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ABSTRACT

Due to the increase in the anthropogenic CO> emissions, the development of
carbon capture and storage technology is of profound importance to minimizing global
climate change and preserving our environment. In this thesis, | have investigated the
adsorption properties of cation-exchanged high silica zeolites chabazite (CHA,
Si/Al=6 and 12) and ZK-5 (KFI, Si/Al=3.7) due to their high surface area, large pore
volume, and moderate hydrophilic properties compared to commercial faujasite and
Linde type A zeolites. Li- and Na- cation-exchanged zeolites displayed high
adsorption capacity (~ 5 mmol/g at 303 K and 1 bar pressure), comparable to the
commercial zeolites, and high selectivity of CO2 over N2. In general, Li-cation zeolites
show the highest capacity for N2 and COz, but lower selectivity of CO2/N> compared
to Na-cation zeolites. The acidity of both the adsorbate and adsorbents, in addition to
the low electric field of proton-exchanged zeolites lead to the low adsorption affinity
of these materials with CO». Large cations K* occupy more space in the void pore of
zeolites, thus leave less volume for CO2 molecules. For zeolite materials to be
practical and useful as adsorbents for CO> capture from flue gas, a number of aspects
need to be carefully evaluated including adsorption and working capacities,
selectivity, and adsorbent regeneration. We found that Li-, and Na-zeolites having
high heats of adsorption (40-50 kJ/mol) performed better in the vacuum swing
adsorption process and H- and K-zeolites or zeolites with higher Si/Al ratio (CHA,
Si/Al=12) having lower heats of adsorption (30-40 kJ/mol) display properties more

suited to pressure swing adsorption. The in situ FTIR CO2 adsorption spectra show
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that physisorption accounts for the largest fraction of the total CO2 adsorbed. A shift to
higher frequency of the asymmetric stretching vibration compared to CO> gas phase
(2349 cm™) indicated the direct coordination of cations with oxygens of CO>
molecules.

To improve zeolite adsorbents for CO capture, we have determined the
adsorption sites of CO; in Si-CHA, cation-exchanged CHA and ZK-5 zeolites using
the Rietveld refinements of X-ray and neutron powder diffraction data. The structural
refinements indicated that CO; at equilibrium is located close to zeolite framework
oxygens due to dispersion interactions and CO> coordinates with alkali cations by
electrostatic interactions. Two CO. adsorption sites were identified in both high and
pure silica chabazite zeolites. The dispersion interactions between Si-CHA zeolite and
CO:2 is the majority of the adsorption energy, and the strength of the adsorption
depends on the effective close interaction distances between CO2 molecules and the
zeolites (d[C(CO2)-O(zeo)] and d[O(CO,)-O(zeo)] are 3-4 A). Therefore, CO; site in
the middle of 8MR (site A) having total of 24 close contacts with framework oxygens
is more stable than COz site in the cage (site B) with only 15 close contacts with
framework oxygens in total. Even though site B* in cation-exchanged chabazites is
strengthened by electrostatic interactions with zeolite frameworks, but higher
occupancies of site A in the 8MRs were identified due to high quadrupole and
dispersion interactions between CO and 8MR zeolite. The decrease in the hardness of
metal cations Li*>Na*">K*>Cu?* resulted in a decrease in the direct interactions of
these cations with adsorbate CO». The structural analysis of CO2 and H2O co-adsorbed
on Cu-CHA-6 showed that water is preferentially adsorbed at the copper sites, while

CO: is located predominantly in the 8MRs.
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Our refinement of X-ray diffraction patterns on bare adsorbent ZK-5 showed
that Na* locates in three different sites in D6R and in 8MR, Li* prefers to locate at the
center of the D6R, Mg?* is located in the hexagonal prism, and larger cation K* is in
the middle of 8-membered rings. The weighted average of T-O distances for the
feldspar structure with Si/Al=3.65 is 1.64 A, which is similar to the values of 1.63 A -
1.64 A in these refinements. The average of O-T-O angles is 109.5° with small
deviations around this value for all cation-exchanged ZK-5 samples in agreement with
tetrahedral coordination. We observed 3 different CO> sites on Na-ZK-5, K-ZK-5 and
Mg-ZK-5, and 4 CO; adsorption sites were found on Li-ZK-5. The studies of the
interactions of CO2 with Li, Na, K, and Mg-ZK-5 provide better understanding about
the strength of the interactions of CO> with extra-framework cations in ZK-5. The
Rietveld refinement results also suggested that 8-membered ring zeolites have high
affinity with CO2 molecules and are potential for CO> separation, especially in the
presence of water. Due to the high water content in flue gases, hydrophobic zeolites
need to be developed to have better separation performance. Various types of zeolite
frameworks including BEA*, CHA, FER, MFI, and STT were investigated in the
adsorption of CO2 and N2 by experimental volumetric adsorption and Grand Canonical
Monte Carlo simulations. All siliceous zeolites showed low CO> adsorption heats (18-
28 kJ/mol) due to the lack of the electric fields in the zeolite pores. FER siliceous
zeolite with narrow pore openings displayed highest adsorption heats and highest
selectivity of CO2/N2 and CHA zeolite has the highest adsorption capacity at ambient
conditions of temperature and pressure. The study of adsorption of light hydrocarbons
and COz in siliceous AEI, CHA, RRO, and STT zeolites led to a conclusion that RRO
has highest selectivity of CO2 over CH4 and AEI, CHA, RRO all showed their
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potentials for the kinetic separation of propylene/propane mixture. The results from
the thesis indicated our ability to design and tune the properties of zeolite materials to

make these adsorbents better for CO. separation.

XXV



Chapter 1

INTRODUCTION

1.1 COz Emissions and the Greenhouse Effect

The global warming of the Earth's atmosphere and surface, known as the
greenhouse effect, due to the increase in anthropogenic CO2 emissions is one of the
most prominent environmental and energy policy issues of our age [1]. Its
consequences will affect us all. The greenhouse effect is a process by which thermal
radiation from the earth surface is absorbed by atmospheric greenhouse gases, and is
re-radiated in all directions. Since part of this re-radiation reflects back towards the
earth surface and the lower atmosphere, it results in an elevation of the average surface
temperature above what it would be in the absence of the gases. The global-scale
anthropogenic emissions of greenhouse gases into the atmosphere are responsible for
various environmental problems such as the increase of the land and ocean
temperatures, the continuous rise of sea water levels, the increasing number of

extreme weather events such as ocean storms and floods [2].

Table 1.1. The most important greenhouse gases and their
contributions to the greenhouse effect [3].

Gas Contribution (%)  Volume (%) Lifetime

Water 36-72 04 100 years
Carbon dioxide 9-26 0.039 100-1000 years
Methane 4-9 0.00018 10 years

Ozone 3-7 0-0.000007 hours to months




Table 1.1 shows that water, carbon dioxide, and methane are the most
important greenhouse gasses. Additionally, ozone, nitrous oxide, and synthetic gasses
such as chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs) and
perfluorocarbons (PFCs), as well as sulfur hexafluoride (SFe) also contribute to the
greenhouse effects.

Beer’s law states that there is a logarithmic dependence between the
transmission T of light through a substance and the product of the density of the gas,
p, the absorption coefficient of the substance, o, and the distance the light travels

through the material (i.e., the path length), €.

T=+= e (L.1)

Io

According to Beer’s law, if at a specific wavelength the atmosphere is fully or
mostly absorbing radiation, then adding more of a substance with a similar absorption
coefficient will have a smaller effect. Therefore, chemicals that absorb at the same
wavelength as H>O can be very strong greenhouse gases, but their effect will be
insignificant because H-O is already prevailing in the atmosphere. However, adding
gases that are strongly absorbing at a wavelength where the atmosphere is transparent
will have a stronger effect. This is the case with molecules CO, and CHa, which makes
them strong greenhouse gasses. Table 1.1 also indicates that the lifetime of CO; in the
atmosphere is very long, which cause it to have more severe effects on the
environment [3].

The world energy consumption in Figure 1.1 shows that fossil fuels, including
oil, coal, and natural gas still remain the world’s leading fuels, accounting for more

than 80% of the global energy consumption. The burning of these fossil fuels produces


http://www.ncdc.noaa.gov/monitoring-references/faq/greenhouse-gases.php?section=cfc

approximately 30 billion tons of CO> annually following the basic combustion

equation:

CeHy + (x+2) > xC0, +2H,0 (1.2)

1990 2000 2010 2020 2036
M Renewables* B Nuclear Gas
M Hydro Coal M Oil

*Includes biofuels

Figure 1.1. World primary energy consumption until 2013 and the predicted global
energy demand until 2035. Figure based on data from BP statistical
review of world energy 2013 [4]

Carbon capture and storage/sequestration (CCS) is the best solution to mitigate
the effect of CO2 on the environment. The idea of CCS is capturing CO; at the point of
combustion, followed by compressing and transporting of the CO through pipelines,
and then storing it in geological formations in such a way that the CO; is permanently
stored with minimal impact on the environment (Figure 1.2). The capture of CO> from
power plant flue gas accounts for three quarters of the total cost of CCS and is

considered to be one of the greatest challenges for the 21% century [2, 5].
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The supercritical region above the critical temperature in the CO2 phase
diagram (Figure 1.3) is of special interest for the compressing step in CCS technology
[3]. In this region, where there is no liquid-vapor coexistence, CO, can be compressed
into a dense fluid without going through a phase transition that may consume more
energy, and the CO> can be easily pumped through pipelines. Carbon dioxide then
would have to be transported through pipeline to suitable geological storage sites, such
as trapping CO: in depleted natural gas reservoirs, where natural gas is stable in these

geological formations for millions of years by some very similar mechanisms.

1.2 Pre-combustion and Post-combustion Capture

The options for CO- capture include pre-combustion and post-combustion
capture. The post-combustion carbon capture is the simplest method because it can be
added to an existing power plant without having to modify the plant itself. In addition,
flue gas is a major CO2 emission source that accounts for roughly 33-40% of global
COz emissions [6]. The principle of post-combustion capture is separation of CO>
mainly from Nz in the flue gas mixture (Table 1.2), which are the main products of the
combustion of fossil fuels in air.

The pre-combustion carbon capture consists of oxy-combustion method, the
integrated gasification combined cycle (IGCC) process, and chemical looping. Oxy-
fuel combustion is a promising technology using pure Oz (>95%) instead of air to
combust the fuels. Thus, the flue gas contains a high concentration of CO, and water,
which allows for easier CO> separation. The water is easily removed by condensation,
and the remaining CO> can be purified at relatively low cost. However, the technique
still consumes high amounts of energy due to the fact that a cryogenic air separation

unit is needed to supply high purity oxygen [2]. Chemical looping uses metal to



transport oxygen (from air mixture) to the fuel reactor, and the CO- separation process
at the end is similar to oxy-combustion method [2, 7]. IGCC is based on the syngas
products (CO and H), which are converted to CO> and H, mixture using water gas
shift reactions. The presence of CO2 at much higher concentrations and high pressure
(Table 1.2) makes IGCC less expensive for pre-combustion capture in comparison

with post-combustion capture [8].

Table 1.2. Typical compositions of gases (by weight) in post-
combustion and pre-combustion processes [9]

Composition Postcombustion Precombustion
323-348 K, 1 bar 313 K, 30 bar

CO; 15-16 35.50%

H20 5-7% 0.20%

H> - 61.50%

02 3-4% -

CO 20 ppm 1.10%

N2 70-75% -

SO« <800 ppm 0.25%

NOx 500 ppm -

H>S - 1.10%

1.3 Proposed Techniques for Carbon Capture
CO- separation processes include several basic methods for gas separation
such as adsorption, absorption, cryogenic distillation, and membrane-based

techniques.

1.3.1 Chemical absorption using aqueous amines

This technology has been employed industrially since 1930 [10] using
monoethanolamine (MEA) and other amines to clean natural gas of its impurity gases.
Scrubbing CO> from process gases with aqueous amines has been the benchmark

technology for over 60 years and is still the reference to compare for other alternative



technologies [11]. Typically, the flue gas stream containing CO is introduced at the
bottom and an aqueous amine solution (about 30 wt.%) is passed down the top of an
absorption tower. The reaction of CO> with the amine occurs via a mechanism that
forms carbamates, as described to in Figure 1.4. The CO»-adsorbed solvent then passes
from the absorber column to a stripping tower, where the mixture is heated at 100-
140°C under atmospheric pressure using steam to liberate the CO». The high heat of
formation associated with carbamate production (40-100 kJ/mol) leads to a
considerable energy penalty for regeneration of the solvent with a corresponding
power plant energy penalty of 25-35% depending on the base load efficiency of the
power plant in the absence of carbon capture [12]. In addition, the oxygen in the flue
gas causes the amines to degenerate. At present, however, amine scrubbing is the only
technology that is sufficiently advanced to be applied in CCS. Finding alternative
technologies aimed at mitigating some of the disadvantages of these amine solutions is

an active area of research which focuses on membrane and adsorption technologies.
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Figure 1.4. General reaction schemes for the chemical absorption of CO2 by primary
(or secondary) and tertiary amine-containing solvents [9]

1.3.2 Cryogenic distillation

Cryogenic distillation involves a process of cooling the gases to a very low
temperature so that the CO> can be liquefied and separated. This method is considered
to be efficient where there is a high concentration of CO; (typically more than
50%)[2] in the gas mixture. The method has the advantage of producing liquid CO2,
which is ready for transportation by pipeline, however it requires high power
consumption for refrigeration and for removal of components having freezing points
above normal operating temperatures (water, SOx, NOx); these are major
disadvantages. In addition, cryogenic processes are not an attractive option for CO-

capture since the compression of the flue gas at atmospheric pressures containing only



15 % COz is not practical. These tend to make cryogenic process less economical than
others in separating CO> from flue gas. However, this separation method might be
considered for high-pressure gases such as in pre-combustion decarbonization

processes.

1.3.3 Membrane-based separation

Membranes consist of thin barriers that allow selective permeation of certain
gases. The driving force for membrane separation comes from the difference in the
components’ partial pressures on the two sides of the membrane (Figure 1.5). As such,
compression is required for the feed gas in order to provide the driving force for
permeation of the adsorbates. The pressure of the flue gas is too low (near ambient
pressure) for a sufficient pressure gradient because the post-combustion carbon
capture is an end-of- pipe technology. This pressure difference can be rectified by
compressing the flue gases or by pulling vacuum that, however, requires a significant
energy penalty due to the large flue gas volumes involved in the separation. These
practical limitations have important consequences for the design of a membrane
separation process [13]. The membrane method is more relevant for pre-combustion
separation, and further study on the membrane design is needed to achieve high gas
permeability (transport factor) and high selectivity (separation factor) in addition to

adequate robustness and material lifetime [14].
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Figure 1.5. Principle of gas separation membrane [2]

1.3.4 Adsorption
Amongst several separation strategies, adsorption is regarded as a potential
means to efficiently capture CO> from a gas stream since the method requires low
energy as compared to that of cryogenic and absorption processes. This technology is
based on the preferential adsorption of CO- in the pores of adsorbents compared to
other flue gas components. In order for an adsorbent to be useful for CO- capture from
flue gas, the following adsorbent criteria need to be considered [15-17].
The adsorbent needs to have high adsorption capacity and high working
capacity for COo.
¢ Needs to have high selectivity for CO. against other gases.
e Must demonstrate microstructure and morphological stability and
chemical tolerance to impurities

e Should be easily synthesized in large scale with low cost.

10



e Should have minimal additional energy input for regeneration. A
moderately high value of adsorption heats could enable high capacity
and selectivity in CO> capture and subsequent facile desorption to
regenerate adsorbents.

e Itisessential to have fast adsorption/desorption kinetics for CO. under
the operating conditions. The mass transfer and heat conductivity of the
adsorbent should be good enough for the adsorbates to easily go in
(adsorption) and out (desorption) under temperature or pressure swing
adsorption processes.

Microporous materials such as zeolites, metal-organic frameworks (MOFs),
covalent organic frameworks (COFs), zeolitic imidazolate frameworks (ZIFs), carbon
molecular sieve (CMS) [18-22] have the potential to exhibit extremely favorable
separation properties. This is due to the high adsorption capacity and capability of
closely matching the diameter of a rate-limiting diffusion pathway in the material to
that of adsorbed molecules, resulting in an effective kinetic separation. CMS materials
have the advantage of being relatively inexpensive and insensitive to moisture, but the
selectivity and capacity of carbonaceous adsorbents are too low for post-combustion
applications [19]. MOFs currently are been studied intensively in gas storage,
separation, and catalysis due to their unprecedented internal surface areas (up to 5000
m2g™Y), high void volumes (55-90%), and low densities (from 0.21 to 1.00 g.cm).
Additionally, MOFs have the ability to modulate systematically their pore dimensions
and surface chemistry within the frameworks [23, 24]. MOF materials exhibiting
relatively higher CO2 gravimetric adsorption capacity seem to be promising CO-

adsorbents, but the materials generally have low density which would decrease the
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volumetric capacity. The operations are also at high pressures and low temperatures,
which are not well suited for the low pressure of flue gas and the range of
temperatures available at the power plant. Many MOFs are sensitive toward
atmospheric moisture and could collapse and lose their adsorption power upon

extended exposure to water vapor [25].

1.4 Separation Processes

Based on the mode chosen to regenerate the adsorbent, adsorption based CO>
capture from post combustion flue gas can be classified into temperature swing
adsorption (TSA), and pressure/vacuum swing adsorption (PSA/VSA). In TSA
processes (Figure 1.6), the gas components are adsorbed at room temperature and then
the adsorbent is regenerated by raising the temperature. In PSA processes, the gas
components are captured at elevated pressures, and the adsorbent is regenerated by
lowering the pressure. Vacuum swing adsorption (VSA) is similar to PSA (Figure
1.6), in which the regeneration is conducted at reduced pressures, and the adsorption

occurs at ambient or near-ambient pressures [26].

12



TSA PSA VSA

flue gas — — flue gas —> — flue gas — —
J J
flue gas —> — flue gas — —
ﬂ close inlet ﬂ reduce pressure
CO,«— —CO, —CO,
ﬂ open inlet ﬂ open inlet
CO,«— «— flue gas —> flue gas —

cool

Figure 1.6. Schematic diagrams of idealized TSA, PSA, and VSA processes for
regenerating solid adsorbent in a fixed-bed column [27]

1.4.1 Temperature Swing Adsorption

Adsorbents for temperature swing processes applied to post combustion flue
gas must respond strongly to changes in temperature ideally in the range 300-423 K.
This is the range of temperature at which heat is available at the power plant and can
be used to contact directly or indirectly with the adsorbent [28]. As a result,
chemisorbents with heats of adsorption in the range 40-70 kJ/mol CO; are suitable.
The largest drawback of the thermal swing adsorption cycles are the large cycle times
needed (in the order of hours) if the host-guest contacting devices are restricted to

fixed beds. This effectively restricts these TSA systems to small-scale applications.

1.4.2 Pressure/Vacuum Swing Adsorption

Pressure/vacuum swing processes (Figure 1.6) have the advantage over TSA in

that rapid cycling (minutes or even seconds) is possible in fixed beds leading to much
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smaller bed sizes. Compression of post combustion flue gas beyond approximately 1.5
bar is not cost effective though, given the large content of nitrogen and the low flue
gas pressure. For this reason, VSA (Figure 1.6) is the preferred mode of operation for

post combustion flue gas.

1.5 Zeolite Materials and Their Applications in CO2 Separation

Zeolites are crystalline microporous materials built from corner-sharing SiOa/.
and AlOg2! tetrahedra. The general oxide formula of a zeolite is
Min(AlO2)x(Si02)y.mH20 where y>x. The net negative charge of the framework is
equal to the number of the aluminum atoms, which is balanced by the exchangeable
cations M" (Figure 1.7).

Zeolites exchanged with metal cations can be considered as solid Lewis acid—
base materials. Lewis acidity is associated with the exchangeable cations and Lewis
basicity with the lattice oxygen atoms. The Lewis acidity is correlated to the charge
density of cations, i.e. Li">Na*>K*>Cs". The zeolite basicity increases with the rise in
the aluminum content and with the decrease in the electronegativity of the cations

[29].
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Figure 1.7. Illustration of zeolite structure

Zeolites have been widely used in the fields of petrochemical and fine
chemical industries including catalysts, adsorbents, and ion-exchangers [30, 31].
Zeolites are generally characterized by a relatively high CO> capacity and selectivity
over other gases at low pressure, which makes them promising candidates for CO>
separation from flue gases [32, 33]. The separation of CO, from N2 in the flue gas
mixture is based on both size (kinetic diameters of CO2 (3.30 A), and N, (3.64 A)) and
electronic properties of the gas molecules and the zeolite framework. CO> has both a
larger polarizability and quadrupole moment than N2 (1.43 x10%° C.m?, 29.11x 10%
cm23for COz and 4.67 x 10™° C.m? 17.403x10% cm™ for N2, respectively[34]), which
leads to stronger interactions of CO> with the electric field and electric field gradients
within the adsorbents. CO: is also a Lewis acid, thus, the Lewis basicity of the zeolite
framework oxygens can also play an important role in determining adsorption
properties under certain pressure regime. Zeolites have shown their potential in CO>
capture and been studied extensively using both experimental and theoretical methods

[22, 35-40].
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In this work, we investigated in the CO> adsorption properties of some of the
more common and industrially important zeolites include zeolite A (LTA), zeolite Y
(FAU), zeolite beta (BEA*), and ZSM-5 (MFI). Figures 1.8 and 1.9 below show the
different frameworks and pore structures of these zeolites. FAU has a 3-dimensional
pore structure with pores running perpendicular to each other in the x, y, and z planes
similar to LTA. The pore apertures of FAU and LTA are defined by a 12- and 8-
membered rings (7.4 A and 3.8 A, respectively) with larger cavities of diameter 12 A
and 11 A, respectively. The cavities in the two zeolites are surrounded by small
sodalite cages which are not accessible to CO2 molecules [41, 42]. Zeolite beta is an
intergrowth of two polymorphs A and polymorph B, and contains 12-membered rings
pore structure with two straight channels, each with a cross-section of approximately
6.7 A [43]. ZSM-5 (MFI) zeolite has a pore structure composed of 10-membered ring
straight channels (0.56 nm x 0.53 nm) and 10-membered ring zigzag channels with
windows of dimensions 0.51 x 0.55 nm [44]. The siliceous form of ZSM-5 is known

as Silicalite-1 in the scientific and industrial literature.

Figure 1.8. Structure of FAU (left) and LTA (right) zeolites
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Figure 1.11. Composite building units of ZK-5 (KFI-type) zeolite
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The narrow pore windows of CHA and KFI zeolites are of interest in this
thesis because their overall pore dimensions fall close to the effective kinetic
diameters of CO2 and N.. The adsorbents contain 3-dimensional networks with low
framework densities (~15 T atoms/nm?®), which show advantages of gas diffusion and
high adsorption capacity. KFI (Fig 1.11) consists of double 6-rings (D6Rs), paulingite
(pau or y-cages) with dimensions of 5.4 A x 9.6 A and /7a (a-cages) with dimensions
of 11 A x 11 A as composite building units [45]. CHA (Figure 1.10) contains D6Rs
and ellipsoidal cages with dimensions of 6.7 A x 11 A [46]. The adsorption
performance of these zeolites can be controlled by changing internal space to host the
CO2 and modifying the electrostatic interactions between the adsorbent and CO: by
the insertion of extra-framework cations including H*, Li*, Na*, K*, Cu?*, Ca?*, and
Mg?* Understanding the structure-property relations in the cation-exchanged CHA
and KFI zeolites for CO> adsorption at molecular levels is the key factor to develop
new zeolite adsorbents towards the practical separation of flue gas mixture. Other
zeolite frameworks such as AEI, FER, STT, and RRO were also investigated in the
CO2, N2, and hydrocarbons adsorption in this work.

In chapter 3, we report the synthesis and characterization of cation-exchanged
chabazite zeolites (Si/Al = 6, 12), the adsorption isotherms, adsorption heats, Henry’s
constants, selectivity of CO2/N2, and the separation parameters of CO- in these
adsorbents. Our adsorbents’ performance was also compared with commercial zeolites
NaY, 13X, and LTA. In chapter 4, we performed a structural analysis of CO>
adsorption sites in pure and high silica chabazites (Si/Al= 6, 12, and infinity) by
carrying out the Rietveld refinements of in situ CO2 gas loading by X-ray and neutron

diffraction. The exchanged cations (Li*, Na*, K*) in chabazites were identified to be
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all open metal sites providing strong binding interactions with CO> through
electrostatic and polarizability interactions with the adsorbate. Two adsorption sites of
CO2 were found in all chabazite samples, in which CO: site in the 8MR is dominant.
Similar investigations were performed on ZK-5 materials with exchanged cations Li",
Na*, K*, and Mg?* in chapter 5. Our findings of the adsorption sites of CO2 in the 8-
membered ring zeolites and the correlation between structure properties and the
adsorption behaviors were identified and discussed in details. Chapter 4 and chapter 5
have provided a molecular understanding of interactions between CO and cations,
CHA and ZK-5 zeolite frameworks. Due to the presence of a quite high amount of
water in the flue gas mixture, we have investigated the effect of structural properties of
various hydrophobic zeolite frameworks (BEA*, CHA, FER, MFI, and STT) on the
adsorption behaviors of CO2 and N2 by both experimental and GCMC simulation
methods. The hydrophobic properties of the siliceous zeolites make them more
applicable in PSA processes for CO> separation, especially in the presence of water.
Siliceous zeolites with hydrophobic properties are not only potential for CO>
separation from flue gas, but also potential for other gas separations. Chapter 7 studied
the characterization and adsorption properties of hydrophobic siliceous zeolites of
framework types AEI, CHA, RRO, and STT with CO2 and small chain hydrocarbons.
The separation ability of these zeolites for propane/propylene and for CH4/CO. based

on the gases kinetic diffusion properties was also discussed.
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Chapter 2

EXPERIMENTAL PROCEDURES

This chapter provides a general overview of the hydrothermal method to
synthesize zeolites in alkali and fluoride media, background and specific details on the
experimental techniques used to gather and interpret the data presented in this
dissertation. This includes several characterization techniques used to study the crystal
structure, particle morphology, composition of the materials synthesized, and the
adsorption sites of CO; in the zeolite adsorbents. Experimental details for the synthesis
of zeolite materials and cation exchange processes studied in this thesis will not be

discussed here, but can be found in the subsequent chapters.

2.1 Zeolite Synthesis

2.1.1 Hydrothermal method

A general hydrothermal zeolite synthesis can be described as depicted in figure
2.1. Inorganic reactants containing (amorphous) silica and alumina are mixed in a
basic aqueous medium and then the mixture is heated (between 100-200 °C) in a
sealed autoclave under autogenous conditions. After a few hours to a few weeks, a
crystalline zeolite product can be usually observed at the bottom of the flacks and the

solid crystals are recovered by filtration, washing with deionized water and drying.
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Figure 2.1. Schematic of a general hydrothermal zeolite synthesis. The starting
reactants (solids containing Si-O and Al-O bonds) are converted in a
mineralizing medium into the crystalline zeolite product (Si-O-Al bonds)

[1]

Since the bond type of the product (Si-O-Al bond) is very similar to that
presents in the precursor oxides (Si-O and Al-O bonds), the overall free energy change
for a zeolite synthesis reaction is usually quite small, and the outcome is most
frequently kinetically controlled [1, 2]. Crystallization from solution generally occurs
via the sequential steps of nucleation of the phase in the solution, followed by growth
of the nuclei to larger sizes by incorporation of material from the solution. Adding
seed crystals to a crystallization system typically results in faster crystallization rates
because the nucleation step is avoided [3].

Structure directors are organic or inorganic cations added to synthesis media to
aid in the organization of the anionic building blocks (aluminosilicate in this case) that

form the framework. The formation of a specific framework type and a polyhedral
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building unit depends on the presence of one or at most two cation species are shown

in table 2.1. The cation specificity is strong for the a-cage, sodalite cage, gmelinite
cage and D4R unit, but weak for the D6R unit.

Table 2.1. Synthesis cation-building unit relationship [4]

Building Unit Structure-types Cation specificity
(BU) containing BU for BU
o LTA, KFI Na
Sodalite LTA, FAU Na or TMA
Gmelinite GME, OFF, MAZ Na or TMA
Cancrinite ERI, OFF, LTL K, Ba, or Rb
D4R LTA Na
D6R FAU, KFI, CHA. GME,
ERI/OFF, LTL Na, K, Sr, Ba
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Figure 2.2. Structure of commercial and synthesized organic templates for zeolite
synthesis

(A) N,N-Dimethyl-3,5-dimethylpiperidinium cation, a template for AEI zeolite
synthesis

(B) N-Ethyl-N-methyl-2,6-dimethylpiperidinium cation, a template for AEI zeolite
synthesis

(C) Tetrapropylammonium (TPA), a template for MFI zeolite synthesis
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(D) N,N,N-trimethyl-1-adamantanammonium cation (TMAda), a template for CHA
and STT zeolite synthesis

(E) Tetraethylammonium (TEA), a template for BEA zeolite synthesis

(F) Dimethydipropylammonium (DMDP), a template for RRO zeolite synthesis
(G) 18-Crown-6 ether, a template for EMT, KFI and RHO zeolite synthesis

(H) 4-methyl-2,3,6,7-tetrahydro-1H,5H-pirido[3,2,1-ij]-quinolinium, a template for
LTA zeolite synthesis

() Tetramethylammonium (TMA), a template for LTA zeolite synthesis

(J) Dimethylcyclohexylamine (DMCHA), a template for CHA zeolite synthesis

(K) 1-Adamantylamine, a template for LEV zeolite synthesis

(L) 1,4-di(1-azoniabicyclo[2.2.2]octane), a template for AFX zeolite synthesis

High silica zeolites are normally synthesized in lower pH medium (10<pH<12)
with the presence of bulk organic compounds as structure directors. Zones[5] has
observed that the organic molecules with C/N* ratios between 11 and 15 are good
structure directing agents that can yield variety of high-silica molecular sieve. One
structure director can give rise to several different structures such as (G) compound is
used to prepare RHO, KFI, and EMT zeolites, (L) compound is used to prepare BEA
and AFX zeolites. At the same time, many organic species can yield the same
structure: for example, DMCHA, TMAda, TEPA (tetraethylenepentamine), and

benzyltrimethylammonium can be used to prepare CHA-type zeolites.

2.1.2 Synthesis of siliceous zeolites in fluoride media
In general, tetraethyl orthosilicate (TEOS) is hydrolyzed in an aqueous SDA-
OH at room temperature for few hours, then the resulting mixture is heated to about
343 K under stirring to complete evaporation of the ethanol (scheme 2.1).
(CH3CH20-)aSi + 2 Ho0 + OH- + SDA* 23 SiO((OH)x (gel) + 4 EtOH
+ OH +SDA" 5 SiOpx(OH, F)x(gel) +F + SDAS  [SDAF][SIOZ]

Scheme 2.1. Steps in the synthesis of siliceous zeolites in fluoride media [6]
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After that, HF (48 %wt) - NH4F or NaF may be used in some cases-is added
and the mixture is homogenized by hand stirring. The common final gel composition
of the mixture is:

SiO2: 0.5HF: 0.5 SDAOH : w H20

In most cases of siliceous zeolites, F~ is occluded in small cages such as [4°] in
AST and [4'5*62] in NON [6]. Water content may have a strong influence on the phase
selectivity of the zeolite crystallization. The higher w value (or H2O/SiO3 ratio) is, the
higher density phase is obtained. For example, in our experiment, using the same SDA
(TMAdaOH), w = 7.5-10 gave STT (FD=17.0), w = 3 gave CHA (FD=15.4). This
could be due to the increased concentration of guest species inside zeolitic cavities [6].
Pure silica frameworks prepared in fluoride media have a much lower concentration of
connectivity defects (Si(OSi)3zOH groups or Q3 species) compared to the materials
prepared in alkaline media. This could be due to various factors including the charge
balance between F-and SDA", low pH medium, the absence of hydrogen bonding Si-
O"...HO-SI, and the removal of HF after calcination as reported by Camblor et al [6].
The amount of Si-O™ and Si-OH species is roughly 4 times higher than the amount of
SDA charges [7], therefore, the concentration of defects Qs outnumbers the SDA
concentration occluded in the zeolite frameworks by a factor of about 4 in many cases.
A large concentration of connectivity defects may destabilize the formation of stable
nuclei under hydrothermal synthesis conditions at high pH. Thus, it is generally more
restricted to synthesize pure silica phase of zeolites under alkali media. Due to the
slow rate in the oligomerization process of SiO@-x)(OH, F)x monomers in fluoride
media, the nucleation step is slow and the final zeolite particles are normally larger

than the one prepared in alkali media.
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Aluminum may be incorporated into the framework of high-silica materials in
fluoride media. Increasing the Al content in fluoride media causes a decrease in the

fluoride content of the zeolite and sometimes leads to a less dense phase of zeolite [6].

2.1.3 lon-exchange
A-Zeo(s) + B(ag) = B-Zeo(s) + A(aq)

The objective of zeolite cation exchange is to displace “as-synthesized” cation
A of the zeolite by cation B from the aqueous phase. The solid/solution volume ratio
should be at least 1/20, the temperature is increased into the range of 60-70°C, and the
concentration of in going cation B should be at least 5-fold excess of A cation. It is not
necessary to wash zeolite with too excess amount of water since zeolite frameworks
are well known to hydrolyze [8]. Details on the cation-exchanged experiment are

described in the experimental parts of each chapter.

2.2 Analytical Methods

2.2.1 X-Ray and Neutron Powder Diffraction

X-ray diffraction (XRD) [9] is used to analyze structural properties of
crystalline materials. The position of peaks in an XRD pattern is a function of the
dimensions of the crystal unit cell following the Bragg’s law:

nA = 2dsin 0 (2.1)

where n is an integer, A is radiation wavelength, d is the distance between diffracting
planes, and 0 is diffraction angle.

Analysis of XRD patterns can also be used to approximately determine the size
of crystalline domains in a material. Using the formula developed by Scherrer, the size

of crystalline domains can be calculated as:
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(2.2)

where 7 is correlation length of sample, K is a “shape factor” (approximately 0.9 for
nearly spherical or cubic crystallites) [10], B is the full width at half maximum
(FWHM) peak broadening caused by the sample, A is radiation wavelength (1.54 A for
the Cu Ka radiation used in this thesis), and 6 is diffraction angle. Therefore, materials
containing smaller crystal domains will give rise to broader peaks in the measured
diffraction patterns. The use of this equation is limited to correlation lengths below
about 100 um, and loses accuracy above this length scale [11].

XRD measurements were obtained using a Philips X pert diffractometer with a
CuKa source (A = 1.54060 A for xal) run at 45 kV and 40 mA between the angles
5.00° and 50.00° using a step size of 0.02° and between 2—6 seconds per time step. An
internal standard, such as silicon, is often used to obtain accurate cell measurements
and to index peaks, since the position of the silicon peaks is well known and suitable
as a calibration standard.

Rietveld Refinement of Diffraction Patterns:[12]

The Rietveld method uses a least-squares refinements technique to minimize
the difference between the observed and calculated intensities diffraction patterns. The
neutron and X-ray diffraction of powder samples results in a pattern characterized by
reflections (peaks in intensity) at certain positions. The height, width and position of
these reflections can be used to determine many aspects of the zeolites’ structure.

The calculated intensities yc; are determined using the following equation:

Vei = S N L |[F|?0(26; — 20 )PkA + yp;  (2.3)
where S is a scale factor, K represents the Miller indices, Lk contains Lorentz,

polarization, multiplicity factors, ¢ is the reflection profile function, P is the preferred
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orientation function, A is an adsorption factor, Fx is the structure factor, and Yy is the

background intensity.

_ [(Iwiyi—ye)? 1/2
Rup _{ T wi(v0)? } (2:5)

where wi=1/yi.

In this thesis, Rietveld refinements were carried out using the EXPGUI/GSAS
package for NPD and XPRD data [13, 14]. For zeolite frameworks, the difference in
scattering intensity of Al and Si is too small to be accurately determined with NPD,
and to reduce the variables in the Rietveld refinement, was fixed based on the average
compositions measured by ICP and EDX methods. Similarly, since ICP and EDX can
determine sample composition more precisely than powder diffraction, the extra-
framework cations occupancies are fixed at values from the ICP and EDX since no
observable impact on the quality of the refinement is noted with this as a variable.
Fourier difference methods were then employed to elucidate the adsorbed molecules in
the data collected from the samples subsequently loaded CO». Additional refinement
details include the restraining of the CO> angle in the secondary sites (sites B, B, C as
subsequently discussed) to be 180°, and the restraint of CO> distance to dC-O(CO>) =
1.16 A (due to the symmetric nature of the CO, across symmetry sites, bonds tended
to an “average” longer than ideal), and atomic displacement parameters (ADPs) and
fractional occupations for C and O in the same site CO> were constrained to be the
same as well for clarity.

NPD data was collected on BT-1 instrument using a Ge(311) monochromator
with a 75° take-off angle, A = 2.0785(2) A, and in-pile collimation of 15 minutes of

arc. Data were collected over the 20 range of 1.3—166.3° with a step size of 0.05° via
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32 detectors with the sample at approximately 4 K. A closed-cycle helium refrigerator
(CCR) was used for temperature control. Synchrotron X-ray diffraction measurements
were carried out at the Advanced Photon Source (Argonne National Laboratory) on
the 17-BM materials diffractometer (A = 0.6124 A). Data were measured at both about
110 K and 298 K for each sample, with integration of the 2-dimensional powder

pattern being performed with Fit-2D.

2.2.2 Gas adsorption

Specific amount adsorbed

Relative pressure (P/P,)

Figure 2.3. The IUPAC classification for adsorption isotherms [15]

Figure 2.3 shows 5 different classical types of adsorption isotherms plus a
sixth that involved steps. Type I isotherms (the Langmuir isotherm) is typical of many
microporous adsorbents (pore widths below 2 nm). Types Il and 11 are typical of

nonporous materials with strong or weak fluid-wall attractive forces, respectively.
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Types 1V and V exhibit hysteresis loops that occur in mesoporous materials for strong
and weak fluid-wall forces, respectively. Type VI occurs for some materials with
relatively strong fluid-wall forces, usually when the temperature is near the melting
point for the adsorbed gas.

The Brunauer-Emmett-Teller (BET) method is a useful technique for
quantifying the surface area of materials from physisorption isotherms using the

following equations:
1

1 c-1 (p 1
= (2)+ (2.6)
?_1 |4 CVimono \Po Vmono

|

where V is the volume of gas adsorbed at pressure p, Vimono is the volume of gas that
would constitute one monolayer, p/po is the ratio of the pressure of the gas to the

pressure at surface saturation, and c is the so-called BET constant.

1 _
A plot of m Vs p/po gives slope — L and intercept at p/p,=0, and
P

the Vmono could be determined, thus:

VmonoN A
SpEr = TA (2.7)

where Na is Avogadro’s number, A is the cross-sectional area of the adsorbate
(16.2x1072° m? with N2), m is the mass of adsorbent material, and V is the molar

volume of the adsorbate gas (22.4 liter/mole = 22400 cm®/mol).

The BET model assumes that all adsorption sites are equivalent, and that an
infinite number of layers of adsorbate may be formed under adsorption conditions.
The model does a poor job characterizing microporous materials, as a limited number
of layers can form within the micropores of a material, and the binding energy of

adsorbates is often much higher than on external particle surfaces.
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For microporous materials, the t-plot method can be used to calculate the total
volume of micropores in a sample. In the low-pressure regime, the amount of
adsorption within micropores increases rapidly with adsorbate pressure, and they are
filled much earlier than the larger macro- and mesopores. To determine the
microporosity of the material, an empirical formula developed by Harkins and Jura

was used:
5
- 13.99 ° (2.8)
Hp = 0.034+1n(%) '

The Harkins-Jura formula has been shown to accurately describe the system for a
reduced pressure ranging from 0.001 to 0.7. Multi-layer formation is modeled
mathematically to calculate a layer “thickness, t” as a function of increasing relative
pressure (P/Po). The resulting t-curve is compared with the experimental isotherm in
the form of a t-plot. That is, experimental volume adsorbed is plotted versus statistical
thickness for each experimental P/Po value. The linear range lies between monolayer
and capillary condensation. The slope of the t-plot (V/t) is equal to the “external
area”, i.e. the area of those pores that are micropores.

Textural characterization of the samples was carried out with a Micromeritics
ASAP 2020 and 3Flex adsorption instruments using N2 gas (or other gases as needed).
Samples were degassed for 6 h under vacuum at 523 K prior to measurements. The
weight of the dry, degassed sample was used in the data analysis. Samples were
immersed in a liquid N2 bath (77 K) during measurement of isotherms. Analysis of

data was performed using Micromeritics software.
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Adsorption models

Single site Langmuir isotherm [16] refers to homogeneous adsorption, a model
where each molecule possess a constant enthalpy and sorption activation energy (eq.
2.9). The Toth isotherm model [17] can be applied to multilayer adsorption, with non-
uniform distribution of adsorption heat and affinities over the heterogeneous surface
(eg. 2.10). The Toth isotherms have three fitting parameters while Langmuir's
equations has only two, and as a result fit the data on rough surfaces better than the
Langmuir's equations. These two models are not sufficient to describe the adsorption

isotherms in the whole range of temperature (283 K-343 K) and pressure (up to 1 bar).
q = (29)

1+bP
dmbP (2.10)

1= Gronoit
A dual-site Langmuir (DSL) model [18, 19] was used to describe the CO>

adsorption of aluminosilicate zeolites over the entire pressure range:
— qm,Ablp Qm,ZbZP (2 11)
1+b P 1+b,P '

where, q is the quantity adsorbed, P is the pressure, gqm,1 and gm,2 are the saturation
loadings for sites 1 and 2, and by and b are the Langmuir parameters for sites 1 and 2,
respectively.

Dual-site Langmuir-Freundlich (DSLF) model [20, 21]

b, P*1 b, Pk2
q= dm,1901 - Am,2D0>2 - (212)
1+b,Pk1 1+b,Pk2

The isosteric heat of adsorption (Qst) at constant adsorbate loading q, is determined

using Clausius—Clapeyron equation:

_ 2 al_TlP _ alnP
Qs = RT? (22 )q ==R (a(%) (2.13)
q

P values at a given loading of CO, for dual-site Langmuir isotherm were evaluated by

the following equation:
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InP =In(y/B + 4aq — B) — In2a (2.14)

where
a = (Qm,l + Qm2 — q)b1b, (2.15)
B = (Gm1— b1+ (Gmz — b (2.16)
P = Kq—Hexp(Alq + A,q% + ) (2.17)
dolnK
Q% = —R l 1’*] (2.18)
st o(z)

where AHiso IS the isosteric heat of adsorption and q indicates constant equilibrium
adsorption quantities. The isosteric heat of adsorption AHiso can be calculated by
measuring adsorption isotherms at different temperatures and employing the
thermodynamic relationship of eq 2.17. A plot of In P against (1/T) at constant

adsorption amount yields a straight line with a slope equal to (—AHiso/R).

2.2.3 Scanning Electron Microscopy (SEM) & Energy Dispersive X-Ray
Spectroscopy (EDX) [22]

A scanning electron microscope (SEM) is a type of electron microscope that
produces morphological features of a sample by scanning it with a focused beam of
electrons inside a vacuum chamber. The morphological characteristics of materials can
be imaged on length scales that are normally between ~tens nanometers and hundreds
of micrometers, depending on the resolution of each SEM instrument. In a SEM, a
sample is bombarded with a focused beam of electrons-instead of light, to form an
image (Figure 2.4) [23]. A beam of electrons is produced at the top of the microscope
by heating a metallic filament. The electron beam follows a vertical path through the
column of the microscope. It makes its way through electromagnetic lenses, which
focus and direct the beam down towards the sample. Once the beam hits the sample, it

is quickly swept across the observed area of the sample, and backscattered or
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secondary electrons coming off the sample are gathered at a detector to form the
image. Detectors collect the secondary or backscattered electrons, and convert them to
a signal that is sent to a viewing screen similar to the one in an ordinary television,
producing an image. Because secondary electrons coming off the sample are used to
construct the SEM images and the electron beam is very narrow, the images give the
appearance of three-dimensional depth. This makes it easy to distinguish the
morphology and size of individual crystallites from an SEM image. Because this
technique relies on the detection of electrons, the SEM must be operated under
vacuum (10-6 torr), to prevent any absorption or scattering of the electron beam by

gases within the microscope and to make sure the filament is well functioning.

Electron gun

Electron beam

[ )| | Condenser lens

Scan coils

Figure 2.4. Schematic for the SEM operation
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Electrons collide constantly with the surface of a sample, and non-conducting
material (or insulating material) such as zeolite may accumulate charge over time.
Because the charge of a material deflects the incoming electron beam, it results in a
loss of resolution in the obtained images. To prevent this phenomenon, non-
conducting zeolite is usually coated with a thin layer of a conductive metal such as Au
or Pt to allow absorbed electrons to pass through the zeolite sample. Prior to imaging,
zeolite samples were mounted on a layer of conductive carbon tape affixed to an
aluminum specimen mount. The samples were subsequently sputter coated with Au
metal using a Denton Vacuum Desk IV sputtering system. The scanning electron
micrographs presented in this thesis were obtained on a JEOL JSM7400F microscope,
operated at an acceleration voltage of 3 keV and a current of 10 pA.

Energy dispersive X-ray spectroscopy (EDX), or energy dispersive X-ray
analysis (EDXA), or energy dispersive X-ray microanalysis (EDXMA) is another
technique that can be applied to a sample using a scanning electron microscope. The
inner shell electrons in the specimen can be energetically excited by a high energy of
the incoming electron beam. The excited electron is then ejected from the shell, and
created an electron hole. An electron from outer shell then fills the hole, and the
difference in energy between the higher-energy shell and the lower energy shell results
in the emission of a photon in the X-ray energy range. The energy of the released X-
ray is characteristic of specific atom with specific energy difference between outer and
inner shells. Therefore, the elemental composition of the sample can be measured by
detecting all the X-rays emitted by the sample. The high energy electrons used for
these experiments can penetrate several microns into a sample, and the resulting EDX

spectra is a measurement of the bulk composition of samples with micron sizes [24].
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EDX experiments were also performed using a JEOL 7400 SEM operated at the same
current setting of 10 mA, but at a higher voltage (8-10 kV). A more intense electron
beam was necessary to generate strong EDX signal for the analysis. Because the SEM
electron beam is very narrow, EDX spectra must be collected at various locations
within a specimen, and the element compositions of the sample are the average of
multiple EDX measurements. In this thesis, all EDX data are the average of at least 3
measurements of different spots within a sample. In the cases of light atoms such as
Li, Be and B, or various atoms within a sample having similar or overlapped energy-
dispersive spectra such as (Br, Al), and (Si, Sr), the element compositions need to be
analyzed by the Inductively Coupled Plasma (ICP) technique through Galbraith

Laboratories at Knoxville, Tennessee.

2.2.4 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance spectroscopy is a powerful analytical technique
used to characterize organic and inorganic molecules. Only nuclei that contain odd
mass numbers (such as *H, 3C, *°F and 3'P) or odd atomic numbers (such as ?H and
14N) give rise to NMR signals. 1H NMR and 13C NMR are by far the most common
types of NMR spectroscopy are used to characterize organic structure, due to the
prevalence of H and C in organic compounds [25].

In the presence of an external magnetic field, nuclei in a sample will precess at
a frequency known as the Larmor frequency:

o =-yB (2.19)
where 7 is the gyromagnetic ratio of the nucleus and B is the strength of the magnetic
field. Chemical bonding within a compound alters the magnetic field around the

nucleus, and leads to a shift in the frequency of precession which can be detected by
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NMR. In a typical NMR experiment, the nuclei being probed are first aligned by
exposure to a strong magnetic field. The nuclei are irradiated with a short radio-
frequency magnetic pulse applied perpendicular to the external magnetic field, causing
the nuclei in the sample to magnetically precess. NMR absorptions are measured
relative to the position of a reference peak at 0 ppm on the 9 scale due to
tetramethylsilane (TMS). TMS is a volatile inert compound that gives a single peak
up-field from typical NMR absorptions. 1H nuclei are shielded by the magnetic field
produced by the surrounding electrons. The higher the electron density around the
nucleus, the higher the magnetic field required to cause resonance. Four different
features of a 1H NMR spectrum provide information about a compound’s structure.
Number of signals: how many different types of hydrogens in the molecule; position
of signals (chemical shift): types of hydrogens; relative areas under signals
(integration): how many hydrogens of each type; splitting pattern (*H - H coupling):
how many neighboring hydrogens. Peaks in the 1H NMR spectrum can also be
integrated to quantitatively determine the relative concentration of protons at different
chemical shifts in a sample, and thus is particularly valuable for calculating the purity
of synthesized organic compounds.

The natural abundance of 3C is only 1.1%, thus the lack of splitting in a 13C
spectrum is a consequence of the low natural abundance of *C. Moreover, the chance
of two 13C nuclei being bonded to each other is very small (0.01%), and so no carbon-
carbon splitting is observed. A 13C NMR signal can also be split by nearby protons.
This *H-13C splitting is usually eliminated from the spectrum by using an instrumental
technique that decouples the proton-carbon interactions, so that every peak in a 13C

NMR spectrum appears as a singlet. The two features of a 3C NMR spectrum that
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provide the most structural information are the number of signals observed and the
chemical shifts of those signals.

In a typical NMR experiment, approximately 10 mg of the sample (organic
structure directing agents for zeolites synthesis in this case) to be analyzed was first
dissolved in roughly 1 mL of D>O/CDCIs and loaded into a 5 mm diameter
borosilicate NMR tube. 3C and H spectra were recorded using a Bruker AV 400/600
NMR Spectrometer. The NMR data were analyzed using MNova software.

Solid-State NMR Spectroscopy [26, 27]: 2°Si magic-angle-spinning (MAS)
NMR has provided new insights into the structure and chemistry of zeolites. There are
five different possible environments of a Si atom in the tetrahedral coordinated zeolite
frameworks (Si(nAl), n<4). The Si/Al ratio in the aluminosilicate zeolites can be

calculated from 2°Si MAS NMR using the following formula:

Si_ Yh=11si(nal) (2.20)
Al Z%:l 0.25n1$i(nA1) '

By combining (Si/Al ratio) using NMR with the result from chemical analysis,
the amount of extra-framework Al can be calculated.

29Si NMR is also used to calculate the concentration of defects (Si-OH groups)
in calcined siliceous zeolites by dividing the peaks area (by integration) at chemical
shifts of 100-105 ppm (belong to Si-OH or Q2 groups) and at chemical shifts of 105-
120 ppm (belong to Q* groups).

2T Al is a favorable nucleus for solid NMR because of its high natural
abundance (100%). The detection and quantification of aluminum by solid NMR is
often difficult due to the large quadrupolar interactions. The primary information

obtained from the 2’ AI-NMR spectra is related to its state of coordination. Al NMR
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spectra reveal the existence of extra-framework Al (at about 0 ppm) besides the lattice
aluminum (tetrahedrally coordinated Al at about 40-65 ppm).

29Si and 2’ Al magic angle spinning nuclear magnetic resonance (MAS NMR)
spectra were recorded on a Bruker AV111-500 solid-state NMR spectrometer,
operating at a Larmor frequency of 500.138 MHz at the department of Chemistry,

University of Delaware.

2.2.5 Fourier Transform Infrared Spectroscopy (FTIR) [28]

Infrared spectroscopy is a vibrational spectroscopic technique, which takes
advantage of asymmetric molecular stretching, vibration, and rotation of chemical
bonds as they are exposed to designated wavelengths of light. In order for a vibration
mode to absorb in the infrared, the vibrational motion must cause a change in the
dipole moment of the bond. The intensity of the IR “peaks” is proportional to the
change in dipole moment that a bond undergoes during a vibration, for example C=0
bonds with higher dipole moment absorb much stronger than C=C bonds. The
vibrational frequency is increasing with increasing force constant f or increasing bond
strength, and decreasing atomic mass. Weaker transitions called “overtones” are
sometimes observed. These correspond to Av=2 or 3, and their frequencies are two or
three times the fundamental frequency (Av=1) because of anharmonicity. When two
bond oscillators share a common atom, there is a strong mechanical coupling between
them. For example, the frequency of the asymmetric stretching vibration in COz is at a
higher frequency (around 2300 cm™?) than for a carbonyl group in aliphatic ketones
(around 1700 cm™) due to coupled interaction.

Most commonly, the spectrum is obtained by measuring the absorption of IR

radiation, although infrared emission and reflection are also used. Fourier transform is
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a mathematical method to transform the signal from the time domain to its
representation in the frequency domain. Michelson interferometer is the simplest
interferometer design. In this work, FTIR spectra were recorded on a Thermo Nicolet
Nexus 470 spectrometer equipped with a MCT-A (mercury cadmium telluride)
detector. The samples were prepared by pressing 35 mg zeolite powders together to a
partly IR transparent self-supporting pellet. Before each measurement, the samples
were first heated up to 623 K for degasing, then CO2 was introduced into the chamber
at room temperature, and then the in situ measurement was conducted at different

pressures.
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Chapter 3

CARBON DIOXIDE AND NITROGEN ADSORPTION ON CATION-
EXCHANGED CHABAZITE ZEOLITES

3.1 Introduction

Due to an increasing dependence on the combustion of fossil fuels to power the
global economy, the annual global emissions of anthropogenic greenhouse gases have
increased drastically and are causing changes on the atmosphere and the environment
[1]. The growing concerns for global climate change have motivated research towards
developing improved processes for carbon dioxide capture, such as the separation of
CO- from N2 in the flue gas (post-combustion), the separation of CO> in hydrogen
(pre-combustion H2/CO3), and the separation of CO2 from CHa in natural gas reserves
[2-3] Solid adsorbents such as zeolites and metal organic frameworks (MOFs) have
potential advantages over existing processes such as reduced energy use during
regeneration, greater capacity, high selectivity, ease of handling, and fast adsorption
kinetics [4-5] Low silica zeolites (types A, 13X, zeolite Y) are among the most
commonly used adsorbents in industrial gas separations and Li-X,Y and Na-X,Y are
known to have among the highest capacities (5.0-5.6 mmol/g) at atmospheric pressure
and temperature [6-7], but are generally strong adsorbents and this property makes
regeneration difficult [8]. Because of lower Al content, high silica zeolites with a less
hydrophilic surface is an interesting option with respect to the regeneration and the
presence of polar impurities in the feed gas such as water vapor and sulfur compounds

[9]; particularly, 8-membered ring window zeolites are found to have high interaction
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with adsorbed molecules, CO2[10-11]. Here we report an investigation of CO>
adsorption on high-silica zeolites SSZ-13 (CHA framework-type) examining the
effects of framework Si/Al ratio and extra-framework cations (H*, Li*, Na*, K) on

CO. adsorption isotherms and heats of adsorption.
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Figure 3.1. Schematic view of the known cation positions in chabazite framework

The composite building-units of zeolite chabazite are the double 6-membered
ring (D6MR) and one large ellipsoidal cavity (7.3 A x12 A) [12] accessed by six 8-
membered ring windows (free aperture ~3.8 A) [13]. The topological symmetry of the
chabazite framework is R3m (trigonal), where a~ 13.2 A, c = 15.1 A
(pseudohexagonal cell) or equivalently, setting a=b=c = 9.4 A, a=B=y = 94° in the
rhombohedral setting [14]. In the rhombohedral setting the structure has 12 T-atoms
per unit cell but only one T-atom in the asymmetric unit. Alkali-metal cations can be
located in 3 different coordination sites (figure 3.1): On the 6-membered ring window

of the D6MR (site SllI, two sites per unit cell), in the 8-ring, closed to the corner of the
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4- ring (site SII, four sites per unit cell), or near the center of the 8-membered ring
(site SIII’, two sites per unit cell). Cheetham and co-workers studied the location of
alkali cations in chabazite (Si/Al~2.5) by neutron diffraction and Magic Angle
Spinning Nuclear Magnetic Resonance (MAS-NMR) and found that K* is
preferentially located at site SIII’[15], Li* prefers site Sl than site SIII, Na* is located
in both site Sl and SlI1 [16]. Using Ab initio periodic calculations, Ugliengo et al [17-
18] reported that Sl site is more stable than Sl site in Na-chabazite (Si/Al=11). H-
CHA (Si/Al=16,[19] and Si/Al=11) [17] shows the presence of two distinct acid sites
in the unit cell, one on the 6-membered ring at O1 and the other in the 8-membered
ring window at O3. CHA differs from faujasite and zeolite A in one important point:
in faujasite and zeolite A, a large fraction of the cations are located in the sodalite
cages and are not directly accessible to adsorbed molecules: All cations in chabazite
framework, on the other hand, are accessible to CO2 molecule and are expected to
interact with adsorbed molecules even with low aluminum content. Webley [20,21,22]
and Zverev [23] have studied the sorption of carbon dioxide on the ion-exchanged
forms of synthetic chabazite (Si/Al~2-2.5) but their work has focused on low-silica
chabazite samples. Herein, we investigated the interaction of CO2 and N> on CHA
zeolites having higher Si/Al ratios of 6 and 12, with approximate 2 and 1 aluminum
atoms per unit cell, respectively. Fourier Transform Infrared Spectroscopy (FTIR) was
used to confirm the presence of chemical and physical adsorption of CO2 on CHA and
adsorption isotherms were analyzed to understand the interaction between adsorbates
and chabazite zeolites. CHA zeolites are found to have high adsorption uptake and
interaction energy with CO> at atmosphere temperature and pressure and are

interesting candidates for separation processes.
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3.2 Experimental Methods

3.2.1 Zeolite synthesis

CHAV/6 (Si/Al=6) was synthesized using a procedure similar to that reported by
Fickel and Lobo [24]. A solution of 10 g of sodium silicate (Sigma Aldrich, 26.5%
Si0y), 0.32 g of NaOH (Fisher Scientific, >98%) and 24 g of DI water was stirred at
room temperature for about 15 min. Then, 1 g of Na-Y (Zeolyst CBV100, Si/Al=2.47)
and 1.6 g of N,N,N-trimethyl-1-adamantanammonium iodide were added to the
solution and stirred for another 30 min. The resulting solution was then transferred
into 43 ml Teflon-lined autoclaves (Parr) and heated at 423K under rotation for 6 days.
The solid product was separated by vacuum filtration, washed extensively with DI
water, and dried at 353K overnight. The as-made product was then calcined in air at
823 K for 8 h using a ramping rate of 5K/min to prepare the starting form of Na-
CHA/6.

CHA/12 (Si/Al=12) was prepared by modifying the formula described in
literature [25]: A mixture of tetraethyl orthosilicate (TEOS, sigma 98%), N,N,N-
trimethyl-1-adamantanamine hydroxide (TMAdaOH, 25%wt, Sachem Inc ) and DI
water were mixed for 2 hours, then Al(OEt)s (Strem Chemical, 99%) was added to the
solution to obtain a final gel composition of SiO2: H.O: TMAdaOH: Al>Oz is 1: 20:
0.5: 0.035 and stirred for another 12 hours. The resulting solution was then transferred
into Teflon-lined autoclaves and heated at a temperature of 423 K under static
condition for 6 days. After that, the sample was washed with DI water, and dried at
353 K overnight. The as-made product was then calcined in air at 823 K for 8 h

heating at a ramping rate of 5 K/min to prepare the starting form of H-CHA/12.
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3.2.2 lon exchange

Ammonium exchanged NHs-CHA (Si/Al=6 & 12) was prepared by mixing 1g
Na-CHA/6 (or H-CHA/12) with 500mI NH4sNO3 0.1M overnight at 353 K. The
solution was then filtered and washed with deionized water, and the resulting NHs-
CHA product was dried at 353 K overnight. The ion-exchanged Li-CHA, Na-CHA, K-
CHA were prepared by mixing 0.1 g NHs-CHA and 50g 2 M LiCl (>99.0%, Sigma),
NaCl (=99.0%, Sigma), KCI1 (>99.0%, Sigma) for 12 h at 353 K respectively, and the
resulting cation-exchanged CHA products were dried at 353 K overnight. The ion
exchange was repeated 2-3 times to obtain the completely exchanged form of alkali-
metal CHA. H-CHA/6 was prepared by calcining NHs-CHA/6 at 823 K for 5 hours in

air at a heating rate of 5K/minute.

3.2.3 Characterization

The Scanning Electron Microscopy (SEM) images and chemical compositions
by Energy-dispersive X-ray spectroscopy (EDX) of the cation-exchanged CHA
zeolites were obtained on a JEOL JSM7400F microscope, operating at an acceleration
voltage of 3-10 keV, and current of 10uA. Li-CHA element analysis was carried out
by the ICP method.

The X-Ray Powder Diffraction (XRD) patterns were collected on a Philips
X’Pert powder diffractometer using a Cu Ko source (A=1.5418 A) over the range of
26=5.0-50.0 with a step size of 0.02° and 2s per step. The CHA samples were mixed
with silicon standard sample to correct the peak positions, and then celref software
developed by Jean Laugier and Alain Filhol [26] was used to refine the unit cell

parameters of chabazite framework structure.
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The micropore volume and surface area of CHA were measured using N at 77
K on a Micromeritics ASAP 2020 device. The CO and N2 adsorption isotherms of the
CHA samples at different temperatures (273K, 303K and 343K) were also measured
on this instrument up to ambient pressure. Before the experiments, each sample was
degased at a temperature of 623 K for 6 h.

Fourier Transform Infrared (FTIR) spectra were recorded on a Thermo Nicolet
Nexus 470 spectrometer equipped with a MCT-A (mercury cadmium telluride)
detector. The sample is prepared by pressing 35 mg zeolite powder together to form a
partly IR transparent self-supporting pellet. Before the measurement, the sample was
first heated up to 623 K for degasing and then CO2 was introduced into the chamber at

room temperature and started the in-situ measurement at different pressures.
3.3 Results and Discussion

3.3.1 Characterization of CHA

The XRD patterns of the calcined Na-CHA (Si/Al=6 and 12) reveal that all
samples are pure chabazite zeolite with high crystallinity (Figure 3.2). The unit cell
parameters of the calcined samples were refined in the rhombohedral setting giving
values of a=9.3166 (£0.0198) A, 0=94.29°, Vu.c=802 A® and a=9.2759 (+0.0036) A,
0=94.30°, Vu.c=791 A3 for Na-CHA/6 and Na-CHA/12, respectively. As expected,
the positions of the peaks shift to higher angles when the Si/Al ratio increases
indicating that the unit cell of CHA increases as the Al content increases (dAI-O=1.78

A, dSi-0=1.62 A) [27].
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Figure 3.2.  XRD patterns of calcined Na-CHA (Si/Al=6 and 12)

Chemical analysis of the as-made CHA samples confirms that they have
approximate silicon-to-aluminum (Si/Al) ratios of 6 and 12 (Table 3.1). The particles
of CHA (Si/Al=6) and CHA (Si/Al=12) are formed of smaller individual
rhombohedral and spherical units with approximately 1 pm in size (Figure 3.3). The
particles in Figure 3.3(a) appear as distorted cubes because the rhombohedral angle is

94.3°.
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Figure 3.3. SEM images of calcined CHA (Si/Al=6 (a) and Si/Al=12 (b))

Table 3.1. Compositions of metals in cation-exchanged CHA
confirmed by ICP and EDX methods

Materials Molar ratios Note
Si/Al M (cation)/Al

H-CHA/6 6.21 - No trace of Na*
Li-CHA/6 - 1.02 ICP method
Na-CHA/6 5.95 0.95 Original form
K-CHA/6 6.6 0.96 -
H-CHA/12 12.43 - Original form
Li-CHA/12 - 0.97 ICP method
Na-CHA/12 11.55 112 -
K-CHA/12 12.32 1.06 -

Most of the samples have comparable total micropore volume, except for K-

CHA (Table 3.2). This difference reflects the space occupied by the larger potassium

cations in the ellipsoidal cavity of chabazite framework and that perhaps K™ may

blocks the access of gases to some cavities, while most of Li* and Na* are located in

the 6-membered ring window of the hexagonal prism whereby they do not decrease

the effective pore volume of the sample or block access to the cage.
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Table 3.2. Surface area and pore volume of cation-exchanged CHA

zeolites
Si/Al=6 Si/Al=12
Samples External Pore External Pore
Area Volume Area Volume
m?/g cm®/g m2/g cm®/g
H-CHA 11 0.27 80 0.29
Li-CHA 27 0.27 129 0.26
Na-CHA 7 0.24 123 0.25
K-CHA 65 0.18 121 0.19

3.3.2 Fourier Transform Infrared Spectra of Adsorbed CO:
& 8"

Scheme 3.1: lon-dipole interaction between the cation and CO>

The FTIR spectra in the adsorbed phase (Figure 3.4) show a band near 2350
cm attributed to CO- in a linear configuration. This band shifts slightly to higher
frequencies compared to the gas phase depending on the identity of the cations, a
result from the ion-dipole interaction between the cation and CO; as suggested by
Little and Amberg (Scheme 3.1) [28]. The shifts are more evident in the low pressure
region since CO> directly interact with cations and at pressure of 6.58x10* atm, it is
observed that this absorption peak is located at higher frequency on the sample with
the lower Si/Al ratio. CO> adsorbed on Li-CHA/6 has a higher frequency than Li-
CHA/12 sample, 2356 cm™ (Figure 3.4) and 2354 cm™ (not shown here), respectively.
As the pressure of the IR cell is increased, (Figure 3.4) there is a shift in the band
assigned to the asymmetric stretching vibration of linear CO> in the gas phase at 2349
cm™[29]. Two combination bands (v3+v1) and (v3+2v2) in Fermi resonance in the

frequency range of 3598-3725 cm™ are also observed: these bands also shift to lower

54



frequency when the partial pressure of CO: increases. In addition to linear CO2 species
observed in the sample micropores, more strongly bound CO> was also found in CHA
as revealed by the presence of absorption bands due to bent CO> moieties. These
absorption bands 1700 and 1360 cm™ are associated with carbonate-like species [30-
31] but note that the intensity of these peaks are very small compared to asymmetric
stretching vibration: this indicates the dominance of physical over chemical adsorption
of CO- on these zeolite samples. The intensity of all peaks also increases
proportionally with the loading amount of CO., except for the carbonate species bands
that do not increase at the pressure higher than 1.31x10 tatm showing that chemical

adsorption only appears at low loadings of CO».
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Figure 3.4. FTIR spectra of adsorbed CO> on Li-CHA/6 at 298K
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3.3.3 Adsorption isotherms of N2 and CO2 on CHA zeolites

The total energy of physical adsorption can be described by the sum of

multiple interaction terms:

¢ =D + PR + OP + Fu + OFQ + Psp 31)
where ¢p is dispersion energy, ¢r iS close-range repulsion energy, ¢p is polarization
energy, ory IS field-dipole energy, drq is field gradient-quadrupole energy, and ¢sp iS
adsorbate-adsorbate interaction energy [32-33].

The kinetic diameters of CO> (3.33 A) and N (3.64 A) [34] are smaller than
the pore aperture of CHA (3.8 A) allows these adsorbates to diffuse freely. But there
are important differences between the molecular properties of CO2 and N.. Besides
their size and geometry, CO> has a much larger polarizability [21] and electric
quadrupole moment (4.3x102% esu.cm? and 26.5 x107?° cm? for CO3; and 1.52 x1072¢
esu.cm? and 17.6 x10°% cm? for N) [35]. Consequently the energy of interaction
between CO- and the zeolite framework is much higher than with N2, evenin the
presence of very low electric fields for zeolite materials like silicalite (Qstco2=27.2
kJ/mol, Qsin2=17.7 kJ/mol) [36]. This is also confirmed by the adsorption capacities
for CO2 and N2 as shown in Figures 3.5 and 3.6.

The adsorption isotherms of CO2 and N2 on CHA (Figures 3.5 and 3.6) show
that the samples with Si/Al ratio of 6, that is containing higher cation content, have
larger adsorption capacities than the ones with Si/Al ratio of 12 at equivalent
pressures. The trend of the adsorption isotherms of nitrogen clearly depends on the
strength of the electric field in the zeolites. In general, the polarizing power of the
cations is inversely proportional to the charge density or ionic radius in Group 1A
elements [37-38]. The electric field in the proton form is different because it is

strongly shielded by the short distance between O and H (do.1 =1A). The electric field
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of cations in zeolites ranks in order of H'<K*<Na*<Li*; therefore, Li-CHA/6 has the

highest and H-CHA/12 has the lowest adsorption capacity. The results of nitrogen

adsorption on alkali zeolites are similar to the results found on zeolite X, Y [39] and

low-silica chabazite (Si/Al=2.5) [21].
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Figure 3.5. Adsorption isotherms of N2 on cation-exchanged CHA at 303 K
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Figure 3.6. Adsorption isotherms of CO> on cation-exchanged CHA at 303 K
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For CO> the adsorption trends are more complex. Since CO> is a Lewis acid
and the oxygen atoms bonded to alkali cations can behave as Lewis bases, CO>
adsorbed on zeolites includes contributions from physical and chemical adsorption and
these contributions are governed by the alkali cation identity, location within the
cavities of zeolites and Si/Al ratio [40]. For chemisorbed CO-, oxygen basicity plays
an important role and the basicity of the oxygens bonded to cations in zeolites is in the
order: K">Na">Li">>H" (because neighboring lattice oxygen atoms transfer less
charge to larger cations) [41], that is inversely proportional to electric field strength;
therefore, the interaction between CO> and zeolites at low loading of CO is due to the
inversely contribution of physical and chemical energies and depends on the
temperature. The CO> adsorption isotherms of Na- and Li-CHA are very similar,
higher than K-CHA and much higher than H-CHA (the additional mass of large
cations inside the zeolites is also detrimental to CO> capacity on a per mass basis)
(Figure 3.6). In the very low pressure region Li-CHA has higher CO. capacity, but
upon loading of more CO- on the adsorbents, there is a small increase in the
equilibrium uptake of CO2 on Na-CHA relative to Li-CHA. The reason for the
crossing of isotherms could be that at higher loading of CO», the adsorbate-adsorbate
interaction becomes important, and with higher basicity, Na-CHA forms carbonate-
like species easier leading to a strong interaction with CO2 molecules by induce-dipole
interaction. The adsorbed CO2 molecules on Na* cations (which are located in both 6-
membered ring window and the cavity) [16] are closer than two Li* cations (which are
located in only 6-membered ring) might contribute to a higher adsorption capacity of

Na-CHA to Li-CHA at the higher pressure.

59



Owing to the higher micropore volume of CHA (Vmic~0.27cm?/g), at 303 K
and 1 atm, the CO; uptakes on Na-, Li-CHA/6 materials can reach up to 5.0 and 5.1
mmol/g, respectively; higher than that on Na-, Li-ZK-5 (Si/Al~5, Vmic~0.22cm®/g)
(4.0 and 4.9 mmol/g, respectively) [42]. ZK-5 consists of 3 small pau-cages per unit
cell and a bigger N2 molecule (kinetic diameter = 3.64 A) might be not accessible to
these cages. This could be the reason for very low N> uptake of ZK-5 (<0.3 mmol/g)
compared to CHA (~ 0.6 mmol/g) at 303 K and 1 atm, and explains a higher
selectivity of CO2/N2 on ZK-5 in the PSA and VSA regions than that on CHA (see
below Table 3.3 and the reference [42]). At 1 atm of CO., Li,Na-CHA show higher
adsorption capacity than Cu-CHA of similar Si/Al ratios as reported by Hudson et al
[10]. This is probably because there are twice as many cations per unit of volume in

Na-CHA than in Cu(l1)-CHA.

3.3.4 Heats of adsorption of CO2 on CHA zeolites

Toth and Langmuir adsorption isotherm models for CO2 adsorption on cation-
exchanged CHA at 273 K, 303 K and 343 K (not shown here) showed that the Toth
model fits better the experimental data. Therefore, Toth model was used to fit the
experimental data and combined with the Clausius—Clapeyron equation was used to
estimate the heat of adsorption for cation-exchanged zeolites (Figure 3.7).

For the same cation, the sample with the lower Si/Al ratio showed higher CO;
heats of adsorption. The low basicity of H-CHA and the small ionic radius of H* lead
to the lowest heats of adsorption of all materials considered. When increasing the
pressure, because more cations are already occupied by carbon dioxide, the chemical
energy and physical interaction energy between adsorbate-adsorbent decreases. More

adsorbed CO: leads to a higher contribution due to adsorbate-adsorbate interactions,
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but this increase is not enough to offset the decrease of total energy caused by the drop
of adsorbent-adsorbate interaction energy resulting in a drop in the heat of adsorption
in all cases (Figure 3.7). The trend is consistent with the results reported by the Paul
group on alkali chabazite (Si/Al=2.5) [32]. Li-CHA showed a steeper decrease in the
heat of adsorption compared to Na-CHA with increasing CO; adsorption (that is, CO-
CO: interaction becomes important), which could be explained by the difference in the
induce-dipole interaction between CO2 molecules as mentioned before. A large ionic
radius and higher basicity of oxygen bound to K™ would increase the van der Waals
force and chemical energy of K-CHA with CO.. Brown et al[10] have used Rietveld
refinement of neutron diffraction data, and the Scholl group[11] have used PBE-D>
calculations to show that the CO> configuration is perpendicular to the plane of the 8-
membered ring (8MR) and located at the middle of the ring. K* is also located near the
middle of 8MR, therefore the direct interaction between K™ and CO increases the heat
of adsorption of adsorbed CO> on K-CHA. Because of the low micropore volume,
CO. adsorbed on K-CHA/6 will reach saturation faster than in the other zeolites;
therefore, after a loading 2.5 mmol/g, the adsorption heat drops faster in K-CHA/6
zeolite. With high heat of adsorption and high adsorption capacity, Na- and Li-CHA/6
are potentially good candidates for CO> separation by temperature swing adsorption
(TSA) processes.

The results from Cejka et al. [43] on the adsorption of CO, over alkali metal
exchanged ferrierites with Si/Al = 8.7 and 26.6 also showed a significant dependence
of adsorption heats on cation size, cation concentration, and the amount of adsorbed
COa. The trend of adsorption heats on FER is similar to CHA with a steeper decrease

of adsorption heat on Li-exchanged zeolite. The dispersion and quadrupole-electric

61



field gradient energies between zeolite and CO; are inversely proportional to the
window and pore sizes of zeolite [10]. Therefore, adsorbed CO. would interact more
strongly with FER containing 8-ring and 10-ring window/pore [44] size than CHA
containing ellipsoidal cage that is bounded by 12-rings and has 8-ring windows that
allow motion of molecules between the cages [14]. Besides, FER with Si/Al ratio of
8.7 has the additional energy contribution of dual cation site (one CO2 molecule
interacts with two cation site in zeolite) [43] that explain a higher heat of adsorption of
FER/8.7 (51-55 kJ/mol) compared to CHA/6 (41-46 kJ/mol) at low loading of CO-
even though the cation concentration in FER is a little less than in CHA. At higher
loadings of CO», the adsorbate-adsorbate interaction becomes more important leading
to equivalent adsorption heats of these two zeolite adsorbents. With lower energy
requirement for desorption and higher loading amount of CO; at high pressure
(micropore volume CHA: 0.27cm?®/g and FER 0.12cm®/g), CHA zeolites seem to be
more favorable to practical adsorption processes.

At similar conditions of ambient temperature and pressure, Na-STI (Si/Al=15)
[45] possessing 2-D pore channels with 10-ring and 8-ring pore windows has lower
adsorption capacity compared to Na-CHA (Si/Al=12) possessing 3-D pore channels
and higher micropore volume (Na-CHA: 0.27cm®/g and Na-ST1 0.15 cm®/g). Neither
Na-CHA and Na-STI have no dual cation site, the higher dispersion and quadrupole-
electric field gradient energies in smaller pore would increase the heat of adsorption in
Na-STI, but a little higher ratio of Si/Al in Na-STI would cause the inverse effect to
the interaction energy, leading to an equivalent heat of adsorption (=37 kJ/mol) at a

loading of one CO2 molecule per one Na* cation in these two zeolites.
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3.3.5 Henry’s law region

The Henry’s constant is directly related to the interaction of adsorbate with the
adsorbent since at low pressure, adsorbate-adsorbent forces predominate. In order to
evaluate adsorption affinity between adsorbate and adsorbent, the Henry’s constant

was investigated using virial plots (Eq. 3.2).

P= ;—Hexp(Alq + Aq% + ) (3.2)
Q% = R ["’;’(lf)’*] (33)

where A1, A2 are the virial coefficients, q is the loading amount (mmol/g). A plot of
In(P/q) vs the adsorbed amount, g, should approach the axis linearly as g—0 with the
intercept -In(Kw) [46].

The heat of adsorption at zero coverage can be determined from the Henry’s
law constants according to the van’t Hoff equation (Eq. 3.3) [20].

The smaller the intercept is, the higher Henry’s constant is, and the virial plot
(Figure 3.8) shows weak interaction of N2 with the adsorbents compared to CO.. Since
adsorption is an exothermic process, increments in temperature will decrease the
adsorbate-adsorbent interaction and results in the decrease of Henry’s constants
(Figure 3.8 and Table 3.3). Adsorption isotherms on Li-CHA have the steepest slope
in the low pressure region at all temperatures, consequently the Henry’s constants
values are highest for N2 and CO. adsorbed on Li-CHA and this sample also shows the
highest selectivity of CO2 over N2 in the low pressure region (Table 3.3). Compared to
ZK-5 (Si/Al~5), the selectivity of CO2/Nz2 in the Henry’s region shows similar trends:
Li, Na>K>H. The higher selectivity on Na-ZK-5 than Li-ZK-5 is also explained by
dual cation site existing in Na-ZK-5 adsorbent [42]. The heats of adsorption of CO; at
near zero coverage were calculated based on equation (3.3) and the results are

consistent with the results reported in Table 3.3.
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Figure 3.7. Heat of adsorption of CO; on cation-exchanged CHA zeolites (Si/Al=6
and 12)
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Figure 3.9. Isotherms of CO; adsorbed on CHA at 303K and VSA, PSA separation
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3.3.6 Separation ability of CO2 from N2 in a flue gas mixture for PSA and VSA
processes

Because of low energy requirements and fast generation times, Pressure Swing
Adsorption (PSA) and Vacuum Swing Adsorption (VSA) are used for a number of gas
separation applications [47-48]. Carbon dioxide capture and sequestration were
evaluated by the criteria reported in reference[49] assuming a flue gas composition is
13% CO- and 75% N2 [50] at total pressures of 1-5 atm for Pressure Swing Adsorption
(PSA), and 0.1-1 atm for Vacuum Pressure Adsorption (VSA) region:

1. CO, uptake under adsorption conditions (mol.kgt), N4

2. Working CO; capacity (mol.kg™), AN1 =N2% - N,

3. Regenerability (%), R=(AN1/N1°%)x100
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4. Selectivity under adsorption conditions, a122%=(N1%%/N22%)(y2/y1)

As we can see from Table 3.4, the selectivity of CO2 over N2 in PSA and VSA

regions are all lower than in Henry region (Table 3.3). In the VSA region, both Na-

and Li-CHA are excellent adsorbent candidates because of high working capacity.

Since alkali cation-exchanged zeolites CHA have high capacity in the low pressure

region and get saturated at high pressure, the working capacity of these samples in the

PSA region are lower than H-CHA. Hence, H-CHA is in principle a better adsorbent

in terms of working capacity, regenerability and also selectivity in PSA processes.

Table 3.3. The CO; adsorption heat and the Henry’s law constants
determined by virial plot for N2 and CO, adsorption on CHA

Henry's constant (Ku-mmol.g™.atm™)

Selectivity

Samples CO» N2 Khcoz/Khnz Qst
(kJ/mol)
273K 303K 343K 303K 303K
H-CHA/6 115 21 5 0.28 76 35.2
Li-CHA/6 3860 810 73 0.95 853 442
Na-CHA/6 1755 447 37 0.73 617 43.0
K-CHA/6 1561 211 26 0.81 260 455
H-CHA/12 22 13 2 0.25 94 26.8
Li-CHA/12 2106 411 41 0.45 906 44.0
Na-CHA/12 671 137 16 0.41 336 41.3
K-CHA/12 353 58 9 0.37 156 35.3
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Table 3.4. Adsorbents evaluation parameters for flue gas separation
using PSA and VSA at 303K

Vacuum Swing Adsorption

Pressure Swing Adsorption

Adsorbent Nco2?

ads

H-CHA/6 1.50
Li-CHA/6 3.45
Na-CHA/6  3.49
K-CHA/6 2.84
H-CHA/12  1.13
Li-CHA/12  2.03
Na-CHA/12 2.04

ANco2 R oacoune Nco2 ANcoz R acoane
mmol/g mmol/g % mmol/g mmol/lg %
1.20 80 49 3.14 1.63 52 34
1.75 51 46 4.78 1.33 28 26
1.92 55 49 4.69 1.21 26 26
1.63 57 62 3.73 0.88 24 32
0.90 80 43 2.73 1.59 58 32
1.23 60 48 3.38 1.35 40 27
1.27 62 50 3.48 1.45 41 34
1.26 72 45 3.17 1.42 45 30

K-CHA/12 175

*: Adsorbed amount of N at total pressure 5 atm (partial pressure of N2 3.5
atm) were calculated by extrapolation method based on Toth model, so the selectivity
in the PSA region is only for reference

3.4 Conclusions

CHA has a high thermal stability compared to low silica zeolites, and has a

high potential for CO> capture, reaching an adsorption capacity at ambient temperature

and pressure of 5.1 mmol CO> per gram of zeolite, a value comparable with the best

known zeolite adsorbents (X, Y). The adsorption characteristics of CHA are strongly

dependent upon the cation concentration, cation-type exchanged into the zeolite, and

the CO2 loading amount. The adsorption isotherms show that all zeolite adsorbents

have much higher affinity with CO. than N, and Li-CHA gives the highest total

capacity and selectivity in Henry’s law region because of the higher electric field of

Li* than that of other cations. In industrial applications, Li-, Na- with high capacity

and heats of adsorption are potential in TSA processes, and depending on the chosen

PSA, VSA pressure regions, Li-, Na-CHA or H-CHA are found to be promising

adsorbents for this application.
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Chapter 4

MOLECULAR BASIS FOR THE HIGH CO2 ADSORPTION CAPACITY OF
CHABAZITE ZEOLITES

4.1 Introduction

The large-scale capture and sequestration of CO2 from pre-combustion
(CO2/H2), post-combustion (CO2/N.), and natural gas mixtures (CO2/CHas) have
become important technological and environmental targets to mitigate the effect of
greenhouse gases on global climate change [1, 2]. Conventional CO, capture using
primary alkanolamine scrubbers consumes large amounts of energy for regeneration
due to the high heat of formation of carbamates and the large heat capacity of the
aqueous solution [3]. In addition, this technology uses inhibitors to improve corrosion
resistance and prevent oxidative degradation caused by residual oxygen in the flue
stream [4, 5]. Nanoporous materials such as carbon molecular sieves [2, 6], zeolites
[7-10], and metal organic frameworks (MOFs) [11-14] have been studied for CO>
separations and capture because of their high internal surface area, high micropore
volume, chemical tunability, fast adsorption/desorption kinetics, and low heats of
adsorption. For zeolitic adsorbents, isosteric heats of adsorption, —Qst, on the order of
20 kJ/mol to 60 kJ/mol have been measured by techniques such as microcalorimetry
[15, 16] and volumetric adsorption measurements [8, 17-22]. Spectroscopic techniques
have identified a range of adsorbed CO. surface species in zeolite materials including
primarily physisorbed CO>, bidentate carbonates, monodentate carbonates, and

carboxylates [23-25]. By combining variable temperature infrared spectroscopy with
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periodic DFT calculations, Nachtigall et al reported that the CO> adsorption sites
could be classified as single- or dual-cation sites in a number of various zeolite types
[26-29]. Molecular simulation methods, such as Grand Canonical Monte Carlo
(GCMC) and molecular dynamics (MD) [30-38], have been used to study the
adsorption of CO> in porous materials to compute the thermodynamics and transport
properties, and identify optimal capture materials. More recently, X-ray and neutron
diffraction have been applied to investigate the CO> adsorption sites in highly
crystalline porous materials at the molecular level [7, 39-42].

Chabazite (CHA) is a small pore zeolite consisting of a double 6-membered
ring (D6R) as the basic building unit with one large ellipsoidal cavity accessed by six
8-membered ring windows (8MR) (free aperture =~ 3.8 A) [43, 44]. It is also a model
material because it contains only one T-atom in its asymmetric unit. Chabazite-type
zeolites provide improved hydrothermal stability over other zeolites, an important
property for example, in the selective catalytic reduction of NOx [45, 46] and moist
flue-gas applications. Chabazite has also been shown to have high selectivity for light
olefins (ethylene/propylene) in the conversion of methanol to olefins process and
demonstrated potential in gas separations, such as the separation of propane/propene
mixtures [47], and CO, from N2 in flue gas mixtures [8, 48-50] due to its large cavities
and small window sizes.

Extra-framework cations present in aluminum-exchanged zeolite frameworks
play important roles in determining the adsorption properties of zeolites [8, 18].
Cheetham et al. [51, 52] used neutron diffraction and nuclear magnetic resonance
while Ugliengo et al. [53] used ab initio periodic calculations to study the location of

alkali cations in chabazite zeolites with Si/Al = 2.5 and = 11, respectively. It was
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found that K" is preferentially located at the 8-membered ring (site SIII*), Li* prefers
to sit at the 6-membered ring window (6MR, site Sll) rather than site SIII (close to the
corner of the 4-membered ring, 4MR), and Na* prefers locating at site SlI.
Additionally, Webley et al. [16b] identified a “trapdoor” filtering mechanism in
chabazite zeolites in which CO; has sufficient strong interaction to induce large 8MR
blocking cations (K* and Cs") to temporarily deviate from the center of pore apertures
for the admission of CO2 molecules, thus providing a temperature dependent and high
selectivity for separation of important industrial gas mixtures such as CO,/CH4 and
CO2/No.

The impact of zeolite composition on adsorption properties can be observed in
comparing the adsorption isotherms of Si-CHA [22], Na-CHA-12 and Na-CHA-6 [8]
to zeolites NaY (Si/Al = 2.5) and HY40 (Si/Al = 40) which shows that siliceous
chabazite is in fact a better adsorbent than HY40 at room temperature (Figure 4.5).
Further, adsorption measurements reveal that the chabazite samples with higher
aluminum content have higher adsorption capacity. At 1 atm pressure, the adsorption
capacity of Na-CHA-6 is very similar to the adsorption capacity of NaY, and at low
pressure, Na-CHA-6 has much higher adsorption capacity.

This report investigates the adsorption properties and site-specific adsorption
properties of carbon dioxide in pure, high and medium silica chabazites (Si-CHA,
CHA-12, CHA-6 with Si/Al = o0, = 12, = 6, respectively). The information is obtained
by combining in-situ X-ray and neutron powder diffraction methods using Fourier
difference mapping to locate the adsorbed CO> and correlating this with available

volumetric adsorption measurements. The results help elucidate the atomic origin of
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the adsorption properties across a series of cation-exchanged zeolites which can be the

bases for the engineering of improved CO. adsorbents.

4.2 Experimental

4.2.1 Zeolite Materials

Zeolite NaA (Si/Al = 1) was purchased from Sigma Aldrich,* Nal13X (Si/Al =
1.25) and NaY (CBV100, Si/Al =2.47), HY (CBV780, Si/Al = 40) were purchased
from Zeolyst.

Pure silica chabazite Si-CHA [22, 71]: 11.8 g of TEOS was hydrolyzed in 23.9
g of TMAdaOH and heated to remove the ethanol and water (23.8 g in total). Then 1.2
g of HF was added to the mixture to produce the final composition of 3 H20 : 1 SiO>:
0.5 TMAdaOH : 0.5 HF. This thick paste was homogenized by hand in a Teflon
container, and transferred to a 23 mL Teflon-lined stainless steel autoclave (Parr). The
autoclave was kept at 423 K with rotation (~ 40 rpm) for 48 h in a convection oven.
The as-made product was then calcined in air at 873 K for 16 h heating at a ramping
rate of 5 K/min to prepare Si-CHA.

CHA-6 (Si/Al = 6) [8, 46]: A solution of 10 g of sodium silicate (Sigma
Aldrich, 26.5 % SiO>), 0.32 g of NaOH (Fisher Scientific, > 98 %) and 24 g of DI
water was stirred at room temperature for about 15 min. Then, 1 g of Na-Y (Zeolyst
CBV100, Si/Al = 2.47) and 1.6 g of N,N,N-trimethyl-1-adamantanammonium iodide
were added to the solution and stirred for another 30 min. The resulting solution was

then transferred into 43 ml Teflon-lined autoclaves (Parr) and heated at 423 K under

*Any mention of commercial products is for information only; it does not imply recommendation or endorsement
by NIST.

75



rotation for 6 d. The solid product was separated by vacuum filtration, washed
extensively with DI water, and dried at 353 K overnight. The as-made product was
then calcined in air at 823 K for 8 h using a ramping rate of 5 K/min to prepare the
starting form of Na-CHA-6.

CHA-12 (Si/Al = 12) [8]: A mixture of tetraethyl orthosilicate (TEOS, sigma
98 %), N,N,N-trimethyl-1-adamantanamine hydroxide (TMAdaOH, 25 % wt., Sachem
Inc.) and DI water were mixed for 2 h, then AlI(OEt)s (Strem Chemical, 99 %) was
added to the solution to obtain a final gel composition of SiO, : H,O : TMAdaOH :
Al203is1:20:0.5:0.035 and stirred for another 12 h. The resulting solution was
then transferred into Teflon-lined autoclaves and heated at a temperature of 423 K
under static condition for 6 d. After that, the sample was washed with DI water, and
dried at 353 K overnight. The as-made product was then calcined in air at 823 K for 8

h heating at a ramping rate of 5 K/min to prepare the starting form of H-CHA-12.

4.2.2 lon Exchange

Ammonium exchanged NHs-CHA (Si/Al = 6, = 12) was prepared by mixing
1g Na-CHA-6 (or H-CHA-12) with 500 ml NH4sNO3 0.1 M overnight at 353 K. The
solution was then filtered and washed with deionized water, and the resulting NHs-
CHA product was dried at 353 K overnight. The ion-exchanged Li-CHA, Na-CHA, K-
CHA were prepared by mixing 0.1 g NHs-CHA and 50 g 2 M LiCl (> 99.0 %, Sigma),
NaCl (= 99.0 %, Sigma), KCI (= 99.0 %, Sigma) for 12 h at 353 K respectively, and
the resulting cation-exchanged CHA products were dried at 353 K overnight. The ion
exchange was repeated several times to obtain the completely exchanged form of
alkali-metal chabazites. Compositions of metals in cation-exchanged chabazites were

determined by inductively coupled plasma mass spectrometry (ICP) and energy-
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dispersive X-ray spectroscopy (EDX) methods (Table 3.1). Porosity and surface areas

of all zeolite materials were characterized by 77 K N2 adsorption (Table 3.2).

4.2.3 Powder Diffraction

Neutron powder diffraction (NPD) experiments were carried out on activated
chabazite zeolites using the high-resolution neutron powder diffractometer, BT1, at
the National Institute of Standards and Technology Center for Neutron Research
(NCNR). All samples (neutron and X-ray) were activated (dehydrated) by
turbomolecular pump while heating at a temperature of ca. 250 °C for 18 — 24 hrs. The
evacuated samples were placed in a He purged glove box, each loaded into a
vanadium can equipped with a gas loading valve, and sealed using an indium O-ring.
NPD data were collected using a Ge(311) monochromator with an in-pile 60’
collimator corresponding to a wavelength of 2.0782 A. The samples were loaded onto
a bottom-loading closed cycle refrigerator, glove box He evacuated by turbomolecular
pump (RT) and data were collected on the bare frameworks at 10 K. For the in-situ
NPD runs, the samples were warmed to 300 K and then exposed to a predetermined
amount of CO> gas from a volumetric gas manifold. Upon reaching an equilibrium
pressure at the loading temperature, the sample was then slowly cooled to ensure
equilibrium and complete adsorption of the CO (<1 K/min). Data were again
collected at 10 K reducing the thermal motions for the framework and adsorbate.

Similarly, synchrotron X-ray powder diffraction (XRPD) data for pure silica
chabazite and K-CHA-6 were measured at the Advanced Photon Source (APS) at
Argonne National Laboratory on the 1-BM materials diffractometer (A = 0.6124 A).
For XRPD measurement, adsorbents were activated, as described previously, loaded

into glass capillaries, and attached to a valve assembly via ultra-Torr fitting all while
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inside a N2 glove box. N2 was evacuated from the samples in-line via turbomolecular
pump and then samples were dosed with known quantities of CO using a custom built
gas dosing manifold of known volume. Data were collected at 100 K to again reduce
thermal parameters in the materials. Reasons for collecting synchrotron XRPD data on
the two selected samples (Si-CHA and K-CHA-6) are as follows: In the case of Si-
CHA, the very low affinity for CO, adsorption led to questions about the positional
accuracy of the refinements from initial NPD and so higher resolution XPRD was
considered to remove questions of ambiguity. For K-CHA-6, based on the fact that
large cation mobility has been observed in other CHA samples when CO; adsorption
is considered [49, 50, 72]. XPRD measurements were warranted due the relatively low
coherent neutron scattering cross section for potassium (around half that of Si, C, O)
vs. higher X-ray scattering cross section (relative to C, O) for K. Accurately
determining the positions of the K* cations compared with that of CO, are critical.

Rietveld refinements were carried out using the EXPGUI package/GSAS for
NPD and XPRD data [73]7. For the zeolite frameworks, the occupancy of aluminum
(vs. Si) is too small to be accurately determined with NPD and to reduce the variables
in the Rietveld refinement was fixed based on the average compositions measured by
ICP and EDX methods (Table 3.1). Similarly, since ICP and EDX can better

determine sample composition than powder diffraction, the extra-framework cations

TEurther details of the crystal structure investigations may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49) 7247-808-666; e-mail: crysdata@fiz-
karlsruhe.de) on quoting the deposition numbers CSD (-427822, -427823, -427824, -427825, -427826, -427827, -
427828, -427829, -427830, -427831, -427832, -427833, -427834, -427835, -427836, -427837, -427838, -427839, -
427840, -427841, and -427842).
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occupancies are fixed at values from the ICP and EDX since no observable impact on
the quality of the refinement is noted.

Fourier difference methods were then employed to elucidate the adsorbed
molecules in the data collected from the samples subsequently loaded CO». This has
been described previously [7] CO2 doses that range from 0.33 to 0.66 CO2 molecules
per 8-membered ring (8MR) window in the CHA-12 samples and 0.5 to 1.0 CO»
molecules per 8MR window in CHA-6 were chosen based on simplifying the
discussion (and refinements) in these materials. Keeping the occupancy of CO, lower
in the low-cation exchanged materials is key to determining the primary adsorption
site. Similarly, not exceeding 1.0 CO, per 8MR in the CHA-6 samples allows for
either full adsorption at the window site or occupation of a secondary site while
reducing the likelihood of potential bulk like disorder. Additional refinement details
include the restraining of the CO; angle in the secondary sites (sites B, B’, C as
subsequently discussed) to be 180°, and the restraint of CO> distance to dc.o(CO2) =
1.16 A (due to the symmetric nature of the CO, across symmetry sites, bonds tended
to an “average” longer than ideal), and atomic displacement parameters (ADPSs) and
fractional occupations for C and O in the same site CO> were constrained to be the

same as well for clarity.
4.3 Results and Discussion

4.3.1 Cation locations in chabazite zeolites
To obtain molecular insights into the dominant factors affecting isosteric heat
of adsorption and total CO> uptake capacity, in-situ neutron and X-ray powder

diffraction experiments were performed. Rietveld refinements were carried out in the
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R-3m space group using a hexagonal unit cell containing 36 symmetry-equivalent
tetrahedral Si or Al atoms and 72 oxygen atoms for the activated zeolite materials
(Table 4.1 showing here is one example).

Table 4.1. Atomic parameters from Rietveld refinement of pure silica
Chabazite (Si-CHA) data at 10 K [NCNR, BT1] (Trigonal, R-3m, a =
13.5844(3) A, ¢ = 14.7628(5) A, V = 2359.3(1) A®). Values in
parentheses indicate one standard deviation in the refined value. Goodness-
of-fit parameters: x? = 1.057, wRp = 6.63 %, Rp = 5.27 %.
Composition: SizsO72.

Si-CHA X Y Z Multipl. Occup. Uiso (A?)
01 0.9006(1) 0.0994(1) 0.1225(2) 18 1 0.005(1)
02 0.9802(2) 0.3136(2) 0.1667 18 1 0.006(1)
03 0.1201(1) 0.2400(3) 0.1317(2) 18 1 0.009(1)
04 0 0.2616(2) 0 18 1 0.011(1)
Si 0.0001(3) 0.2288(2) 0.1046(2) 36 1 0.004(1)

Figure 4.1 depicts the locations of alkali metal cations typically observed in
high silica chabazites [53]. Lithium and sodium are located at the 6MR window of the
hexagonal prism (SII). Fourier difference maps of the activated, dehydrated zeolites
indicate that there are no measurable amounts of Li* cations in the elliptical cage, at
the four-ring (4MR) window of the hexagonal prism, and that no Na* cations were
found in the 8MR window of the channel (close to site SIII’). The lithium and sodium
cations are observed at position SllI, as expected, because this coordination
environment is the most favorable in chabazite for a small cation and is in agreement
with the lower alkali-cation concentrations in high silica chabazites (Si/Al =6 and =
12).

This is contrast to the low silica chabazites (Si/Al = 2.5) where cations are

additionally located at SIII and close to SIII” as reported by Smith et al. [51, 52]. The
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lithium and sodium locations in the chabazite are very similar to the sites observed in a
number of synthetic faujasites, LSX, X, and Y [54-56]. Each Li" or Na* is effectively
coordinated with 3 oxygen atoms of the chabazite framework. Due to ionic radii
difference (rna+ = 1.16 A and rui» = 0.73 A), Na* lies higher above the plane of the
6MR, by an angle of approximately 22° measured from the Si in the ring (Na-CHA-6)
compared to Li-CHA-6 with an angle of approximately 9.6°. These angles are slightly
larger in the case of Li- and Na-CHA-12, and higher than the values observed for the
low silica zeolites faujasites 13X and Y where cations are located almost at the center
of the ring. In 6MRs with two or three aluminum atoms, cations bind strongly with the
basic oxygen (O-Al) atoms. In contrast, in the case of a ring with only one aluminum
atom, the cations are situated near the oxygen (O-Al) atoms and further from oxygen
(O-Si) atoms giving the longer average distance of oxygen-cation in the 6MR. The
out-of-plane location of Li* and Na* in high-silica chabazites is also due to the
contraction of the 6MR due to the smaller average bond lengths of T-O (dai-o = 1.76 A
and dsi.o=1.59 A).

With respect to Li* and Na*, the bigger K™ cation sits preferentially in the
middle of the 8MR where it is coordinated with 4 oxygen atoms of the zeolite
framework. In addition K™ is observed on a position above the 6MR (site SII) where it
is only coordinated with 3 oxygen atoms of the zeolite framework. However, this
difference is minor since K-O distances in 8MR (dk-03 = 3.117(4) A, dk-o4 = 3.270(3)
A) are longer than K-O distance in 6MR (dk-03 = 2.86(6) A).
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Illustration of the chabazite structure and typical cation locations (Li*:
blue, Na*: orange, and K*: purple) in the zeolite pores (right). 8MR and
double 6MR (D6R) are indicated (left, Si/Al: dark blue) with oxygen

atoms (red) omitted for clarity.

Figure 4.1.
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Table 4.2. Cation and CO; occupancies for the Chabazite zeolites in
this study. The value in parentheses represents one standard deviation

(in refined value).

Sample Occupancy
CO; Site | CO Site Il
Cation* (8MR) (M+)
Si-CHA -- -- --
0.5 CO2/Si-CHA (ND) -- 0.117(7) 0.033(2)
1.0 CO2/Si-CHA (ND) -- 0.237(7) 0.094(2)
0.5 CO2/Si-CHA
(XRD) -- 0.163(9) 0.068(2)
1.0 CO./Si-CHA
(XRD) -- 0.405(8) 0.154(3)
Li-CHA-12 0.462 - -
0.33 CO2/Li-CHA-12 0.462 0.082(5) 0.094(4)
0.66 CO2/Li-CHA-12 0.462 0.303(8) 0.153(7)
Li-CHA-6 0.876 -- -
0.5 CO2/Li-CHA-6 0.876 0.169(8) 0.141(6)
1.0 CO2/Li-CHA-6 0.876 0.490(8) 0.211(4)
Na-CHA-12 0.462 - -
0.66 CO2/Na-CHA-12 0.462 0.372(8) 0.096(4)
Na-CHA-6 0.876 -- -
0.5 CO2/Na-CHA-6 0.876 0.251(6) 0.064(3)
1.0 CO2/Na-CHA-6 0.876 0.576(8) 0.166(4)
K-CHA-12 0.149(2)/0.21(1)(8MR) -- --
0.33 CO2/K-CHA-12 0.149/0.209(8MR) 0.199(6) 0.023(3)
0.66 CO2/K-CHA-12 0.149/0.209(8MR) 0.246(7) 0.037(3)
K-CHA-6 0.21(3)/0.44(2)(8MR) -- -
0.5 CO2/K-CHA-6 0.209/0.444(8MR) 0.27(2) 0.121(4)
1.5 CO/K-CHA-6 0.209/0.444(8MR) 0.335(9) 0.190(5)

*fixed at the value determined from ICP/EDX
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Table 4.3. Select CO2 bond distances (in Angstroms) for Site A (8MR) for the Chabazite zeolites in this
study. The value in parentheses represents one standard deviation (in refined value).

Sample CO:z Site A (8MR) Bond distances
Ola- Ola- Ola- Ola- M+...-
C1-02 C1-03 C1-04 02s) 02l 03(s) 03() 0la04 Ola
SIi-CHA - - - - . . . - -
0.5CO/Si-CHA (ND) 3.441(2) 3.180(4) 3.230(2) 3.60(3) 3.66(3) 3.13(4) 3.62(4) 3.432(5) -
1.0 COo/Si-CHA (ND) 3433(2) 3.193(4) 3.230(3) 353(3) 3.72(1) 3.23(2) 356(2) 3432(7) -
0.5CO/SI-CHA  3.410(4) 3.129(6) 3.196(5) 3.18(4) 3.98(5) 3.04(5) 3.61(6) 3.403) -
10 COoSi-CHA  3.411(6) 3.130(6) 3.220(5) 3.35(2) 3.84(2) 3.29(2) 3.38(2) 3.422(7) -
Li-CHAL2 - - - - - - - - -
033 CO,/Li-CHAL2 3483(3) 3.182(4) 3.219(4) 3.54(3) 3.79(4) 331(5) 346(4) 3.42(1) 4.27(6)
0.66 CO./Li-CHAL2 3473(6) 3.175(6) 3.212(4) 3.56(2) 3.76(2) 3.26(2) 350(2) 3.415(5) 4.15(8)
Li-CHA-6 . . . . . . . . .
0.5CO-/Li-CHA6  3585(3) 3.169(5) 3.204(3) 3.73(3) 3.80(4) 3.27(5) 3.48(4) 3.41(1) 4.30(6)
1.0 CO-/Li-CHA6  3566(3) 3.178(5) 3.204(3) 3.680(9) 3.82(1) 3.30(1) 3.46(1) 3.408(5) 4.32(3)
Na-CHA-12 - - - - - - - - -
0.66 COJ/Na-CHAL2 3465(3) 3.207(5) 3.220(4) 3.63(2) 3.68(2) 3.10(2) 3.70(2) 3.423(4) 357(3)
Na-CHA-6 . . . . . . . . .
0.5CO/Na-CHA6  3.480(4) 3.226(4) 3.231(3) 3.62(2) 3.73(2) 3.08(2) 3.75(2) 3.433(3) 3.60(2)
1.0 COy/Na-CHA6  3.489(3) 3.255(4) 3.238(3) 3.601(9) 3.750(8) 3.08(1) 3.79(1) 3.439(4) 3.57(1)
K-CHA-12 - - - - - - - - -
0.33CO/K-CHALZ 5 1104y 3172(4) 3249(3) 360(2) 366(2) 313(3) 361(2) 3450(8) 3.19(2)
0.66 COJ/K-CHAL2  3443(3) 3.161(4) 3.242(4) 361(2) 365(2) 3.09(2) 3.62(2) 3.443(6) 3.19(2)
K-CHA-6 - . . . . . . . .
0.5CO/K-CHA6  3442(5) 3.089(7) 3.232(7) 331(4) 3.93(5) 3.18(5) 342(6) 3.44(5) 351(4)
15COJ/K-CHAB  3473(5) 3.141(7) 3.204(5) 3.49(2) 3.83(2) 3.141(7) 342(2) 3.41(2) 3.37(2)
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Table 4.4. Select CO2 bond distances (in Angstroms) for Site B (large pore) for the all-silica Chabazite
zeolites in this study. The value in parentheses represents one standard deviation (in refined value).

Sample CO: Sites B (pore) Bond Distances (A)
Sites B-B (inab-  Sites B-B (along
Site C-Framework Sites A-B plane) c-axis)
02b- O2- | Ofa- Ola- | O2  O2- | O2b-  O2b-
02a-04 04 0202 02 | O2a O2b | O2a 02 | 02  O2b
SIi-CHA - - - - - - - - - -
0.5 CO2/Si-
CHANND)  >300) 348(4) 3440) 3233) 1505) 176(5) 1.78(5) 2.22(7) 264(8) 3.22(7)
1.0 CO2/Si-
CHAND) 329 348(2) 344(2) 322 g3y 17302) 178(2) 222(3) 2.62(4) 3.20(4)
0.5 CO2/Si-
CHA (XRD) 440 3.74() 357(4) 325(4) 1 q0.5) 103(5) 1.62(5) 231(6) 1.94(8) 2.54(7)
1.0 CO/Si-
CHA (xRD)  >3°(D) 358(1)  341(2) 3212 4740y 179(2) 176(2) 235(3) 230(3) 2.89(3)
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Table 4.5. Select CO2 bond distances (in Angstroms) and CO- angles (in degrees) for Site B’ (M+CO>)
for the Li*/Na*-exchanged Chabazite zeolites in this study. The value in parentheses represents one standard
deviation (in refined value).

Sample Bond Angle (°) CO: Site B’ (M+) Bond Distances (A)
Site B-M+ Site B-Framework Sites A-B
| M+...02a=C=02b | M+..02a | 02b-02  020-03 02b-04 | 01a-0O2b |

Li-CHA12 - - -- -- -- --

0.33 CO2/Li-CHA-12 146.(6) 2.45(8) 3.56(5) 3.15(5) 356(5)  2.66(5)

0.66 CO2/Li-CHA-12 2.302(5) 3.63(7) 3.26(6) 3.63(7)  2.63(7)
Li-CHA-6 - - - -- -- --

0.5 CO2/Li-CHA-6 143.(10) 2.3(2) 3.95(9) 3.33(9) 3.60(8) 2.54(7)

1.0 CO,/Li-CHA-6 151.(4) 2.26(6) 4.17(3) 3.76(3) 411(3)  2.62(3)
Na-CHA12 - - - -- -- --

0.66 CO2/Na-CHA-12 166.1(9) 2.59(8) 3.30(2) 3.11(3)  4.06(4)  2.71(6)
Na-CHA-6 -- -- -- -- -- --

0.5 CO2/Na-CHA-6 163.0(9) 2.68(7) 3.30(2) 3.07(3) 4.03(4) 2.78(6)

1.0 COo/Na-CHA-6 162.9(4) 2.686(3) 3.30(1) 3.08(1)  4041)  2.79(2)
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Table 4.6. Select CO2 bond distances (in Angstroms) and CO; angles (in degrees) for Site C
(M+--CO2-M+) for the K*-exchanged Chabazite zeolites in this study. The value in parentheses represents
one standard deviation (in refined value).

Bond Angle
Sample Q) CO:; Site C (M+/M+) Bond Distances (A)
Sites A/B-M+ Site B-Framework Site A-B'
M+...02a= ‘ K1..0 KI..0 K2...0 02b-  O2b- O1la- Ola-
C=02b 2a 2b 2a 02b-02 03 04 0O2a 02b
K-CHA-12 - - - - - - - -- -
0.33 CO2/K-
CHA-12 154.(5) 3.02(5) 2.99(5) 2.92(6) 3.89(4) 3.77(7) 4.10(8) 1.87(6) 2.66(7)
0.66 CO2/K-
CHA-12 155.(2) 3.00(3) 3.04(3) 2.95(4) 3.91(4) 3.82(4) 4.14(3) 1.89(4) 2.69(4)
K-CHA-6 -- -- -- - -- - -- - -
0.5 CO2/K-
CHA-6 156(2) 3.04(2) 2.87(2) 3.05(2) 3.99(3) 3.94(3) 4.15(2) 1.89(4) 2.63(4)
1.5 CO2/K-

CHA-6 155(1)  3.08(1) 3.00(1) 2.96(1) 3.97(2) 3.88(2) 4.092) 1.82(2) 2.63(2)




Table 4.7. Unit cell parameters for the Chabazite zeolites in this study.
The value in parentheses represents one standard deviation (in refined

value).
Cell
Sample Parameters
a (A) c (A) V (A%
Si-CHA 13.5844(3) 14.7628(5) 2359.3(1)
0.5 CO2/Si-CHA (ND) 13.5913(4) 14.7636(6) 2361.8(1)
1.0 CO./Si-CHA (ND) 13.5833(3) 14.7526(5) 2357.3(1)
0.5 CO/Si-CHA
(XRD) 13.4748(2) 14.6568(3) 2304.7(1)
1.0 CO2/Si-CHA
(XRD) 13.4715(2) 14.6471(3) 2302.0(1)
Li-CHA-12 13.5774(4) 14.8816(7) 2375.8(2)
0.33 CO2/Li-CHA-12 13.5971(4) 14.8395(6) 2376.0(1)
0.66 CO2/Li-CHA-12 13.5992(5) 14.8348(8) 2376.0(2)
Li-CHA-6 13.5798(4) 15.0034(6) 2396.1(1)
0.5 CO2/Li-CHA-6 13.5830(4) 14.9919(7) 2395.4(1)
1.0 CO2/Li-CHA-6 13.5973(5) 14.9674(7) 2396.5(2)
Na-CHA-12 13.6417(4) 14.8121(7) 2387.2(1)
0.66 CO2/Na-CHA-12 13.6092(4) 14.8567(7) 2383.0(1)
Na-CHA-6 13.6852(3) 14.9436(6) 2423.8(1)
0.5 CO2/Na-CHA-6 13.6689(4) 14.9473(6) 2418.6(1)
1.0 CO2/Na-CHA-6 13.6418(4) 14.9670(6) 2412.2(1)
K-CHA-12 13.6423(4) 14.6843(7) 2366.8(2)
0.33 CO2/K-CHA-12 13.6205(4) 14.7667(7) 2372.5(2)
0.66 CO2/K-CHA-12 13.5992(5) 14.8348(8) 2376.0(2)
K-CHA-6 13.7536(6) 14.4752(9) 2371.3(2)
0.5 CO2/K-CHA-6 13.7138(3) 14.7280(4) 2398.8(1)
1.5 CO2/K-CHA-6 13.7001(3) 14.8091(4) 2407.2(1)

4.3.2 CO:2 adsorption sites in chabazite zeolites

Using GCMC simulation, Bell et al. [36, 37] estimated that dispersive
interactions are the primary contributors to the adsorption energy in this sample and
are determined by the distances between the carbon atoms (Ccoz) and oxygen atoms

(Oco2) of CO2 molecule to the surrounding oxygen atoms of the zeolite framework
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(OcHa). Their calculations suggest equilibrium distances for strong dispersive
interaction are d(Ocoz2-OcHa) = 3.44 A and d(Ccoz2-Ocha) = 3.30 A, and those contact
distances at below 4 A are considered to have attractive effective van der Waals
interactions. The refinement of XRPD and NPD patterns of CO2 on pure silica
chabazite (Figures 4.2a, 4.2b) resulted in the identification of two adsorption sites for
CO2: (1) locating in the 8BMR and (2) in the ellipsoid cages of chabazite framework. In
the chabazite 8MR, the preferred adsorption site (site A) is the center of the chabazite
window in which each carbon atom in CO2 molecule has maximal close contacts with
the 8 oxygen atoms of the 8MR (Ogwmr) such that two Ogmr across the ring from each

other give an angle Ogmr—Cco2—Osmr = 180°.
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Figure 4.2a. Rietveld refinement of neutron powder diffraction data for 1.0 CO. per
8MR dosed in Si-CHA at 10 K. Note: Green line, black circles, and red
line represent the background, experimental, and calculated diffraction
patterns, respectively. The blue line represents the difference between
experimental and calculated patterns.
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Figure 4.2b. Rietveld refinement of X-ray powder diffraction data for 0.5 CO per
8MR dosed in Si-CHA at 100 K. Note: Green line, black circles, and red
line represent the background, experimental, and calculated diffraction
patterns, respectively. The blue line represents the difference between
experimental and calculated patterns.

From X-ray diffraction refinement of 0.5 CO2/8MR in Si-CHA, the CO; -8MR
oxygen atom distances were determined to be d(Ccoz-03) = 3.129(6) A, d(Ccoz-04) =
3.196(5) A, d(Ccoz2-02) = 3.410(4) A, and with d(Ocoz2-OcHa) between ca. 3.18 — 3.98
A (Tables 4.2 and 4.3). Another CO2 adsorption site in pure silica chabazite is inside
the ellipsoidal cage where the carbon atom has the most effective contact distances
with 4 framework oxygen atoms and the CO> oxygen atoms also have effective
contact distances with 4 to 5 framework oxygen atoms each (Figure 4.3). The isotropic

atomic displacement parameters (ADPs) for CO- in the cage site are higher than those

90



in the window site, indicating the increase in static disorder of the weaker adsorption
sites and possibly a more concave potential energy minimum. Overall, these
considerations explain the high occupancy of CO- at site A in chabazite zeolites, or
indeed in 8MR zeolites in general [36, 37].

A physical effect of the adsorption of CO: in all-silica chabazite is a slight
change the unit cell parameters, with an initial expansion and evidence of a small
contraction with increased loadings from 0.5 to 1.0 COz on the order of a few
thousandths of an Angstrom (Table 4.7). There is also a small contraction of the unit
cell with increasing measurement temperature between 10 K neutron and 100 K X-ray
diffraction experiments. The negative thermal expansion due to the changes in Si-O-Si
interpolyhedral bond angles is also observed in chabazite and typical other siliceous
zeolites [57-59] and typically assigned to the larger amplitude of rigid-unit type modes
[60, 61].

Two CO; adsorption sites were determined in Li-CHA and Na-CHA zeolites
by Fourier difference map analysis (Figure 4.4). The distance between Na* cation and
Ocoz in site A is much shorter than that for the Li* cation (3.605(0) A and 4.307(0) A
in 0.5CO2/Li-, Na-CHA-6, respectively) leading to a more effective electrostatic
interaction. Further structural details and occupancies of site A in Na-CHA compared
to Li-CHA are reported in Table 4.5. The CO2 second site in these zeolites is end-on
CO2 coordination with the cation (M*---O=C=0) where M*---O=C=0 bond distances
are longer than the distances of the CO, oxygen to the D6R oxygen atoms, d(Na*-
Ocoz) = 2.68 (7) A, d(Li*-Ocoz) = 2.3 (2) A and d(Na*-Ocna) = 2.447 (7) A, d(Li*-
Ocna) = 2.033 (5) A (Table 4.5). In this configuration, the linear CO2 molecule is

tilted toward the 4MR window to achieve closer contact with other oxygen atoms of
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the zeolite framework, which is similar to the CO> configuration in NaY as reported
by Nachtigall et al [29]. This adsorption site is labeled as site B’ since it can be
viewed as a rotation and translation of the all-silica site while remaining in the cage.

Since the Li*---O=C=0 distance is shorter than that in Na*-CHA, the contact
angle of the CO- is more acute with ZLi*---O=C=0 = 144°, compared to the
equivalent ZNa*---O=C=0 = 163°, having more effective dispersive interaction with
the zeolite framework and additionally exhibiting close (= 3 A) interactions with the
6MR oxygen atoms. The resulting high ADPs and coordinate standard deviations for
site B’ could be the result of slight rotation of the CO> around the cation and 4MRs.
There is likely a slight position difference across the bulk powder and the model is
fitting the average position. Because the energy contribution of the dispersion
interaction, and the large quadrupole moment of CO2 (14.3 x 10~*° C m?) [62] with an
inhomogeneous electric field of zeolite is highest in 8MR zeolites [7], site A (at the
8MR) is still a major adsorption site in alkali-exchanged chabazites (Table 4.3) even
though open metal cations provide an additional strong biding site in the cage (site B”)
through enhanced electrostatic interaction of the adsorbate-adsorbent. The result is
also observed in NaA and FER zeolites as reported in references [29, 41].

The structure of solid carbon dioxide refined by Peters et al. [63] in space
group Pa3, shows that an O atom of the CO, molecule is in close contact with more
than 10 oxygen atoms of other CO2 molecules (contact distances of approximately
3.45 A and 3.18 A). In Li-CHA, it may be possible to have two molecules in neighbor
sites A and B’ in the same cage with O-O distances comparable to the ones observed
in solid CO.. Due to the symmetry, however, there could be 3 possible positions of

CO2-site B’ around Li* cation, and the stable configuration of CO; sites A and B’
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coexist in the same cage is where site B in close contact with the 4MR opposite to site
A (dO_0 =3.105 A). Moreover, in solid CO2, the C atom has close contact with 6
oxygen atoms of other CO, molecules (dc-o= 3.11 A), which is the distance we found
in the 8MR due to the interaction between the partially positive charge of Cco2 and the
negative charge of O in the zeolite framework. This is also observed in Na-CHA. In
the cases of low CO> doses in Li- and Na-CHA-12, there is an overall similarity of the
positions and occupancies of the two CO; sites with ZLi"--O=C=0 = 142°,
ZNa*---0=C=0 = 166°, and the distance between Li*—Oco2 and Na*—Oco2 (site B”)
are identical to Li-/Na-CHA-6 at 2.302(5) A and 2.59(8) A, respectively, (Tables 4.3,
4.5).

Figure 4.3. (Left) CO. adsorption sites in pure silica chabazite with framework
oxygen atoms omitted for clarity (site A: 8MR, yellow oxygen atoms;
site B: cage, green oxygen atoms). (Right) Detailed view of site A CO2 in
the center of the 8MR (bottom) and site B with short interaction distances
to the red framework oxygens given by dashed lines (top).
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Figure 4.4. Partial pore views of CO. adsorption sites in Li-CHA-6 (left), Na-CHA-6
(center), and K-CHA-6 (right) zeolites. Site A is similar to that
previously determined for Cu?*-exchanged chabazitel) (indicated by
yellow oxygens) and the displacement of the cation (blue Li*; orange
Na") strongly influences the coordination of the second CO> adsorption
site to a site B” with the CO2 moving closer to the D6R with Li*. Note
that site A, while present in K-CHA-6, has been omitted for clarity in
depicting the dual-cation bridged via cation sites SII/SIII” or SII/SII.

Refinement of the K-CHA-12 data show that K* behaves quite similarly to
Cu?* in which the majority of the CO is found in the 8MR and only a small fraction
of the adsorbate is found with an end-on CO> coordination with the cations (Tables
4.3, 4.6). Interestingly, in K-CHA-6 with the higher concentration of K* in both SlI
and SIII” (partially blocking more of the 8MR window), the occupancy of the second
COgsite (site C) in the cage is significantly increased. The increase in interaction
energy is due to the CO2 coordination to two K* cations (either cations in sites
SII/SHI” or SII/SII) being more efficient in lower silica K-CHA-6 with a distance from

Ocoz to K* of approximately 3 A. Nachtigall et al. report this as the dual-cation site
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[26-29]. In this configuration, the oxygen and carbon atoms also have a number of
attractive interactions with framework oxygen atoms. From Fourier analysis, there is
some disorder indicated from adsorption at site C in K-CHA since this site can be
coordinated with potassium either by single- or dual-cation sites resulting in an
average CO: position with high ADPs. Various models for the configuration of site C
were considered and this location (with high ADPs), shown in Figure 4.4, resulted in

the best refinement.

4.3.3 Adsorption properties of sodium-exchanged zeolites

Chemical analysis of the samples by ICP and EDX (see Table 3.1) show that
Si/Al ratios for the chabazite samples are near the expected Si/Al = 12 for CHA-12,
and Si/Al =5.95 - 6.6 for CHA-6 samples. The ratio of cation (Li, Na and K) to Al is
close to one in all cases. Si-CHA, Li-CHA and Na-CHA have a microporous volume
determined by the t-plot method of approximately 0.27 cc g, while for both
potassium samples the microporous volume is much lower (0.18 - 0.20 cc g}). This is
in part due to the larger size of potassium cations, but may reflect the presence of
some inaccessible cages.

CO- adsorption isotherms, isosteric heats of adsorption, and the adsorption
capacity of Na-chabazite zeolites are compared to selected commercial zeolites
samples at 1 bar and 303 K in Table 4.8 (and Figure 4.5). At low loadings, NaA and
Nal3X have higher adsorption capacity than Na-CHA-6, as expected due to the high
cation density of low silica zeolites. On the other hand, Si-CHA has a higher
adsorption capacity than HY40 up to 1 bar. GCMC simulations [32, 36, 37] and DFT
calculations [26-29] have shown the importance of dispersive interaction between CO-

and the walls of microporous materials. This explains why the isosteric heats of CO>
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adsorption on chabazite zeolites are higher than those in faujasite zeolites; specifically
Na-CHA-6 > NaY, and Si-CHA > HY40 even though faujasites have higher charge
density than the chabazite samples. At high loading, the adsorption capacity depends
on both the relative strength of adsorbate-adsorbent interactions and the micropore

volume of the adsorbents [8, 64, 65].
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Figure 4.5. Total CO> adsorption isotherms at 303 K for chabazite zeolites (Si-CHA:
open square/dashed-line, Na-CHA-12: open square/solid line, Na-CHA-
6: closed square/solid line), Linde type A zeolites: close star/solid line,
and faujasite zeolites (HY40: open circle/dashed-line, NaY: open
circle/solid line, Na13X: closed circle/solid line). Note: Data is in
agreement with our previous publication on thisfel.
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The equilibrium CO; capacity of Na-CHA-6 is 5.0 mmol CO; per gram of
zeolite at 303 K and 1 bar, which is comparable to the value of zeolites Nal3X and
NaY, but appreciably higher than that of NaA, even though the cation density in Na-
CHA-6 is significantly lower. Note that the amount adsorbed and the isosteric heat of
adsorption of Na-CHA-6 is higher than those of Na-CHA-12 and Si-CHA as expected
for increasing concentration of AI®* in the zeolite framework. Ferrierite containing 8-
and 10-ring straight channels showed slightly higher heats of adsorption at zero
coverage, but significantly lower adsorption capacity (Table 4.8) as compared to Na-
CHA-12 with similar Si/Al ratio due to its smaller pore size and much smaller

micropore volume.

4.3.4 Structure-property relationship: CO2 adsorbed on chabazite zeolites

In cation-exchanged zeolites, the cations act as Lewis acid sites and the
framework oxygen atoms, bearing partial negative charges, behave as basic sites. The
basicity of framework oxygen atoms of alkali-exchanged zeolites is in the order of
Li*<Na*<K* <Cu?* based on local Hard-Soft Acid-Base (HSAB) descriptors [68, 69].
Based on this principle, the interaction between the Lewis acid site (the carbon in
COy) and basic zeolite oxygen atoms is the highest in Cu?* and is the lowest in Li*.
This observation accounts for the very high occupancy of CO. in the middle of 8BMR
in Cu-CHA-6 and the lowest occupancy in Li-CHA [7]. Extra-framework cations are
hard Lewis acid sites following the order of Li*>Na*>K* >Cu?* while O atoms in CO;
act as hard base sites. Given that hard-hard and soft-soft interactions dominate the
hard-soft interactions as demonstrated in HSAB theory, the end-on CO2 coordination
with these cations (M"*---O=C=0) is more stable in Li* than in other cation sites. This

was also observed in the adsorption of the O-atom (in CH3OH molecule) on alkali-
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exchanged faujasite (Li*>Na"™>K" >Rb™>Cs™) [28]. This explains the highest CO>

occupancy in the second site for Li* and the lowest occupancy in Cu-CHA-6 (Table

4.3, Ref.[7]).

Table 4.8. Adsorption parameters of select chabazite zeolites

compared to select commercial zeolites at 1 bar and 303 K.
Adsorbent Nal3 Na NaA Na- Na- [66] Na- Si- HY40

X Y CHA-6 CHA-12 FER CHA

Si/Al ratio 1.25 247 1 6 12 8.7 [e%) 40
M.V 0.29 031 021 0.25 0.27 0.12 027 0.3
Capacity 5.2 51 41 50 4.0 2.6 1.9 0.6
—Qst 51.5 35 534 430 41.3 45.2 24 17.4
M.V: Micropore volume (cm®/g), Cap: capacity (mmol/g), Qs:: adsorption heats
(kJ/mol)
“N2 is not able to access the pores of NaA; micropore volume at a relative pressure
of 0.029 P/Pq calculating from CO, adsorption at 0 °C was taken from ref [67].

Figure 4.6 shows the isosteric heats of adsorption as a function of CO2 loading
for all CHA samples. There is a noticeable decrease in —Qst with increased CO>
quantity due to a decrease in the electric field. Based on very similar location of
cations Li* and Na* in the chabazite framework, Li-CHA and Na-CHA have quite
similar CO> adsorption capacities and heats of adsorption (Figure 4.6 and Ref.[8]). As
per above, Li* is located closer to the 6MRs than Na* and leaves more empty space for
the adsorbate. Therefore, at 1 atm, the adsorption capacity of CO; in Li-CHA-6 is
slightly higher than in Na-CHA-6 (5.1 mmol/g and 5.0 mmol/g, respectively [8]). The
adsorption site B’ in Li-CHA has higher energy than in Na-CHA, but this site only

adsorbs a maximum of 5.2 CO»/uc, while site A allows for a maximum of 9 CO»/uc.
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This higher dependence of interaction energy on Li", or the higher consumption of Li*
cation by coordinating with adsorbates at high CO> coverage, could be the reason for a
faster drop of the heats of adsorption on Li-CHA over CO; loading amounts as
compared to Na-CHA adsorbents. This result is consistent with the study on Li-, Na-,

K-ZSM-5 by Nachtigal et al. [29].
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Figure 4.6. Isosteric heats of CO> adsorption (—Qst) on chabazite zeolites and
faujasite zeolites as a function of amount adsorbed. * 36T atoms are
equal to 1 unit cell (uc) of chabazite and 3/16 uc of faujasite zeolites.

The electric field in K-CHA-12 is lower than that in Li-, Na-CHA-12 due to
its larger cationic size. Thus, a lower adsorption heat at zero coverage was observed
for K-CHA-12. As discussed earlier, most of CO- in K-CHA-12 is located in the 8MR

(accommodating a maximum of 9 CO>/uc on this site) is less susceptible to the electric
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field generated by potassium cations. This explains a slight drop in heat of adsorption
on this sample. A dual-site cation is more effective in K-CHA-6 due to higher
possibility of two K* ions in one cage or one in 6MR with a distance of approximately
7.5 A to the other K* in 8MR. The formation of dual-site cation leads to comparable
adsorption heat for this sample at zero coverage as compared to zeolites Li-, and Na-
CHA-6. At higher loading of CO2 (> 6 CO>/uc) when the dual-cation and 8MR
adsorption sites are mostly occupied, the heats of adsorption drops faster than in Li-
and Na-CHA-6. The lower adsorption heat in Cu-CHA-6 (33.1 kJ/mol)[7] associating
with the depopulation Cu?* cation content (compared to alkali-cations) leads to a
decrease of electric field in the zeolite. In addition, the lower electrostatic energy
between CO2 and Cu?* is due to the fact that the major adsorption site of CO,/Cu-
CHA-6 is in the 8MR, whereas the largest electric field is located around Cu?* in the
D6R.

Low dispersion interaction energy is observed in large cages, and according to
Bell [34] and Nachtigall [29], the adsorption sites of CO> in low silica faujasites reflect
a high level of interaction with Na* cations instead of interacting with the framework,
as observed here for small pore chabazites. In NaY, most Na* cations coordinate to
6MRs inside the sodalite cages, where they are inaccessible to the adsorbate, thus the
adsorption energy in NaY is lower than that in high silica chabazite zeolites. The
presence of Na* site SIlI in low silica faujasite Nal13X has led to the formation of
dual-cation adsorption sites [29]. Thus, Nal3X has the highest adsorption heat at low
CO2 coverage among the studied zeolites and a steep drop in the heats of adsorption
due to the high consumption of cation sites over CO2 loading amount. Because of

the high dependence of the CO, adsorption on the cations in faujasite zeolites, the
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presence of water and other polar molecules in flue gas streams will dramatically
decrease their CO, adsorption capacity, making this class of zeolites less efficient and

impractical compared to high silica chabazites

4.4 Conclusions

Structural analysis of cation-exchanged high and pure silica chabazites was
completed with in-situ CO- gas loading by X-ray and neutron diffraction and the
relationship of zeolite structures to their adsorption energy interactions discussed. Site
A (8MR) was identified as the major CO> adsorption site in pure silica chabazites due
to the high number of close contacts to the framework oxygen atoms to the CO.. Li*
and Na* cations were only observed at site SlI of the D6R, where larger K* cation can
occupy D6R and 8MR. These exchanged cations in chabazites are all open metal ions
providing strong biding sites through induced polarizability of the adsorbate, whereas
a majority of these cations residing in sodalite cages of zeolites A and faujasites are
not accessible to adsorbates. Carbon dioxide is coordinated end-on to alkali-metal
cations (M*---O=C=0) with the molecular axis tilted to the 4MR to maximize its
dispersion interaction with the framework oxygens. High disorder of the second
adsorption site in K-CHA, particularly K-CHA-6, is due to a mix population of single-
and dual-cation adsorption sites in the chabazite cage. The population of the direct
coordinated adsorption sites of CO> with these metal cations decreases with the
hardness of cation Li*>Na*>K*>Cu?*, except for the case of K-CHA-6, where the
bridged complexes of CO; and two K* cation sites were formed with higher
interaction energy than a single cation adsorption site. Additionally, a major CO>
adsorption site in the 8MR (site A) was still observed in these cation-exchanged

chabazites due to high van der Waals and quadrupole interactions. At low CO>
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coverage, the heats of adsorption in Li-, Na-, and K-CHA are quite similar due to the
inverse effect of electric fields caused by cations and basicity caused by framework
oxygens. A faster drop of heat of adsorption over the CO- loading amount in Li-CHA
compared to Na-CHA is due to a higher dependence of the interaction energy on Li-

exchanged adsorbents.
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Chapter 5

STRUCTURE-PROPERTY RELATIONSHIPS OF CATION-EXCHANGED
ZK-5 ZEOLITES FOR CARBON DIOXIDE ADSORPTION

5.1 Introduction

Carbon dioxide capture and storage (CCS) technology to reduce anthropogenic
CO; emission has become one of the most urgent environmental issues in the 21
century [1-4]. Adsorption is one of the most promising techniques for commercial and
industrial CCS applications among other techniques such as cryogenic distillation [5],
membrane-based separation [6, 7], electrochemical sequestration in ionic liquid [8],
chemical absorption with amine and ionic liquid solvents[9, 10]. This is due, in part, to
its lower energy requirements, easy processing of materials, and broad applicability
over a relatively wide range of temperatures and pressures [11, 12]. Porous adsorbents
such as metal organic framework (MOFs), activated carbon, and zeolites have been
studied extensively for CCS because of their versatile structures, high porosity, and
promising, tunable adsorptive properties [13-22]. Recent efforts have focused on
correlating sample structural characteristics and CO> adsorption properties to improve
the performance of existent adsorbents and potentially design new adsorbent materials
[17, 23, 24]. The separation of CO2 from other gases can be based on both size and
electronic properties of the gas molecules and the framework. Although the relatively
small difference in kinetic diameters between CO2 (3.30 A), N (3.64 A), and CHa
(3.80 A) makes kinetic separation very challenging, microporous adsorbents with

tailored narrow pore openings have high selectivity for CO> over of the larger kinetic
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diameter molecules. For example, Liu et al. reported high selectivity of CO2 over N
on NaKA with K*/(K*+Na") = 17% due to the exclusion of N2 which appears to be
related to its slightly larger kinetic diameter [25]. Palomino et al. proposed that the
extremely high selectivity of CO2/CHa on zeolite RHO is mainly due to the pore
aperture, which strongly blocks the adsorption of CH4 [26]. Lozinska et al.[27] studied
the structure of Na-, K-, and Cs-forms of zeolite RHO and suggest that the cations in
the intercage window sites effectively block CH4 adsorption but relocate during the
adsorption of CO; in a ‘trapdoor’ mechanism originally proposed by Webley et al.
[28].

Beyond size selectivity, CO> has a larger polarizability and quadrupole
moment than N2 (1.43 x10°° C.m?, 29.11x 10%° cm™for CO and 4.67 x 10*° C.m?
17.403x10% cm™ for Np, respectively [4]), which leads to stronger interactions of CO>
with the electric field and electric field gradients within the adsorbents. The lack of
electric quadrupole moment for CHs is a key factor in designing adsorbents. CO- is
also a Lewis acid and has been used as a probe for elucidating the basic character of
zeolites by infrared spectroscopy (IR) and temperature programmed desorption (TPD)
[29-32]. Hence, the Lewis basicity of the adsorbents can also play an important role in
determining adsorption properties under certain pressure regimes. Walton et al.[33]
and Pirngruber et al.[34] have reported that the adsorption capacity at low pressure in
faujasite zeolites are in the order Cs">K*>Na">Li" due to the high basicity of the
framework oxygens, which is dominant relative to the strength of the quadrupole
interaction. MOFs functionalized with basic nitrogen-containing organic groups have
been studied to improve the selectivity of CO, over N2/CHa due to the strong acid-

base interaction between the lone-pair of nitrogen and CO> [35-38].
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The presence of open metal sites in microporous materials is very important
for high selectivity of CO2 over other gases [15, 39, 40], but these materials are
usually moisture-sensitive and chemically unstable [41]. MOFs without open metal
sites that could be suitable in the humid environment of a flue gas, generally show
higher CO> capacity at high pressures compared to zeolites due to their high surface
areas and porosities, but also relatively low capacity at low partial pressures that make
them very promising materials for pressure-swing processes [1]. However, the
materials are not well suited to current post-combustion capture technologies due to
either the low partial pressure of CO: in a low pressure flue gas mixture or lower CO>
selectivity at high pressure [41]. On the other hand, while chemically robust and
inexpensive, activated carbon has a lower uptake and selectivity at low pressures
relative to zeolites [42, 43]. The complex factors of cation type, acidity/basicity, and
electrostatic interactions within zeolites distinguish them from other types of
adsorbates. Zeolites are generally characterized by a relatively high CO> capacity and
selectivity over other gases at low pressure, which makes them promising candidates
for CO separation from flue gases [1, 43]. The high affinity for CO: in low silica
zeolites hinders desorption and hence regeneration. The optimum Si/Al ratio for CO-
adsorption/desorption cycles in LTA has been found to be higher than 5 [44], and
there have been some reports showing the potential of small pore, high silica zeolites
for CO; separations [45-47]. ZK-5 has been shown to be a good candidate for CO>
separation [48-50] and has also been studied for adsorption and catalytic applications
such as the selective synthesis of dimethylamine [51], selective catalytic reduction

[52], and adsorption of hydrocarbons [53], water, methanol, and acetonitrile [54].
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Figure 5.1. Illustration of the KFI structure and the cation locations in the zeolite
pores observed in this study.

Zeolite ZK-5 (KFI framework type, Zeolite Kerr with sequence number five)
was first synthesized by Kerr in 1966 [55]. The framework structure (Figure 5.1) can
be built from an alternating sequence of grc and pau units (so-called a-and y -cages,
respectively). Each a-cage is connected through flat 8-membered ring faces to six y-
cages and each y-cage is connected to two a-cages and four other y-cages. While the
flat eight-membered rings have a diameter of 3.9 A, there is a puckered eight-
membered ring of ~3.0 A connecting the y-cages with each other. The largest a-cage
in KF1 has a maximum potential diameter of an included sphere of 10.6 A [56], and a
free volume of approximately 707 A3, smaller than the o-cage of LTA and RHO
which also contain a-cage (811 A% and 722 A3, respectively) [57]. The y-cage has
dimensions of 5.4 A by 9.6 A with a free volume of 264 A3[57]. The nature and the

110



distribution of the extra-framework cations play a crucial role in the adsorption
properties of CO- in zeolite adsorbents [33, 34]. Their presence not only induces
modifications of the basicity and electrical field inside the pores, but it can also change
the available pore volume and morphological structure of the zeolites, influencing the
adsorption kinetics. In this study, we investigated the CO> adsorption sites in Li-, Na-,
K-, and Mg-ZK-5 zeolites by Synchrotron X-ray powder diffraction (SXRD) and
correlate the results with volumetric adsorption measurements. The excellent
correlation between the structure-property relationships of ZK-5 zeolite materials for
CO: adsorption can be the basis in designing and optimizing novel adsorbents for CO>

capture.
5.2 Experimental

5.2.1 Preparation and characterization of zeolites

ZK-5 was prepared as described in a previous study[48] and a method reported
by Schulz et al.[58] with all starting chemicals obtained from Sigma-Aldrich and used
without further purification.” Solution A was obtained by dissolving 1.64 g of KOH
(85%) in 10 g deionized (DI) water, to which 0.29 g Al powder (99.9%) was slowly
added with mild stirring until a clear solution was obtained. Solution B was prepared
by dissolving 1.43 g 18-crown-6 (99.0%) and 0.114 g Sr(NOs)2 (99.0 %) into 6.3 g DI
water, and then 8.1 g of Ludox AS40 was slowly added. Solution B was poured into
solution A to give a final gel with molar compositions of:

10 Si0O2/2 Al/2.3 K20/0.1 SrO/1.0 18-crown-6/220 H.O

i Any mention of commercial products is for information only; it does not imply recommendation or endorsement
by NIST.
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The gel was sealed in an autoclave and placed in convection oven at 423 K for 7 days
under static conditions. The solid ZK-5 obtained after filtration was dried overnight at
373 K and then calcined at 833 K for 8 hours at a heating rate of 2 K/min. The
calcined sample ZK-5 (primarily K-ZK-5, but with a small amount of Strontium) was
first exchanged to the ammonium form by mixing 2 g ZK-5 with 1 liter of 1M
NHsNO3 overnight at 353 K. The ion-exchange was repeated twice. Li-ZK-5, Na-ZK-
5, and Mg-ZK-5 were obtained by exchanging NH4-ZK-5 (0.5 g) and 500 ml of 2M
solutions of LiCl, NaCl, MgCly, respectively overnight at 353 K. The exchange was
repeated 2-3 times. Pure K-ZK-5 was obtained by directly exchanging 0.5 g of the
original ZK-5 with 500 ml 2M KCl, twice.

The morphological features and chemical compositions of the cation-
exchanged ZK-5 zeolites were investigated by scanning electron microscopy and
Energy-dispersive X-ray spectroscopy (EDX) using a JEOL JSM7400F scanning
electron microscope, operating at an acceleration voltage of 3 keV and a current of 10
MA. EDX measurements were taken over at least 3 spots and the results averaged.
Inductively coupled plasma mass spectrometry (ICP) measurements were also
performed on the Li- and Mg-exchanged ZK-5’s to obtain Si/Al and metal/Al ratios.
The micropore surface area and the pore volume of ZK-5 were measured using N> at

77 K using a Micromeritics 3Flex device.

5.2.2 Volumetric adsorption of CO2 and N2 on ZK-5 zeolites

The CO2 and N2 adsorption isotherms on the ZK-5 samples at different
temperatures (273 K, 303 K and 343 K) up to the ambient pressure were measured on
a Micromeritics 3Flex instrument. Before the adsorption measurements each sample

was degased at a temperature of 623 K for 6 h. Data were analysed according to both a
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dual-site Langmuir (DSL) and a Dual-site Langmuir-Freundlich (DSLF) models with

isosteric heats of adsorption (Qst) determined using the Clausius—Clapeyron equation.

5.2.3 Diffraction data collection and structure determinations

Capillaries of each de-gassed ZK-5 were individually mounted on a homemade
gas delivery system attached to the goniometer of the 17-BM powder diffraction hutch
at the Advanced Photon Source (Argonne National Laboratory). Care was taken to
load only enough sample to fit under the cryo-stream and so estimated of dosing
amounts could be made with the 10 mbar gauge on the gas manifold. Data were
measured at both 110 K and 295 K for each sample, with integration of the 2-
dimensional powder pattern being performed with Fit-2D. Rietveld analysis of the 1-
dimensional powder patterns was performed using GSAS/EXPGUI packages [59, 60]
and visualization of electron Fourier difference densities through VESTA [61]. Note:
The X-ray diffraction data presented in this chapter does not have very high quality

due to the effects of the instrument and small impurities within the samples.
5.3 Results and Discussion

5.3.1 Characterization SEM, EDX, isotherms

ZK-5 (Figure 5.2) consists of cubic crystals with a uniform particle size of 3-5
um. The results from chemical analysis by ICP and EDX (Table 5.1) showed that all
samples have consistent Si/Al values in a range of 3.5-3.8, and are fully cation
exchanged for Na-ZK-5 and K-ZK-5, and over 75% exchanged in the case of Mg?*
and 87% for Li*. Protons are most likely the remaining cations in Mg-ZK-5 and Li-
ZK-5 since no K* was found. Protons could form during the ion exchange or after

heating samples containing residual NH4"*. Surface areas calculated by the Brunauer—
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Emmett—Teller (BET) method and micropore volumes extracted using the t-plot
method are shown in Table 5.2. The highest micropore volume was found for Li* and
is probably due to the smaller volume occupied by Li*, but it could be also influenced
by the stronger interaction between Li* and N2. The low surface area and pore volume
of Na-, K-ZK-5 is due to the larger volume occupied by Na*, K*, the increase in the
mass of the unit cell of heavy atoms, in the case of K* maybe due to potassium

blocking the adsorption of N2 in some cages.

Table 5.1.  Compositions of metals in cation-exchanged ZK-5 determined by
inductively coupled plasma mass spectrometry (ICP) and energy-
dispersive X-ray spectroscopy (EDX) methods.

Materials Molar ratios

Si/Al M (cation)/Al Method
NH4-ZK-5 3.6 - EDX, no detection of K*
Li-ZK-5 3.8 0.86 ICP
Na-ZK-5 3.7 0.95 EDX
K-ZK-5 3.5 1.0 EDX
Mg-ZK-5 3.65 0.38 ICP

Table 5.2.  Microporous surface area (m?/g), external surface area (m?/g) and
micropore volume (cm®/g) of ZK-5 zeolites determined by liquid N2
adsorption measurements at 77 K.

Samples Li-ZK-5 Na-ZK-5 K-ZK-5 Mg-ZK-5
Mic. Surf. Area 498 320 309 447
Ext. Surf. Area 10 50 18 45

Pore Vol. 0.23 0.17 0.14 0.21
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Figure 5.2. SEM images of cation-exchanged ZK-5

The adsorption isotherms up to 1.01 bar at various temperatures (283 K, 303
K, 323 K, and 343 K) on cation-exchanged ZK-5 with DSLF fits are expressed in
terms of molecules per unit cell (u.c) to allow comparison between the samples
(Figure 5.3). The adsorption capacities of cation-exchanged ZK-5 at a given pressure
all decreases with temperature as expected from physical adsorption. The adsorption
isotherms, in the conventional mol kg™' units are plotted in Figures 5.4a-d, with the
DSL and DSLF fits and fitting parameters included in Tables 5.3-5.4. Comparison of
DSL and DSLF fits on a mass basis unit shows that both models give good fits to the
experimental isotherms, except in the case of Li-ZK-5 where only the DSLF model
fits the isotherm well. On an equal footing, the trend of adsorption capacity per u.c at a
particular temperature is Li~Na-ZK-5>K-ZK-5>>Mg-ZK-5 at low pressure (the
reasons behind this trend will become evident as we determine the adsorbed

structures). The adsorption capacity trend towards higher pressures for Li-, Na- and K-
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ZK-5 is explained by increasing volume occupied by the cations, which reduces the
volume available for adsorption of CO, when close to saturation. In the case of Mg?*
there is evidently a weaker interaction with CO2, and this shifts the saturation pressure

to higher values.
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Figure 5.3. Volumetric CO2 adsorption isotherms (closed symbols) at 283 K
(squares), 303 K (circles), 323 K (stars), and 343 K (triangles) in Li-ZK-
5 (a), Na-ZK-5 (b), K-ZK-5 (c), and Mg-ZK-5 (d). The solid lines are fits
to the dual-site Langmuir-Freundlich (DSLF) model.
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Figure 5.4a.

Figure 5.4b.
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Pure component, volumetric CO> adsorption isotherms in Li-ZK-5 at 283
K (squares), 303 K (circles), 323 K (stars), and 343 K (triangles). Dual-
site Langmuir-Freundlich fit (solid line), and Dual-site Langmuir fit
(dash line).
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Pure component, volumetric CO, adsorption isotherms in Na-ZK-5 at
283 K (squares), 303 K (circles), 323 K (stars), and 343 K (triangles).
Dual-site Langmuir-Freundlich fit (solid line), and Dual-site Langmuir fit
(dash line).
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Figure 5.4c. Pure component, volumetric CO; adsorption isotherms in K-ZK-5 at 283
K (squares), 303 K (circles), 323 K (stars), and 343 K (triangles). Dual-
site Langmuir-Freundlich fit (solid line), and Dual-site Langmuir fit

(dash line).
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Figure 5.4d. Pure component, volumetric CO> adsorption isotherms in Mg-ZK-5 at
283 K (squares), 303 K (circles), 323 K (stars), and 343 K (triangles).
Dual-site Langmuir-Freundlich fit (solid line), and Dual-site Langmuir fit
(dash line).

119



Table 5.3.  Dual-site Langmuir-Freundlich parameters for CO2 adsorption in cation-
exchanged ZK-5

Li-ZK-5 283K 303K 323K 343K
by (bar?) 297.6 1263 1965 4173
bz (bar?) 1264 8301 6.092 3.203
ki 135 03454 07353 0.6818

k2 02717 1458 0.9618 1.072
gmi(mol/kg) 2413 5347 07736 0.9424
gmz(mol/kg) 5563 2.031 4461  3.944

Na-ZK-5 283K 303K 323K 343K
by (bar?) 263.5 575 2223  6.948
b (bar?) 0.9148 02355 1312 5144
ki 1.024 0.9829 1.018 1.029

ka 0.3334 0.3426 0.4893 1.194
gmi(mol/kg) 2719  3.047 2.835  3.487
Omo(mol/kg)  3.174 4972 1763  0.2392

K-ZK-5 283K 303K 323K 343K
bi(bar!) 03058 20.35 9982 6.138
bz (bar?) 53.42 02753 04102 0.566
ki 04012 0.9102 0.9692 1.017

k2 0.8992 0.406 0.4259 0.5648
gmi(mol/kg) 362 2971 2485  1.898
gmz(mol/kg) 3132 356  3.022  3.05

Mg-ZK-5 283K 303K 323K 343K
b1 (bar?) 1.782 0.2557 032 0.1871
b (bar?) 4886 1.025 0.2011 0.2646

ki 0.4768 0.3028 0.9185 0.9528
k> 1.267  1.037 0.2498 0.2545
gmi(mol/kg) 1737 279  6.745  6.521
Ome2 (mol/kg)  3.228 4497 2158  1.421
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Table 5.4.  Dual-site Langmuir parameters for CO, adsorption in cation-exchanged
ZK-5

Li-ZK-5 283K 303K 323K 343K

b1 (bar?) 4384 3099 1547 5895

b2 (bar?) 39.78 1544  6.888  3.127
gma1(mol/kg)  1.052 0.6948 0.7313 0.6686
Omz2(mol/kg)  4.425 4.493  4.418 4.3

Na-ZK-5 283K 303K 323K 343K

by (bar?) 4996 3.096 99.94  168.2

b, (bar?) 2824 78.02 1228 6.572
gm1(mol/kg) 1.129 1.026 0.7514 0.2184
gmz(mol/kg)  3.27 3.192 3.177 3541

K-ZK-5 283K 303K 323K 343K
bi(bar?) 4601 5737 612  30.77
bo(barl) 1181 5651 5826  3.079
gmi(mol/kg) 1.188 1.736 0.7463 0.5729
gmz(mol/kg) 2.946 2135 2791  2.872

Mg-ZK-5 283K 303K 323K 343K
by (bar?) 1519 111 399.7 700.4
by(bar!) 3271 7249 06184 0.4733

gm1(mol/kg) 0.175 5.035 0.1722 0.1387
gm2(mol/kg) 4.748 0.1862 4.745  3.663

121



For low amounts of adsorbed CO- (less than 12 CO2 molecules/ u.c), the heats
of adsorption are in the order of Na-> Li-> K->> Mg-ZK-5 as reflected by the
steepness of the low-pressure portion of the isotherms. The Qs drops off quickly for
Na-ZK-5 and less for Li-ZK-5 at higher loadings, yet the heat of adsorption for K-ZK-
5 increases slightly with more adsorbed COs.. Interestingly, Mg?*, with less than half
the cation density, has much lower heat of adsorption compared to other cations (see

below).

Heat of adsorption (kJ/mol)

—o— Li-ZK-5
—t— Na-ZK-5
20 —e—K-ZK-5
—— Mg-ZK-5
10
0 5 10 15 20 25

Quantity adsorbed (mol/u.c)

Figure 5.5. Isosteric heats of adsorption, Qst, of CO2 on cation exchanged ZK-5
zeolites as a function of loading.

The adsorption capacity and heat of adsorption in this study (Figure 5.5) are
similar to the trend observed in higher silica (Si/Al=4.75) ZK-5 in our previous report

[48]. At ambient temperature and pressure (~303 K and 1 bar), Li-ZK-5 showed
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similar adsorption capacity to Li-, Na- CHA (Si/Al=6) [47], NaY, NaX (~5 mmol/g)
[62] [60] [59] and much higher than that of other zeolites with higher framework
density such as FER, STI, MFI, MEL, TUN (< 3 mmol/g) [63]. Due to the higher
micropore volume of CHA (Vmic~0.27 cm3/g) and faujasites Nal3X, NaY
(Vmic~0.3 cm®/g), above atmosphere pressure, the slopes of CO, adsorption isotherms
on Na-, Li-CHA/6, NaY, Nal3X materials are higher than those of ZK-5, indicating
that their saturation capacity is higher than cation-exchanged ZK-5 adsorbents. The
heats of adsorption of Na-ZK-5 near zero coverage are close to the values observed for

Nal3X, higher than Li-, Na-CHA/6, and much higher than NaY.

5.3.2 Structure of cation-exchanged ZK-5 zeolites

Rietveld refinements of model ZK-5 frameworks to the X-ray data indicate Si-
O connectivity is as expected for the evacuated zeolite [64] [62] [61]. Elucidation of
extra-framework cation locations is necessary to understand the structure-property
relationships of CO> adsorption on cation-exchanged ZK-5. The KFI structure was
initially refined in the body-centered cubic space group Im3m, with a unit cell
containing 96 symmetry-equivalent tetrahedral Si or Al atoms and 192 oxygen atoms.
One unit cell (u.c) consists of two a-cages and six y-cages. Four cation sites were
located using Fourier difference maps of the de-gassed cation-exchanged zeolites. Site
| is in the center of the hexagonal prism where cations have an octahedral coordination
with the neighboring framework oxygen atoms. Site I’ is in the alpha cage, close to the
hexagonal window of the hexagonal prism. Here each cation is coordinated to three
oxygen atoms. Site Il is placed in the center of the puckered eight-ring and site Il is in
the flat eight-ring window, where each cation is coordinated to 4 framework oxygens.

The refined unit cell parameters, cation locations, occupancies, number of atoms per
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unit cell, and cation-framework oxygen distances in cation-exchanged ZK-5 are
reported in Table 5.5.

Lithium is only observed at position SI’ (Figure 5.6a) because this
coordination environment is the most favorable for a small cation, as has been found
for faujasite and chabazites [62, 65]. Li* is displaced out of the plane of the 3
framework oxygens in the 6-ring by an axial distance of 0.433 A. Sodium cations are
observed in 3 sites (SI, SI’, and SII), a result consistent with a previous study by
Mortier et al. [66]. The data in Table 5.5 show that site I, in the puckered 8-rings
(Figure 5.6d, 5.6e), is preferred than over the 6-rings since it has full occupancy. The
Na-Oz distances in sites I and II are higher than that in site I’ due to their higher
coordination with the framework oxygens (6, 4, and 3, respectively). The distances
between Na(l)-Na(I’) in the same 6MR are too short (1.948(0) A) for these sites to
occupied at the same time. With larger ionic radius (rna+=1.16 A, r.i+=0.72 A), the
relative small distance between Na(1)-Na(l) (3.897(0) A) might also lead to repulsive
interactions. The total occupancy of Na* in the 6MR (occupancy of site | + (1/2)
occupancy of site I’) is 0.505 (4), indicating that Na* cations fully occupied with one
cation in the D6R. The shorter Li-Oz distances compared to Na-Oz (Table 5.5) explain
why both have a similar displacement away from the 3 oxygen plane in the 6-ring
(0.455 A), even though Na* radius is larger than Li*. Potassium cations in K-ZK-5
were found in site I’, II, III, which as was reported by Mortier et al. [66], except for
the fact K* was not observed at site | in our model. The preferred site of K™ is the
puckered eight-ring (1), which has optimal distance to 4 framework oxygens; a similar
site has been found in merlinoite [67, 68] and agreed with a report by Cox et al. [69].

The biggest cation K* at site ST’, is displaced 1.359 A out of the 6MR plane (Figure
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5.6¢). Contrary to Li*, Mg?* prefers site | despite its small ionic radius (0.72 A) as has
been observed before in Mg-faujasite zeolites [70, 71]. The short Mg-O distance
(2.281(5) A) compared to d(Na(SI)-O) = 2.704(6) A leads to a strong distortion of the
D6R (Figure 5.7).

The refined cation compositions (Table 5.5) agreed well with the results
measured by ICP and EDX (Table 5.1). The model has slightly lower Li* content than
the values found from ICP, perhaps the remaining Li* is on sites of low occupancy due
to the weak scattering from Li* (only 2 electrons) with the X-ray sources. The
distances K-O, Na-O, Li-O (Table 5.5) are close to the crystal radii values predicted
by Shannon [72]. The distances are higher in site Il, 11 and | compared to site I’ due to

a cation higher coordination number in these sites.
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Figure 5.6. Cation sites in the hexagonal prism: Li* (a), Na* (b), K* (c); and Na* in
the puckered (d, €) and K* in the flat (f) 8-membered rings
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Table 5.5.

Refined unit cell parameters, cation locations, occupancies/(atoms per unit cell), and cation-framework oxygen

distances in cation-exchanged ZK-5. Values in parentheses indicate one standard deviation in the final digit.

U.C site | site I’ site 11 site 111
Sample ( A) Occ./ dwm-o Occ./ dwm-o Occ./ dwm-o Occ./ dwm-o
atoms (A) atoms (A) atoms (A) atoms (A)
Li-ZK-5 | 18.6414(4) 0/0 - 1/16 | 2.062(6) 0/0 - 0/0 -
Na-ZK-5 | 18.5929(4) | 0.2/1.6 | 2.704(6) | 0.41/6.6 | 2.299(7) | 1/12 | 2.703(6) | 0/0 -
K-ZK-5 | 18.6854(3) 0/0 - 0.21/3.4 | 2.76(1) | 0.94/11 | 2.827(7) | 0.5/6.3 | 3.331(6)
Mg-ZK-5 | 18.2498(3) | 0.9/7.4 | 2.281(5) |  0/0 - 0/0 - 0/0 -

Compositions: Li-ZK-5 = LiisAl2064Si75.360192; Na-ZK-5 = Nazo.16 Al20.64Si75360192; K-ZK-5 = Kozoss

Al20.64Si75360192; Mg-ZK-5 = MQ7.36 Al20.64Si753601902. Average Si/Al = 3.65.




Tables 5.6a-d report the tetrahedral bond lengths and angles for the refinement
of cation-exchanged ZK-5 SXRD patterns. The distribution of the tetrahedrally
coordinated Si/Al to oxygen (T-O) distances for ZK-5 (Si/Al=3.65) are reasonable
compared to the Si-O and Al-O distances of 1.61 A and 1.75 A, respectively, reported
by Smith and Bailey [73] for structures with the feldspar framework. The weighted
average of T-O distances for the feldspar structure with Si/Al=3.65 is 1.64 A, which is
similar to the values of 1.63 A -1.64 A in our refinements. The average O-T-O angles
are 109.5° with small deviations around this value for all samples in agreement with
tetrahedral coordination. In silicates, the Si-O-Si bond angles are more flexible and lie
between 120° and 180° with a mean value near 140°[74]. In fact, the Si-O-Si angle is
the parameter showing the greatest variability. There is a clear contraction in the Si-
01-Si, Si-02-Si, and Si-O4-Si angles of Mg-ZK-5 compared to the other samples.
Although occupying site | as observed for Na*, Mg?* has higher charge density and a
stronger interaction with the framework oxygen leading to the contraction of Si-O1-Si
and Si-O2-Si angles, thus Si atoms move closer together suggesting a narrowing of the
single six-membered ring (Table 5.7). There is an expansion of the distance between
T4 and T4 atoms that bridging two D6R together, but the high contraction of the D6R
is dominant and clearly responsible for the contraction of the unit cell parameter in
Mg-ZK-5. This phenomena was also observed in MgX with smaller unit cell
(24.671(5) A)[71] compared to NaX (25.099(5) A)[75] and KX (25.076 (3) A)[76]
and the mechanism for this contraction is similar to the negative thermal expansion in

siliceous zeolites reported by Camblor et al. [77].
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Table 5.6a. Tetrahedral bond lengths and angles for the refinement of Li-ZK-5 XRD
patterns taken at 298K

T-O Length O-T-O Degree T-O-T Degree
distance (A) angle © angle ©)

T-01 1.611(2) 01-T-02  107.0(3) T-O1-T  143.9(4)
T-02 1.664(2) 0O1-T-03 111.2(2) T-02-T 134.8(3)
T-03 1.617(1) O1-T-04  111.4(2) T-03-T  168.1(3)
T-O4 1.667(3) 02-T-03 111.8(2) T-04-T 133.8(3)
T-O-T

T-O (avg) 1.640(4) 02-T-O4 109.1(2) (avg) 145.2(7)

03-T-04 106.5(2)

O-T-O
(avg) 109.5(5)

Table 5.6b. Tetrahedral bond lengths and angles for the refinement of Na-ZK-5 XRD
patterns taken at 110K

T-O Length O-T-O Degree T-O-T Degree
distance (A) angle ©) angle ©)

T-01 1.613(2) O1-T-02 105.3(3) T-O1-T  159.9(5)
T-02 1.659(2) O1-T-03  1115(3) T-02-T  145.3(5)
T-03 1.597(2) 01-T-O4 109.9(3) T-O3-T  151.9(4)
T-O4 1.638(3) 02-T-03  112.6(3) T-O4-T  129.5(5)
T-O-T

T-O (avg) 1.627(5) 02-T-O4  108.8(3) (avg) 146.7(9)

O3-T-04  108.6(3)

O-T-O
(avg) 109.5(7)
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Table 5.6¢. Tetrahedral bond lengths and angles for the refinement of K-
ZK-5 XRD patterns taken at 110K

T-O Length O-T-O Degree T-O-T Degree
distance (A) angle ©) angle ©)
T-O1 1.641(3) O1-T-O2 108.6(4) T-O1-T 150.5(5)
T-02 1.635(3) O1-T-03 105.0(3) T-O2-T 150.3(6)
T-03 1.652(3) O1-T-O4 112.7(4) T-O3-T 140.4(5)
T-O4 1.641(3) 02-T-03 112.5(4) T-O4-T 135.9(5)
T-O-T

T-O(avg) 1642(6) 02-T-04 1130(3) (avg) 44D

03-T-04  104.9(4)
O-T-O
(avg) 109.5 (9)

Table 5.6d. Tetrahedral bond lengths and angles for the refinement of Mg-ZK-5 XRD
patterns taken at 298K

T-O Length O-T-O Degree T-O-T Degree
distance (A) angle © angle ©

T-01 1619(2) O1-T-02 108.4(3) T-O1-T  1385(4)

T-02 1671(2) O1-T-03 108.8(3) T-02-T  127.2(3)

T-03 1612(2) O1-T-04 111.83) T-O3-T  161.6(4)

T-04 1641(3) 02-T-03 111.1(3) T-O4-T  124.5(3)
T-O-T

T-O(avg) 1636(5) O02-T-04 107.0(2)  (avg)  13800)
03-T-04  109.7(2)
O-T-O
(avg) 109.5(7)
Table 5.7.  T-T distances in cation-exchanged ZK-5
T-T distance (A)  Li-ZK-5  Na-ZK-5 K-ZK-5 Mg-ZK-5
T1-T2 3.072(3) 3.167(3) 3.160(4) 2.994(3)
T2-T3 3.062(3) 3.176(3) 3.175(4) 3.028(3)
T1-T4 3.067(4) 2.962(4) 3.043(4) 2.904(4)
T4-T4 3.215(1) 3.099(3) 3.108(4) 3.183(3)
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5.3.3 COgz adsorption sites in Mg-ZK-5

The structure of solid carbon dioxide reported by Peters et al[78] shows that
the O of one CO2 molecule closely interacting with 12 oxygen atoms of other CO;
molecules (contact distances of 3.446 A and 3.177 A). Each C atom has close contact
with 6 oxygen atoms of other CO2 molecules (dc.0=3.107 A). This minimum energy
configuration reveals the importance of van der Waals interactions, particularly
between O-0O of CO2-CO> and CO»-adsorbents in adsorption. By using GCMC
simulation, Bell et al.[23] concluded that the contacts close to the equilibrium
distances for Cc-Oz and Oc-Oz interactions of 3.3 A and 3.44 A, respectively lead to a
strong attractive dispersive interaction. Some of the contacts are shorter or longer than
the equilibrium distance, thus the optimal energy interactions of CO; with zeolite
frameworks are determined by the sum of all neighboring framework atoms. To be
consistent throughout this report, we will highlight guest—framework close contacts
that are between 3-4 A.

Mg?* cations are located in the center of the hexagonal prism and are not
accessible to most adsorbates. This fact is responsible for the very low heats of
adsorption of CO2 on Mg-ZK-5 and suggesting that dispersive interactions are the
dominant contribution to the total energy of adsorption. The structural arrangement of
CO- within the ZK-5 pores then should be such that it allows as many close contacts
as possible. Adsorption of CO; at the center of the flat 8BMR window of ZK-5 (site A,
Figure 5.8) has a total of 24 guest-framework contacts (8 contacts of Cc-Oz and 16
close contacts of Oc-Oz). The CO2 occupancy is the maximum possible for site A
(~1), or a total of 12 CO- site A in one unit cell or, equivalently 6 CO of site A in one
a-cage. As we showed earlier, the distortion of the puckered 8MR window by Mg?*

cations leads to a decrease in this window size. The distance of the carbon atom of
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CO:; to the nearest framework oxygens (~2.76 A) is now significantly less than the
sum of the van der Waals radius of C atom and crystal radius of Oz (~2.94 A). The
interaction is repulsive, thus no CO; electron density is observed in the puckered 8MR

center by Fourier maps.
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Figure 5.8. CO2 adsorption site (site A) in the flat 8-membered ring of ZK-5 zeolite
and detail illustrating interactions between CO; and framework oxygens
(dash line)

Figure 5.9. Adsorption site B (left), Fourier map (middle), and site B* (right) of CO>
in y-cage of Mg-ZK-5
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Figure 5.10. Close contacts (dash-line, green) of Oc-Oz (3 A <dOc-Oz < 4 A) and
long-range interactions (dash-line, grey) of Oc-Oz (4 A <dOc-Oz <5 A)
of CO; site B (left), B’ (right) in pau-cage of Mg-ZK-5

Secondary adsorption site was found in the paulingite cage with a total of 16
Oc-0z and 6 Cc-Oz close contacts. The distance between two oxygens of two closest
CO2 molecules is about 1.45 A, which is too close to be sit in the same cage.
Therefore, the maximum occupancy of this site is 0.5, or 2 CO2 molecules per one y-
cage, or 12 CO2 molecules per one unit cell of ZK-5. Based on the Fourier maps
(Figure 5.9, middle), this adsorption site can be modeled as site B (Figure 5.9 and
Figure 5.10, left), where two O atoms of CO. oriented toward the puckered 8MR of
the y-cage, or modeled as site B*(Figure 5.9 and Figure 5.10, right) where two O
atoms of CO> oriented toward the 4MR of the y-cage. Site B* has observed by Bell et
al.[23] (Figure 1, ref 23) where the CO2 molecule fits nicely into the space surrounded
by a crankshaft-like arrangement of three 4MR of the y-cage in Merlinoite zeolite. Our
refinements of X-ray diffraction data showed no preference for these two difference

configuration in Mg-ZK-5. Both sites have the same number of close contacts with the
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framework oxygens (Figure 5.10) and similar occupancy, god of fitness parameters
obtained for the models with each distinct adsorption site or mix of these two
adsorption sites. For the third adsorptions site of CO> in Mg-ZK-5 was found in the
large a-cage of the KFI framework (site C, Figure 5.11), there is a total of 14 such
close guest—framework contacts (Figure 5.11, middle). Each O of CO: oriented toward
the 6MR, where Mg?* cations situated (Figure 5.11), and each C of CO; has 4 close
contacts with O of the 4MR (Figure 5.11, middle). Due to the close distances between
two neighbor CO» molecules, only a maximum occupancy of 0.34 (8 mol/u.c) can be
obtained by this site. Our Fourier maps indicated that upon the adsorption, a portion of
Mg?* cations moved from its preferable site I of the hexagonal prism to the 6MR
window (Figure 5.11, right). Mg-MOF-74 (or Mg-CPO-27) has been shown to exhibit
exceptionally high CO» adsorption capacity under atmospheric conditions and the heat
of adsorption (47 kd/mol) is generally higher than other members of the
M2(dhtp)(H20).-8H20 family (M=Mg, Mn, Fe, Co, Ni, or Zn) [1]. X-Ray diffraction
study [79] showed “end on” coordination of CO2 molecule to the unsaturated site
Mg?* with a short distance of 2.39(6) A (Figure 5.11, right). Mg?* has also been found
in the 6-ring window of faujasite zeolites (site I’ and site II) with fairly high
occupancy compared to site I [71]. The high affinity of Mg?* with O of CO; site C
would overcome the penalty energy for the movement of Mg?* site | to less preferable

site I’.
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Figure 5.11. CO; adsorption site in the a-cage of Mg-ZK-5 (site C) and dual-cation
site between 2 Mg?*/Li* and CO; (site C) in Mg-ZK-5

The increase of unit cell upon adsorption of CO, on Mg-ZK-5 (from
18.2498(3) A to 18.3663(4) A) is also an indication of a decrease in the population of
cations Mg?* in site 1, a cause for the shrinkage of KFI unit cell. Our result is also in
agreement with an increase in unit cell volume of CO; adsorbed on Mg-MOF-74
compared to the bare sample as reported by Bordiga et al.[80] using the ab initio
periodic DFT-D calculations. The migration of extra-framework cations during
adsorption and desorption process of zeolites has also been observed with various
adsorbate molecules [81-86]. The motion of cations in faujasite Y upon adsorption of
CO:2 has been reported by Plant et al. using quasi-elastic neutron scattering
experiments and molecular dynamics modeling methods [87, 88].

At room temperature, CO was determined with small occupancies of all sites
(5.9 mol CO>/u.c) with highest occupancy of site B (not shown here). It is generally
observed that energetically favorable adsorption sites were found at the center of SMR

windows.[46, 62, 89] To compare, both sites have the same number of short-range van
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der Waals interactions (total of 16 close contacts between Oc and Oz, green dash line,
Figure 5.10), but the long-range van der Waals (vdW) interactions (4A<dOc-0z<5A,
grey dash line) contributing slightly to the adsorption energies are only observed at
site B. This is the reason for the higher dispersion interactions of CO; site B with the
framework oxygens as compared to CO2 site A. This finding is also consistent with the
preferred adsorption sites for small alkanes such as propane and n-butane in smaller y-
cages observed by Van Santen et al.[53] in ZK-5 zeolite. The lowest occupancy of site
C is due to the lowest number of close contacts of the adsorbate with framework
oxygens. The phenomenon is observed to a similar extent in Li-ZK-5, and Na-ZK-5.

There are only a maximum of 4 molecules of CO site C in one a-cage, thus
higher loading amount of CO2 on Mg-ZK-5 (higher than 32 CO5/u.c) leads to the
rearrangement of CO: in the large a-cage (Figure 5.12-5.14), in which a maximum of
6 molecules of CO2 in one a-cage can be reached (site D, Figure 5.14). In this
configuration, each Oc has close contacts with 5 framework oxygens in the 4- and 6-
rings. This D adsorption site is not responsible for the movement of cation Mg?* from
SIto ST’ due to the short distance between Cc and Mg?* (dCc-Mg=2.73 A, Figure
5.14).

Figure 5.12. Fourier maps (yellow, left) indicated 2 adsorption sites inside a-cage of
Mg-ZK-5 (right) at high loading of CO>
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Figure 5.13. Visualization of adsorption sites C, D and their maximum number of CO>
molecules in one a-cage in Mg-ZK-5
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Figure 5.14. Adsorption site D in Mg-ZK-5 and the interaction of Oc with framework
oxygens
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5.3.4 COg2 adsorption sites in Li-ZK-5

Besides three similar adsorption sites A, B (B*), C were found in Mg-ZK-5,
another adsorption site where C atom of CO; situates at the center of the puckered
8MR (site E, figure 5.15) was located by Fourier maps in Li-ZK-5 sample. Similar to
site A with total of 24 close contacts between the guess molecule and the oxygens of
zeolite framework, but the occupancy of site E is still the lowest compared to the other
adsorption sites because of the repulsion interaction between Cc and Oz (dCc-0O4=
2.89 A). The total occupancy of site B and E (2 x occupancy of site B + 1 x
occupancy of site E) should not be over 1 due to the short distance between two O of

site B and site E (d=1.35 A).

Figure 5.15. Adsorption site of CO> at the center of the puckered 8MR in Li- ZK-5
and its interaction with framework oxygens in puckered 8MR

138



1
| 09
o O
o -2
Sl

Figure 5.16. lllustration for the movement of Li* out of 6MRs upon adsorption

Due to the short distance between O of CO2 molecule and Li* in the ‘end-on’
coordination (~2.3 A), and the fact that CO. cannot get too close to the zeolites wall
due to high repulsive interactions between CO. molecule and framework oxygens, Li*
cations have to shift slightly toward to the a-cages (dLi-Oz=2.29 A as compared to
2.09 A in the undosed Li-ZK-5) to form the bridged CO2 complexes between a pair of
Li* cations and one CO> molecule (Illustration in Figure 5.16). Therefore, the energy
loss of Li* site SI” orienting further from the 6MR is compensated by the strong
interaction between one molecule CO- and two cation Li* in this site. There is an
evident that the unit cell parameter of Li-ZK-5 decreases slightly with the small

movement of Li* toward the a-cages.
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Table 5.8.

Atomic parameters from Rietveld refinement of CO/Li-ZK-5 data at 298
K [APS, 1-BM] (cubic, Im3m, a = 18.6249(3) A, V = 6460.8(2) A3).
Values in parentheses indicate one standard deviation in the refined
value. Goodness-of-fit parameters: wRp = 3.33 %, Rp = 2.5 %. The
refined composition is: [Li1sAl20.64Si75.360192][CO2]24.9.

Uiso
LIZK51P5RT X Y Z (A?) Mul.  Occup.
01 0.1238(2) 0.1238(2) 0.3170(3) 0.038(2) 48 1
02 0.2557(2) 0.2557(2) 0.3889(2) 0.012(2) 48 1
03 0 0.1940(3) 0.3210(3) 0.015(2) 48 1
04 0.25 0.1097(2) 0.3903(2) 0.018(2) 48 1
Si 0.0861(1) 0.2023(1) 0.3198(1) 0.016(1) 96 0.785
Al 0.0861(1) 0.2023(1) 0.3198(1) 0.016(1) 96 0.215
Li 0.1740(8) 0.1740(8) 0.1740(8) 0.1(1) 16 1
C1 0 0 0.3195(1) 0.1(1) 12 0.652(7)
Ola 0 0 0.2572(1) 0.1(1) 12 0.652(7)
Olb 0 0 0.6182(1) 0.1(1) 12 0.652(7)
C2 0.0868(4) 0.0868(4) 0.5 0.19(2) 24  0.431(5)
0O2a 0.1308(4) 0.0427(4) 0.5 0.19(2) 48  0.431(5)
0O3a 0.1217(6) 0.1217(6) 0.0623(0) 0.14(2) 48  0.217(3)
C3 0.1217(6) 0.1217(6) 0 0.14(2) 24  0.217(3)
C4 0 0.5 0.25 0.014(3) 12 0.126(6)
O4a 0 0.5 0.1877(1) 0.014(3) 24  0.126(6)

At low loading amount of COy, site A and B in Li-ZK-5 are the majority

adsorption sites, in which the occupancy of site B is higher than that of site A as also

observed in Mg-ZK-5. The occupancy of adsorption sites in Table 5.8 revealed that

site A population is gradually increased at a higher dosing of gas molecules and

become the dominant adsorption site. This can be explained by favorable guess-guess

interactions. Figure 5.17 represents the distance of CO2 molecules between each

adsorption site. We can see that each CO site B or C interacts only with one molecule

of CO: site A, whereas each CO: site A interacts effectively with 4 molecules of CO-
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site B and site C, which leads to higher adsorbate-adsorbate interactions of site A with

the increase of CO; loading amount.

Figure 5.17. Illustration of CO.-CO- interactions of various CO> adsorption sites

Figure 5.18. Positions of extraframework cations positions in faujasite zeolite
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5.3.5 Nzand COz2 co-adsorbed on Li-ZK-5

Li-containing zeolites have been shown to be among the most effective
adsorbents for N2 and Li-LSX has been used to produce O from air based on high
selective adsorption between N2 molecules and extra-framework Li* cations [90, 91].
Two sites of Li* in front of six-ring windows (SI’x inside the B-cages, SIIx inside the
supercages), and a third position near the four-ring windows (inside the supercages at
SIIx) were found in Li-LSX (Figure 5.18) [92, 93]. Due to the van der Waals radius
of Nz is too large to enter the 3-cages, nitrogen molecules can interact only with
cations located in the supercages. Site SIlIx protrudes from the 4-ring into the
supercage, which is more accessible and only shielded by 2 closet negative framework
oxygen atoms, thus exhibits higher interactions with the sorbate molecules. Specific
adsorption sites for nitrogen in Li-LSX studying by Monte Carlo simulation [94],
DRIFT [95], NMR [96] indicated that Li* site I1x in Li-LSX is not involved in the
sorption process. Our X-ray diffraction results showed that Li* in 6MR directly
interact with nitrogen molecules, which is consistent with the highest N2 adsorption
capacity of Li-ZK-5 among other studied cation-exchanged ZK-5 [48, 49], and
contradict with the study in Li-LSX. Figure 5.19 showed that N2 molecules adsorbed
on Li* site I” of ZK-5 zeolite with Li-Na distance of 2.21(2) A, Li-Na-Nb angle of
180°, and the adsorbates situate along (111) direction of the KFI framework, which is
consistent with the nitrogen coordinates end on with an Fe—-N—N angle of 179(1)° and
an Fe—N distance of 2.30(1) A reported by Long et al.[97] The Li*...N; linear
coordination is to maximize the monopole—dipole interaction or an indication of the
high symmetry obtained by powder diffraction method. Each Na, Nb atoms of N>
molecule have effective VVan der Waals distances with 6 and 3 framework oxygens of

6MR, respectively (dNa-02=3.110(0) A, dNa-01=3.599(0) A, and dNb-01=4.000(0)
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A), and the N2 molecules adsorbed on Li* bearing a small positive charge would have
higher interaction with the negative framework oxygens. The distance between Nb-

O(COg-site A, 3.906(0) A) is shorter than Na-O(COs-site A, 4.128(0) A).
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Figure 5.19. Fourier difference scattering length density (yellow regions) clearly
indicates the adsorbed N3 is primarily located on top of the open Li* ions
(left) and the configuration of N2 on Li* in 6MR of ZK-5 zeolite (right).

The configuration of Li* 6MR in Li-LSX is similar to Li-ZK-5, but the
distance to the closet framework oxygens is shorter (dii-0=1.969 A in Li-LSX). This is
due to the fact that in Li-LSX (Si/Al=1), 6MR contains three aluminum atoms, thus
cations bind strongly with the basic oxygen (O-Al) atoms. In higher silica zeolite Li-
ZK-5 (Si/Al=3.65), the ring contains an average of 1.25 aluminum atoms, thus Li*
situates near the oxygen (O-Al) atom and further from two other oxygens (O-Si)
giving the longer average distance of oxygen-Li* in the 6MR. Thus, the charge density
of Li* cations at 6MR in Li-LSX are highly shielded by negative framework oxygen
atoms [98, 99], but less screened in the case of Li-ZK-5. A higher distortion of D6R in

LiX compared to Li-ZK-5 also explains for the shrinkage of unit cell in LiX (24.6657
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A) [93], but not in Li-ZK-5. Li* in ZK-5 is more accessible to the adsorbates due to its

higher displacement out of the 6MR compared to Li-LSX (0.212 A). Nachtigall et

al.[100] demonstrated that the weaker the cation is coordinated, the stronger its

polarizing interaction with adsorbates is, and this explains a higher contribution of

electrostatic interaction between Li* and N2 in 6MR of ZK-5 zeolite. Due to both

contribution of VVan der Waals and electrostatic interaction, N2 has optimized energy

interactions with Li-ZK-5 in end-on configuration. The three other adsorption sites of

CO2 were found in the y-cages, flat and puckered 8MRs (Table 5.9).

Table 5.9.

Atomic parameters from Rietveld refinement of N2, CO/Li-ZK-5 data at
110 K [APS, 1-BM] (cubic, Im3m, a = 18.6820(3) A, V = 6520.3(2) A%).
Values in parentheses indicate one standard deviation in the refined
value. Goodness-of-fit parameters: wRp = 1.72 %, Rp = 1.3 %. The
refined composition is: [Li1sAl20.64Si75.360192][CO2]24.8[N2] 16.

Uiso
LIZK5N24X X Y Z (A% Mult.  Occup.
o1 0 0.1913(3) 0.3192(2) 0.017(2) 48 1
02 0.1088(2) 0.2448(2) 0.2448(2) 0.016(2) 48 1
03 0.1087(2) 0.25 0.3913(2) 0.040(2) 48 1
04 0.1236(2) 0.1236(2) 0.3209(3) 0.023(2) 48 1
Si 0.0858(1) 0.2024(1) 0.3194(1) 0.019(1) 96 0.785
Al 0.0858(1) 0.2024(1) 0.3194(1) 0.019(1) 96 0.215
Li 0.1988(6) 0.1988(6) 0.1988(6) 0.04(1) 16 1
Na 0.3717(3) 0.3717(3) 0.3717(3) 0.160(6) 16 1.036(6)
Nb 0.4057(3) 0.4057(3) 0.4057(3) 0.160(6) 16  1.036(6)
C1 0 0 0.3183(5) 0.087(5) 12 0.964(8)
Ola 0 0 0.2563(5) 0.087(5) 12 0.964(8)
Olb 0 0 0.6196(5) 0.087(5) 12 0.964(8)
C2 0 0.5 0.25 0.13(2) 12 0.306(8)
02a 0 0.5 0.1879(0) 0.13(2) 24 0.306(8)
C3 0.0811(2) 0.0811(2) 0.5 0.14(1) 24 0.388(5)
0O3a 0.1250(3) 0.0372(3) 0.5 0.14(1) 48  0.388(5)
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5.3.6 CO2 adsorption sites in Na-ZK-5

Below a loading of 32 CO»/u.c, Na-ZK-5 also has 3 adsorption sites A, B, C as
found in Mg-ZK-5 and no observation of CO: site E because of the full occupancy of
Na* in the puckered 8MR. Although having similar adsorption sites, but due to the
differences in the local cation environment, there is a large difference in the
electrostatic contributions of these two cations to their adsorption energies. The
addition of weak long-range electrostatic interaction between Na* (site I’, II) and CO3
site A (dOc-NaI’=4.934 A, and dOc-Nall=5.136 A) and an increase in the dispersive
part of higher partial negative framework oxygens with electropositive C atoms of
CO- account for higher adsorption energy of this site on Na-ZK-5. The electrostatic
adsorption energy of site B in Na-ZK-5 is highly increased by the bridging of one CO-
with 2 Na* cations in the puckered 8MR (dNa*-O.=2.490 A, Figure 5.20). Moreover,
CO2 molecules in this site bear small partial positive charges would increase their
interactions with the negative framework oxygens. CO2 molecules at site B are also
oriented further from the zeolite walls compared to Mg-, and Li-ZK-5, which leads to
the reduction of the van der Waals interaction energy. The Fourier map (Figure 5.20)
indicated a small bending mode of CO- configuration at site B. The high interaction of
dual-cation Na* (SII) with CO (about 10 kJ/mol higher than single-cation adsorption
site)[101] can facilitate a slight bending motion for CO- (8.3° bond angle distortion),
which has been reported to have a minimal energy penalty [102]. The large rotational
disorder on metal sites could also result in the observed bending angle of CO; site B
[79, 102]. The refinements of our X-ray diffraction patterns resulted in excellent
goodness-of-fit parameters with both unrestrained and restrained models of CO: at site
B on Na-ZK-5. To be consistent over various loading of CO2 on Na-ZK-5, we

restrained the bond angle of CO- site B to be 180°C during the refinements. Since CO>
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site B oriented toward the center of pau-cage makes its distance to CO; site A shorter
compared to Li-, Mg-ZK-5, and the interaction of these two CO: sites at high
adsorbate loading tends to be repulsive.

Only 40 % of Na* occupied in the 6-ring window, hence CO: in adsorption site
C in Na-ZK-5 is coordinated with one or two Na* (single or dual cation sites, Figure
5.21). Unlike Li*, the Na-Oc distance is long enough, thus the coordination of Na* ion
(site I’) with framework oxygens remains the same upon interaction with the CO>
molecule. At higher loading of CO (>32 molecules/u.c), when all three adsorption
sites A, B, C in Na-ZK-5 get saturated, we also observed the rearrangement of CO-

within a-cages as in the case of Mg-ZK-5 (site C’).
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Figure 5.20. Fourier map to assign for the adsorption site B of CO> in Na-ZK-5 (left)
and dual-cation adsorption site between two cation Na* (SIl) and CO; in
pau-cage (right).

Polarization of CO; by the cations Li*, Na* was indeed evidenced by a blue
shift of CO; stretch vibrations in adsorbed-phase compared to the gas phase of IR

spectra in our previous studied [48].
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Figure 5.21. Adsorption site C of CO2 in Na-ZK-5. The site could be single-cation or
dual-cation adsorption site due to the uncompleted occupancy of Na*
(ST')

5.3.7 COz adsorption sites in K-ZK-5

K™ cation is fairly soft Lewis acid compared to smaller cations Li*and Na*,
thus its end-on coordination with hard base oxygens of CO> is weaker and is often
seen in dual-cation adsorption sites [34, 62, 103], in which the electrostatic interaction
is strengthen by 2 cations. Three adsorption sites of CO, on K-ZK-5 were elucidated
by our Rietveld refinements of the X-ray diffraction patterns, one of which is located
in the middle of the flat SMR (site A), and the other two sites in the a- and y-cages
where each CO, molecule coordinates with two K* cations. Site A of CO; and site 111
of K" are in the same location of the flat 8MR, thus their summation of occupancy
would be smaller or equal to 1, or the maximum occupancy of CO- on this site is 0.48.
Site B of CO> in the y-cage of K-ZK-5 has similar configuration as site B in Na-ZK-5
(Figure 5.23), but the cation-Oc distance is much longer (=3 A), the CO, molecule

toward to the center of the pau cage and further from the framework oxygens (only 4
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close contacts of Oc-Oz). There is only a maximum of 1 CO2 molecule per y-cage or 6
molecules per one unit cell due to highly repulsive interaction between CO, molecules
in the same y-cage.

Another dual-cation site (site F, Figure 5.24) was found in the a-cage where
one molecule CO: is bridged to one K* cation in the 6MR and another K* cation in the
flat BMR. At first, this adsorption site could be misinterpreted to be between CO; and
two K+ cation in the diagonal position of alpha cage due to the distance between two
K" (site I") in this diagonal position (dk-k=8 A) is close to the optimum distance values
for effective dual-cation adsorption site in K-FER (dk-k =7.8 A) reported by
Nachtigall [104]. In theory, each a-cage can accommodate 6 CO> molecules site F (12
CO2 molecules per unit cell), but due to the low occupancy of K™ in site I” (only 3.4
K™ per u.c), site F in K-ZK-5 might not be saturated. The distance between O (CO>-
site A) and O (CO3-site B) (dOA-OB~3 A) is too close to be populated at the same
time, and the distances from C of CO (site B and F) to K* SlII (dK-CB, dK-CF,
Figure 5.23) might lead to repulsive interaction of these CO> with K* SIII. Hence,

there might not have CO; at site B or F if K* already occupied SIII.

Figure 5.22. Dual-cation sites of CO2 on K-ZK-5 in a-cage (site E)
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Figure 5.23. Adsorption site B of CO> in pau-cage of K-ZK-5 and the close contacts
between O of CO2 and framework oxygens (dash line, grey)
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Figure 5.24. Fourier maps to assign the adsorption site F in K-ZK-5

At the loading amounts of CO- in our diffraction experiments, the total
numbers of CO2 molecules site B in y-cages is less than or roughly equal to the
number of opened flat and puckered 8MRs. Therefore, we have not yet observed the
temporary deviation of K* from the center of 8MR to allow CO2 molecules as

described as ‘trap-door’ mechanism [28]. Higher loading of CO> on K-ZK-5 leads to
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highly disordered arrangement of CO: in the zeolite cages and we would not be able to

locate the adsorption sites by X-ray diffraction.

5.3.8 Discussions on the adsorption heats and adsorption capacities

Mg?* cations situate at the center of the hexagonal prism, which is not
accessible to the adsorbate molecules. Moreover, Mg?* was not fully exchanged and
the electric field created by the cation is highly shielded by 6 framework oxygens.
Therefore, dispersion interaction is the major contribution to the total adsorption
energy in Mg-ZK-5 and this explains for the very low adsorption heats of CO2 on Mg-
ZK-5 compared to other adsorbents. Upon the adsorption, Mg?* partially moved out of
the center of D6R to increase the electrostatic interaction by forming a complex with
CO2 molecules. The increase in the electrostatic interaction is compensated by the loss
of energy by migrating Mg?* out of its stable position. Therefore, the adsorption heats
are almost constant over CO, coverage and close to the values of adsorption heats
reported for siliceous zeolites [23]. The interaction of CO2-cation and the electric field
created by cations are in the same order as the hardness of monovalent cations
(Li*>Na*>K™"). Experimental and DFT calculation studied by Cejka et al. in Na-, K-
FER also indicated the higher adsorption heat of Na-FER in the case of dual-cation
sites [101]. Besides, there are much less close contacts of oxygen atoms of CO; sites
with framework oxygens in the case of K*, indicating lower dispersion energy in K-
ZK-5 compared to Li-, Na-ZK-5. This explained for the highest adsorption energy in
Na-ZK-5, and lowest in K-ZK-5 at low CO2 coverage. The number of CO2 molecules
at different adsorption sites in K-ZK-5 are similar with various loading amounts of
CO:z indicated a similar adsorption energy of these three adsorption sites. Therefore,

the adsorption energy only changed slightly over loading amount of CO; and increase
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slightly at high loading due to the contribution of CO2-CO: interaction. On the other
hand, neighboring molecules occupying site B and site A in Na-ZK-5 would point
toward each other with the carbon, oxygen atoms at a very close distance (below 3 A),
indicating that adsorbate-adsorbate interactions between adjacent molecules will tend
to be repulsive. Therefore, we observed a steep drop of the adsorption heats at high
COz2 loading amount in Na-ZK-5.

The motion of CO2 molecules at room temperature (298 K) is higher than at
low temperature (110 K), thus these two adsorption sites cannot be postulated within
one paulingite cavity. It is therefore easy to understand why the adsorption capacity of
CO; in Na-ZK-5 is much lower than Li-ZK-5 at high pressure. Cations Li* and Mg**
are located at the 6MR plane and center of the hexagonal prism, respectively, which
do not occupy much pore volume of the ZK-5 framework, thus leave higher void pore
volume to accommodate the adsorbate molecules. Up to 1 bar pressure we studied, the
CO2 capacity in Mg-ZK-5 is lowest due to its low adsorption heat, but the steepness of
the isotherms (Figure 5.3) combining with the population of adsorption sites A, B, C
in Mg-ZK-5 indicated that the saturation capacity in Mg-ZK-5 at very low temperature
of high pressure is as high as Li-ZK-5. Saturation capacity of adsorption site B in K-
ZK-5 is half of that of other adsorbents, and K* site SIII also competes with adsorption
site A, thus K-ZK-5 would display lowest saturation capacity among the ZK-5
adsorbents investigating. Overall, KFI-type zeolite containing 2 different cages has
shown multiple adsorption sites in high structure order compared to one cage CHA-,

RHO-, LTA-type zeolites[27, 46, 89, 105] with only 2 adsorption sites.
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5.4 Conclusions

In conclusion, we have performed a detailed structural analysis of cation sites
Li*, Na*, K*, Mg?" and the major CO; adsorption sites in ZK-5 zeolite framework.
Strong interaction of high density charge cation Mg?* with negative framework
oxygens leads to a shrinkage of the D6R, thus decrease the unit cell of Mg-ZK-5. Li-
ZK-5 displayed the highest adsorption capacity at 1 bar pressure and highest
theoretical saturation capacity according to the adsorption site distribution obtained
from Rietveld refinements. At least 3 different adsorption sites of CO at the flat SMR,
a-cage, y-cage were elucidated in all different adsorbents. The X-ray diffraction data
provides direct evidence for a slight migration of the extra-framework Li* and Mg?*
cations away from the D6R toward the a-cages upon the adsorption to form the
complex with CO2 molecules. The dual-cation site between two Na* cation SlI and
CO:2 in y-cage leads to high adsorption heat at low coverage. The heats decrease more
sharply compared to other zeolites when this site was close to saturated and slightly
repulsively interact with CO> site A. The analysis of Fourier maps and high adsorption
energy obtained from volumetric measurements of CO, on Na-ZK-5 indicated a slight
bent configuration of CO: at this site. Similar adsorption energy of three adsorption
sites in K-ZK-5 and an increase in adsorbate-adsorbate interactions leads to a slight
increase in the adsorption heats with the increase of CO coverage. Nitrogen showed
high interaction with Li* at 6MR and replaced the weak CO; adsorption site C in the
co-adsorption experiment of N2, CO2 on Li-ZK-5. Our findings provided a molecule
understanding of interactions between CO> and cations, ZK-5 zeolite frameworks, and
useful information for further development of new zeolite adsorbents toward CO-

adsorption-related applications.
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Chapter 6

EXPERIMENTAL AND COMPUTATIONAL STUDIES ON THE
ADSORPTION OF CO2 AND N2 ON PURE SILICA ZEOLITES

6.1 Introduction

The atmospheric emission of anthropogenic carbon dioxide due to the burning
of fossil fuels is one of the main causes of climate change [1]. In response to this
problem there have been many studies of materials capable of selectively adsorbing
CO- over other gas molecules [2-4]. Zeolites are used extensively as catalysts and
adsorbents in many petroleum and chemical processes, and are effective materials for
the selective adsorption and separation of carbon dioxide [5, 6]. Unfortunately the
presence of polar molecules in flue gas streams, such as water, inhibits the CO>
adsorption on diverse cationic forms of hydrophilic zeolites such as Li, Na-LSX, 13X,
Na-Y, 4A [7]. This is because the energy of interaction of water with extra-framework
cations is high and water then competes successfully for the strong adsorption sites of
COs.. Consequently, for these polar zeolitic materials a gas-drying step would be
required before adsorptive CO> flue gas separation processes, increasing costs and
reducing the commercial feasibility of this technology. Also, zeolites with high
affinity for COz hinder its desorption even at low pressure, requiring high
temperatures for desorption and increasing energy consumption [7, 8].

Pure silica zeolites (PSZ) are hydrophobic and could be used to overcome the
limits imposed by the competitive adsorption of water on hydrophilic zeolites

containing high concentrations of cations. Purely siliceous zeolites, all polymorphs of
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Si0O., do not occur naturally and can be difficult to prepare in the laboratory. Camblor
et al.[9-11] and Patarin[12] have demonstrated that preparing all-silica zeolite phases
in fluoride media produces materials with fewer internal silanol/siloxy defects than
those prepared in a hydroxide solution. The resulting materials are highly
hydrophobic and could potentially be used for the selective adsorption of carbon
dioxide from nitrogen in a water-containing stream.

Here a series of all-silica zeolites of framework types CHA, FER, MFI, STT,
and BEA* have been prepared in fluoride media to obtain materials with a low defect
density and high hydrophobic/organophilic character. Zeolite beta (BEA*), a
disordered zeolite (an intergrowth of two pure polytypes A and B), has a three-
dimensional structure composed of pores of 6.6 nm x 6.7 nm and 5.6 nm x 5.6 nm [13,
14]. Chabazite (CHA) contains large ellipsoidal cavities with internal dimensions of
about 0.67 nm x 1.00 nm interconnected through six 8-membered ring windows [15,
16]. Ferrierite (FER) is traversed by two types of intersecting channels, one along the
[001] direction with 10-membered ring straight channel (0.54 x 0.42 nm) and the other
parallel to the [010] direction with pockets connected by 8-membered rings (0.35 x
0.48 nm) [17, 18]. Silicalite-1 (MFI) zeolite has a pore structure composed of 10-
membered ring straight channels (0.56 nm x 0.53 nm) and 10-membered ring zigzag
channels with windows of dimensions 0.51 x 0.55 nm [19, 20]. All PSZ zeolites have-
three dimensional networks, except SSZ-23 (STT), a peculiar zeolite containing two-
dimensional arrays of cages with molecular access between the cages in the planes
being restricted by seven (0.25 x 0.35 nm) and nine (0.38 x 0.54 nm) member-ring
windows [21, 22].
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Molecular simulation methods, such as Grand Canonical Monte Carlo
(GCMC) and molecular dynamics (MD), are playing an important role in developing
our understanding of the relation between microscopic and macroscopic properties of
molecular fluids confined in zeolites, and are being used to generate adsorption
isotherms for gases on microporous solid adsorbents [23-26]. Researchers have
studied extensively CO adsorption in various zeolites using molecular simulations.
For example, Makrodimitris et al.[27] investigated the adsorption and diffusion of
CO:z and N2 in silicalite and the Sholl group [28, 29] studied the adsorption and
diffusion of CO2 and N in three all-silica zeolites (silicalite, ITQ-3, and ITQ-7). Liu
and Smit [30] evaluated the separation performance of ZIF-68 and ZIF-69 for CO2/N>
mixtures. Computational investigations of CO2 adsorption have also been performed
[1, 5, 26, 31-35]. In this work, grand canonical Monte Carlo (GCMC) simulations
have been used for predicting single adsorption isotherms and heats of adsorption of
CO2 and N2 on these siliceous zeolites. The results are compared with the

measurements we have made.

6.2 Methods

6.2.1 Experimental Section

Materials Synthesis

Reagents: Tetraethylammonium hydroxide (TEAOH, Alfa Aesar, 35% wt
aqueous solution), tetraethylorthosilicate (TEOS, Sigma, 98% wt), HF (Sigma, 48%
wt), N,N,N-trimethyladamantammonium hydroxide (TMAdaOH, 25% wt aqueous

solution, Sachem), HF/Pyr (70% wt HF, Sigma), tetrapropylammonium hydroxide
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(TPAOH; 40% wt, Sachem), n-propylamine (PrNH2, 98% wt, Sigma), pyridine (Pyr,
99.8% wit, Sigma), ethanol (Fisher, >99% wt).

Pure silica zeolite beta [36]: 10.27 g of TEAOH, 0.32 g of deionized water and
9.41 g TEOS, were mixed overnight in a plastic vessel at room temperature to allow
hydrolysis of TEOS. Then the mixture was heated to evaporate the ethanol (8.4 g),
followed by the addition of 1.02 g of HF to form a white solid paste. The final mixture
with the composition SiOz : 7.25 H20 : 0.54 TEAOH : 0.54 HF was kept at 423 K for
14 days under rotation.

Pure silica chabazite [37]: 11.8 g of TEOS was hydrolyzed in 23.9 g of
TMAdaOH and heated to remove the ethanol and water (23.8 g in total). Then 1.2 g of
HF was added to the mixture to produce the final composition of 3 H>O : 1 SiO2: 0.5
TMAdaOH : 0.5 HF. This thick paste was homogenized by hand in a Teflon container,
and transferred to a 23 mL Teflon-lined stainless steel autoclave (Parr). The autoclave
was kept at 423 K with rotation (~ 40 rpm) for 48 hours in a convection oven.

Siliceous ferrierite [38]: Appropriate amounts of pyridine (23.3 g), HF/Pyr
(1.05 g), PrNH2 (8.7 g), and distilled water (1.32 g) were mixed in the order into a
plastic vessel and stirred until a clear solution was formed. Then Cabosil M-5 silica
(1.66 g) was added to the solution under vigorous stirring to form a uniform mixture.
The molar ratios in the synthesis mixture were 1.5 SiO2: 2HF/Pyr : 4 H>0 : 8 PrNHz>:
16 Pyr. After mixing for 30 min, the mixture was transferred to a Teflon-lined
stainless steel autoclave (Paar) and heat treated in an oven at 453 K for 7 days.

Silicalite-1 [14]:

Hydroxide medium (MFI-OH): The PSZ silicalite-1 (MFI) nanoparticles were
prepared by adding 7.5 g of TPAOH to a mixture of 9.2 g of TEOS, 8.9 g of ethanol
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and 9.4 g of water at room temperature with vigorous stirring. After hydrolysis of the
TEQS, a clear homogeneous solution was formed with the following molar
composition: 1 TPAOH : 3 SiO2: 52.4 H20 : 13.1 EtOH. The solution was aged at
room temperature for 1 day with stirring and then kept in a Teflon-lined autoclave at
393 K for 5 days. Note that this is the only sample prepared in the absence of HF.

Fluoride medium (MFI): Silicalite-1 in HF media was prepared by mixing
1.85 g Cabosil M-5 with 6.89 g TPAOH and 23.6 g H>O under stirring for 1 hour, and
then HF (0.65 g) was added to the mixture. The final gel composition of 50 H20: 0.44
TPAOH: 1 SiO2: 0.5 HF was placed in Teflon-lined autoclave at 448 K in 5 days.

SSZ-23 [21]: The synthesis of siliceous SSZ-23 followed the preparation
method of siliceous chabazite with a gel composition of 1 Si0O2:0.50 TMAdaOH : 0.50
HF : 15 H20. The mixture was heated at 423 K under rotation for 30 days in a Teflon-
lined stainless steel reactor. By using the same SDA, but increasing the water content,
a higher framework density (FD) material (FDstr=17T/nm?, FDcna=15.1T/nm?) is
formed.

To obtain the powder product, the autoclaves were cooled to room temperature
in air and the crystalline product was recovered by filtration, washed several times
with deionized water and dried at 353 K overnight in a drying oven. In the last step,
the as-made samples were calcined at 823 K for 8 hours in an air furnace after heating
at a ramping rate of 3 K/minute. The only exception is FER that was calcined at 1123
K in air for 16 hours.

Analytical Section

The Scanning Electron Microscopy (SEM) images of the pure silica zeolites

were obtained using a JEOL JSM7400F microscope, operating at an acceleration
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voltage of 3 keV, and a current of 10 pA. The X-Ray Powder Diffraction (XRD)
patterns were collected at room temperature on a Philips X’Pert Panalytical powder
diffractometer using Cu Ka radiation (A=1.5418 A). The data were collected in a
stepwise fashion with 26 ranging from 5.0° to 50.0 ° with a step size of 0.02° and 2 s
per step. The micropore volume and surface area of the PSZ were measured using N>
at 77 K with a Micromeritics ASAP 2020 device. The CO2 and N adsorption
isotherms on the PSZ samples at different temperatures (273 K, 303 K and 343 K) up
to the ambient pressure were also measured on this instrument. Before the adsorption
measurements each sample was degased at a temperature of 623 K for 6 h.

295i MAS NMR: 2°Si magic angle spinning nuclear magnetic resonance (MAS
NMR) spectra were recorded on a Bruker AV111-500 solid-state NMR spectrometer,
operating at a Larmor frequency of 500.138 MHz for H and 99.362 MHz for 2°Si. A 4
mm HX MAS probe was used for all measurements. All spectra were recorded at a
MAS frequency of 10 kHz, controlled to with +/- 2Hz using a Bruker MAS controller.
29Si single pulse and cross polarization (CP) measurements have been performed on
each sample. For 2Si single pulse MAS experiments, a 90° pulse with a width of 4.3
s was used and the recycle delay was 30 s. For {*H}-2°Si CP MAS experiments, H
90° pulse duration was 2.5 ps, a linear amplitude ramp (80-100%) on *H was used
with a contact time of 4.5 ms, and the recycle delay was 5 s. SPINAL64 1H
decoupling with rf field strength of 100 kHz was applied during the acquisition period
for both SP and CP MAS measurements.

6.2.2 Simulations
The zeolites were treated as having a rigid framework with atomic positions

fixed by using the X-ray diffraction data from the existing literature as described
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below. The diffraction patterns were similar to those determined for our samples with
the exception of zeolite beta.

The crystallographic atomic positions of pure silica chabazite were taken from
the report of Diaz-Cabanas et al. [37]. The chabazite framework is constructed of eight
double 6-member rings (D6R units) joined together by 4-member rings enclosing
ellipsoidal cavities. Each cavity is linked, in the three orthogonal directions, to
neighboring cavities by six 8-member ring windows. The unit cell has 36 Si atoms and
72 O atoms, and the lattice constants are a = 13.5292 A, and ¢ = 14.7483 A with space
group R3m. The crystallographic atomic positions of siliceous ferrierite were taken
from Morris et al. [38]. The framework has an orthorhombic unit cell of composition
SizsO72. The lattice constants are a = 18.7202 A, b = 14.0703 A, and ¢ = 7.4197 A.

The crystallographic atomic positions of silicalite-1 were taken from Olson et
al. [20]. Silicalite-1 has three distinct crystal forms: the monoclinic, Pnma and P21212;
orthorhombic structures. The diffraction pattern of our samples was indexed in the
Pnma orthorhombic space group, which is what was used in our simulations. The unit
cell has a composition of SigsO192, and the lattice constants are a = 20.07 A, b = 19.92
A, andc=13.42 A.

The structure of SSZ-23, taken from Camblor et al.[21], is a STT-type zeolite
that contains channels bounded by seven and nine tetrahedral atom windows. The unit
cell consists of 64 Si atoms and 128 O atoms, and the unit cell lattice constants used
area=13.0899 A, b=21.6701 A, c=13.7347 A, and p = 102.578° with space group
P21/N.

Zeolite beta is an intergrowth of two polymorphs. Polymorph A has space

group P4122 or P4322, while the space group of polymorph B is C2/c. In both
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polymorphs, the 12-membered rings pore structure is three-dimensional, with two
straight channels, each with a cross-section of approximately 6.7 A, parallel to the [1 0
0] and the [0 1 0] directions and a tortuous channel of 5.6 A along the [0 0 1]
direction. The latter is formed by the intersections of the two linear channel systems.
The x-ray diffraction patterns of our samples are typical of the disordered forms of
zeolite beta, that is, an intergrowth of polymorphs A and B, so in our simulations we
used both polymorphs A and B. The crystallographic atomic positions of these
polymorphs were taken from Newsam et al.[39] and Corma et al.[40], respectively.

Carbon dioxide (CO2) was modeled as a rigid linear triatomic molecule. The
force field was taken from Harris and Yung [41], which is an elementary physical
model (EPM) fitted to the experimental vapor-liquid equilibrium data of bulk CO:..
The partial charge on the C atom is 0.6512 e, and the partial charge on O atom is -
0.3256 e. The CO bond length is 1.149 A, and the O-C-O bond angle is 180°. Nitrogen
(N2) was modeled as a rigid diatomic molecule. The Lennard-Jones (LJ) potential

parameters used are those fitted by Murthy et al.[42] The N2 molecule is assigned a

negative charge g, on each N atom, and a positive charge -2 q,, at its center-of-mass

to maintain electroneutrality. The partial charge of g, =-0.482¢ is used to reproduce

the measured N2 gas-phase quadrupole moment [43]. The zeolite and the adsorbates
are assumed to interact through a pairwise-additive potential between atoms of the
adsorbed molecules and atoms of the zeolite lattice. The site-site interactions were
modeled with a 12-6 LJ plus Columbic point-charge potential. We have used the
parameters of model LICB.JBTLC reported by Makrodimitris et al.[27] as it was
successful in reproducing experimental isotherms for CO2 and N2 on silicalite-1 at

room temperature. For screening purposes, we assumed the potential parameters can
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be transferred directly to model the same molecules adsorbed in other zeolites. All the

site-site interaction potential parameters are listed in Table 6.1.

Table 6.1. LJ and Coulombic Potential Parameters. LJ parameters for the unlike-pair
interactions are calculated with Lorentz-Berthelot combining rules.

Adsorbate/adsorbent Site 6 (A) ¢/ks (K) g (e)
CO, C 2.757 28.129 0.6512
@) 3.033 80.507 -0.3256
No N 3.32 36.4 -0.482
CofM* 0.0 0.0 0.964
Zeolites Si 0.0 0.0 2.0
@) 2.806 89.6 -1.0

*CofM site is the charge placed on the center of mass position of N2 molecule to
neutralize the total charge of the molecule

The adsorption isotherms of CO> and Nz in the above five all-silica zeolites
were determined using the Grand Canonical Monte Carlo (GCMC) simulation method
[44]. The imposed chemical potential is related to the fugacity and in general can be
computed from an equation of state. However, the gas phase was treated as an ideal
gas here, as the pressures considered were relatively low. We varied the number of
unit cells of the zeolite frameworks in each simulation to ensure that the average
loading was at least or greater than 50 molecules so that we could obtain statistically
reliable results.

We performed GCMC simulations with four types of moves: (1) molecular
translation based on center of mass (COM) positions, (2) molecular rotation around
the on COM, (3) molecular insertion with random position and random orientation,
and (4) deletion of a molecule. Each GCMC move was attempted with a probability

ratio for displacement, rotation, insertion and deletion of 4:2:3:3, respectively. A
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spherical cutoff length of 19.0 A was used in all simulations so as to evaluate the
intermolecular LJ interactions without long-range corrections. For orthorhombic
zeolite frameworks, the Coulombic interaction was computed using Ewald sum
technique [44]. For non-orthorhombic zeolite frameworks, the Coulombic interaction
was calculated directly using a force-shifted Coulombic sum method [45, 46] and the
cutoff radius was also set to 19.0 A, which has proved to be sufficiently large for
convergence.

To accelerate the simulation, the LJ and Coulombic interactions between
adsorbate and adsorbent were calculated using a pre-tabulated energy map constructed
throughout the unit cell of the adsorbent. The grid size used is 0.1 or 0.2 A in each
dimension depending on the unit cell length. The energy-bias scheme [47] was used to
increase the insertion efficiency. The simulations were allowed to equilibrate for at
least 2x10” Monte Carlo (MC) steps before data production, with another 5x10” MC
steps to sample the thermodynamic properties of interest. The periodic boundary
conditions and the minimum image convention were employed in all three
dimensions. Unless otherwise noted, the uncertainties in the simulation results are
smaller than the symbol sizes in the figures presented in the next section. Throughout
the remainder of this paper, all adsorption data from the simulations are reported in
terms of absolute adsorption since the correction to the excess adsorption that can be
directly compared to experiments has proved to be negligible for pressures up to 10
bar [28].

In addition to calculating the equilibrium pore loading at each set of bulk phase

conditions we considered, we also computed isosteric heats of adsorption, Q, at zero

occupancy and Henry’s constants for adsorption. Assuming ideal behavior in the bulk
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phase, the isosteric heat of adsorption at zero occupancy from simulations was

calculated using [48]

Q, =RT—<U>—<N>(%} 61

where <U> is mean potential energy per molecule in the adsorbed phase, R is the
ideal gas constant, T is the temperature, V is unit cell volume and <N> is average
loading per unit cell. We have fitted <U> with a polynomial in loading to calculate the
partial derivatives in eq. (6.1).

The Henry’s constants were calculated as

H mol :"mloading(mollkg)
kg-kPa  P-0 P(kPa)

(6.2)

where P is the gas-phase pressure.

6.3 Results and Discussion

6.3.1 Materials characterization

The XRD patterns showed that all the samples are highly crystalline and of
very good quality, with very small numbers of defects and with undetectable amounts
of impurities or secondary crystal phases. All the samples, except for zeolite beta,
display sharp peaks and are in good agreement with the published XRD patterns
(BEA*[39], CHA [37], FER [38], MFI [20], and STT [21]). The shoulder at low angle
of BEA* indicated more than 50 percent of stacking sequence of polymorph A in the
material [39]: pure polymorph A is used in this work to simulate the adsorption

isotherms of adsorbates CO» and N> on BEA* zeolite. The refinement of the unit cell
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dimensions (by least-squares method using celref [49]) of our samples based on the in-

house measured XRD patterns are shown in Table 6.2.

Table 6.2.  Optimized unit cell dimensions and space group assigned to each of the
pure silica zeolites
Space
Materials a(A) bA) cA) a® BEO v Vuc(Ad group
BEA 12517 12517 26.243 90 90 90 4111.5 P4122
CHA 13544 13544 14735 90 90 120 23409 R3m
FER 18.678 14.092 7411 90 90 90 1950.6 Immm
MFI 20.088 19.859 13372 90 90 90 5334.5 Pnma
STT 13.108 21.652 13.704 90 102.2 90 3802.2 P12:/n1

Zeolite beta (Figure 6.2a) exhibits truncated tetragonal-bipyramid crystal

morphology with particle sizes in the range of 1 to 3 um. Chabazite (Figure 6.2b)

consists of rhombohedral (pseudo-cubic) crystals with a uniform particle size of 10

pum. Figure 6.2c shows that the as-synthesized ferrierite crystals are composed of very

large rhombohedral particles with a size of 100 um. Silicalite-1 (MFI-OH) (Figure

6.2d) morphology is characterized by a very well-defined nearly hexagonal prism

shape with no defects and a highly uniform particle size of 200 nm (Figure 6.2d).

Silicalite-1 synthesized in HF media (MFI-figure 6.2¢) is composed of twinned

crystals with much larger particle size (~10pum) compared to MFI-OH. STT (Figure

6.2f) exhibits aggregates of plate-like crystals, and each rectangular plate particle has

the dimensions of about 2 x 5 um. The surface areas and micropore volumes for all

samples are reported in Table 6.3.
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Figure 6.1.  X-Ray diffraction patterns of calcined pure silica zeolites
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Figure 6.2. SEM images of calcined pure silica zeolites BEA (a), CHA (b), FER (c),
MFI-OH (d), MFI (e), STT (f)
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Table 6.3.  Surface area and micropore volume of pure silica zeolites

Micropore Area, External Area Micropore Volume
Samples

m?/g m/g cm®/g

BEA 395 64 0.21
CHA 572 32 0.27
FER 282 51 0.13
MFI 312 78 0.14
MFI-OH 302 99 0.14
STT 411 51 0.19

T T T T T T T 1 T T T T 1 T T T T 1
-90 -100 -110 -120 -130 -90 -100 -110 -120 -130 -90 -100 -110 -120 -130

MFI MFI-OH STT
T T T T 1 T T T T 1 T T T T 1
-90 -100 -110 -120 -130 -90 -100 -110 -120 -130 -90 -100 -110 -120 -130

Chemical shift § (ppm)

Figure 6.3.  2°Si MAS NMR spectra of BEA*, CHA, FER, MFI, MFI-OH, and STT
samples
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The single-pulse 2°Si MAS NMR spectrum of calcined pure-silica chabazite
(Figure 6.3) showed only three peaks: two small peaks at chemical shift 6 of -100.9
ppm and -102.1 ppm (assigned to Si(OSi)sOH, Q3, defect sites) and a much larger
peak at ~-111.5 ppm assigned to Q* (Si(OSi)4) species. The observation of just one Q*
peak is consistent with the presence of only one T-atom in the asymmetric unit of the
chabazite framework. The two Q3 peaks are assigned to internal and external silanol
groups. The {*H}-%Si CP MAS NMR spectrum (not shown) of this sample shows two
peaks in the Q3 region at the same positions that the MAS spectrum. Only a very small
signal at ~112 ppm (Q) is detected for this zeolite. The 2°Si MAS NMR spectrum of
zeolite beta (Figure 6.3) is also highly resolved and shows 4 peaks (110-116 ppm)
belonging to Q* species, and a very weak Q? signal (100-104 ppm). A weak Q3 signal
is the only spectral feature detected in the H-?°Si CP MAS NMR spectrum: these
results agree well the spectra of siliceous zeolite beta reported by Camblor et al.[36]
and confirm the lack of silanol defects in this sample. The single pulse 2°Si MAS and
the {*H}-2°Si CP MAS NMR spectra of siliceous ferrierite (FER), silicalite-1 and
SSZ-23 (STT) are all similar to the above spectra showing very low concentration of
defects sites in the samples synthesized in HF medium, as expected. The only
exception is the sample of silicalite-1 prepared in hydroxide medium that clearly
showed the presence of a clear silanol peak in the single-pulse °Si MAS NMR
spectrum. The fraction of Qs species is 9.5% in MFI-OH, which is higher than that in
MFI (4.1%).

6.3.2 Adsorption of CO2 and N2 on siliceous zeolites
Figure 6.4 compares the simulated and measured isotherms of CO; at various

temperatures and N2 at 303 K on each siliceous zeolite. The results from the GCMC
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simulations are in very good agreement with the measured isotherms over the range of
pressures (0-1 atm) investigated, and especially so at the higher temperatures. The
only exception is COz in zeolite beta at low temperatures where the calculated
adsorption isotherms are substantially lower than the observed adsorption isotherms.
The origin of this anomalous result is unclear. Since the crystal structure of pure
polymorph A was used in the simulation (while experiment showed only about 60% of
polymorph A in the zeolite), simulations were also conducted using polymorphs B and
C of zeolite beta (Figure 6.5) revealing similar adsorption isotherms for these
polymorphs at the pressure ranges studied in this work. This is as expected because
the local structure of the polymorphs is nearly the same [50]. It is possible that the
models of polymorphs A and B are not good representations of the actual structure of
the sample, but the X-ray diffraction patterns and 2°Si NMR spectra are fully
consistent with a material that is an intergrowth of both polymorphs. Also note that
calculated heats of adsorption of CO, and N2 are comparable to the experimental
values (Table 6.4).

Without cations in the framework, PSZ adsorb CO2 and N2 only by physical
interactions. Since N2 and CO- are both nonpolar molecules, the field-dipole
(electrostatic) energy interaction between the adsorbate and the adsorbent is small
compared to other polar molecules such as H2O and NHa. Besides, in agreement with
the hydrophobic surface properties, the electric field in zeolites is small and
consequently the energy of interaction of the linear quadrupole Q of the two
adsorbates with an inhomogeneous electric field is only a minor contribution to the

total enthalpy of adsorption. At the conditions investigated here, adsorbate-adsorbent

177



interactions dominate the total heat of adsorption and this can be divided into van der

Waals and electrostatic contributions.
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Figure 6.4. Computed and measured adsorption isotherms of CO, (273, 303, and 343
K) and N2 (303 K) on BEA, CHA, FER, MFI, and STT-type zeolites
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Our simulations show that at low loading the adsorbate-adsorbate interaction is
much weaker than the adsorbate-zeolite interaction (Figure 6.7), therefore adsorbate
molecules tend to occupy the most energetically favorable positions, and the number
of these attractive sites is higher in small pores. This explains the order of CO2, N2
adsorption capacity in the low-pressure region of PSZ adsorbents: FER > MFI ~ STT
~ CHA > BEA* (Figure 6.6). At high loadings, the adsorbed CO2> molecules can
occupy both the central and wall regions of the wider pores, leading to a higher
packing density, hence the uptake of CO- in PSZ is in the order of STT ~ CHA > MFI
> FER > BEA™* (Figure 6.6). With even higher loading of CO, the wider pores and
greater microporosity play a more important role, and at 273 K (Figure 6.8) the CHA
adsorption capacity of CO: is higher than STT, and much higher than other zeolites
that have smaller pores and micropore volumes. Rigas et al. [51] also showed that at
low pressures, the adsorbate density is highest in materials with smaller pores, while

larger pores exhibit higher adsorption capacity at high pressure.
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Figure 6.8. Adsorption isotherms of CO2 on pure silica zeolites at 273 K

The Henry’s constant (Kn) values for CO2 and N adsorption were determined
by fitting In(P/n) as a function of n (P: pressure in atm, n: adsorbed amount in
mmol/g) in the low pressure-region of the measured isotherms and the straight line
extrapolation of the results to the limit of n—0 [52]. Henry’s constants reflect directly
the affinity of CO> for each adsorbent, and the results on Table 6.4 clearly show that
the affinity order of these materials in the Henry’s law (low adsorption) region is FER
> MFI > STT > CHA > BEA. The ratio of the Henry's constants of CO> to those of N>
was used to calculate the intrinsic selectivity: acozne=KH co2/KH n2. The heats of

adsorption at zero coverage were estimated using Clausius-Clapeyron equation:
alnk
Q% = —R [ 7 ] (6.3)

9(7)
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The heats of adsorption determined from the measured isotherms are in a very
good agreement with the GCMC simulation results (Table 6.4) and are in accordance
with the results obtained by Sircar [53] on MFI (24.1 and 15.1 kJ/mol for CO2 and N,
respectively, by the conventional volumetric method), by Fang et al. [54] on CHA
(22.5 kJ/mol for CO) by the microcalorimetric method, and by Bourrelly et al.[55] on
BEA (< 21 kJ/mol for CO3) by the conventional volumetric method. FER has the
highest heat of adsorption and BEA™* has the lowest, which is expected since FER has
2 small straight channels with 8- and 10-membered ring windows and BEA* contains
a 3D 12-member ring pore system. Although STT and CHA have 9- and 8-member
ring windows, respectively, the bigger cages in these materials result in lower heats of
adsorption compared to MFI and FER. As also shown in Table 6.4, the energy
interaction between the non-polar adsorbates and silicalite zeolites prepared in
hydroxide and hydrofluoride medium are similar. The difference might only appear if
the adsorbates are polar molecules such as H>2O and NHa.

The heats of adsorption versus the loadings of CO- are shown in Figure 6.9. As
the loadings of the adsorbates increase, the isosteric heats of adsorption slightly
increased indicating the presence of attractive adsorbate-adsorbate interactions. The
small variation in Qs over the range of loadings investigated could be considered as
within the experimental error of the adsorption isotherm data. Thus, the results

indicate a homogeneous adsorption system of CO2 adsorbed on PSZ adsorbents.
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Table 6.4. Heats of adsorption at zero coverage and Henry’s constants (303K) of
CO2 and N adsorbed on PSZ

Adsorbents _Q;’t - CO2 Qgt - N2 K, Selectivity
Sim Exp Sim Exp CO: N2 CO2/N>
BEA 179 186 105 112 138 0.14 10
CHA 23.7 230 125 136 272 0.18 15
FER 280 272 154 176 435 0.22 20
MFI 246 242 139 162 283 0.17 17
MFI-OH 246 245 139 150 310 0.19 16
STT 260 236 131 141 287 0.16 17

Q2;: Heat of adsorption at zero coverage (kJ/mol), Sim: Simulation, Exp: Experiment,
K;P: Henry’s constants at 303 K (mol.kg™.atm™)

Because of the very high adsorption affinity of CO> at low pressure, low silica

zeolites such as 13X, Y, 4A have some advantages in terms of working capacity and
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selectivity of CO2 over N in the low-pressure regime. For a Pressure Swing
Adsorption (PSA) processes however, the adsorption step generally takes place at
moderate or high pressures (>5 atm), and the desorption step is performed
preferentially at atmospheric pressure. The pure silica zeolites have moderate
adsorption capacity at 1 atm and only are saturated at high pressures, while low silica
zeolites 13X, Y and 4A are almost saturated by CO> at ambient pressure. Therefore,
the working capacity (that is, the difference of the uptake at adsorption and desorption
pressures), and the regenerability (defined as the ratio between the working capacity
and the uptake at adsorption pressure) of CO2 adsorbed on siliceous zeolites are higher
than for low silica zeolites, as was also pointed out by Miyamoto et al.[56] and
Palomini et al.[57]. At high pressure, the CO2 adsorption capacity is proportional to
the pore volume of the adsorbents. On the basis of this information, the effectiveness
of the adsorbents can be ranked as: CHA > STT ~ BEA > MFI~FER.

Commercial activated carbons have some advantages over siliceous zeolites in
terms of the lower cost of the raw materials and higher CO> uptake at high pressure
[58]. At ambient pressure and temperature, activated carbons and siliceous zeolites
have similar adsorption capacity (~2 mmol/g), and because of their large microporous
volume, activated carbons show lower CO> adsorption capacity when measured in
units of mmol CO2/microporous volume. Although similar in their hydrophobic
character, the gradual oxidation of the carbon surface leads to the decrease in the
carbon adsorption capacities in the presence of moisture [59]. For this reason,
siliceous zeolites are, in fact, better candidates in the presence of moisture. Compared
to aluminophosphates adsorbents [60], siliceous zeolites show similar adsorption

capacities at room temperature and 1 atm (~ 2 mmol/g) even though the
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aluminophosphate (ALPOs) adsorbents are more hydrophilic than PSZs (e.g., water
isotherm capacity at ambient condition is ~10 mmol/g [60] on ALPOs compared to

less than 3 mmol/g on silicalite-1 [61]): water vapor is more detrimental to ALPOs

than PSZs.

In Figure 6.10, we show from simulations the center-of-mass (COM) density
distribution of CO2 adsorption in five zeolites to identify where the preferred
adsorption sites are located at room temperature. These were generated at low
pressure conditions under which the CO-zeolite interaction dominates adsorption and
adsorbate-adsorbate interaction is negligible. The white- clouds represent the lowest-
energy, preferred adsorption sites for CO2 molecules. We observed that CO»
molecules prefer the straight channels along the x or y directions in BEA* zeolite. For
CHA zeolite, CO2 molecules like to be in the straight channels along y direction
connecting double 6-member rings (D6R units). For the FER zeolite, the preferred
CO. adsorption sites are in the channels through the 8-member rings along y direction.
For MFI zeolite, the preferred adsorption sites for CO; are in the zigzag channels
along x direction, while for STT zeolite, the preferred adsorption sites for CO> are the

channels through 7-rings along z direction.
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Figure 6.10. Density distribution shown for CO> adsorption in (a) BEA, (b) CHA, (c)
FER, (d) MFI and (e) STT at low pressure. The white-color clouds show
the lowest-energy adsorption sites. The number of unit cells in X, y, z
dimensions used for visualization is (a) 2x2x1, (b) 2x2x2, (c) 2x1x1, (d)
1x1x1, and (e) 2x1x2. All zeolites are in show in [0,1,0] direction.
Legend: orange color for silicon atoms and red color for oxygen atoms on
zeolites.

6.4 Conclusions

Based on the analysis of the adsorption isotherms and the heats of adsorption,
CO- and N2 showed higher adsorption in the smaller pore/window size siliceous
zeolites, and due to its larger polarizability, CO; interacts more strongly with the
adsorbents than No. GCMC simulation predicts the sorption equilibria of CO2 and N2
successfully using the force fields available in the literature. In the case of BEA*
zeolite, heats of adsorption of CO2 and N agree well with the experiment despite the
fact that the calculations use only polymorph A. In agreement with the experiment,

CO2 was found to exhibit greater thermodynamic affinity (more steeply rising
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isotherms, higher adsorption heats) for the zeolites than N.. Consequently, GCMC
simulation is a good method for testing the validity of the assumptions and calculating
adsorption isotherms using gas-solid molecular interactions. Importantly, the method

can identify the best candidates for CO> separation by PSA processes.
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Chapter 7

ADSORPTION EQUILIBRIA OF CO2 AND SMALL HYDROCARBONS IN
AEIl-, CHA-, STT-, AND RRO-TYPE SILICEOUS ZEOLITES

7.1 Introduction

Zeolite adsorbents play an important role in molecular separation technology,
industrial catalysis and pollution control [1-6]. Siliceous zeolites are hydrophobic and
organophilic crystalline silica molecular sieves having preferential adsorption of
organic molecules with a smaller kinetic diameter than the limiting pore size over
water [7-9]. These materials can provide an energetically uniform and nonpolar
environment for adsorption of relatively small gas molecules and hydrocarbons. These
zeolites are also extremely stable to thermal and hydrothermal treatments [9, 10] for
example, siliceous MFI is stable up to 1100°C. The siliceous zeolites also have very
high silica to aluminum to minimize acid catalyzed reactions and minimize
polymerization of any adsorbed olefins [11].

The separation of small olefins and paraffins, which currently relies on energy-
intensive cryogenic distillation, is one of the most important separation processes in
the petrochemical industry [11-13], and alternative technologies based on adsorption
processes are being investigated [14]. Propane/propylene separation in 8-membered
ring zeolites is based on the differences in diffusion rates [6, 13, 15], or kinetic effect,
in which propylene enters the pores and becomes adsorbed faster than propane. Small
pore zeolites have also been found to have high selectivity for CO2/CH4 separation

[16, 17] in natural gas purification. The description of hydrocarbon adsorption is also
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of importance in petroleum and petrochemical processes such as the catalytic
isomerization of alkanes.

The adsorption of CO2 and alkanes on silicalite (MFI) has been widely
investigated [18-24]. In this report, we investigated the adsorption of CO, and small
hydrocarbons in a series of siliceous zeolites of framework types AEI, CHA, RRO,
and STT with low concentration of internal silanol groups and prepared in fluoride
media. AEI (space group Cmcm) has a three-dimensional pore structure and is related
to the CHA structure type: it consists of double-six rings and small 8-membered ring
windows (Figure 7.1) [25]. CHA has large ellipsoidal cavities with internal
dimensions of about 0.67 nm x 1.00 nm, which is different from AEI that has a pear-
shaped cage [26, 27]. STT is peculiar in the sense that it contains two-dimensional
arrays of cages with molecular access between the cages in the planes being restricted
by seven (2.5 x 3.5 A) and nine (3.8 x 5.4 A) member-ring windows [28, 29]. RUB-41
(RRO) has a two-dimensional 8 x 10-membered ring pore system that belongs to the
monoclinic P2/c space group (Figure 7.1). The pore aperture of RRO along the [100]
direction is 6.5 x 4 A and along the [001] direction is 5 x 2.7 A. Since its aperture is
too narrow to allow the passage of any hydrocarbons, the pore along [001] has no
influence on the adsorption kinetics. This phenomena was also observed in 2
dimensional ITW zeolite which consists of one circular window (3.8 x 4.1 A) and one
restricted window (2.4 x 5.3 A) [30]. Herein, we report a comparison of the adsorption
capacities, enthalpies, and entropies of CO2, methane, ethylene, ethane, propylene and
propane on these four zeolites. The structure of studied zeolites, the polarizability and

the geometry of hydrocarbons plays important roles in controlling the adsorption
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behaviors of the adsorbates in the siliceous zeolites. AEI, CHA, and RRO are potential

candidates for the kinetic separations of propylene and propane gas mixture.

Figure 7.1. Structure of AEI, CHA, STT, and RRO framework-type zeolites. Note:
Oxygen atoms were omitted for clarity. The distances reported in the
pictures are Si-Si distances in each zeolite framework. The unrestrained
distances for gas molecules to pass through are roughly obtained by
subtracting O atoms diameters (~2.5 A).

7.2 Experimental Section
7.2.1 Materials
Adsorbents: Pure silica chabazite (CHA) and SSZ-23 (STT) [31] were

synthesized using the methodology described in Pham et al [31].
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RUB-39 was prepared following the protocol reported by Gies et al [32] 2.87 g
of Cabosil M-5 and 8.8 g of dimethyldipropylammonium hydroxide solution
(DMDPA-OH 40 wt%, Sachem Inc.) was added to 3.33 g of deionized (DI) water to
give the solution with the following molar composition: 3 SiO2: 0.5 DMDP-OH: 10
H20. The mixture was stirred until a uniform gel was obtained, and then transferred
into a 23 ml Teflon-lined stainless steel autoclave (Parr) and kept at 423 K with a 40
rpm rotating speed for 21 days. The solid product RUB-39 was separated by filtration,
washed with DI water, and dried at 353 K overnight. The as-synthesized RUB-39 was
calcined in air by heating at a rate of 3 K/min at 773 K for 6 hours, and then heating to
853 K for another 4 hours. The materials structure changes during calcination to
become RUB-41 (RRO).

Synthesis of siliceous AEI (Si/Al=150): The first step consist in the synthesis of
N,N-Diethyl-2,6-dimethylpiperidinium iodide (DEDMP-I) cation that was prepared
following the procedure reported by Zones [33]. The iodide salt is converted to the
hydroxide salt by exchanging overnight with Bio-Rad AG1-X8 anion exchange resin
with the mass composition of 1 DEDMP-I: 2.5 resin: 5 H>O. The resin suspension was
filtered, washed with DI water, and then the filtrate was concentrated using a
rotovapor at 313-323 K. The final OH-form concentration (12.9 %wt) was titrated by
HCI using phenolphthalein as indicator.

AEI (Si/Al=12) was synthesized using a procedure similar to that reported in
ref [33]. A solution of 5 g of sodium silicate (PQ corp., 28.5% SiO,, 8.9% Na20), 0.4
g of NaOH 1M, and 6 g of DI water was added to 5.8 ¢ DEDMP-OH 12.9% and
stirred at room temperature for about 15 min. Then, 0.5 g of NH4-Y (Zeolyst CBV712,

Si/Al=6) was added to the solution and stirred for another 30 min. The resulting
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solution was then transferred into 23 ml Teflon-lined autoclaves and heated at a
temperature of 423 K under rotation for 7 days. The solid product was separated by
vacuum filtration, washed with DI water, and dried at 353 K overnight. The as-made
product was then calcined in air at 823 K for 8 h.

AEI (Si/Al=150) was prepared following a protocol similar to the one reported
by Cao et al [34]. 0.298 g of Al(NO3)3-9H20 predissolved in 3 g of DI water was
added to 26.2 g of an aqueous solution of DEDMP-OH 12.9 %wt, followed by 7.5 g of
tetraethylorthosilicate (TEOS). The resultant mixture was continuously stirred for
about 2 hours at room temperature until all TEOS was completely hydrolyzed. 0.04 g
seed of AEI (Si/Al=12) was added to the synthesis gel, and then the mixture was
heated to remove EtOH and H»O to have the final gel composition of 1 SiO»: 0.0028
Al203: 0.5 DEDMP: 0.6F: 3 H20.

The resulting mixture of solids was transferred to 23 ml Teflon-lined
autoclaves and heated at a temperature of 423 K under rotation for 5 days. After
cooling, the resultant solid was recovered by centrifuging, washed with distilled water,
and dried at 353 K overnight.

Adsorbates

Carbon dioxide, methane, ethane, ethylene, propylene and propane with
purities of higher than 99% were purchased from Matheson and used without further

purification.

7.2.2 Analytical Methods
Scanning Electron Microscopy (SEM) images of the calcined zeolites were
obtained using a JEOL JSM7400F microscope, operating at an acceleration voltage of

3 keV, and a current of 10 uA. The X-Ray Powder Diffraction (XRD) patterns were
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collected at room temperature on a Philips X’Pert Panalytical diffractometer using Cu
Ka radiation (A=1.5418 A). The data were collected in a stepwise fashion with 20
ranging from 5.0° to 50.0 ° with a step size of 0.02° and 2 s per step.

The liquid N2 isotherms were measured using N2 at 77 K with a Micromeritics
3Flex apparatus. Prior to the adsorption measurements, the calcined samples were
outgassed at 623 K overnight under vacuum. The specific surface area (Sget) and
microporous volume (Vmicro) Were calculated using the BET and t-plot methods,
respectively. 2°Si magic angle spinning nuclear magnetic resonance (MAS NMR)
spectra were recorded on a Bruker AV111-500 solid-state NMR spectrometer,
operating at a Larmor frequency of 500.138 MHz for H and 99.362 MHz for 2°Si. A 4
mm HX MAS probe was used for all measurements. All spectra were recorded at a
MAS frequency of 10 kHz, controlled to with +/- 2Hz using a Bruker MAS controller.
29Si single pulse and cross polarization (CP) measurements have been performed on
each sample. For 2Si single pulse MAS experiments, a 90° pulse with a width of 4.3
us was used and the recycle delay was 30 s. For *H-2°Si CP MAS experiments, 1H 90°
pulse duration was 2.5 ps, a linear amplitude ramp (80-100%) on 1H was used with a
contact time of 4.5 ms, and the recycle delay was 5 s. SPINAL64 1H decoupling with
rf field strength of 100 kHz was applied during the acquisition period for both single

pulse and CP MAS measurements.

7.2.3 Adsorption Isotherm Measurements

The gas adsorption isotherms on these samples at different temperatures (273
K, 303 K and 343 K) up to the ambient pressure were measured on Micromeritics
ASAP 2020 or on a 3Flex Micromeritics instruments. Before the adsorption

measurements each sample was degased at a temperature of 623 K for 6 h.
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Langmuir (Eq. 7.1) and Toth (Eq. 7.2) models were used to fit the adsorption

equilibrium isotherms:
bpP

q=Aam 5 (7.1)
_ bpP 79
9= G G r T (7.2
where q is the amount adsorbed, gm is the maximum adsorption capacity, P is the
adsorption pressure, b and t are coefficients for Langmuir and Toth models.
The heats of adsorption (enthalpy of adsorption) at zero coverage were

estimated using the Clausius-Clapeyron equation:

Q% =-R la;’(‘fj’l (7.3)

T

where Ky is Henry’s law constant, which is the intercept of the function In(P/q) vs q
from the virial equation

P

In- = —Inky + Aiq + Ayq* + - (7.4)

The adsorption entropies were calculated as following[35]

ASSys = &+ RInK gqs (7.5)

where K 4 = bP°, and P°=10° Pa
7.3 Results and Discussion

7.3.1 Materials characterization

The crystallinity and particle morphology of the prepared AEI, CHA, RRO,
and STT zeolites were characterized by X-ray powder diffraction and SEM. The XRD
patterns reported in Figure 7.2a and 7.2b clearly indicated single crystalline phases of
the synthesized zeolites without any detectable impurities [32, 34, 36, 37]. For
framework type RRO, the diffraction peaks of a layered silicate RUB-39 intercalated

with an organic dimethydipropylammonium cation shift to higher 2 theta degrees in
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the diffraction pattern of calcined RUB-41 due to a topotactic condensation of the
RUB-39 silicate layers during the calcination process. SEM images (Figure 7.3a) show
that morphology of the AEI zeolite is characterized by a well-defined rectangular
shape and a highly uniform particle size of 200 nm. RRO has a characteristic and
uniform prismatic plate morphology of about 2 um in length. CHA and STT
exhibiting pseudo-cubic and aggregates of plate-like crystals, respectively are shown

in Figure 7.3b.
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Figure 7.2a. X-ray diffraction patterns of CHA and STT zeolites
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Figure 7.2b. X-ray diffraction patterns of AEI- and RRO-type materials. The second
set of patterns displays the superposition of the as-made RUB-39 and the
calcined RUB-41 zeolites.
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UDEL

Figure 7.3a. SEM images and XRD patterns of AEI (left) and RRO (right) siliceous
zeolites

LEI 3.0kV X2,000 WD 8.7mm

UDEL

Figure 7.3b. SEM images of CHA (left) and STT (right) zeolites

Pore shape, dimension, and surface area (m?/g), micropore volume

Table 7.1.
(cm3/g) of pure silica zeolites
Pore Micropore
Adsorbents dimension Pore Shape  Surface area volume
(window size) m2/g cm3/g
AEI 8x8x8 pear-shape 0.27
CHA 8x8x8 ellipsoidal 604 0.27
RRO 8x10 channels 452 0.19
STT 9x9 ellipsoidal 462 0.19
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The associated Brunauer-Emmett-Teller (BET) surface area, microporous
volume extracted by t-plots method, as well as the pore opening of the four
synthesized zeolites are reported in Table 7.1. 3D zeolites AEI, CHA have narrower
pore openings, but higher surface area and higher micropore volume compared to 2D
zeolites RRO and STT.

The single-pulse 2°Si MAS NMR spectra of calcined high-silica AEIl and RRO
are showed in Figure 7.4a. Only two peaks are observed for AEI, one very small peak
at chemical shift § of about -101 ppm is assigned to Si(OSi)sOH, a surface Q3-silicate
group carrying one hydroxyl functionality, and the other much larger peak at ~ -111.5
ppm is assigned to Q* (Si(OSi)a) species. The observation of just one Q* peak could be
the result a very similar geometric environment of three T-atoms within the
asymmetric unit of the AEI framework. The cross-polarization *H-?Si CP MAS NMR
spectrum (not shown) of this sample shows one peak in the Q2 region at the same
positions that the MAS spectrum. The absence of connectivity defects in RRO zeolite
is supported by the results of the 2°Si MAS NMR spectra, which showed no resonance
at about 100 ppm indicative of Si-OH connectivity defects after calcination. We
observed 4 peaks (110-116 ppm) belonging to Q* species by the 2°Si MAS NMR
spectrum of this zeolite (Figure 7.4a), that is, one additional signal compared to a
report by Gies et al [32]. There are 5 T-atoms in the RRO asymmetric unit and the
observation of four peaks further confirms the high quality of the RRO sample
synthesized here. The single pulse 2°Si MAS (Figure 7.4b) and the *H-2°Si CP MAS
NMR spectra of siliceous CHA and SSZ-23 (STT) are all similar to the above spectra
showing very low concentration of defects sites in the samples synthesized in HF

medium, as expected.
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Figure 7.4a. 2°Si MAS NMR spectra of AEI (left) and RRO (right) siliceous zeolites
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Figure 7.4b. 2°Si MAS NMR spectra of CHA (left) and STT (right) siliceous zeolites
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7.3.2  Adsorption isotherms

The physical properties of adsorbates are presented in Table 7.2.

Table 7.2.  Properties of adsorbate gases: Kinetic diameters (K.D, A), liquid volume
(L.V, cm®/mol), Polarizability (P, x10?° cm?®), Dipole moment (D, x10*®
esu.cm), Quadrupole (Q, x10?° esu.cm?) [38]

Gas K.D L.V P D Q
CHa 3.8 37.8 26 0 0
CaHa 4.16 49.4 425 0 15
C2He 4.44 55 44.5 0 0.65
CsHs 4.68 69.1 62.6 0.37 -
CsHs 4.75 75.7 63.8 0.08 -
CO2 3.3 37.4 29.1 0 4.3
N2 3.64 34.7 17.4 0 1.52

Adsorption isotherms of all adsorbates up to a total pressure of 101.3 kPa
(Figure 7.5) reveal important differences between the properties of the adsorbates
investigated (Table 7.2). The adsorption isotherms for each adsorbate (Figure 7.5)
show a gradual decrease in the adsorbed amount with increasing temperature as
typical behaviors of physical adsorption. The larger polarizability of CH4 compared to
N2 leads to a stronger adsorption enthalpy despite the quadrupole moment of N2, even
in the presence of strong electric fields [39, 40]. In siliceous zeolites, materials with
low gradient electric field, our results indicated that CHys is preferentially adsorbed
compared to N2 (Figure 7.6). The adsorption isotherms at low adsorbate loading
indicate that adsorption capacity correlates mostly with polarizability. Siliceous
zeolites adsorbed longer chain hydrocarbons preferably until the maximum adsorption
capacity is reached. For the materials investigated, the slope of the isotherm for C»

hydrocarbons is higher than Cz hydrocarbons at a pressure near 101 kPa (Figures 7.5
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and 7.6) because zeolites were saturated by Cs hydrocarbons but by not C»
hydrocarbons at this point. The electrostatic component of the heat of adsorption
between CO- and the hydrophobic zeolites contributes 20-30% of the total adsorption
heats due to the high quadrupole moment of CO.. This leads to higher adsorption heats
and adsorption capacities of CO, compared to CH4 (Figure 7.5). C2 hydrocarbons are
more polarizable than CO,, thus they adsorbed on STT zeolite preferentially over CO>
in the low-pressure regions. However, more CO2 molecules can be packed efficiently

at high pressure due to lower liquid volume of COa.

35 283 K
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Loading g (mol/kg)

T T T T T T
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Figure 7.5a. Adsorption isotherms of CO2 and CH4 on AEI zeolite at various
temperatures up to pressure 101.325 kPa
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Figure 7.5b. Adsorption isotherms of CO2 and CH4 on CHA zeolite at various
temperatures up to pressure 101.325 kPa
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Figure 7.5c. Adsorption isotherms of CO2 and CH4 on RRO zeolite at various
temperatures up to pressure 101.325 kPa
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Figure 7.5d. Adsorption isotherms of CO2 and CHs on STT zeolite at various
temperatures up to pressure 101.325 kPa
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Figure 7.5e. Adsorption isotherms of C>H4 and C2He on AEI zeolite at various
temperatures up to pressure 101.325 kPa
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Figure 7.5g. Adsorption isotherms of C>H4 and C2He on RRO zeolite at various
temperatures up to pressure 101.325 kPa
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Figure 7.5i. Adsorption isotherms of CsHes on CHA and RRO zeolites at various
temperatures up to pressure 101.325 kPa
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Figure 7.5j. Adsorption isotherms of CsHe and CsHg on STT zeolite at various
temperatures up to pressure 101.325 kPa
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Smit et al [41] used Grand Canonical Monte Carlo (GCMC) simulations to
screen thousands of pure silica zeolites to identify optimum structures for the
separation of ethane/ethylene mixtures. Most of the zeolite structures are not suitable
for thermodynamic or Kinetic separations of ethane/ethylene due to the geometric and
physical similarities between the two gas molecules. However, the separation of C»
from Cs hydrocarbons are feasible based on the diffusion parameters of these
compounds in 8-ring zeolites estimating by molecular dynamics simulations [42, 43].
We also observed from our experiments that the adsorption isotherms of Cz in AEI,
CHA, and RRO zeolites need to be collected at higher temperatures than the
adsorption isotherms of Cy, indicating that C has fast diffusion compared to Cs. In
addition, the 8MR window have good match with the molecular geometry of propene
allowing it to diffuse and be adsorbed much more rapidly than propane [6, 13, 30, 44].
The narrow 10MR material RRO has aperture dimensions compared to the 8MR of
siliceous chabazite (Figure 7.1) and could present potential for the kinetic separation
of C2/Cz and propylene/propane mixtures. We were unable to collect propane
adsorption isotherms on siliceous AEI, CHA, and RRO at temperatures below 423 K
due to the slow diffusion of propane into these zeolite structures. The pore openings of
these three zeolites can discriminate between molecules with similar sizes, revealing
potential for propane/propane separations. Due to the small pore apertures of RRO
zeolites, the material shows low adsorption capacity for CHs, C2Ha, and C2He (Figure
7.7) compared to other zeolites even though the adsorption heats calculated for
hydrocarbons on RRO zeolite are quite similar to adsorption heats of other zeolites

(Table 7.3).
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Snurr et al. [45] have indicated that the important features of nanoporous
materials controlling methane adsorption are primarily surface area, followed by free
volume, framework density, and heats of adsorption. In agreement with their
predictions, the materials with the highest surface area, AEI- and CHA- zeolites,
showed the highest methane adsorption capacity. Pore size and shape also affect how
adsorbate molecules bind in porous solids. Since AEIl, CHA, and STT contain similar
pore cavities (Figure 7.1), the interactions of the zeolite walls with adsorbate
molecules are similar among these zeolites at low pressure of adsorbates. This leads to
similar adsorption capacity at low adsorbate loading (Figure 7.7). Since the free
volumes of three-dimensional zeolites AEI and CHA are higher than that of the two-
dimensional RRO and STT, they have more efficient molecular packing hydrocarbons
in the larger cavities of AEI, CHA compared with two dimensional of RRO/STT. The
adsorption capacity of AEI at high pressure is lower than that of CHA zeolite,
especially in the case of the larger hydrocarbons. This likely due to the pear-shaped
cavity of AEI that may not be efficient for hydrocarbon packing compared to the

ellipsoidal cavity of CHA.
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Figure 7.6. Adsorption isotherms of CO2, N2, CH4, C2Ha, C2Hs, C3Hs and C3Hg on
STT siliceous zeolite at ambient temperature (303K) up to pressure
101.325 kPa
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Figure 7.7. Adsorption isotherms of CO2, CHa, C2Hs4, and C2Hs on AEI, CHA, STT,
and RRO siliceous zeolites at ambient temperature (303 K) up to pressure
101.325 kPa

7.3.3 Enthalpy and entropy of adsorption of CO2 and hydrocarbons in siliceous
zeolites

Adsorption enthalpies at the limit of zero coverage were calculated based on
equation 7.3 and 7.4 (Table 7.3). The heats of adsorption of light alkanes in siliceous
chabazite are similar to results reported by Olson et al. [13] (QS¢ for propene, ethane,
and ethene are 33.5, 28.9, and 27.2 kJ/mol, respectively). RRO has the most confined

pore system among the studied zeolites and it showed the highest adsorption heats of
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CO2 and CHg4 (Table 7.3). This material also showed the highest pure-gas selectivity
for CO2/CHys, indicating a potential for CO2 separations from natural gas. Methane is a
neutral probe due to the lack of any permanent electric moment. As such, similar
methane enthalpy for adsorption has been observed in zeolites with similar pore
structures (AEI, CHA and STT). The presence of small amount of Al in AEI
framework may lead to slightly higher electric fields within the AEI cage, as
compared to other zeolites. This leads to a higher quadrupole-electric field gradient
interaction between CO; and this zeolite. This difference explains the larger zero

coverage adsorption heat of CO. on AEI.

Table 7.3.  Adsorption heats at zero coverage limit (Q.) of gases and selectivity
(Sel) of CO2/CHgs over studied zeolites

Ads Qo (kJ/mol) Sel
CO2 Cus Cos4 Cas Cse Css CO2/Cu4
AEI 26.2 16.6 23.4 26.7 - - 4.7
CHA 23.1 16.8 25.5 26.4 33.8 - 5
STT 23.5 15.9 25.8 27.0 34.8 35.9 54
RRO 28.6 18.5 22.4 23.0 33.2 - 20

The isosteric heats of adsorption of small hydrocarbons at the limit of zero
coverage increased as the polarizability of the adsorbates increases (Table 7.3), as was
observed by Talu et al. [46]. Previous experimental [47-49] and simulation
investigations [50-53] have shown that heats of adsorption in siliceous MFI increase
approximately 10 kJ/mol with each carbon atom in the alkane chain. The data in Table
7.3 indicate that the incremental heat of adsorption per carbon atom is also about 10

kJ/mol for AEI, CHA, and STT adsorbents, but not in the case of RRO zeolite. This in
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probably related to the pore size and tortuosity on the adsorption of hydrocarbons
which has been studied by Lercher et al [54] in a number of zeolites frameworks.

Polarizability and permanent polar/quadrupole moments (Table 7.1) contribute
important to the energy of interaction between gases and zeolite adsorbents.
Hydrophobic zeolites adsorb polar molecules to a lesser extent and preference for
saturated hydrocarbons over unsaturated hydrocarbons is observed in Table 7.3 and
Figure 7.6. On the other hand, hydrophilic zeolites have higher values of heats of
adsorption at zero coverage of unsaturated hydrocarbon (ethylene) compared to
saturated hydrocarbon (ethane). The large adsorption heats of unsaturated
hydrocarbons arise from the electrostatic interaction of the m electrons of the double
bond with the large electric field gradients, as has been observed in NaY [55] (23.6
and 36.5 kJ/mol, respectively) and in a recent study in Na-chabazite (Si/Al=6 with
31.6 and 40.8 kJ/mol, respectively). This phenomenon could be practically importance
for the removal of small amounts of olefin impurities from hydrocarbon streams in
refineries.

Adsorption entropies were obtained using equation 7.5 (Table 7.4). As
observed, a general trend was observed for higher adsorption enthalpy correlated with
an entropic cost as it leads to a loss in degrees of freedom. The limiting heat of
adsorption of alkanes on STT zeolite is plotted against the polarizability of the
adsorbates and the adsorption entropies (Figure 7.8). The results indicated that the
limiting heat of adsorption increases linearly with polarizability, the adsorption

entropies, and carbon number in n-alkanes (compensation effect) [35, 46].
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Figure 7.8. Interdependency between adsorption enthalpies and adsorbate
polarizabilities, adsorption entropies, and the number of C atoms of
alkanes in STT zeolite

Table 7.4.  Experimental adsorption entropies of adsorbates in siliceous zeolites. The
standard state for the gas phase hydrocarbons is taken as P, =10° Pa

AS (J Kt mol?)

Adsorbent CO2 Cu Cx Cas Css Css
AEI 91.5 68.5 72.3 74.2 - -
CHA 83.5 70 77.8 74.4 81.4 -
STT 84.2 65.5 77 75.5 83 83.5
RRO 88.5 75.5 78.6 80.9 92.5 -

Isosteric heats of adsorption, Qst, as a function of loading (Figure 7.9) were

obtained from the isotherm data using the Clausius—Clapeyron equation. Materials
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such as low silica zeolites have a heterogeneous adsorption landscape in which
adsorbates will occupy the lower energy positions at low loading and higher energy
positions at higher loading. This results in a decrease in the heat of adsorption with gas
loading. Siliceous zeolites, in contrast, may be regarded as energetically homogeneous
adsorbents because the absence of ions and OH- groups representing energetically
preferred adsorption sites. Electrostatic energies are small in comparison to van der
Waals energy, therefore the major adsorption energy contribution is related to the
dispersion and repulsion terms. An increase in the heat of adsorption with gas loading
(Figure 7.9) is characteristic of homogeneous adsorbents with constant gas-solid and
increased adsorbate-adsorbate energies of interactions. The heat of adsorption of small
gases such as CO,, CHgs increases only slightly over the whole range of coverage.
However, as the size of the hydrocarbons increases, adsorbate-adsorbate interactions
become more significant and the increase in the adsorption heat is more obvious. In
the case of AEI zeolite, we observed a small decrease in adsorption heat of ethylene
and ethane up to a coverage of 0.5-0.6 mmol/kg. The decrease in heat of adsorption
with gas loading is characteristic of heterogeneous adsorbent with a wide distribution
of gas-solid interaction energies caused either by the shape of AEI cavity or the

presence of Al in this adsorbent.
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Figure 7.9. Adsorption heats of CO, and small hydrocarbons adsorbed on AEI,
CHA, STT, and RRO siliceous zeolites

7.4 Conclusions

Hydrophobic siliceous zeolites of framework types AEI, CHA, RRO, and STT
were prepared with low silanol group concentration, and fully characterized by
analytical methods. The adsorption of CO, and light hydrocarbons has been
investigated using volumetric adsorption isotherms. The polarizability affects

significantly the adsorption properties such as adsorption capacities, enthalpies and
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entropies of the hydrocarbons in the siliceous zeolites. For all the siliceous zeolites we
have studied, the calculated heat of adsorption was found to increase linearly with
alkane chain length, and alkanes adsorbed stronger than alkenes. Although the
contribution of quadrupole- electric field gradient between CO> and siliceous zeolites
to the total adsorption energy is low in comparison with low silica zeolites, we still
observed a significant difference in the adsorption heats and adsorption capacity of
CO. over CHy4 in these siliceous zeolites. With narrow pore openings, RRO seems to
be a potential candidate for the separation of CO, from methane in natural gas
mixture. At high adsorption pressure, lower liquid volume adsorbates pack more
efficiently, thus occupied in the zeolite pores with higher concentration. The steric
hindrance in AEI, CHA, and RRO zeolites allow only propylene to diffuse into the
materials pores, but exclude larger molecules. The feasibility of AEI, CHA, and RRO
zeolites for propane-propylene separations based on both kinetic and adsorption
equilibria needed to be further studied, particularly measuring the diffusion
coefficients. Our experimental data is also useful for testing the validity of the
assumptions and calculated adsorption isotherms using gas-solid molecular

simulations.
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS

This thesis reports the synthesis and characterization of a variety of
aluminosilicate zeolite materials including low, high and pure silica zeolites. The
chabazite (CHA) and ZK-5 (KFI) samples have comparable adsorption capacity,
similar to the adsorption capacity of low silica commercial zeolites such as faujasites
(zeolites X and Y) and Linde type A (LTA). The adsorption capacities and the heats of
adsorption depend closely on the electronic and acid-base properties of cations and
zeolite frameworks. Separation parameters have been estimated for the PSA and VSA
processes on both of these materials. 8-membered ring (8MR) zeolites with high
adsorption heats showed better performance in VSA processes and hydrophobic
siliceous zeolites are candidates for PSA processes with flue gas and in the presence of
water. The adsorbed CO2 chemical and physical properties were analyzed by FTIR
spectroscopy. Dispersion and quadrupole-electric field gradient interactions of CO>
with 8MR zeolites, in particular on CHA-type and KFI-type materials play an
important role on the adsorption of CO.. We identified CO- binding sites to elucidate
the materials structure-property relationship for adsorption. We discovered that the
preferred binding sites for CO- are within the 8MRs or along a crankshaft-like
structure of the zeolites. Three dimensional, cage-like frameworks are necessary for
the fast diffusion and accommodation of adsorbate species. Adsorbents containing
small cages such as sodalite (SOD) cages could be detrimental to the CO> adsorption

due to the impenetrability of CO2. molecules into such systems, but not water. Li-, Na-

233



zeolites have high CO; adsorption capacities and Na-zeolites usually display higher
adsorption selectivity of CO2 over N». Large cations such as K, Cs locate at BMR and
show high selectivity of CO2/Nz, especially in the low silica zeolites when large
cations are located in the middle of the 8MR and block the entrance of low adsorption
affinity molecules such as N2 or CHs. 8MR zeolites are potential for
propane/propylene separation, and RRO would be a good candidate for CO2/CH4

separation.

8.1 Thesis Summary

In chapter 3 and the related manuscript published on Chemsuschem [1], we
have shown that 8-membered rings zeolites chabazite (Si/Al = 6, 12) and ZK-5 (Si/Al
= 3.75) ion-exchanged with different cations exhibited exceptional CO> adsorption
working capacity and CO2/N> selectivity. The adsorption isotherms show that all
zeolite adsorbents have much higher affinity with CO than with N, and Li cation
exchanged zeolites give the highest total capacity and selectivity in the Henry’s law
region. The materials have been estimated for the CO> separation using PSA and VSA
processes using the criteria suggested by Snurr et al. [2]. In general, the adsorbents
with intermediate CO- adsorption heats (30-40 kJ/mol) give better performance for
CO2 separation in the PSA pressure region, and the adsorbents with high CO> heats of
adsorption (40-50 kJ/mol) have better CO, separation performance in the VSA region.
Therefore, our materials such as Li-, Na-, and K-ZK-5 display better CO> working
capacity and CO/Nz selectivity than samples of NaY and 13X in the VSA pressure
region. The promising adsorbents for CO> separation are also dependent on the chosen

PSA, VSA pressure regions. As mentioned in chapter 1, pressurizing a huge amount of
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flue gas could be more challenging than evacuating the mixture. In addition, the
selectivity of CO2/Nz in the low pressure regions are always higher than in the high
pressure regions because the adsorbates and adsorbents interaction are more
distinguishable at the low concentration of adsorbate investigated. As compared to low
silica commercial zeolites such as LTA, NaY, Nal3X, the studied materials CHA and
ZK-5 have a high hydrothermal stability as well as a high potential for CO> capture
especially using the adsorption-driven vacuum swing (VSA) technique. In industrial
applications, Li-, Na- zeolites with high adsorption capacity and heats of adsorption
would be potential in TSA processes.

In chapter 4, we performed a structural analysis of cation-exchanged
chabazites with Si/Al = 6 and 12, and the siliceous form of zeolite chabazites with in
situ CO2 gas loading by X-ray and neutron diffraction. Li* and Na* cations were
observed at site SlI of the D6R, where the larger K* cation were found at D6R and
8MR. These exchanged cations in chabazites are all open metal sites providing strong
binding interactions with CO> through induced polarizability of the adsorbate. CHA-
type zeolites have shown to have excellent properties of the adsorption of CO3, with
unexpectedly high adsorption capacity at relatively high Si/Al ratios (SAR~6). These
zeolites show high dispersion energy and high charge-quadrupole interactions between
CO:2 and 8-membered rings (8MR). In addition, these materials have accessible cation
sites for adsorbates, and high pore volume (Li- and Na-CHA-6) leading to adsorption
capacity comparable to low silica commercial faujasite and Linde type A zeolites.
Measured experimental isosteric heats of adsorption of CO> depend significantly on
the cation type, cation concentration, and on the amount of adsorbed CO> and were

interpreted at the molecular level based on adsorption sites determined using the
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Rietveld technique of synchrotron and neutron diffraction data. Two adsorption sites
of CO. were found in all chabazite samples, in which CO: site in the 8MR is
dominant. The decrease in the hardness of metal cations Li*>Na">K*>Cu?* resulted in
a decrease in the direct interaction of these cations with adsorbate CO>. The formation
of CO- adsorption complexes on dual cation sites was observed on K-CHA-6. The
relationship of zeolite structures to their adsorption energy interactions and the
adsorption properties were identified and discussed in detail.

Similar investigations were performed on ZK-5 materials with exchanged
cations Li*, Na*, K*, and Mg?*. Compared to CHA zeolites (contains one ellipsoidal
cage type), KFI zeolite contains two different types of cages (lta and pau type cages)
and a less uniform adsorption space. The adsorption behaviors of CO: in cation-
exchanged ZK-5 zeolites were much more complicated than is the case for chabazite
zeolites. As was found with chabazite, Li-forms of ZK-5 displayed the highest
adsorption capacity at 1 bar pressure, and showed lower selectivity of CO2/Nz its
higher electrostatic interaction with N2> molecules. Mg-ZK-5 showed the lowest heats
of adsorption among other studied cations because Mg?* cations were located in the
inaccessible positions and the electric fields could be more localized in the hidden
location where CO> cannot interact with it. There was an indication of a slight
migration of the extra-framework Li* and Mg?* cations away from the D6R upon the
adsorption with CO2 molecules. The dual-cation sites between two Li*, Na*, and K*
cations and COz were found in these cation-exchanged ZK-5 materials. These dual-
cation adsorption sites are the key factor that explains the observed high heats of
adsorption of CO> on these adsorbents. The CO: site in the pau-cages of Na-ZK-5

could be in a bent mode due to a high energy interaction of CO with two Na* cations.
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Our findings of adsorption sites of CO- in the 8-membered ring zeolites and the
correlation between structure properties and the adsorption behaviors have provided a
molecule understanding of interactions between CO> and cations, CHA and ZK-5
zeolite frameworks.

In chapter 6, we have investigated in the effect of various hydrophobic zeolite
framework structures on the adsorption properties of CO2 and N.. Both CO, and N>
showed higher adsorption heats and adsorption capacities in the smaller pore/window
size siliceous zeolites. In agreement with the experiment, GCMC simulation also
showed that CO> exhibit higher affinity for the zeolites than N2 and FER zeolite has
the highest selectivity of CO2 over N2 among the samples investigated. The
hydrophobic properties of the siliceous zeolites make them potential candidates for
COz separation by PSA processes, especially in the presence of water.

The last chapter focused on the characterization of hydrophobic siliceous
zeolites of framework types AEI, CHA, RRO, and STT, their adsorption properties
with respect to light hydrocarbons, and their separation properties of CO2/CH4 and
propylene/propane. The adsorption capacities, enthalpies, and entropies of the
hydrocarbons in the siliceous zeolites were mainly controlled by their polarizability. A
significant difference in the adsorption heats and adsorption capacity of CO2 over CH4
in these siliceous zeolites is due to a higher quadrupole moment of CO2 molecule.
AEI, CHA, and RRO zeolites are feasible for propane-propylene separations based on
the gases Kkinetic diffusion properties. RRO is a potential candidate for the separation
of CO. from methane in natural gas mixtures. Our investigations also provide
experimental data for testing the validity of molecular simulation such as Grand

Canonical Monte Carlo or Molecular Dynamics.
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8.2 Recommendations for Future Studies

8.2.1 The adsorption of CO2 on various zeolite frameworks

Even though nanoporous materials have emerged as candidate for CO> capture,
there are still limitations that make the adsorption process less effective: low
selectivity and capacity of available adsorbent for CO., lower removal efficiency as
compared to other technologies such as absorption and cryogenic, high cost, low
performance under humid condition. Therefore, we need to develop new adsorbents or
modify the surface and structure of existing adsorbents so that they can operate at

higher temperatures in the presence of steam and to improved selectivity.

—&— Na-CHA_273K
—0— Na-CHA_303K

y —O0— Na-AFX_303K
24 & —e— Na-AFX_273K

Adsorbed amount (mmol/g)
w

0 20 40 60 80 100
Pressure (kPa)

Figure 8.1. Adsorption isotherms of CO2 on Na-CHA and Na-AFX at 273 K and 303
K
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AFX, containing gme- and aft-cages (Figure 8.2), showed high adsorption
capacities and different properties than CHA at 273 K and 303 K (Figure 8.1). AEl is
also another model to study the adsorption sites of CO2 on these zeolites to get more
overall structure-properties relationships between 8MR zeolites for CO> adsorption
and then help us to develop new adsorbents with higher CO> separation performance.

LTA and FAU zeolites with sodalite cages can be modified by occluding alkali
halides [3] to improve the electric field inside the pores of these materials and thus the
adsorption capacity and selectivity of CO». Large cages or large channels of faujasite,
zeolite beta or similar frameworks could be grafted with amine functional groups to

improve the basicity of the surface and selectivity of CO2 over N> (Figure 8.3)[4].

Figure 8.2. The composite building units (gme-left, aft-right) of AFX zeolite

O
— o——+
\Si/ \/ HO o’ s
AN . — 2
O L -
\ Ho—} HoN o—+
H,N Aminosilane Zeolite Aminosilane grafted zeolite

Figure 8.3. A schematic of the chemical modification of the zeolite surface
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The substitution of framework Si** ions by Li* ([Li-Si-O]-MFI), an Li-
substituted zincosilicate with ANA topology (Csi2Li13[Li3ZngSiz7Oge].4H20), and Li,
Ni-exchanged zincosilicate materials (Li, Ni-CIT-6) have been reported recently [5-7].
Monovalent and divalent ions requires three/two times more charge-balancing M*
extraframework cations, in comparison to AI** substitution. This might lead to new
ion-exchange, and acid-base, and CO> gas adsorption properties of the new zeolite
materials.

Metal—organic frameworks (MOFs), zeolitic imidazolate frameworks (ZIFs)
[8, 9] have recently attracted intense research interest because of their high porous
structures, tunable frameworks, and many of them possess superior surface areas
relative to those of traditional adsorbents such as activated carbon and zeolites. The
study of structure-property relationships of these materials for CO> adsorption by
Rietveld refinements could be compensative to the understanding of CO. adsorption
into nanoporous frameworks, and thus contribute to the development of new materials

for CO; separation.
8.2.2 Effect of water on the adsorption of CO: in zeolites

The flue gas is saturated with 5-7% by volume of water [10], it is essential to
consider the humidity effects on the CO2 adsorption capacity and CO2/N: selectivity
of zeolite materials. Water has large dipole moment and has been found to have
detrimental effects on CO. adsorption of zeolite adsorbents due to the high affinity of
water molecule with extra-framework cations. Smit performed molecular simulations
to model the adsorption of H,O/CO. mixture in 13X and showed that H>O reduces the

CO; adsorption capacity of these materials by an order of magnitude; 13X will be

240



essentially saturated with H-O at the partial pressures of H2O relevant for post-
combustion capture [11]. Since 13X is more hydrophilic than NaY, and much more
hydrophilic than cation-exchanged CHA, Si-CHA zeolites (Figure 8.4), the adsorbents
investigated in this thesis are more tolerant to water vapor than the commercial
zeolites. Structural refinements of X-ray powder diffraction of co-adsorption of CO>
and H>0 on Cu-CHA-6 (Cu (1.21 molecules/u.c), CO2 (1.04 molecules/u.c), and H2O
(1.19 molecules/u.c)) showed that at low concentration of water (~0.55 mmol H20/g
Cu-CHA-6), water prefers to adsorb on Cu?* site by electrostatic interaction with a
distance of O-Cu is 2.97(1) A. CO, molecules are still predominantly located in the
middle of 8MRs (Figure 8.5). The distance between O of water and O of COz is
3.04(6) A (close to Van der Waals sum of radii) indicate that small amount of water
might promote the adsorption of CO. in Cu-CHA-6. At higher water pressures, we
found that Cu?* cations were pulled up into the ellipsoidal cages of chabazites zeolite.
The quality of the data is not sufficient (peak broaden, peak shape, asymmetric peaks)
to conclusively establish the effect of high H2O content on CO> adsorption. To be able
to understand better the effect of H.O on CO; adsorption, the dual adsorption
isotherms of the mixtures of CO2 and water needed to be collected and adsorption sites
of these adsorbates need to further studied by X-ray and neutron diffraction. FTIR
spectroscopy may be helpful to characterize the species of water and carbon dioxide in
the zeolites. Such an experimental investigation should be run as along with high-
quality molecule simulations. For example, Siepmann et al [12] in a recent publication
in J. Phys. Chem. C showed that the H-bond network properties of water change

dramatically upon adsorption into (Si-MFI) due to the hydrophobicity of the interior
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and structural confinement, and at high loading water has a high probability of

forming long, contiguous H-bonded chains in Si-MFI.

20 -+

Quantity adsorbed (mmol/g)

NaY-2.5

Li-CHA-6

Absolute pressure (torr)

Figure 8.4. Adsorption isotherms of H2O on NaY, Si-CHA and cation-exchanged

CHA at 303 K
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Figure 8.5. Adsorption sites of CO2 and H20 co-adsorbed on Cu-CHA-6

8.2.3 Other factors on the adsorption of CO2

Other compounds such as O2, NOy, and SOx are also present in the flue gas
mixture (their properties are shown in table 8.1). NO and O2 might have similar
adsorption properties as N2. However, NO2, SO2 and SOz are quite strong acids and
would affect more severely the adsorption of CO.. In addition, NO2 and SO have
higher polarizability and dipole moment compared to CO2. This could lead to strong
effect of these two gases on CO> adsorption properties even the amount of these two
gases in the flue gas mixture is not significant. The methods to study the effect of

these gases on CO- adsorption are similar to what we use to study for H>0. SO3 with
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large kinetic diameter would be excluded from 8MR windows, and would not affect

severely on the adsorption of CO..

Table 8.1. Properties of several adsorbates in flue gas mixture [13]
Gas Kinetics Polarizability Dipole Quadrupole
diameters (&)  (x10%®cm®)  (x108esu.cm)  (x102® esu.cm?)

CO2 3.3 29.1 0 4.3

NO 3.492 17 0.15872 -
NO: - 30.2 0.316 -

SO2 4.112 37.2-42.8 1.63305 -

O 3.467 15.812 - 0.39

N> 3.64 174 0 1.52

8.2.4 Other methods to study CO2 adsorption

Dynamic adsorption of CO. should be measured through breakthrough
experiments instead of equilibrium adsorption isotherms of CO. on zeolite materials
because dynamic uptake is more representative of the materials properties needed for
industrial applications. The set-up for break through experiments for single and dual
adsorption isotherms is quite simple as described by Xiong Su et al [14].

Ideal adsorbed solution theory (IAST) [15] and RAST (Real Adsorption
Solution Theory) [16, 17] are very helpful to predict multicomponent competitive
interactions of the mixture CO., N> and other gas components in the flue gas mixtures.
A combination of experimental methods with theoretical methods such as DFT,
GCMC would be more helpful to understand the adsorption species of CO2 in the

zeolites and help us to screen the best adsorbents for CO> capture.
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FTIR of CO2 and N2 at liquid nitrogen temperature would be very helpful to
see the interaction of these gases in the zeolites. For example, the evidence for the
direct interaction of N2 with Li cations in Li-ZK-5 is more supportive if we see a shift
in the vibration of N2 in the adsorbed phase compared to the gas phase. The movement
of CO2 in Mg-ZK-5 can be seen by a shift to higher frequency of the asymmetric

stretching vibration of CO; in the adsorbed phase compared to the CO> gas phase.

8.3 Thesis Accomplishments

We have investigated the effects of temperature, pressure, cation-type, zeolite
frameworks, hydrophobicity of the adsorbents, and CO> adsorbed amount on the
adsorption properties of CO2. We identified potential zeolite materials for various
separation processes of CO> from flue gas mixtures such as pressure/vacuum swing
adsorption and temperature swing adsorption techniques. We combined experimental
methods with GCMC simulations to compare and identify the structure-related
performance for CO> separation. We correlated the structure-property relations of
cation-exchanged zeolites for CO> adsorption using mainly X-ray and neutron powder
diffraction techniques. We showed the ability to design and tune the properties of
zeolite materials to make these adsorbents better for CO. separation based on our
structural refinements of CO, adsorbed on zeolites and the measurements of
adsorption isotherms. We also provided extensive experimental data to validate the
host-guest energy interaction assumptions in molecular simulations. Important
challenges will still need to be solved, but we are optimistic that new zeolites or
nanoporous materials in general with overall better performance than the currently

used amine scrubbing solutions will be discovered based on our studies and similar
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reports from literature on the structure-properties relationships of adsorbents for CO-

adsorption.
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¢ The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

e You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license is for a one-
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o With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
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translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner. You may not alter, remove or suppress
in any manner any copyright, trademark or other notices displayed by the Wiley
Materials. You may not license, rent, sell, loan, lease, pledge, offer as security,
transfer or assign the Wiley Materials on a stand-alone basis, or any of the rights
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e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
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and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
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https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID=140&publisherName=Wiley&publication=CSSC &publicationlD=31659&rightID=18&typ. ..

277


http://myaccount.copyright.com/

5/4/2015

Rightslink Printable License
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INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU
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threatened claims, demands, causes of action or proceedings arising from any breach
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IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
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to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
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any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
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from receipt by the CCC.

These terms and conditions together with CCC€ps Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and

conditions and those established by CCC€ps Billing and Payment terms and
conditions, these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC€ps Billing and Payment
terms and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state€s conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent jurisdiction
in New York County in the State of New York in the United States of America and
each party hereby consents and submits to the personal jurisdiction of such court,
waives any objection to venue in such court and consents to service of process by
registered or certified mail, return receipt requested, at the last known address of such

party.
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journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)) License
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Creative Commons Licenses:: Creative Commons Attribution (CC-BY) license Creative
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clearly identified on the article.

https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID=140&publisherName=Wiley&publication=CSSC&publicationlD=31659&rightiD=18&typ...  4/7


http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc/3.0/

5/4/2015 Rightslink Printable License

Copyright in any research article in a journal published as Open Access under a Creative
Commons License is retained by the author(s). Authors grant Wiley a license to publish the
article and identify itself as the original publisher. Authors also grant any third party the
right to use the article freely as long as its integrity is maintained and its original authors,
citation details and publisher are identified as follows: [Title of Article/Author/Journal Title
and Volume/Issue. Copyright (c¢) [year] [copyright owner as specified in the Journal]. Links

to the final article on Wiley€ps website are encouraged where applicable.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and

transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-commercial re-use of an open access article, as long as
the author is properly attributed.

The Creative Commons Attribution License does not affect the moral rights of authors,
including without limitation the right not to have their work subjected to derogatory
treatment. It also does not affect any other rights held by authors or third parties in the
article, including without limitation the rights of privacy and publicity. Use of the article
must not assert or imply, whether implicitly or explicitly, any connection with, endorsement
or sponsorship of such use by the author, publisher or any other party associated with the
article.

For any reuse or distribution, users must include the copyright notice and make clear to
others that the article is made available under a Creative Commons Attribution license,
linking to the relevant Creative Commons web page.

To the fullest extent permitted by applicable law, the article is made available as is and
without representation or warranties of any kind whether express, implied, statutory or
otherwise and including, without limitation, warranties of title, merchantability, fitness for a
particular purpose, non-infringement, absence of defects, accuracy, or the presence or
absence of errors.

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC) License permits use,

distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by non-commercial users
For non-commercial and non-promotional purposes, individual users may access, download,

copy, display and redistribute to colleagues Wiley Open Access articles, as well as adapt,
translate, text- and data-mine the content subject to the following conditions:
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The authors' moral rights are not compromised. These rights include the right of
"paternity" (also known as "attribution" - the right for the author to be identified as
such) and "integrity" (the right for the author not to have the work altered in such a
way that the author's reputation or integrity may be impugned).

Where content in the article is identified as belonging to a third party, it is the
obligation of the user to ensure that any reuse complies with the copyright policies of
the owner of that content.

If article content is copied, downloaded or otherwise reused for non-commercial
research and education purposes, a link to the appropriate bibliographic citation
(authors, journal, article title, volume, issue, page numbers, DOI and the link to the
definitive published version on Wiley Online Library) should be maintained.
Copyright notices and disclaimers must not be deleted.

Any translations, for which a prior translation agreement with Wiley has not been
agreed, must prominently display the statement: "This is an unofficial translation of an
article that appeared in a Wiley publication. The publisher has not endorsed this
translation."

Use by commercial "for-profit" organisations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee. Commercial
purposes include:

Copying or downloading of articles, or linking to such articles for further
redistribution, sale or licensing;

Copying, downloading or posting by a site or service that incorporates advertising
with such content;

The inclusion or incorporation of article content in other works or services (other than
normal quotations with an appropriate citation) that is then available for sale or
licensing, for a fee (for example, a compilation produced for marketing purposes,
inclusion in a sales pack)

Use of article content (other than normal quotations with appropriate citation) by for-
profit organisations for promotional purposes

Linking to article content in e-mails redistributed for promotional, marketing or
educational purposes;

Use for the purposes of monetary reward by means of sale, resale, licence, loan,
transfer or other form of commercial exploitation such as marketing products

Print reprints of Wiley Open Access articles can be purchased from:
corporatesales@wiley.com

Further details can be found on Wiley Online Library
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