in Figure 13, the heats of adsorption demonstrating the interactions of adsorbed

molecules with such ions are higher than those for lithium as well as the sodium zeolites.

Further isotherms and isosteric heats comparisons of binder-free KY and other ion-

exchanged zeolites on the adsorption of CO- are presented in Appendix C.
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4.3. Adsorption equilibrium of N2 on binder-free KY

The single component adsorption equilibrium data of N2 in binder-free KY was collected
at three temperatures, 313, 373, 423 K, and for pressures up to 3.5 bar. The experimental
conditions of all performed runs, including flow rates of adsorbates (N2) and inert gas (helium),

partial pressures of adsorbate, and total pressure of the process, are reported in Table 7.

From the breakthrough data, the amount adsorbed of each run was determined directly from
the fixed bed breakthrough experiments using equation (1) as shown in Appendix A. The
calculated loadings after the dead volume correction are plotted over the partial pressure to provide

the adsorption isotherms of N2 on binder-free zeolite KY, as illustrated in Figure 14.
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Figure 14: Adsorption Equilibrium Isotherms of N, on zeolites KY.
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Table 7: Experimental conditions of all runs at 313, 373 and 423 K to study the N, adsorption on binder-free KY

zeolite.

RUNS N2 Flow He Flow Total Pressure N2 partial Loading
(313K) (ml/min) (ml/min) (bar) pressure (bar) (mol/kg)
1.1 4.72 88.2 1 0.05 0.0158
12 9.20 83.4 1 0.1 0.0298
1.3 46.0 46.2 1 0.5 0.135
14 27.6 65.3 5 1.5 0.317
15 64.5 28.4 5 35 0.671
RUNS N2 Flow He Flow Total Pressure N2 partial Loading
(373K) (ml/min) (ml/min) (bar) pressure (bar) (mol/kg)

2.1 3.95 74.6 1 0.05 0.00568
2.2 7.80 69.4 1 0.1 0.00966
2.3 38.1 39.0 1 0.5 0.0402
24 23.1 54.1 5 1.5 0.116
2.5 53.7 23.9 5 3.5 0.246
RUNS N2 Flow He Flow Total Pressure N2 partial Loading
(423K) (ml/min) (ml/min) (bar) pressure (bar) (mol/kg)
3.1 3.42 65.1 1 0.05 0.00319
3.2 7.21 61.1 1 0.1 0.00551
33 343 34.1 1 0.5 0.0194
34 20.5 48.2 5 1.5 0.0597
3.5 48.4 20.1 5 35 0.128

As expected, the amount adsorbed of N2 in zeolite KY increases by enhancing the partial
pressure and decreases with increasing temperature at a fixed partial pressure, with a more linear
behavior. The total amount adsorbed of N is a lot less comparing it to CO», as the loading doesn’t
exceed 0.68 kJ/mol at the lowest temperature and highest partial pressure. This is more visible in
Figure 18 where the adsorption capacity of both CO, and N are compared at 313, 373 and 423 K.

Same as the procedure for CO», the isotherms were fitted by minimizing equation (15) and
the Langmuir model was applied. Values of the Langmuir model parameters and coefficient of
determination were determined, and listed in Table 8. The adsorption equilibrium isotherm of N>

on binder-free KY zeolite by applying the Langmuir model is represented in Figure 15.
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Table 8: Adsorption equilibrium Langmuir model parameters for N on binder-free KY zeolite.

08 -

m b * —AH r?
(mol/kg) (bar?) (kJ/mol) ()
2.10 0.133 21.1 0.997

* The reference temperature used is 313.15 K

N; partial pressure (bar)
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313K

—— Langmuir at
373K

—— Langmuir at
423 K

Figure 15: Adsorption equilibrium isotherms of N, on binder-free KY zeolite and fitting using the

Langmuir model.
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The heats of adsorption data were treated just as in the case of CO,. Therefore, using

equation (7), values of the isosteric heat is determined from the slope as shown in Figure 16.
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Figure 16: Plot of In p over 1/T at fixed coverages for N, on binder-free KY.

As can be seen, the isosteric heat of sorption of N2 on zeolites KY is constant. This means

that the sites are homogeneous, and so the surface adsorption can be considered equal in all sites.

Indeed, even after applying the dual-site model Langmuir model and calculating the
isosteric heat numerically, it is found that that the parameters in both sites are equal and that the
value of the isosteric heat is constant over the capacity coverages: 21.1 kJ.mol™. This confirms the
homogeneous behavior in the adsorption of N2 in binder-free KY. Therefore, there is no need to
use the DSL model as the Langmuir model is suitable enough, meaning that it is correct to assume

that there is only one identical site instead of two different ones.
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Figure 17 show a comparison between the N2 isotherms collected in this work for binder-
free KY and NaY at 298, 318 and 358 K, as shown in literature. [58] It is visible that the adsorption
capacity of N in binder-free KY is stronger than in NaY. This could mean that in the binary-

component system, it is expected for the adsorption capacity of CO- to decrease due to the higher
affinity of N2 in binder-free KY.
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Figure 17: Comparison of N adsorption isotherms in binder-free KY and NaY at different
temperatures [58]. *The data for binder-free KY was measured in this work.
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4.4. Binary-component adsorption of CO2 / N2 on binder-free KY

The actual flue gas from a coal-based power plant mainly consists of CO2 and N2 along
with trace quantities of impurities like SOx, NOx, CO, moisture and other particulates. [55] The
impurities present in the flue gas can have an influence on the adsorption capacities as these
impurities will be competing with CO- for the sites available for adsorption. Also, the presence of
certain impurities might also degrade the adsorbents over a period of time. Although these
impurities will have an impact on the process performance, it is assumed the flue gas is composed
of 15% CO> and 85% N.. The assumption on the flue gas components would simplify the process
and would allow us to provide key insights regarding the performances of zeolite KY on both

carbon dioxide and nitrogen.

Figure 19 to 21 shows the adsorption breakthrough curves (a) and desorption breakthrough
curves (b) for the mixture plotted as normalized molar fraction against time, where the effect of
temperature on adsorption and desorption breakthrough curves are visible. The typical
breakthrough time behavior was observed, as higher is the temperature lower is the breakthrough
time. Unfortunately, the desorption step at 313 K (Figure 19 b) didn't reach to the end due to slow
concentration decrease of CO; at 313 K. This is expected due to the high CO: affinity at low

temperature.

Similar to the single-component system, the amount adsorbed of each temperature was
determined directly from the breakthrough experiments, the resulting loading data are shown in
Table 9. Furthermore, the extended DSL model for multicomponent systems (eg. 5) was used to

predict the binary-component isotherms at 313 K, 373 K and 423 K, as shown in Figure 22.

Table 9: Binary-component experimental conditions of runs at 313 K, 373 K and 423 K.

Temperature  CO2 Flow N2 Flow Total COzpartial CO:2 Loading
(K) (ml/min) (ml/min) Pressure (bar) pressure (bar)  (mol/kg)
313 13.8 78.1 1 0.15 4.14
373 114 65.3 1 0.15 0.793
423 10.1 57.5 1 0.15 0.267
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Figure 19: Adsorption (a) and desorption (b) breakthrough curves of binary mixtures CO,
(15%) /N2 (85%) on binder-free zeolite KY at 313 K.
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Figure 20: Adsorption (a) and desorption (b) breakthrough curves of binary mixtures CO;
(15%) /N2 (85%) on binder-free zeolite KY at 373 K.
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Figure 21: Adsorption (a) and desorption (b) breakthrough curves of binary mixtures CO;
(15%) /N (85%) on binder-free zeolite KY at 423 K.
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Table 10: Adsorption equilibrium DSL model parameters for binary-component system of CO2/ N2 on binder-free

KY zeolite.
CO: N2
Site 1 2 1 2
¢y (Mol/kg) 3.93 2.80 2.10 -
b (bar?) 4.98 18.0 0.133 -
—AH (kJ/mol) -38.3 -42.8 21.1 -
r2 () 0.971
-." _—
61 I
% 51 ) " 313K
E .
-] T ,-*"'"' ¢ 3BK
2 41 .
g Ve A 4B K
L - | T e
I rd
= 31 / — DSL-313K
= ______,_,_,—'-
: 7/ - —DSL -373K
" 2 T |': _'_'_,_-—'—'_'_'_'-‘-'_-
ﬁ 1 — —DSL -423K
11/ — N
--I'I _! P T
1] — + + + i
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CO; partial pressure (bar)

Figure 22: Adsorption equilibrium isotherms of binary-component system CO, / N2 on binder-free KY

zeolite and fitting using the extended DSL model.

As be seen, the presence of N in the stream slightly reduces the adsorption capacity of

CO:.,. Calculation of the adsorbent metrics can lead us to a more detailed evaluation.
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4.5. Adsorbent Metrics on CO2/ N2 Isotherms

Using the extended DSL model isotherm to binary-component system (Figure 22), values
of adsorption capacity, Henry selectivity, competitive selectivity, and competitive working
capacity can be calculated (Eq. 10 - 14) at a typical post-combustion stream composed of 15%
CO2 and 85 % N2 at 298 K. Table 11 shows the calculated values of binder-free K'Y metrics along
with other adsorbents at flue gas conditions shown in literature [55]. Figure 23 shows a graphical
representation of the selectivity of CO2 over N, calculated using Equation 9. It is visible that at
low pressure from 0 to 0.1 bar, the selectivity of CO2 over Nz is the highest as it goes over 105 at
313 K.

Table 11: Comparison of Adsorbent Metrics with different zeolites in CO2 (15%) /N2 (85%) stream.

Adsorbents
Adsorbent metric Mg- Zeolite Binder-
MOF-74  13x  OPoATe CSAC kv
Qcoz [mol/kg] 6.36 3.44 2.33 0.900 4.66
Henry Selectvity (aH) 386 834 375 18.1 252
Pure Component
Selectivity (ap) 455 69.8 201 18.0 89.0
Competitive Component
Selectivity (a¢) 404 981 375 60.6 251
Pure Working Capacity
(B0 [molikg]® 2.07 1.04 1.59 0.64 4.67
Competitive working 205 103 158 0.51 452

Capacity (8;) [mol/kg]®

*The data for binder-free KY was measured in this work.
Conditions: 2ads: q (T1, P1) = q (298 K, 1 bar). des: q (T2, P2) = q (298 K, 0.03 bar).
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Figure 23: Selectivity of CO, / N2 on binder-free KY at different temperatures.

As can be seen, comparing the adsorbent metrics values of binder-free KY to other
adsorbents shown in Table 11, can give us an insight on the separation performance of CO. at flue
gas conditions.

In terms of CO: loading, binder-free KY is 2" best after Mg-MOF-74 which is
understandable due to MOF’s high surface area, large pore volume and strong interaction between
CO; and the unsaturated metal sites. In terms of selectivities it is 2" or 3" best after zeolite 13X,
along with Mg-MOF-74 and UTSA-16, this is due to the fact that zeolite 13X has smaller cation
size (Na*) and X zeolites are characterized with lower Si/Al ratio than Y zeolites therefore, there
is a greater amount of exchangeable cations which are able to interact directly with the adsorbed
CO2 molecules. Furthermore, binder-free KY has the highest pure and competitive working
capacity (0.03 bar — 1 bar) which indicates that the separation process of this adsorbent is better at

low pressure.
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4.6. Simulation of Binary Adsorption of CO2/N2 on binder-free zeolite KY

The modeling of breakthrough curves is the common way to gain insights about mass
transfer mechanism as well as axial dispersion which impact the fixed bed adsorption processes.
Thus, to help explaining the observations and to extend the range of predictions, an adsorption

simulator available in our laboratory was used. [51, 63]

The adsorption simulator developed in MATLAB describes the adsorption dynamics in the
column using a set of coupled non-linear partial differential equations model. The model is
composed of total and component mass balance as well as energy balance equations which take
into account the dispersive and convective effects to describe the heat transfer. Additionally, the
mathematical model includes both the effect of axial dispersion and mass-transfer resistances
considering the linear rate driving force model (LDF). [64]

Table 12: Mathematical Model Equations for Fixed Bed Adsorption simulator.

Phenomenon model Equations
P
ideal gas C=— 17
g =T (7)
overall mass oF ac a ) S aq; 0 (18)
e tp(l-g) Y =
balance 9z “Por P ’ L Ot
component mass 9 ( 0y 0(Fy) a(Cyy) 2q;
balance &b Vax az< az) T te g Teld-a)g, (19)
aq; _
mass transfer rate 5¢ = Kuor(a" = @) (20)
Linear Driving
Force ! _ & + Ry + i (21)
KLDF - 3kf 15£pr 15KDC
(LDF)
h 0°T T aT
ga's—pb a:se energy ~Keax 5+ Fepg o+ CepCpg =+ (1= £,)aphy(T = T5) 22
alance +achy (T —T,) =0
solid-phase energy oT. s aq
- qi
Cps— = a,h, (T =T, Z—AH ) 23
balance P~ p( )+ pp i:1( sti) ot (23)
isotherm model Gm1b1ip; Gm2b2ip; (5)
q: =
(DSL) C 14X bypy 1+ X bayp;
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The equations of adsorption simulator are summarized in Table 12. The assumptions of
mathematical model are:

1.  The gas is considered to follow the ideal gas law;
Constant bulk concentration in the bed;

The pressure drop is negligible;

The radial diffusion effects are negligible;

The adsorption equilibrium is described by Langmuir’s isotherm;

o g ~ wD

The external resistance and macropore diffusion can be combined in a global
resistance to a lumped model for the adsorbent particle (Linear Driving Force
model — LDF).

The common approach used to describe the mass transfer kinetics in an adsorption column
is the linear driving force (LDF) [64]. In this approach, the lumped parameter, the LDF coefficient
or overall mass transfer coefficient, Kipr, is related to the various resistances such as film
diffusion, macropore, and micropore diffusion, given by the following equation,

1 R, R; 2

_ 21
Kior 3k, 15e,D, '« 15KD, (21)

where K is the dimensionless Henry’s law equilibrium constant (-), R, is the particle radius (m),
gp Is the particle porosity (-), D,, is the effective macropore diffusivty (m2s?), . is the crystal

radius (m), and D, is the intracrystalline diffusivity (m2s™).

Ruthven et al. [17] have proposed the method of moments for a linear system in order to
evaluate the relative importance of the individual axial dispersion and mass-transfer resistances by

an overall effective rate coefficient k', given by following equation,

1 Dax(l—gb)_l_ 1

1 = 2

24
Kipr (24)

where k' is the overall effective rate coefficient (s), D, is the axial dispersion (m2s?), v; is the

interstitial velocity (m's™), g, is the bed porosity (-).
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This method is an easy way to evaluate which is the dominant mass-transfer mechanism in
the system by comparing the time of each parameter. Thus, to use this method we need to estimate
the axial dispersion and overall mass transfer coefficient. There are in the literature correlations
which provided good approximations to these parameters. Table 15, in Appendix D, summarizes

and define some parameters that can be estimated from literature.

Table 13 summarizes each term of equations 21 and 24 for the binary experiments at 313,
373, and 423 K.

Table 13: Estimated parameters of axial dispersion and mass-transfer resistances from the method of moments for
experimental breakthrough curves of CO2/N2 mixture.

T D <_1 ) Rp R r? 1
(K) Specie  v? \ g, 3k 15¢,D, 15KD. Kpr
() (s) () () ©)
313 COq 1.81 0.01 0.04 2.11E-06  0.05
N2 1.81 0.01 0.04 1.24E-06  0.05
373 COq 2.33 0.01 0.03 4.98E-06 0.04
N2 2.33 0.01 0.03 7.73E-07  0.04
423 CO; 2.77 0.01 0.02 6.76E-06  0.02
N2 2.77 0.01 0.01 5.67E-07  0.02

From Table 13 we can be seen that values of axial dispersion (1.81 to 2.77 s) are higher
than the inverse of overall mass-transfer coefficient (0.05 to 0.02 s), which indicates that the

axial dispersion has a significant influence on the shape of breakthrough curves.

To verify if the axial dispersion (D,,) affects the spreading of breakthrough curves much
than the overall mass transfer coefficient (K;r), we can perform a simulation by substitute the
estimated parameters in the simulator. First, we can keep constant the axial dispersion and change
the overall mass-transfer coefficient and then keep constant overall mass-transfer coefficient and
change the axial dispersion to see the effects on the breakthrough curves. Here, the axial dispersion

is shown in terms of Peclet number (P, = vL/D,,).

Figure 24 shows that with a little change of overall mass-transfer coefficient there is no
effect in the breakthrough curves. On the other hand, Figure 25 shows different spreading of
breakthrough curves as a function of the Peclet number. This parametric study clearly shows that
zone spreading in the bed is completely dominated by axial dispersion and confirm the prediction

of method of moments.
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at 313 K and 0.15 bar partial pressure balanced with N-.
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After performing the parametric study and gain insights about the mass transfer
mechanism, we can carry out the simulation knowing that the breakthrough curve spreading is
affected by axial dispersion. Table 14 summarizes the calculated parameters for the simulation of
binary experiment. The correlation used to estimate the model parameters as well as the

assumption are in Table 15 in Appendix D.

Table 14: Calculated model parameters for the simulation of binary adsorption (Ads) and desorption (Des)
breakthrough experiments.

Kpr (s7)
T Step —— D, Kax Cpg hy hy
(K) (m2/s) (W/m/K) (3/mol/K) (W/m/K) (W/m/K)
CO2 N2
313 Ads 18.6  19.6 5.10x10°0° 0.16 30.4 36.3 30.0
Des 18.6 19.6 2.92x10°% 0.16 30.4 35.7 30.0
373 Ads 246  26.3 4.26x10°0° 0.16 30.8 40.6 30.0
Des 24.6 26.3 4.91x10°0° 0.16 30.8 40.1 30.0
423 Ads 44.0 47.0 6.33x10% 0.16 31.2 44.1 30.0
Des 439 46.9 4.42x10°0° 0.16 31.2 43.6 30.0

Figures 26, 27 and 28 show the simulation (lines) and experimental (symbols)
breakthrough curves for adsorption and desorption of CO2 on binder-free zeolite KY at 313, 373,
and 423 K, respectively. As can be seen, the simulation result was in a good agreement of

experimental data.

As mentioned above, for the desorption step at 313 K (Figure 26) the CO, concentration
did not reach to the end due to slow decrease. However, from the simulator we can have an idea
how long the CO; stay inside the column and hence compare to the other conditions. Figure 26
shows that the CO- stay inside the column at least 2000 min, being a very long time compared to
desorption time at 423 K (Figure 28). As temperature increased (Figure 26 to 28), CO, was
desorbed more rapidly from the column and the CO> concentration correspondingly decreases

more rapidly. This observation agree with the selectivity shows in Figure 23.
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Figure 26: Adsorption and desorption breakthrough curves for CO; on binder-free zeolite KY at 313 K.
The column is first saturated with N (1 bar), and then, it is fed a gas mixture (15% CO; balanced with Ny).
Experimental = symbols; Lines = simulations.
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Figure 27: Adsorption and desorption breakthrough curves for CO; on binder-free zeolite KY at 373 K.
The column is first saturated with N (1 bar), and then, it is fed a gas mixture (15% CO; balanced with
N2). Experimental = symbols; Lines = simulations.
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Figure 28: Adsorption and desorption breakthrough curves for CO2 on binder-free zeolite KY at 423 K.
The column is first saturated with N2 (1 bar), and then, it is fed a gas mixture (15% CO- balanced with N2).
Experimental = symbols; Lines = simulations.

The adsorption of CO- on binder-free zeolite KY is highly impacted to temperature which
is a great characteristic of Temperature Swing Adsorption processes. From the amount adsorbed
of CO> at binary conditions (see Table 9) it is possible to predict the working capacity between
two different temperature keeping the same feed condition. For instance, for a feed gas mixture of
15% CO2 and 85 % N, and adsorption conditions of 313 K and 1 bar (representing the low
temperature), and desorption conditions of 423 K and 1 bar (representing the high temperature),
the working capacity is 3.87 mol/kg. To the same conditions, the working capacity of 13X is equal
to 2.64 mol/kg, being lower than binder-free zeolite KY studied in this work. The working capacity
of 13X was calculated using the pure equilibrium parameters reported in [55]. This result agrees
with the observation that the CO2 is more adsorbed on binder-free zeolite KY than zeolite 13X at
low pressures. The post-combustion streams are released off at atmospheric pressure and a low
fraction of CO». Thus, a material that has a great working capacity at low pressures is desired to
recover CO2 from post-combustion streams, and it makes the binder-free zeolite KY one

interesting material for this application.
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Another parameter that affects the CO> desorption is the N2 purge rate. The N2 purge rates
used in the desorption experiment performed in this work are constant and equal to the initial value
of the adsorption experiment (see Table 7). However, from the simulator, we are able to predict
how the CO; profiles in the desorption step will behave as an increase of N2 purge rates. Figure 29
shows the profiles of CO2 normalized concentrations during desorption with various N2 purge rates
for the binary experiment at 373 K. As can be seen, as higher as N2 purge rate more quickly CO-
is desorbed from the column. To compare the N2 purge time at different N2 purge rates, we define
the target of N2 purge time when the CO> normalized concentration reaches 5 %, represented by
the dashed line in Figure 29. Also, the arrows indicated the N2 purge time for each N2 purge rate.
As well known that the main cost in an adsorption application comes from the desorption step
which spent energy on heating and purges gas to clean and desorbs target species [55, 65-69].
Thus, a decrease in these parameters is always desired. Regarding Figure 29, comparing the
profiles using 82 mL/min with 246 mL/min, it is possible to reduce the total volume of N2 purge

used in the desorption step by at least 13 % and reduce the N2 purge time up to 71 %.

p—
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o0
1

> 82 mL/min - exp.

—— 82 mL/min - sim.
—— 123 mL/min - sim.
—— 164 mL/min - sim.
——246 mL/min - sim.
820 mL/min - sim.
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o
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]
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N2 purge time (min)

Figure 29: Profiles of CO2 normalized concentrations during desorption with various N, purge rates at a fixed
temperature of 373 K.
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5. CONCLUSION

Adsorption equilibrium data were measured for CO2 and N2 on commercial binder-free
KY zeolite from a breakthrough chromatographic technique. The data collected was compared
with other Y zeolites modified by alkali metal cation exchanged from literature. In general, the
experimental results show that the largest CO> capacities were obtained by the binder-free KY in
the low-pressure region. At 373 K and 1.5 bar, the CO> loading on binder-free KY is equal to 3.36
mol/kg compared to 2.52 mol/kg for NaY’; 1.85 mol/kg for LiY’; 2.15 mol/kg for CsY. This is due
to (a) the response of the acidic CO> to the basic properties of the zeolites containing large
molecules; (b) the large cavities in faujastie-type zeolites that makes it easy for K™ ions to become
preferential adsorption center for CO., and (c) high values of heats of adsorption indicating strong
interactions between the adsorbed molecules and K+ ions. In addition, the commercial binder-
free type KY was responsible for the improvement of up to 20 % for the CO> loading compared to
the standard binder K under the same conditions. In terms of N> loading, values were much lower
compared to CO., as the maximum experimental loading 0.671 mol/kg was reached at the lowest

temperature and highest partial pressure (313 K, 3.5 bar).

Furthermore, the binary-component experiments were carried out in a typical post-
combustion flue gas stream consisting of 15% of CO. and 85% N3, and the separation performance
of CO> from the stream was evaluated using adsorbent screening metrics. At 298 K, the CO-
amount adsorbed of the binder-free KY is 4.66 mol/kg compared to 6.36 mol/kg and 3.44 mol/kg
for Mg-MOF-74 and zeolite 13X, respectively. Between 0.03 bar and 1 bar, the average working
capacity of binder-free KY is the highest with 4.59 mol/kg compared to only 2.06 mol/kg for Mg-
MOF-74 and 1.03 mol/kg for and zeolite 13X. At 313 K and 0.1 bar, the selectivity of CO, over
N2 is high, with the value to 105. The results indicate that the CO> separation performance of
binder-free KY is ideal at low pressure, which is a great feature for the capture of CO, from post-

combustion streams.

Simulation results were also performed using a numerical technique developed in
MATLAB to study the mass-transfer mechanics of CO, and N2 onto binder-free zeolite KY. The
parametric study clearly showed that zone spreading in the bed is completely dominated by axial

dispersion. Additionally, from the simulator it was possible to study the effect of N2 purge flow
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rate, and it was shown that it is possible to reduce the total volume of N2 purge used in the

desorption step by at least 13 % while reducing the N2 purge time up to 71 %.

Future Work:

The results discussed in this work show that the binder-free zeolite KY is a promising
adsorbent as it has great characteristics to be applied at CO2 recovery from the post-combustion
streams. However, all efforts of this work were focused on fixed bed experiments which allow us
to better-know the interaction between adsorbent material and adsorbable species, but it does not
allow us to visualize the performance of CO> recovery in cyclic adsorption processes. Therefore,
for future work, it is highly suggested to study the binder-free zeolite KY for CO> recovery by
cyclic Pressure Swing/ Temperature Swing Adsorption processes.
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APPENDIX

A- Fixed bed Breakthrough Experiment

After the analysis on the TCD is complete, the data was transferred from “Peak Simple”

software from SRI Instruments to Excel. The following is an example on how to treat the data

(Run 2.4 at 373 K):

The original signal transferred from “peak simple” is shown in Figure 30. It’s a graphical

representation of the conductivity (mV) over time (min). The signal is then corrected by

eliminating any fluctuations happened before the CO> adsorption occurs, as shown in Figure 31.
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The normalized curve was then plotted, which is a graphical presentation of the molar

fraction over time (min), as it is shown in Figure 32.
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Figure 32: Breakthrough Curve

The area under this breakthrough curve leads us to determining the adsorption capacity.

Therefore, by doing a numerical integration using the trapezoidal rule and by applying equation

2):

1 too
q; = <Ff,itn - f Fidt — SchCio>
Mags 0

For Run 2.4:

1000 (g/kg) mol _
qCOZ,run2.4 (373 K) = W(0000947 (%) X 9386 (mln) - 00376 m0l>

dco,run24373 k) = 3-36 mol/kg
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B- Determination of Textural Data for binder-free KY Zeolite

Methodology

The textural properties of the materials were determined from N2 adsorption—desorption isotherms
at 77 K, obtained in a Quantachrome NOVATOUCH XL adsorption analyser, following the same
procedure as elsewhere [74]. Briefly, the degasification of the catalysts was conducted at 120 °C
during 16 h and then BET, Langmuir specific surface area (Sget, SLangmuir) Were determined using
BET and Langmuir methods. The external surface area (Sext) and the micropore volume (Vmic) were
obtained by the t-method (thickness was calculated by employing ASTM standard D-6556-01).
The microporous surface area (Smic) was determined as the subtraction of Sext from Sger and the
average pore width (Wmic) by approximation (Wmic = 4 Vmic Smic’*). The total pore volume (Vrotar)
was determined at p/p® = 0.98. Calculations of those methods were all done by using TouchWin™

software v1.21.

Figure 33 shows N2 isotherms adsorption of the materials. The textural properties of the material
are summarized in Table 3.
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Figure 33: N2 adsorption-desorption isotherms at 77K of the material.
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C- Comparisons of CO2 adsorption equilibrium data in different ion-exchanged zeolites

Further isotherms comparisons of binder-free KY studied in this work and NaY shown in
literature [58, 60] on the adsorption of CO; are presented in Figure 34 and Figure 35, where the
isotherm goes to the extent of high pressure and where binder-free KY is compared with NaY at
different temperatures, respectively. The isosteric heats are also compared with other ion-

exchanged zeolites from literature [57] in Figure 36.

As shown in Figure 34 the results are fairly consistent showing that binder-free KY is
characterized with better CO> adsorption capacity than NaY at low partial pressures. As the
pressure increases, NaY becomes more advantageous due to fact that it is characterized with
smaller size and therefore the volume occupied is smaller than for KY and hence, it has more space

available for adsorption of CO2 when the pores are reaching saturation.

In Figure 35, it seems visible that binder-free KY demonstrates higher adsorption capacity
even at intermediate pressures, but this is only due to the fact that in this comparison, KY is binder-
free and NaY isn’t. As discussed before, the adsorption capacity of a material can be increased by
up to 20% if it is binder-free. Nevertheless, it’s been shown already that binder-free KY is a very

good alternative adsorbent for the adsorption of CO..
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Figure 34: Comparison of CO; adsorption isotherms in binder-free KY and NaY at high pressure at
303 K [60].
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Figure 35: Comparison of CO, adsorption isotherms in binder-free KY and NaY at different
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Figure 36: Adsorption heats comparison of CO; on alkali-metal exchanged zeolites. [57]
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Figure 37 show a comparison between the isotherms collected in this work for binder-free
zeolite KY and other binder-free Y zeolites modified by alkali metal cation exchange collected at
298 K, as shown in literature [20].

The results show that the data collected in this work is a lot higher than the one presented
in Figure 37. This can be explained by the difference of cation exchange rate, Si/Al ratio as well
as different technologies for removing the binder between the two samples.
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Figure 37: Comparison of CO; adsorption isotherms in different binder-free zeolites at 323 K [20].
*The data for binder-free KY was measured in this work.
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D- Simulation Correlations

Table 15: Correlations for estimating model parameters used in simulations

Dy Axial dispersion: Dy, = 0.7D,, + 0.5d,v;. [17]
ke The film mass transfer: Sh = 2R, k;/D,, = 2.0 + 0.6Sc'/*Re®* [17]
D, Effective macropore diffusivity: 1/D,, = © (Di + Di) , being tortuosity t equal 5. [17]
k m
D Intracrystalline diffusivity: estimated through reported values by Yucel
c

and Ruthven. [70,71]

- 1 R R} 2
Kipr Overall mass transfer coefficient; — = ~2 4 P2 4 ¢
KipF 3kf 15epDp 15KD,

Effective axial bed thermal conductivity, K, = (C; Cpgvidy )/Penp » beING Py, taking

K
ax from Votruba. [72]
. _ 2Rphp " _
hy, Film heat transfer, Nu = —— =~ 2.0, Ay = CfDyp. [17]
Cpg Heat capacity of solid was calculated from correlation available in Poling. [73]
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