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Abstract

LTA-type zeolites with narrow window apertures coinciding with the approxi-
mate size of small gaseous molecules such as CO2 and N2 are interesting candi-
dates for adsorbents with swing adsorption technologies due to their molecular
sieving capabilities and otherwise attractive properties. These sieving capabili-
ties are dependent on the energy barriers of diffusion between the zeolite pores,
which can be fine-tuned by altering the framework composition. An ab initio
level of theory is necessary to accurately describe specific gas-zeolite interac-
tion and diffusion properties, while it is desirable to predict the macroscopic
scale diffusion for industrial applications. Hence, a multiscale modeling ap-
proach is necessary to describe the molecular sieving phenomena exhaustively.

In this thesis, we use several different modeling methods on different length
and time scales to describe the diffusion driven uptake and separation of CO2
and N2 in Zeolite NaKA. A combination of classical force field based mod-
eling methods are used to show the importance of taking into account both
thermodynamic, as well as, kinetic effects when modeling gas uptake in nar-
row pore zeolites where the gas diffusion is to some extent hindered. For a
more detailed investigation of the gas molecules’ pore-to-pore dynamics in
the material, we present a procedure to compute the free energy barriers of
diffusion using spatially constrained ab initio Molecular Dynamics. With this
procedure, we seek to identify diffusion rate determining local properties of the
Zeolite NaKA pores, including the Na+-to-K+ exchange at different ion sites
and the presence of additional CO2 molecules in the pores. This energy barrier
information is then used as input for the Kinetic Monte Carlo method, allow-
ing us to simulate and compare these and other effects on the diffusion driven
uptake using a realistic powder particle model on macroscopic timescales.
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µm micrometer (10−6m)

a.u. atomic units

AIMD ab initio Molecular Dynamics
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DFT Density Functional Theory
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fs femtosecond (10−15s)

GCMC Grand Canonical Monte Carlo

GPW Gaussian and plane waves

GTH Goedecker-Teter-Hutter

KMC Kinetic Monte Carlo

LTA Linde Type A

MD Molecular Dynamics

MM Molecular Mechanics

MMC Metropolis Monte Carlo

MOR Mordenite

nm nanometer (10−9m)

ns nanosecond (10−9s)

PBC periodic boundary conditions

PBE Perdew-Burke-Ernzerhof

ps picosecond (10−12s)
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QC Quantum Chemistry
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Å Ångström (10−10m)



Contents

Abstract vi

List of Papers vii

Abbreviations xi

1 Introduction 15
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2 Zeolites as molecular sieves . . . . . . . . . . . . . . . . . . 16
1.3 Molecular multiscale modeling . . . . . . . . . . . . . . . . . 18

2 Diffusionally enhanced CO2-over-N2 selectivity in Zeolite NaKA 23
2.1 Zeolite A . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2 Kinetic molecular sieving . . . . . . . . . . . . . . . . . . . . 25
2.3 Fine-tuning the effective pore window in Zeolite NaKA . . . . 26

3 Predicting the CO2 uptake using force field based modeling 29
3.1 Force fields . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 Modeling the thermodynamic effect with Grand Canonical Monte

Carlo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3 Modeling the kinetic effect with Molecular Dynamics . . . . . 33
3.4 Predicting the total uptake in narrow pore zeolites . . . . . . . 35

4 Predicting the free energy barriers of diffusion using constrained
AIMD modeling 37
4.1 Density Functional Theory . . . . . . . . . . . . . . . . . . . 37
4.2 Periodic DFT-simulations with CP2K . . . . . . . . . . . . . 39
4.3 Constrained AIMD . . . . . . . . . . . . . . . . . . . . . . . 40
4.4 Determining the free energy barriers of diffusion in Zeolite

NaKA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.5 Identifying the local diffusion rate-determining properties . . . 42



5 Scaling up: Coarse graining the time evolution with Kinetic Monte
Carlo 49
5.1 Kinetic Monte Carlo . . . . . . . . . . . . . . . . . . . . . . 49
5.2 Determining the rate constants . . . . . . . . . . . . . . . . . 53
5.3 KMC-simulations with KMCLib . . . . . . . . . . . . . . . . 54
5.4 Modeling the CO2 and N2 uptake in a realistic Zeolite NaKA

powder particle model . . . . . . . . . . . . . . . . . . . . . 54
5.5 Testing the effects of rate-determining properties . . . . . . . 57
5.6 Adsorption kinetics . . . . . . . . . . . . . . . . . . . . . . . 60

6 Conclusions and Outlook 63

Sammanfattning på svenska lxvii

Acknowledgements lxix

References lxxi



1. Introduction

1.1 Background

According to the overwhelming majority of the leading climate research we
are in a time where the threat of global warming is immediate [1]. There is
strong scientific support that this is a direct consequence of the vast increase
of emission of greenhouse gases into the atmosphere resulting from the drastic
increase of industrial discharge mainly from burning fossil fuels such as oil,
coal, pete and natural gases during the last century [2].

In the last few decades development of climate neutral industrial tech-
niques have accelerated and the future in this field looks bright giving hope
that the dependence of fossil fuels, given time, can be broken. However, in
order to stop the negative development of the climate we cannot afford to wait
and the CO2 discharge into the atmosphere must immediately decrease, drasti-
cally. Therefore, developing efficient techniques for capturing CO2 is a neces-
sity. Further, these techniques need to be inexpensive to also be afforded by
developing countries where the burning of coal is the main energy supply. [3]

Typically, flue gas discharge from a coal-fired power plant is composed of
81% N2, 5% O2, and 14% CO2 in addition to trace contaminants such as sulfur
and nitrogen oxides [4]. However, when studying the separation of CO2 from
the flue gas bulk, it is necessary to study the unique physical relation between
CO2 and each other flue gas component separately. In this thesis, the focus has
been on the process of separating CO2-from-N2, efficiently and inexpensively,
as this has shown to be a challenge due to the similarities of the two molecules.

Today, there are several techniques being investigated for this purpose. The
main method currently in use in industries for the separation of CO2 from N2
is adsorption with an amine water solution, so-called amine scrubbing. This
separation method relies on the difference in the chemical reactivities between
CO2 and N2, where CO2 has a higher affinity to create chemical bonds, so-
called chemisorption, to the amines in the solution [3; 5]. However, breaking
the chemical bonds for regeneration of the liquid substrate to enable a new
separation cycle is commonly executed by boiling the solution. Following the
high heat capacity of water the cost of amine scrubbing is high, too high to be
used extensively, hence, the development of separation substrates needs to be
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driven forward.
Compared to chemisorption, physical van der Waals or electrostatic inter-

actions, referred to as physisorption have lower heats of adsorption. Therefore,
it is of great interest to investigate materials, which attract large amounts of
CO2 through weaker non-bonding interactions in order to lower the cost and
efficiency of carbon capture and separation techniques and therein increase the
use of these methods.

For the separation process, pressure or temperature swing adsorption tech-
niques (PSA/TSA) are commonly used. These techniques are based on the
relation between the gas pressure or temperature and the chemical potential
between the adsorbate and adsorbent [6]. For a gas molecule adsorbed to
a material at room temperature and ambient pressure, desorption will occur
when the temperature is increased enough to provide the system with suffi-
cient energy to break the bonds, alternatively, the pressure is decreased to a
value where the chemical potential reaches zero. Increasing the temperature
and decreasing the pressure involve energy costs, which depend on the extent
of these, so-called, swings. In turn, the extent of the swings depend on the
interaction energy, or heats of adsorption of the adsorbate to the adsorbent.
Therefore, for cost efficient swing cycles it is attractive that this heat of ad-
sorption is as low as possible, while still achieving the capacity and selectivity
required for the uptake and separation process.

The minimum electric load imposed on a power plant during such a PSA/TSA
process was coined as the "parasitic energy" by Lin et al. [7] who also pre-
dicted that an intermediate value of the heat of adsorption yields the lowest
parasitic energy. This thesis work relates to the possibility that the parasitic
energy could be further decreased by employing kinetic aspects to the CO2-
over-N2 separation process, vide infra.

1.2 Zeolites as molecular sieves

When it comes to research on potential adsorbents, porous material, such as
zeolites, have received a lot of attention. Zeolites are microporous crystalline
aluminum silicates, which both occur naturally and can be synthesized in the
laboratory. Due to their porosity these materials obtain a high surface area
giving them a high capacity for gas adsorption. Also, the pore sizes of these
materials are in the molecular size range allowing them to function as molecu-
lar sieves, distinguishing amongst molecules of different sizes.

There is a large variety of zeolites with varying Al-to-Si ratios. The frame-
work obtains a negative charge from the Al-atoms, which are in turn neutral-
ized by mono or divalent extra-framework cations, generally Na+, K+ or Ca2+
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Figure 1.1: Four examples of common Zeolite framework structures: FAU (top
left), CHA (top right), MOR (bottom left) and LTA (bottom right).

ions. Zeolites also vary in pore sizes and shapes (four examples are shown in
Figure 1.1) where there are two main types:

1. Channel-type where the framework is built up by a one or two dimen-
sional channel system

2. Cage-type where the framework is three dimensional and consists of
cage-like sections of different sizes

When it comes to separating CO2 from N2 there are two major differences
between these two gas molecules which can be exploited in the separation pro-
cess: first, CO2 has a quadrupole moment (−14× 10−40 Cm2) almost three
times as high as that for N2 (−4.7×10−40 Cm2) [8]. This provides CO2 with
a higher affinity to the zeolite arising from the variations in the electrostatic
landscape of the zeolitic surface. These contributions to the uptake and sep-
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aration will in the thesis be referred to as thermodynamic effects. It is these
thermodynamic effects that most gas separation processes, in fact, rely on.
Second, CO2 has a slightly smaller kinetic diameter than N2, 3.3 and 3.6 Å,
respectively [9]. The smaller kinetic diameter of the CO2 molecule entails that
it can squeeze through slightly smaller zeolite pore openings compared the N2
molecule. This may seem somewhat counterintuitive to many, however, the
kinetic diameter is not a pure size effect neither is it particularly straight for-
ward to explain. As a measure, the kinetic diameter, was in fact determined
for certain gas molecules by, namely, zeolite uptake experiments. Here, the
kinetic diameters where determined by identifying the cutoff pore diameter
of the zeolite where the particular gas molecule could no longer enter. This
leads us to believe that the kinetic diameter is more than a pure size measure
and that, perhaps, properties of the gas molecule, such as polarizability may
have "steering" effects. This thesis work has given some clarification to these
ideas and will be discussed more in chapter 4. This size selective separation
between CO2 and N2 will be referred to as the kinetic effect. It is also this
second, kinetic effect, which this thesis will particularly investigate. Can the
separation be enhanced through size selective molecular sieving and what are
the properties, of the adsorbate as well as the adsorbent, which dictate the rate
of diffusion through the porous material?

As mentioned, there is a large variety of zeolites. Additionally, there are
considerable possibilities to alter or synthesize a specific zeolite in order to
optimize it’s functionality for a certain application. As the focus of the work
presented in this thesis has been on enhancing the CO2-over-N2 selectivity
through kinetic effects, this investigation has been restricted to narrow pore
zeolites of LTA-type and how the effective pore window diameter, diffusion
rates and, in turn, the CO2-over-N2 selectivity can be altered through cation
exchange.

1.3 Molecular multiscale modeling

In the last few decades molecular modeling has attained an increasingly im-
portant role in molecular research. The exponentially increasing supply of
computational resources [10] along with the maturation of modeling methods
have brought molecular modeling and computational chemistry to become a
naturally integrated part of the analysis of experimental data, allowing us to
predict unknown properties of materials while providing insight to what is go-
ing on at the molecular scale. Modeling also opens up for the possibility to
predict new materials yet to be synthesized acquiring properties of interest for
a specific application.

It is not either uncommon that reviewers of higher impact journals ask for
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modeling work to support and describe experimental data. Today, just over
one year ago, Martin Karplus, Micheal Levitt and Arieh Warshel received the
Nobel Prize in Chemistry 2013 for their work on the development of multi-
scale models for complex chemical systems [11]. This was the well-deserved
certificate showing the important role molecular modeling and computational
chemistry play in molecular research. Just during this last year, I have myself
experienced a drastic increase in collaboration interests and interest in molec-
ular modeling from colleagues working with experiments. I see this increased
interest with very positive eyes and I am a strong believer that an increased
collaboration between theoreticians and experimentalists can only improve the
research of each parts as well as strengthen molecular research as a whole.

So what is molecular modeling and, in particular, what is molecular mul-
tiscale modeling? Well, molecular modeling is more or less anything from a
simple drawing or ball and stick model to advanced computational methods,
which act to simulate the behavior of a molecular system. Most or all molec-
ular modeling methods are developed from knowledge of the laws of physics,
either classical or quantum mechanical. Following this, there are two main cat-
egories of computational molecular modeling techniques. Classical molecular
mechanics based methods (MM) and quantum chemistry methods (QC).

Molecular mechanics is based on classical and statistical mechanics where
the atoms are treated explicitly and the interatomic interaction in the system
are described by predetermined force fields, which are parametrized either
to experimental results or quantum chemical calculations. MM methods can
further be divided in to two main types: Metropolis Monte Carlo Methods
(MMC) [12] and Molecular Dynamics methods (MD) [13; 14]. MMC meth-
ods randomly sample the system’s potential energy surface according to the
Boltzmann distribution in search for the minimal energy configuration accord-
ing to the defined system ensemble. However, as MMC is a purely statistical
method it does not show the molecular system’s propagation over time and we
cannot get any information on the dynamics of the system. This is, instead,
exactly what MD methods model. Here the atomic positions are propagated
in time by solving the Newtonian equation of motion. This results in a deter-
ministic trajectory of the atomic movements as a function of time. With these
MM methods relatively large systems and time scales (i.e. µm and ns) can
generally be modeled and the behavior of macroscopic quantities in a system
such as pressure, volume and temperate can be determined. The MM methods
used in this thesis will be described more in detail in chapter 3.

Quantum chemistry on the other hand is based on the laws of quantum
mechanics and considers the behavior of the electrons explicitly. This allows
us to investigate the nature of the chemical bonds and interactions in detail.
These computations are said to be ab initio − from the beginning. Due to
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the high computational cost, QC computations are generally limited to smaller
systems or specific locations of interest in a material such as a bonding site.
Additionally, QC computations can be implemented into both MMC and MD
methods where interatomic interactions energies at each simulation step are
determined by QC instead of the by the predetermined force fields. Ab initio
Molecular Dynamics (AIMD) will be described more in detail in chapter 4.

Unfortunately, there is no single modeling method, which is ideal for all
applications and generally the higher accuracy you acquire in your model the
more computational time is required, restricting the computations to smaller
systems. Therefore, it is critical that the level of theory is adapted to the length
and timescale of the system to be modeled. The tradeoff between accuracy and
size needs to be adjusted to answer the question at interest with a reasonable
accuracy.

Figure 1.2: Multiscale modeling

Very often, in order to provide a description of a phenomenon or process in
a system exhaustively, it is necessary to extend the modeling work over several
length and time scales (Figure 1.2) and it is this, which is referred to as multi-
scale modeling. Multiscale modeling methods often involve transferring infor-
mation retrieved from simulation methods with high accuracy but small length
and time scales to simulation methods treating larger scales, hence, bridging
the scales together. In particular, when it comes to materials, it is highly at-
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tractive to be able to provide macroscopic scale models in order to predict
"real" behavior in materials. As neither QC nor MM modeling methods are
able to reach macroscopic length and timescales, it is necessary to go beyond
atomistic scale modeling methods and employ so-called coarse graining meth-
ods. The coarse graining may take place in the spatial dimension where, for
example, several atoms may be bunched together in molecular segments and
given unitary interaction properties. These interaction properties are, in turn,
retrieved from smaller scale (electronic or atomistic) simulations. One exam-
ple of a very common use of coarse graining units is for hydrocarbon com-
plexes in force field based molecular modeling methods. Here, the hydrogen
atoms are not treated explicitly but instead effectively as a united atom com-
plex where each specific hydrocarbon segment (-CH, -CH2, -CH3 a.s.o.) is
assigned force field parameters mimicking a single atom [15]. However, with
spatial coarse-graining even whole functional groups and other larger entities
of atoms may be treated as a single interaction site. In a similar manner, the
temporal scale can be coarse grained. Temporal coarse graining methods are
today not as widely used as spatial coarse graining methods but those, which
have gained more extensive use are based on the Arrhenius rate law [16], in
general Kinetic Monte Carlo (KMC) methods [17; 18]. These methods are
appropriate for rare event dynamics where the specific rate determining prop-
erties for the process of interest can be identified and measured independently
of other events. Here, it is only the time related to the full process, which is
of interest. Therefore, the short time intervals related to each intermediate step
are coarse grained into only one, much longer time step corresponding to the
full process or event. This method will be discussed more in detail in chapter
5.

This thesis treats an extensive range of length and timescales, from the
electronic scale to the macroscopic scale using a variety of modeling methods
when investigating the cation exchanged LTA type zeolites and their function-
ality as molecular sieves for the separation of CO2 and N2 gases. I started
off my thesis work on this subject on the atomistic scale using classical force
field based modeling. Here, MMC and MD were combined in an approach
to take into account both the thermodynamic and kinetic effects of the selec-
tive uptake of CO2. Next, going down in the multiscale modeling length and
time scale presented in Figure 1.2, I used AIMD to describe the kinetic effect
in greater detail. Finally, based on the information retrieved from the AIMD
computations, a macroscopic scale model of the diffusion controlled uptake of
a powder particle was constructed by coarse graining the time evolution using
the KMC method.
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2. Diffusionally enhanced
CO2-over-N2 selectivity in Zeolite
NaKA

2.1 Zeolite A

LTA-type zeolites are three-dimensional cage type microporous aluminum sil-
icates. Belonging to the point group Pm3m, the framework has a cubic peri-
odicity built up by so-called α- and β -cages. Eight (2× 2× 2) of the larger
α-cages build up one unit cell (the crystallographic periodic unit) and at the
intersections of the α-cage corners, the smaller β -cages are formed. Hence,
each unit cell comprises a combined total of five β -cages. Each cage intersects
another by the pore window rings. The size of the ring number refers to the
number of O-atoms comprising the ring. Here, the α-cages intersect each other
with 8-rings (8R), the β -cages with 4-rings (4R) and the α-cages intersect the
β -cages with 6-rings (6R). As the largest ring size is the 8R, with a diameter
of 5Å, LTA-type zeolites are referred to as narrow pore zeolites since they
only allow the entrance of small molecules such as CO2 and N2. The 6R and
4R pore windows are however too narrow to allow these two gas molecules to
pass, hence, it is the size of the 8R that determines the uptake. Following this,
CO2 and N2 molecules can only enter the space confined by the α-cages.

Of LTA type zeolites, Zeolite A is the most recognized (Figure 2.1). This
zeolite is already today intensely used for different industrial, commercial and
domestic applications. For example as catalysts in petroleum refinements [19],
for water removal in cat litter and desiccants and for ion exchange in detergents
[20]. Zeolite A has an Al-to-Si ratio of 1, which is the highest ratio possible.
The Al- and Si-atoms in the framework are strictly alternating in accordance
with Löwenstein’s rule [21] resulting in a Fm3m symmetry. In turn, this high
Al-to-Si ratio leads to a high content of the extra-framework cations, where
each Al atom is neutralized by one cation valence. In the case of monovalent
cations, their are 96 cations per unit cell and for the common case of the Na+

cations, the chemical composition is Na96Al96Si96O394 for one unit cell of
Zeolite A.

These cations are distributed over three types of sites (I, II and III) [22–24]
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8R 

4R 
6R 

Zeolite A Unit Cell  β-cage 

α-cage 

Figure 2.1: The framework of a Zeolite A unit cell (left) is built up by eight
α-cages (bottom right). The smaller β -cages (top right) are comprised in the
cubic intersect of the α-cages. The cages are in turn built up by Si-Al-O ring
structures of three different sizes consisting of either four (4R), six (6R) or eight
(8R) oxygen atoms. Color key: red=O, yellow=Si, pink=Al.

in the plane or centered to one of the three ring types. Site I is centered to the
6R, site II is in the plane of the 8R and site III is centered to the 4R. Of these
96 extra-framework cations, they will first occupy all 64 6R and 24 8R sites
in the unit cell while the remaining eight cations will be distributed to the 4R
sites, hence, the 4R sites will not be fully occupied. As it is only the 8R that
has a diameter large enough to allow the passage of CO2 or N2, it is the cation
occupying the 8R site, which primarily regulates the passage of these two gas
molecules. The framework containing Na+ ions is referred to as Zeolite NaA
or 4A and that containing K+, Zeolite KA or 3A, where 4A and 3A denotes the
resulting pore window diameters of approximately 4 Å and 3 Å respectively.
Zeolite NaKA refers to a mixed Na+ and K+ extra-framework distribution.
At the three ion sites Na+ and K+ ions have slightly different positioning as
shown in Figure 2.2. At the 4R and 6R sites, K+ protrudes farther from the
respective planes due to the larger radius of K+. For the 6R sites Ikeda et al.
[24] also showed the occurrence of split sites in Zeolite KA where the K+ ion
can protrude either into the α-cage, as for Na+, or into the β -cage. At the
8R site, both cations position in the 8R plane, however, the smaller Na+ ion
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	   Figure 2.2: Crystallographic K+ and Na+ positions in Zeolite A. Figure from
paper III.

positions off-centre to maximize interaction with two Al-atoms in one of four
geometrically and energetically equivalent corners while the larger K+ has a
centered position interacting with all four Al-atoms in the 8R.

2.2 Kinetic molecular sieving

In 1956 Breck et al. [9] performed uptake experiments for small gas molecules
in cation exchanged Zeolite A. These experiments showed that the uptake of a
certain gas molecule could be decreased or completely blocked out by chang-
ing the type of extra-framework cations. The decreased uptake showed to have
a direct relation between the size and shape of the adsorbate molecule and the
effective pore window size of the molecule, which could be tuned by choice
of cation. This was the first demonstration of size selective molecular sieving.
Hence, if we are capable of altering the size and shape of the pore windows it
should be possible to enhance the selective properties of zeolites by fine tuning
the size of the pore window openings where one adsorbate type is free to enter
while another is partially or fully blocked out. This idea has been used widely
when it comes to separation of hydrocarbons for example [25–30]. However,
when it comes to separating CO2 from N2, this effect has been scarcely inves-
tigated.
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2.3 Fine-tuning the effective pore window in Zeolite NaKA

Just starting my PhD studies, I was introduced to an initial project collabo-
ration with the experimental group of Prof. Niklas Hedin. The scope of this
project was precisely this, to investigate how the CO2-over-N2 selectivity in
Zeolite A, could be further enhanced by exploiting the difference in kinetic
diameters between CO2 and N2 and introduce kinetic separation effects in ad-
dition to the already existing thermodynamic separation effects. As the kinetic
diameters of CO2 (3.3 Å) and N2 (3.6 Å) lie right in between the 8R pore di-
ameters of Zeolite NaA and KA, most of the CO2 and N2 molecules should be
allowed to enter the NaA material and reach thermodynamic equilibrium while
being blocked from entering and diffusing through the KA material. Hence,
the uptake level of thermodynamic equilibrium cannot be reached in Zeolite
KA.

CO2 capacity after the first cycle was related to the presence of
chemisorbed moieties.

The IR spectra in Fig. 2 showed that a large fraction of CO2

was physisorbed in the NaKA structure for the 0 at.%,
17 at.%, and 28 at.% K+ zeolites. The n3 (asymmetric stretching)
band at 2346 cm!1, the combination bands (n3 + n1, n3 + 2n2)
at 3714 and 3598 cm!1, and the n1 (symmetric stretching) band
at 1381 cm!1 correspond to physisorbed CO2. The symmetric
stretching mode of gaseous CO2 is not IR active, but it
becomes detectable as a result of the interaction with the
cations. Chemisorbed species were visible in the region
1800–1200 cm!1. These species were assigned as monodentate,
bidentate, chelating, or polydentate carbonates.16–20 As seen in
Fig. 2, the quantity of physisorbed CO2 decreased when the
K+ content was increased. This decrease agreed with our
adsorption experimental results and IR studies on pure NaA
and KA materials.19 For NaA (Fig. 2a), the chelating (1720
and 1250 cm!1) and bridged bidentate carbonate (1620 and
1362 cm!1) species dominated.19 For small K+ content
zeolites (Fig. 2b–c), the bidentate form was dominant. Negative
bands are observed at 1175 cm!1. Similar bands have been
detected when CO2 adsorbs on NaA19 and NaY.21 We attribute
these negative signals to perturbations of the Si–O–Al
vibrational modes during the adsorption of CO2. The IR
spectrum in the chemisorption regime was very different for
the NaKA with the highest K+ content (Fig. 2d). This difference
and the overall low uptake suggested that CO2 adsorbed mainly
on the external particle surface for the K+-rich NaKA. For this
sample, the sorption kinetics appeared to hinder the uptake of

CO2 on the timescale of the experiments. We observed that
almost all physisorbed CO2 can be removed by evacuation for
the NaA, as seen from Fig. 3a. For the NaKA, it was more
difficult to remove CO2 at higher K

+ contents. At 17 at.% of K+

in NaKA, most physisorbed CO2 could be removed after
applying dynamic vacuum conditions, only very little CO2

remained in the zeolite, see Fig. 3b and S8.w (The IR spectra
for the adsorption and desorption branches on NaKA with
17 at.% are presented in the ESI: Figs. S6, S7 and S8.w) For
the samples with high K+ content, significant amounts of
physisorbed CO2 remained on NaKA (Fig. 3c and d). These
different tendencies relate very well with K+ control of the CO2

diffusion in NaKA.
In order to investigate the regenerability of the zeolite

NaKA, cycle measurements were conducted (Fig. S5w). The
regeneration temperature was an important parameter for
zeolite regeneration. In the cycle 4, when the regeneration
temperature decreases to 473 K, the uptake of zeolite NaKA
decreases dramatically. After increasing the temperature to
623 K again, the uptake of the sample returns to the high
value. The decrease of the uptake in cycle 2, cycle 3 and cycle
5 is caused by the chemisorption of CO2 on the zeolite.

Scheme 1 Illustration of the structural mechanism by which K+

reduces the effective pore window aperture in NaKA zeolite.

Fig. 1 Uptake of CO2 and N2 (298.15 K, 0.85 bar) in NaKA. Lines

are provided to guide the eye.

Fig. 2 Infrared spectra of adsorbed CO2 on (a) NaA, and on NaKA

with K+ contents of (b) 17 at.%, (c) 28 at.%, and (d) 88 at.%, at a

CO2 pressure of 0.13 bar.

Fig. 3 Infrared spectra of adsorbed CO2 on (a) NaA and NaKA with

K+ content of (b) 17 at.%, (c) 28 at.% and (d) 88 at.% in the

desorption branch after 1 h evacuation.
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Figure 2.3: Schematic illustration of the effective 8R pore diameter of Zeolite
NaKA mechanism resulting from the Na+-to-K+ exchange. Figure from paper I.

The idea is that by, in a controlled manner, exchanging the smaller Na+

ions for the larger K+ ions, it should be possible to fine tune the material’s
functionality as a molecular sieve. As illustrated in Figure 2.3, at a certain
Na+-to-K+ ratio an effective 8R pore diameter (de f f ) lying right between the
kinetic diameters of these two gas molecules, 3.3 Å< de f f <3.6 Å, should be
reached. With de f f within this range, a large amount of the CO2 can freely
enter the material and be adsorbed while the slightly larger N2 molecules are
blocked out.

Paper I communicated particularly appealing experimental uptake results,
which strongly support this idea of kinetic molecular sieving. Adsorption
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CO2 capacity after the first cycle was related to the presence of
chemisorbed moieties.

The IR spectra in Fig. 2 showed that a large fraction of CO2

was physisorbed in the NaKA structure for the 0 at.%,
17 at.%, and 28 at.% K+ zeolites. The n3 (asymmetric stretching)
band at 2346 cm!1, the combination bands (n3 + n1, n3 + 2n2)
at 3714 and 3598 cm!1, and the n1 (symmetric stretching) band
at 1381 cm!1 correspond to physisorbed CO2. The symmetric
stretching mode of gaseous CO2 is not IR active, but it
becomes detectable as a result of the interaction with the
cations. Chemisorbed species were visible in the region
1800–1200 cm!1. These species were assigned as monodentate,
bidentate, chelating, or polydentate carbonates.16–20 As seen in
Fig. 2, the quantity of physisorbed CO2 decreased when the
K+ content was increased. This decrease agreed with our
adsorption experimental results and IR studies on pure NaA
and KA materials.19 For NaA (Fig. 2a), the chelating (1720
and 1250 cm!1) and bridged bidentate carbonate (1620 and
1362 cm!1) species dominated.19 For small K+ content
zeolites (Fig. 2b–c), the bidentate form was dominant. Negative
bands are observed at 1175 cm!1. Similar bands have been
detected when CO2 adsorbs on NaA19 and NaY.21 We attribute
these negative signals to perturbations of the Si–O–Al
vibrational modes during the adsorption of CO2. The IR
spectrum in the chemisorption regime was very different for
the NaKA with the highest K+ content (Fig. 2d). This difference
and the overall low uptake suggested that CO2 adsorbed mainly
on the external particle surface for the K+-rich NaKA. For this
sample, the sorption kinetics appeared to hinder the uptake of

CO2 on the timescale of the experiments. We observed that
almost all physisorbed CO2 can be removed by evacuation for
the NaA, as seen from Fig. 3a. For the NaKA, it was more
difficult to remove CO2 at higher K

+ contents. At 17 at.% of K+

in NaKA, most physisorbed CO2 could be removed after
applying dynamic vacuum conditions, only very little CO2

remained in the zeolite, see Fig. 3b and S8.w (The IR spectra
for the adsorption and desorption branches on NaKA with
17 at.% are presented in the ESI: Figs. S6, S7 and S8.w) For
the samples with high K+ content, significant amounts of
physisorbed CO2 remained on NaKA (Fig. 3c and d). These
different tendencies relate very well with K+ control of the CO2

diffusion in NaKA.
In order to investigate the regenerability of the zeolite

NaKA, cycle measurements were conducted (Fig. S5w). The
regeneration temperature was an important parameter for
zeolite regeneration. In the cycle 4, when the regeneration
temperature decreases to 473 K, the uptake of zeolite NaKA
decreases dramatically. After increasing the temperature to
623 K again, the uptake of the sample returns to the high
value. The decrease of the uptake in cycle 2, cycle 3 and cycle
5 is caused by the chemisorption of CO2 on the zeolite.

Scheme 1 Illustration of the structural mechanism by which K+

reduces the effective pore window aperture in NaKA zeolite.

Fig. 1 Uptake of CO2 and N2 (298.15 K, 0.85 bar) in NaKA. Lines

are provided to guide the eye.

Fig. 2 Infrared spectra of adsorbed CO2 on (a) NaA, and on NaKA

with K+ contents of (b) 17 at.%, (c) 28 at.%, and (d) 88 at.%, at a

CO2 pressure of 0.13 bar.

Fig. 3 Infrared spectra of adsorbed CO2 on (a) NaA and NaKA with

K+ content of (b) 17 at.%, (c) 28 at.% and (d) 88 at.% in the

desorption branch after 1 h evacuation.
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Figure 2.4: Experimental CO2 and N2 uptake dependence on the level of Na+-to-
K+ exchange at 298.15 K and 0.85 bar. Lines for respective dataset are provided
to guide the eye only . Figure from paper I.

isotherms for CO2 and N2 were measured at room temperature (298.15 K)
up to 0.85 bar for a series of Zeolite NaKA powders with K+/(K++Na+) ratios
varying from 0 to 1. When plotting the uptakes at 0.85 bar for each structure
composition as a function of the level of Na+-to-K+ exchange (Figure 2.4) in-
teresting behavior was observed. The uptakes for both CO2 and N2 decreased
with increasing K+-content. This decrease was however non-linear showing a
drop in the uptake starting at ∼10%, for both CO2 and N2. As the N2 uptake
start from an initial low level, the uptake reaches close to zero already at the
level of 17% Na+-to-K+ exchange. At this level, the CO2 uptake still remains
high resulting in an exceptionally high selectivity of over 200. This selectivity
can be compared to selectivities of around 10 for similar materials with large
pores and without kinetic sieving functionalities for small molecules [31–36].

When modeling gas adsorption in zeolites, the MMC algorithm in the
Grand Canonical ensemble (GCMC) is, more or less, standard use [37–46].
Hence, the initial approach in paper I to model the adsorption isotherms of
CO2 and N2 in Zeolite NaKA was using this method, which is discussed more
in detail in chapter 3. The uptake levels for structure compositions and con-
ditions corresponding to those in the experimental setup were simulated and
compared with the experimental data. The modeled levels of uptake were con-
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sistently higher than the experimentally measured uptake levels and did not
show the non-linear uptake dependency. Instead, the modeled uptake showed a
linear decrease with increasing K+-content. This is a behavior typical for large
pore zeolites in which, the extra-framework atoms do not substantially restrict
a free pore-to-pore diffusion and where the decrease in uptake is mainly the
effect of decreased pore volume resulting from the larger volume of the K+

ions compared to Na+ ions [47]. GCMC models the thermodynamic equilib-
rium uptake level in a system and cannot describe kinetic effects. Therefore,
these results were not surprising and, on the contrary, supported the theory
of kinetic sieving. Here, the thermodynamic effect could not fully describe
the non-linear uptake behavior for CO2 and N2 leading to the exceptionally
high selectivity measured experimentally in Zeolite NaKA. Hence, in order to
model a more extensive picture of the uptake it is necessary to take into ac-
count the kinetic effects in addition to the thermodynamic effects. This insight
induced the next step, where in paper II, I approached to fully describe the
uptake dynamics by combining equilibrium uptake simulations using GCMC
with diffusion simulations using MD.
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3. Predicting the CO2 uptake
using force field based modeling

In paper II, I attempted to model the CO2 uptake as a function of the K+-
content in the Zeolite NaKA material taking both the thermodynamic as well
as the kinetic effects on the uptake into account. For this, a combination of
classical modeling methods were used: GCMC to model the equilibrium up-
take, predicting the thermodynamic contribution and MD to model the CO2
diffusion in the Zeolite structure, predicting the kinetic contribution. Due to
the very slow diffusion of N2 in relation to the timescale accessible to model
with MD, this study was limited to CO2, hence we could not predict the se-
lectivity between these two gas molecules. However, it is not unrealistic to
assume that the trends we saw for CO2 in the model are likely to hold true
even for N2, given a longer time scale. In this case, the high selectivity mea-
sured experimentally in paper I could be explained theoretically.

Here, I will not go into great detail regarding method theory but instead
focus on the application of these. Therefore, I would like to refer the inter-
ested reader to literature by Frenkel and Smit [48] for a detailed review on this
subject.

3.1 Force fields

When performing molecular modeling based on classical mechanics, so-called
classical modeling methods, the interactions between all particles in the system
are described by a predetermined potential energy model: a distance dependent
function between two particular particles describing at what distance they repel
or attract each other and at what strength. The collection of potential energy
or interaction functions for all inter-particle pairs is what is called the system’s
force field. These interaction functions can be divided into two types, either
describing bonded or non-bonded interactions. Bonded interaction functions
include a description of the bond vibrations, bond angle bending, and rota-
tions around bonds. The non-bonded interaction functions describe the van
der Waals and electrostatic interactions.

All of these interaction functions are defined by a functional form and
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function parameters where the functional form is chosen to best fit the type
of interaction while the function parameters are parameterized to the specific
inter-particle interaction. Each particle pair will have a specific set of param-
eters, which are parameterized either to fit experimental data (top down ap-
proach), derived from quantum chemical calculations (bottom up approach) or
a combination of the both.

When it comes to classical force field based simulations the accuracy of
the force field is crucial as it is this that provides the physical substance to the
model. Moreover, in order for a force field based model to be possess predic-
tive qualities, it is also necessary that the force field is transferable. Here, trans-
ferability implies that the same set of interatomic interaction function should
be able to be used for a variety of different molecules of systems other than
that, which it has been specifically parameterized from. Further, the force field
should be able to describe different physical properties, such as thermody-
namic interactions as well as diffusion.

Unfortunately, a force field describing zeolite-gas interactions living up
to both of these requirements in full is, at this point in time, unobtainable.
Therefore, when modeling a given physical property for a given system it is
necessary to base the choice of force field on the type of information, which
we wish to receive and which questions we wish to answer. Is it a qualitatively
comparative study or is quantitative accuracy important?

For zeolites, numerous force fields have been developed for interaction
with CO2 and N2, both bottom up and top down, which have high accuracy
for the specific properties and framework they have been parameterized from
[38; 39; 43–46]. Despite this, I chose to use a force field of generalized type,
COMPASS [49] in combination with DFT computed Hirshfeld partial atomic
charges [50]. Generalized force fields are parameterized from a wide range
of atomic types; elements in different molecular surroundings and not to a
specific system. In general, these generalized force fields are inferior when
it comes to providing high accuracies for specific measurables, however the
transferability is commonly superior.

Following this, the choice of force field was based on the following points:

1. System specific force fields available for zeolite-gas interactions are gen-
erally limited to all-silica zeolites or Na+ containing zeolites. Hence, a
system specific force field for Zeolite NaKA or any K+ containing zeo-
lites is not yet available.

2. As the objective of this work is to predict the extent, to which the uptake
is facilitated/hindered by thermodynamics and kinetics, respectively, we
are looking to avoid a bias where the uptake level is presumed to depend
solely on thermodynamic effects. System specific force field parameters
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for zeolite-gas interactions are commonly fitted using GCMC simula-
tions to match experimental adsorption isotherms. This approach may
be a good estimation when investigating gas uptake of zeolites without
size restricting pores. However, when an unrestricted pore-to-pore dif-
fusion of the adsorbate is, to some extent hindered by the size or cation
blocking of the pore windows, such as in the case for Zeolite A, the up-
take will be affected. In this case, determining a force field by appointing
the full uptake to thermodynamics will create such a bias. Also combi-
nations of different force field parameters may give the same outcome,
which is apparent when comparing the relatively extensive number of
CO2−Zeolite NaA force fields with widely varying parameters for the
same interactions. When modeling specific interactions or quantities
other than those parameterized from, the outcome may vary greatly be-
tween different force fields and, in particular, significant variations in
the outcome of diffusion simulations as shown by Garcia-Sanchéz et al.
[51].

3. As the nature of the study is comparative, i.e. we are looking for trends
rather than absolute values, the transferability weighs stronger than the
accuracy.

4. The all-atom COMPASS-force field has a full set of parameters for the
CO2 - Zeolite NaKA system containing elaborate models for for both
the bonded and non-bonded interactions. Hence, a fully flexible sys-
tem is permitted, which is of particular importance when modeling the
diffusion in narrow pore zeolites as the flexibility of the pore window
ring and cation may play a crucial role in diffusion. Further, the COM-
PASS force field is derived by using ab initio data parameterized from a
variety of molecular classes and extensively validated using Molecular
Dynamics and energy minimizing procedures. A further discussion can
be found in paper II and details regarding the parameters and functional
forms used by the COMPASS force field can be found in the Supporting
Information of paper II.

3.2 Modeling the thermodynamic effect with Grand Canon-
ical Monte Carlo

The Metropolis Monte Carlo algorithm is based purely on statistics and is an
efficient method to reach a minimal energy configuration in a system for a
given ensemble by randomly sampling the systems potential energy surface
according to the Boltzmann distribution [12]. We consider a system of atoms
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with the potential energy U(r) defined by the applied force field, changing
with ∆U(r) when displacing atoms by ∆. If the move decreases the overall
potential energy of the system the move will be accepted, if not, a random
number will be drawn and tested against the Boltzmann distribution of ∆U(r).
The algorithm for a MMC step test proceeds as follows:

for ∆U =U(r+∆)−U(r)

if ∆U ≤ 0, accept move

if ∆U > 0, accept move if rnd[0,1] ≤ e−∆U/kBT

decline move if rnd[0,1] > e−∆U/kBT

This procedure is iterated until the system is equilibrated, roughly correspond-
ing to when the number of accepted moves equal the number of rejected moves.

As mentioned in chapter 2, when modeling the uptake of gas adsorbates
in porous materials it is very common to use MMC modeling in the µV T or
Grand Canonical ensemble, so-called Grand Canonical Monte Carlo (GCMC).
In this ensemble the systems chemical potential (µ), volume (V ) and temper-
ature (T ) are held constant while the number of adsorbed molecules (CO2 or
N2) to the adsorbent (Zeolite NaKA) is optimized to minimize the system en-
ergy and converging into the uptake level of the system at equilibrium. Hence,
possible moves for the adsorbate are insertions, deletions, translations and rota-
tions. Adsorption isotherms can be modeled by performing a series of GCMC
simulations with stepwise increasing levels of the outside gas pressure regulat-
ing the balance between the chemical potential for the gas molecule inside the
modeled zeolite system compared to the modeled gas phase.

For CO2 and N2 in Zeolite NaKA, the equilibrium uptake is predicted
by modeling a series of adsorption isotherms up to 0.85 bar at 298 K with
K+/(K++Na+) ratios ranging from 0 to 1 in steps of 0.1. Figure 3.1 shows
the modeled equilibrium uptake together with the experimental uptake from
paper I as a function of the K+/(K++Na+) ratios. As discussed in chapter 2
the simulations predict a decrease in the equilibrium uptake with an increas-
ing K+-content of the material. This uptake decrease, however, shows a linear
dependency deviating from the non-linear experimental uptake dependency.

Important to keep in mind, however, is that with GCMC modeling the ki-
netic effects are not taken into account as the algorithm, at random, inserts
the adsorbate into the adsorbent in search of the minimum energy configura-
tion. Hence, these discrepancies were expected. For large pore zeolites, where
reaching the equilibrium gas uptake is not restricted by diffusional hindrances
of the pore structures, this, method is completely reasonably to predict the to-
tal uptake. However, for narrow pore zeolites, such as Zeolite NaKA, taking
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Figure 3.1: Uptake of CO2 and N2, experimental values and Grand Canonical
Monte Carlo modeled ones (298.15 K, 0.85 bar) in Zeolite NaKA. Lines for
respective dataset are provided to guide the eye. (a) CO2 sim. (b) CO2 exp. (c)
N2 sim. (d) N2 exp. Figure from paper II.

into account the kinetic contribution is crucial. Several previous studies, have
been performed to predict the diffusion of CO2 within the framework of 8-ring
zeolites [52–54].

3.3 Modeling the kinetic effect with Molecular Dynamics

To model the diffusion of CO2 through the Zeolite NaKA material and therein
get a measure of the kinetic contribution to the total uptake, Molecular Dy-
namics (MD) is used. These MD simulations are performed in the NV T or
Canonical ensemble, where a given number of particles (N) are loaded into
the system with a given volume (V ) at a given temperature (T ), hence these
parameters are held constant through out the MD simulation.

In MD the movement of each atom indexed i= 1....N with coordination r is
propagated as a function of time t according the equations of motion following
Newton’s second law, Eq. 3.1.

d2ri

dt2 =
Fi

mi
(3.1)

The force Fi acting on atom i at a given time t is equal to the gradient of the
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sum of the distance (ri j) dependent interatomic potential functions ∑
N
j=1U(ri j)

obtained from the applied force field, between atom i and all other atoms in
the system according to Eq. 3.2.

−5
N

∑
j=1

U(ri j) = Fi (3.2)

This propagation of the atomic motion in the system is performed in dis-
crete time steps ∆t, where ∆t is determined system specifically ensuring that
the fastest motions of relevance are captured and the numerical integration of
the molecular motions are kept stable. For systems where the fast vibrational
motion of hydrogen atoms are not of importance, ∆t values of 1-2 fs are com-
monly used. For our hydrogen-free system, ∆t is set to 1 fs.

Following a time step, the new atomic coordinates of atom i are determined
by solving the equation of motion numerically. Eq. 3.3 shows a simplified
version of the truncated Taylor expanded expression.

ri(t +∆t) = ri(t)+vi(t)∆t +
Fi(t)
2mi

∆t2 (3.3)

where the computation of velocity vi(t) depends on the integration algorithm
at use.

With this approach we can model the movement of the CO2 gas molecules
over time for the different structural compositions of Zeolite NaKA and ob-
serve how the increasing K+-content affects the gas molecules ability to dif-
fuse through the material and hence, how this could potentially effect the total
uptake. When measuring and comparing the rates of diffusion, it is common
to compute the entity of the self-diffusion coefficient Ds according to Eq. 3.4.

Ds =
1
6

lim
t→∞

d
dt

N

∑
i=1
〈[ri(t)− ri(0)]2〉 (3.4)

For CO2 in each of the 11 structural compositions of Zeolite NaKA, Ds was
computed and plotted as a function of the K+/(K++Na+) ratios and presented
in Figure 3.2. Additionally, Ds was computed for the extra-framework cations
to investigate their behavior as well. As expected, the CO2 diffusion rate de-
creased with increasing levels of the larger K+ ions as a result of to the in-
creasing number of 8R pores were blocked for the passage of CO2 molecules.
However, the observed difference in the mobility of the Na+ and K+ extra-
framework cations and how the CO2 diffusion in turn seemingly depended on
it, was less expected. The K+ ions showed to have a low mobility, consistent
independently of K+-content of the structure, where the K+ sat comparably
firmly in their positions unwilling to hop between sites. Na+ on the other
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Figure 3.2: Self-diffusion coefficients of CO2, Na+, K+ and N++ K+ combined
in Zeolite NaKA loaded with 52 CO2 molecules/UC, as estimated by NVT-MD.
Lines for respective dataset are provided to guide the eye. Figure from paper II.

hand, showed a significant mobility between the cation sites in the pure NaA
structure additionally facilitating the CO2 diffusion through Na+ occupied 8R
pore. However, also the mobility of the Na+ ions decreased when the levels of
K+ in the framework increased. This decrease was explained by the increasing
number of cation sites being occupied by the relatively non-mobile K+, which
left fewer, energetically favorable, sites for the Na+ ions to hop among. Hence,
these simulations predicted that the K+ ions not only effectively block the CO2
passage but also restrict the mobility of the Na+ ions, in turn making it more
difficult for CO2 to pass even through the pores occupied by Na+, enhancing
the pore blocking effect at moderate and high levels of Na+-to-K+ exchange.

3.4 Predicting the total uptake in narrow pore zeolites

From the presented GCMC and MD modeling results of CO2 in Zeolite NaKA,
it is clear that both the thermodynamic as well as the kinetic effects contribute
substantially to the total uptake of the varying Zeolite NaKA structure compo-
sitions. Hence, when predicting the total uptake in this as well as other narrow
pore zeolites, it is necessary to include both these contributions to the model.

If we consider the CO2 uptake in a real system such as in an experimental
measurement or a PSA/TSA separation process, the uptake cycle is limited in
time. In a narrow pore zeolite, such as Zeolite NaAK, with 8R pore diameters
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close to the kinetic diameter of the adsorbate, the free diffusion through the
material will be more or less limited. Hence, it is the adsorbates rate of diffu-
sion that will determine the time required to reach the equilibrium uptake level
and for short cycles or slow diffusion, equilibrium will not be reached.

Following this reasoning, assuming a direct relation between the extent
of freedom that the gas molecules have to diffuse and reach equilibrium, we
simply scale the modeled equilibrium uptake ueq with a correction factor, the

root relative diffusion constant
√

D
rel
s , Eq. 3.5, where D0

s corresponds to Ds at
the 0% level of Na+-to-K+ exchange.

√
D

rel
s =

(
Ds

D0
s

) 1
2

(3.5)

The total uptake utot is then estimated by scaling the modeled equilibrium up-
take values ueq with

√
D

rel
s according to Eq. 3.6.

utot =
√

D
rel
s ueq (3.6)

We see a substantial improvement to the agreement with the experimental CO2
uptake curve in Figure 3.3 when scaling the computed adsorption of CO2 in
this manner.
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Figure 3.3: Experimental (a) gas uptakes and combined NVT-MD and GCMC
simulated uptakes according to Eq. 3.6 (b) for CO2 in Zeolite NaKA (0.85 bar,
298 K). Lines for respective dataset are provided to guide the eye. Figure from
paper II.
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4. Predicting the free energy
barriers of diffusion using
constrained AIMD modeling

Having investigated the uptake dynamics of CO2 and N2 in Zeolite NaKA
with classical simulation methods, I had a further interest in investigating the
kinetic molecular sieving process in detail and what specific properties effect
the forces and energy barriers of the pore window passages. As force fields
often fail to describe specific interactions and dynamics accurately, I chose to
take a step down on the multiscale modeling length and time scale (Figure 1.2)
to gain accuracy by using constrained ab initio Molecular Dynamics (AIMD).

As for the classical method theory, a detailed overview of the theory of
quantum chemistry will not be covered in this thesis as I expect that many
of the readers either already possess this knowledge or do not have sufficient
understanding of quantum mechanics to follow such an overview, and I do not
wish to bore these readers. Also, endless amounts of excellent literature on
the subject already exist and to which, I prefer to refer the interested reader
[55–57].

4.1 Density Functional Theory

Quantum chemical (QC) methods are based on the basic assertion of quan-
tum mechanics that the energy E of a system can be retrieved by solving the
electronic Schrödinger equation, Eq. 4.1 [58].

Hψ = Eψ (4.1)

Here, the hamiltonian operator H, operates on the electronic wave function ψ

to yield the ground state system energy provided that ψ describes the elec-
tronic structure exactly. However, this deceivingly simple equation hides sev-
eral challenging problems, which are addressed in QC computations:

1. The Schrödinger equation is impossible to solve analytically and therein
exactly for a system involving more than one electron. Hence, numerical
methods need to be employed.
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2. Even when using numerical methods it is necessary to apply certain ap-
proximations for the many electron problem to be manageable. The
main one being the Born-Oppenheimer approximation [59] assuming
to a high accuracy that the nuclei, compared to the electrons, are very
heavy and move on a different time scale than the electrons. This allows
the nuclei to be treated classically while the electrons are treated with
quantum mechanics moving in the field of the fixed nuclei.

3. The electronic wave function describing the electronic structure for a
given system is not known exactly. Instead, a set of so-called basis func-
tions are used to describe the electron structure for each atom in the sys-
tem − the atomic orbitals. These basis functions provide the so-called
basis set. During computations, this basis set is optimized to model the
total wave function as accurately as possible. In an iterative procedure,
the weight of each basis function is optimized to yield the lowest energy.
As is known from the variational principle, an arbitrary wave function
can never yield an energy value lower than the true energy. Following
this, the weighted combination of functions in a given basis set yield-
ing the lowest energy is also the best approximation of the true wave
function.

In Hartree-Fock theory based methods, the problem of solving the many
body wave function is approached directly. Here, the basis functions are com-
bined into a trial wave function according to molecular orbital theory, stat-
ing that molecular orbitals can be described by a linear combination of the
atomic orbitals. Many very evolved and accurate QC computational methods
have been developed from Hartree-Fock theory, however the computational
effort of using these methods are equally increased. For Hartree-Fock this ef-
fort scales by N4, N being the number of electrons in the system, while post
Hartree-Fock methods such as Configuration Interaction, Coupled-Cluster [60]
and Móller-Plesset perturbation theory methods [61] may scale as dramatically
as N7. Hence, the computational effort of these methods quickly become un-
manageable and their use is restricted to small molecular systems.

Therefore, Density Functional Theory (DFT) methods [57] have gained
increasing popularity during the last few decades allowing the treatment of
larger system to a high accuracy. DFT is based on the Hohenberg-Kohn the-
orems [62] which, in short, show a mathematical relation between the wave
function and the electron density. The electron density is described by the
Kohn-Sham equations [63] treating a fictitious system of non-interacting elec-
trons, described by the so-called Kohn-Sham orbitals, where the non-classical
electron-electron interactions are treated by the electron-correlation functional.
Hence, the ground state properties of many-electron systems can be deter-
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mined directly from the system’s electron density and the handling of the com-
putationally impractical many-electron wave function can be avoided. Solving
the electron density only requires one function of three spatial variables while
solving the wave function requires three spatial variables for each electron.
DFT scales by N3. The DFT approach to solving the molecular electronic
structure is, however, very similar to the Hartree-Fock procedure. The basis
sets used to describe the Kohn-Sham orbitals and therein the electron den-
sity, are optimized iteratively according to the variational principle to find the
weighted combination of basis functions yielding the lowest energy, and hence
the best description of the true electron density.

The major challenge of DFT lies in the approximation of the electron-
correlation functional, which is not known exactly. To date, many functionals
of different complexities have been optimized to treat different problems, often
involving empirical and/or Hartree-Fock information. Also for the case of
functionals, increased complexity entails increased computational effort and
the choice of functional should take into account the functional’s suitability
for the system and problem under study, accuracy requirements, system size
as well as the availability of computational resources.

An additional drawback of DFT is the theory’s insufficient ability to de-
scribe van der Waals interactions. This problem is often tackled by an em-
pirical correction factor. The most abundantly used van der Waals correction
terms providing reliable results are those developed by Grimme [64].

4.2 Periodic DFT-simulations with CP2K

All DFT simulations have been performed using the CP2K software [65].
CP2K is an efficient general framework for performing periodic atomistic and
molecular simulations. For DFT simulations, CP2K calculates the DFT forces
"on the fly" using the QUICKSTEP module [66; 67], which implements the
Gaussian and plane waves (GPW) method [68]. This method allows a com-
bination of the use of plane-waves describing the electron density with atom-
centered Gaussian orbitals representing the wave functions. With this approach
both the computational efficiency as well as accuracy is improved as both dif-
fuse and local electrons can be described accurately while using a minimal
number of basis functions.

The QUICKSTEP implementation of the GPW method uses the Goedecker-
Teter-Hutter (GTH) pseudopotentials [69] to describe the core electrons as ef-
fective core potentials, which is possible as these electrons are generally not in-
volved in chemical bonding or polarization. The valence electrons, on the other
hand, are treated explicitly by the DFT and described in our computations by
using the the DZVP-MOLOPT-SR basis set [70]. This Gaussian basis set has
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been developed for use with the GTH-pseudopotentials and are augmented by
polarization functions and splitting of the valence to enhance the flexibility in
the description of the valence electrons. To describe the exchange-correlation
energy, the non-empirical Perdew-Burke-Ernzerhof (PBE) functional [71; 72]
is used and the van der Waals interactions are described by Grimme’s DFT-D3
dispersion correction term [64].

4.3 Constrained AIMD

In classical MD, the interatomic interactions defining the movement at each
time step are given by the predefined force field functions as described in Chap-
ter 3. However, for AIMD, the interaction forces at each MD step are computed
directly from the electronic structure by the DFT. Since the DFT does not need
specific parameterization, as is the case for classical molecular dynamics with
empirical force fields, the DFT can thus really predict the results. The ma-
jor drawback is, however, the comparably high computational effort. While
for classical MD, the dynamics of a system consisting of thousands of atoms
can easily be modeled on the ns time scale for a reasonable computational
cost, modeling the dynamics with AIMD beyond the ps timescale in a system
of only a few hundred atoms would involve ridiculously huge computational
costs.

Due to this limit in computational time, when using AIMD to investigate
events or transitions between two stable regions, which are not expected to
occur within this window of time, so-called rare events, it is necessary to con-
strain the transition coordinates to the path of interest. This constraint method
[73; 74] allows a direct estimation of the mean force from the time average of
the force acting on the geometric constraint. The free energy ∆E can then be
estimated by integrating the mean force 〈F(x)〉 as a function of the transition
coordinates x according to Eq. 4.2.

∆E =
∫ x f

xi

〈F(x)〉dx (4.2)

Here, the entropy contribution to the free energy barrier comes from the molec-
ular movement around the fixed particle.

4.4 Determining the free energy barriers of diffusion in
Zeolite NaKA

The classical MD modeling presented in paper II show that the CO2 molecule
in Zeolite NaKA spend the overwhelming majority of the time moving within
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the α-cage where only approximately every millionth move is through a pore
window and into a new α-cage for the case of Na+ 8R occupancy. For the
case of K+ occupancy and for N2 diffusion these occurrences are even more
rare. Hence, this pore-to-pore diffusion is a rare-event, which occurs on the
ns timescale or even longer. As we cannot expect to see this type of transition
within the ps timescale, the general limit that can be covered with AIMD, it is
necessary to employ the constraint method presented in the previous section.
Following this, in paper III, we present an approach to predict the free en-
ergy barriers of diffusion for CO2 and N2 in Zeolite NaKA using constrained
AIMD. This approach is fully expandable to any gas molecule and to any pore
type with a diameter close to the kinetic diameter of the gas molecule.

d
8R plane CO2 COM 

Figure 4.1: The simulation cell consists of two of the Zeolite A α-cage building
units. One gas molecule (here CO2) is place in the left α-cage and a constraint is
set confining the distance d between the geometrical centre of the CO2 molecule
and the 8R window plane intersecting the two cages.

To limit the computational effort, the size of the simulation cell is mini-
mized to a periodic unit consisting of two intersecting α-cages. This is suf-
ficient for the purpose of our simulation to investigating the path of the gas
molecule’s diffusion between these two cages. This simulation cell corre-
sponds to 1/4 of a Zeolite A unit cell (Figure 4.1). Also, periodic boundary
conditions (PBC) are imposed, meaning that the simulation cell is reproduced
infinitely. Any particle that exits the left hand side of the cell will enter the
right hand side, and so on. The use of PBC avoids problems involved with
boundary effects caused by the finite size we are limited to and makes the sys-
tem act more like an infinite one. On the other hand, PBC can cause errors
in itself such as periodicity self-image effects i.e. a particle "feels" itself on
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the other side of a boundary. This problem is mainly prominent for small sim-
ulation cells and despite that our simulation cell is on the lower limit in two
direction (12.3 Å) we consider this error to our free energy barrier computa-
tions to be negligible since the investigated gas molecule is separated from it’s
self-image by the zeolite framework and the self-interaction is screened.

As the path of interest is the gas molecule’s movement through the pore
window from one α-cage to another the constraint is set to steer the gas molecule
through the intersecting pore window. This is implemented by using a point-
to-plane constraint where the plane is defined by three oxygen atoms in the
8R and the point is set to the geometrical centre of the gas molecule as shown
in Figure 4.1. This constrains the geometrical centre of the gas molecule to
movement within a parallel plane at this set point-to-plane distance from the
8R plane. Hence, allowing unconstrained freedom for the gas molecule to
move in two directions, vibrate and rotate.

This point-to-plane distance is stepwise decreased from∼ 4 to 0 (+/- 0.25)
Å with a decreasing step increments; 1 Å down to 3 Å, 0.5 Å down to 1 Å and
0.25 Å down to 0 Å. At each step the AIMD was run with a 1.5 fs time step for
at least 10 ps, or until the average constraint force had converged to a variation
tolerance of ∼ 1×10−4 a.u.

The average forces are then plotted as a function of the point-to-plane dis-
tance and force values are interpolated to a splined smooth force profile. The
free energy barrier is then estimated by integrating this force profile within
the free energy barrier region, which is defined to the point-to-plane distance
region where the force is non-zero and opposing the gas molecules passage
through the pore. For CO2 passing a Na+ occupied 8R, this region begins at
2.5 Å, while for passing the larger K+ ion it begins already at a distance of
4 Å. Also for the N2 molecules passing both Na+ and K+ occupied 8Rs, the
integration region begins at 4 Å. This integration region extends to the point
where the respective force curve crosses zero, corresponding to the barriers
position at the 8R plane +/- 0.25 Å.

4.5 Identifying the local diffusion rate-determining prop-
erties

Using the described approach to predict the free energy barriers of diffusion,
we seek to identify the systematical rate determining properties of the diffusion
for CO2 and N2 in Zeolite NaKA. In paper IV we systematically go through
specific environmental variables of the material, which we predict to have a
rate determining effect and include: cation exchange at the different ion sites
and CO2 loading. These local properties within the simulation cell are altered
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accordingly in order to compute how each, respective alternation affects the
free energy barriers of diffusion for CO2 and N2 through the 8R pore.

Cation exchange
As demonstrated in papers I and II, the CO2 and N2 uptake in Zeolite NaKA
is strongly affected by the K+-to-Na+-ratio. We expect that the possibility of
pore-to-pore diffusion is mainly dependent on which cation type occupies the
8R site as the cation size directly affects the pore window diameter. However,
in paper IV the effect of cation exchange in all three sites are investigated and,
in fact, show that the impact of the cation composition is a bit more complex
than initially believed.

First a "base cell" is defined. This simulation cell unit, as defined in section
4.3, is the pure Zeolite NaA structure with no occupied 4R sites neighboring
the pore intersecting 8R window. With this base cell as a starting point, we
systematically go through each site to see how the specific cation occupancy
effects the barrier for the CO2 and N2 diffusion.

4R− This site does not have full occupancy. According to Rietveld refine-
ment powder X-ray diffraction (XRD) experiments [22; 23] only 1/8 of these
sites per α-cage are occupied in Zeolite NaA. Hence, there are three situations
to investigate: no ion (base cell), Na+ and K+ occupancy of one of the four 4R
sites neighboring the 8R pore window. It is at this site where the XRD shows
that the Na+-to-K+ exchange occurs first and when the level of Na+-to-K+

exchange reaches approximately 8% (8/96) this site is expected to be occupied
only by K+ ions.

8R− This site is fully occupied, hence, there are two possible occupancies
of the 8R site in Zeolite NaKA: Na+ (base cell) or K+. Following the exchange
at the 4R sites, the XRD shows that the exchange then occurs predominantly
at the 8R sites. By 40% Na+-to-K+ exchange the 8R sites are expected to be
fully occupied by K+ ions.

6R− This site also has full occupancy, hence, the 6R site is either occupied
by Na+ or K+ and there are four fully occupied sites neighboring each 8R,
which may effect the diffusion through this pore window. According to the
XRD this is the last site to be exchanged.

Figures 4.2 and 4.3 show the computed force profiles of CO2 and N2, re-
spectively, for the different ion configurations. First, when comparing the re-
sults of CO2 and N2 in the base cell, we see that the larger kinetic diameter of
N2 results in a barrier increase of 23% compared to that of CO2. Further, as
expected, it is the occupancy in the 8R site that has the greatest effect on the
force profiles and the resulting free energy barrier for both CO2 and N2. When
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Figure 4.2: Average force values of CO2 pore-to-pore diffusion for different ion
exchange configurations plotted as a function of the distance d between the 8R-
plane and geometrical centre of CO2. The computed free energy barrier values,
in kJ/mol, are presented in the parenthesis for respective configuration.

−0.5 0 0.5 1 1.5 2 2.5 3 3.5 4
−2

0

2

4

6

8

10
x 10

−3

Point−to−plane distance d [Å]

<
F

(d
)>

 [
a.

u
.]

 

 

base cell (43.9)

K
+
 4R (43.6) 

K
+
 6R (44.8)

K
+
 8R (93.3)

Figure 4.3: Average force values of N2 pore-to-pore diffusion for different ion
exchange configurations plotted as a function of the distance d between the 8R-
plane and geometrical centre of N2. The computed free energy barrier values, in
kJ/mol, are presented in the parenthesis for respective configuration.
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exchanging the Na+ ion to K+ at this position the free energy barrier is more
than doubled resulting from the pore blocking effect of the larger K+ ion.

Differences between the two gas molecules are, however, observed for the
cation occupation at the 4R site. For CO2, the force curves are significantly
perturbed when a Na+ or K+ ion is added to one of the neighboring 4R sites,
resulting in a 37% and 23% decrease of the respective free energy barriers. For
N2, however, the corresponding deviation is <1%. This observation that the
N2 molecule is insignificantly affected by the presence of the extra cation at the
4R site can be rationalized by the inertness of the N2 molecule in relation to the
more interactive CO2 molecule, which obtains a higher quadrupole moment.
One may also argue that this inertness contributes to the larger kinetic diame-
ter assigned to the N2 molecule as the "steering" effect, which is observed to
"help" the CO2 molecule through the pore, appears not to be significant for N2.

When analyzing the Na+-to-K+ exchange of one of the 6R sites, no sig-
nificant barrier perturbations are observed for either CO2 or N2 (ca. 3%). The
cations in the 6R sites are more embedded in larger 6R as compared to those
the 4R site. This keeps the cations situated in these crystallographic sites away
from the path of diffusion, decreasing the surface charge gradient compared
to the more protruding 4R ions and, hence, interacting less with diffusing gas
molecules.

CO2 loading
The gas loading in the material is another aspect, which has been discussed to
have an effect on the rate of diffusion and where different effects have been
predicted. Krishna and van Baten showed in a classical MD study [53] how
the diffusion of CO2 in Si-LTA (no cations present) decreased with increased
CO2 loadings. On the other hand, Shang et al. showed with non-dynamic DFT
computations how the transition state for the deviation of Cs+ and K+ from
the 8R pore plane in CHA (Si/Al= 2.2−2.5), was lowered by the interaction
with CO2 molecules present in the pore. Hence, they predict the pore-to-pore
diffusion to be facilitated by an increased CO2 loading. N2 is not predicted
to effect the diffusion significantly as the level of loading in LTA is generally
very low (<1/α-cage) and the gas is relatively inert.

Following this, in paper IV we attempt to investigate the rate determining
effect of the loading of additional CO2 molecules on the CO2 pore-to-pore dif-
fusion. We investigate the effect of adding additional CO2 molecules in the
left donor cage and right acceptor cage of the simulation cell (Figure 4.1), sep-
arately, as we assume that the loadings in these respective cages have different
effects on the forces acting on the diffusing CO2 molecule and, further, that
these effects are separable and additive.

Figure 4.4 presents the force profiles together with the computed free en-
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ergy barriers for the different loadings modeled. To see how the CO2 loadings
affect the free energy barriers, we plot the free energy deviations from the base
cell simulation setup as a function of loadings in respective α-cage and extrap-
olate the intermediate values with a smoothing spline to estimate the trend as
shown in Figure 4.5.

For the left and the right α-cell loadings, we see opposing effects. When
loading the left donor cage we observe decreased diffusion barriers. This is
reasonably explained by the increased gas pressure and number of collision
towards the diffusing molecule, "helping" it push through the 8R pore. Fol-
lowing the same reasoning, an equal, but opposite effect should be observed
from the loading in the right cage. However, this opposing effect is predicted
by the modeling to be smaller. This could be rationalized by the presence of
the effect proposed by Shang et al. [75] where the interactions between loaded
CO2 molecules and the 8R cation facilitate the diffusion through the pore and,
in turn, decrease the opposing pressure effect. Hence, this modeling work pre-
dicts an increased CO2 loading to have mainly an enhancing effect on the CO2
diffusion in Zeolite NaKA.
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5. Scaling up: Coarse graining
the time evolution with Kinetic
Monte Carlo

Length and time scales involved in experiments are many magnitudes longer
than those possible to achieve with atomistic simulations. Hence, it is often
questioned to what extent it is relevant to directly compare and draw conclu-
sions regarding dynamical effects probed from microscopic scale models with
those measured with macroscopic scale experiments. However, when model-
ing on the atomistic scale, a large portion of the time is often spent on sampling
dynamics with little relevance for the macroscopic effects. This is particularly
true when investigating rare event dynamics, such as in the case for CO2 and
N2 diffusion in Zeolite NaKA.

In MD, the time step is very short, generally around 1 fs, which is neces-
sary to accurately describe the atomistic dynamics. However, as discussed in
the previous chapter the gas molecules spend most of their time moving within
a pore, only rarely jumping between pores. When simulating the diffusion
on a macroscopic scale, all we really want to know is at what rate do the gas
molecules jump between the pores and through the material. So, given that the
pore-to-pore diffusion rates are known, it should be possible to model the dif-
fusion through the material based only on this pore-to-pore rate information.
Hence as illustrated in Figure 5.1, the intermediate time spent on intra-pore
diffusion is coarse grained, entailing a substantial computational speed-up.

5.1 Kinetic Monte Carlo

Kinetic Monte Carlo (KMC) is a modeling method based on the assertion of
the Arrhenius rate law [16] that the rate for a given transition between two
states depend on the energy barrier between these states. Instead of sampling
the energy potential landscape in search of the lowest energy state such as
in MMC methods, the KMC algorithm evolves the system dynamically from
state to state according to a given transition state landscape. This dynamic
propagation is however different from that of MD methods in the sense that,
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Figure 5.1: Coarse graining the time evolution of the pore-to-pore gas diffusion
in Zeolite A.
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KMC does not move atoms from one position to another, but instead moves
the system from one state to another.

This transition state landscape is defined by all possible transition rates in
the system, or for rare event dynamics, the rates dominating the dynamics. In
our system these are, of course, the pore-to-pore diffusion rates as illustrated
two-dimensionally in Figure 5.2. Hence, given that the pore-to-pore diffusion
rates of our system are known, KMC can preferentially be used to model the
macroscopic diffusion of CO2 and N2 through the system as a function of
time. Several previous studies have been performed using the KMC approach
to model gas diffusion in zeolites on macroscopic length and time scales [76–
78]. These studies, however, use force field based MD to predict the pore-to-
pore diffusion rates while we approach this from the DFT level of theory.

k1 

k2 

k3 

k4 

k3 k-3 
ΔE3 ΔE-3 

Figure 5.2: Given that the pore-to-pore diffusion rates are known for all possible
processes, KMC models the gas diffusion through the zeolite by evolving the
system dynamically from state to state according to the given transition state
landscape.

According to the Arrhenius equation [16],

k = Ae−
∆E

kBT (5.1)

the rate constant k is determined by multiplying the frequency factor A, inter-
preted as the number of particles attempting to cross the free energy barrier ∆E
per unit time, with the exponential Boltzmann distribution giving the propor-
tion of particles expected to cross ∆E at temperature T . Hence, k is a measure
of the number of times per unit time a particle is expected to cross the free
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energy barrier and in our case, the number of times per unit time a CO2 or N2
molecule is expected to cross a pore window with a given free energy barrier.

List	  all	  n	  possible	  
processes	  k1,	  k2…kn	  
and	  calculate	  ktot	  	  

Pick	  two	  random	  
numbers	  	  
0≤ρ1,	  ρ2≤1	  

Calculate	  ki	  =	  ρ1ktot	  and	  
determine	  process	  i	  to	  

be	  executed	  	  

Executed	  process	  i	  
and	  update	  system	  

Update	  clock	  
tnew=	  told+Δt	  

Δt	  =	  -‐ln(ρ2)/ktot	  	  

k1 k2 k3 k4 k5 k6 kn 

ktot 

ρ1ktot 

Figure 5.3: KMC algorithm

Following this, the rate constant for a certain transition, referred to as a
process in the KMC algorithm, has a direct relation to the probability of that
transition occurring. To visualize how the KMC algorithm picks a process
to be executed at each step, one can imagine that n one-dimensional vectors
with magnitudes k1,k2...kn for all n possible processes are lined up creating
a total rate vector of magnitude ktot . The process to be executed is chosen
stochastically by multiplying a random number 0 < ρ1 < 1 with ktot . This
product corresponds to a position on the total rate vector, landing on a specific
rate constant ki corresponding to process i to be executed. The time increment
∆t for the KMC step is also determined stochastically by a function of a second
random number 0 < ρ2 < 1 in proportion to the inverse of ktot . Once a process
has been executed, the transition state landscape of the system is then updated
according to the new state. This iterative KMC step procedure is described
schematically in Figure 5.3 and for a more detailed description of the KMC
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method, excellent reviews by Voter [79], Kratzer [80] and Auerbach [76] can
be recommended.

5.2 Determining the rate constants

According to Eq. 5.1 the free energy barrier ∆E as well as the frequency
factor A for temperature T needs to be known for a given transition in order to
determine k. We restrict this study to treat diffusion at room temperature (298
K), hence, all computations were performed accordingly.

The procedure to retrieve the free energy barriers of diffusion for CO2
and N2 from the constrained AIMD computations was already described in
chapter 4. The frequency factors A for respective transition are estimated with
classical equilibrium NVT-MD using the same force field and simulation cell
as the simulations performed in paper II. These MD simulations are performed
on the Zeolite NaA and Zeolite KA structure loaded with one gas molecule
per α-cage, both for CO2 and N2 and carried out for 2 ns to collect sufficient
statistics. A is then determined from from each structure−gas combination by
analyzing the respective trajectories.

Figure 5.4: Two-dimensional illustration of the boarder planes interfacing the
free energy barrier integration region, defined to estimate the pre-exponential
frequency factors A.

As shown in Figure 5.4, planes parallel with each 8R-plane towards the
centre of the pore are defined. The distance between these planes and the
8R pore window planes correspond to the point-to-plane distance of the con-
strained AIMD computations at where we initiate the integration of the force
profile to determine the free energy barriers (2.5 or 4.0 Å). The number of times
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that the gas molecule in each cell passes a border, outwards bound seen from
the centre of the pore, is counted and the frequency of these occurrences are
computed. This is an estimation of the frequency at which the gas molecules
attempt to cross the energy barrier, hence an estimation of the frequency factor
A. The computed frequency factors are presented in Table 5.1.

Table 5.1: Pre-exponential frequency factors A in s−1 as computed by NVT-MD.

Na+ K+

CO2 4.3x1011 9.9x1011

N2 4.5x1011 3.5x1011

5.3 KMC-simulations with KMCLib

All KMC simulations were performed with the KMCLib program [81]. This
software is an efficient general framework for performing lattice KMC simu-
lations using the n-fold way algorithm [17] for selecting and executing events.
The input to KMCLib is the lattice geometry and site occupation of the start-
ing structure and a set of possible processes together with their corresponding
rate constants. The output is the lattice site occupations over time, i.e. the
trajectory. Given that the system can be treated as vibrationally equilibrated at
the time an event takes place, and given that all relevant processes and correct
rates are provided, the KMC algorithm will describe the correct dynamics of
the system [18].

In order to model the gas dynamics in a porous material this software has
been improved to include the possibility of allowing multiple particles on the
same lattice site, as several gas molecules may reside the same cavity. This also
involved modifications to the picking algorithm in order to pick a process at a
site with correct probability. These modifications are similar to those described
by Leetmaa and Skorodumova [81] for handling site-specific rates.

KMCLib computes the rates "on-the-fly" only recalculating the rates when
corresponding elementary process needs to be updated. This keeps the num-
ber of elementary events at a minimum while the necessary flexibility in the
definition of the rate expressions is withheld.

5.4 Modeling the CO2 and N2 uptake in a realistic Zeolite
NaKA powder particle model

The experimental uptake measurements in paper I were performed on a Zeolite
NaKA powder, where the cubic powder particles were estimated to have an
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a	  =	  23	  ×	  1.23	  nm	  =	  28.3	  nm	  	  	  	  

a	  

a	  

Figure 5.5: Illustration of the KMC simulation cell set up to model a cubic
powder particle. The simulation cell is built up by 25×25×25 cell units where
the outer layer models the skin layer adsorption surface and the inner core models
23×23×23 α-cages.
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average diameter of 4 µm. To realistically simulate the powder particle, we set
up a cubic KMC simulation cell consisting of 25×25×25 cubic cells in paper
IV. The outer layer of cells represents a skin layer adsorption surface, while
the inner core represents 23×23×23 α-cages. This gives us a simulation cell
with cell parameters of a = b = c = 23× 12.3 Å = 28.3 nm shown in Figure
5.5. Further, as the uptake rate is expected to scale quadratically, we scale the
simulation time accordingly (4×10−6 m/28.3×10−9 m)2 = 2×104 in order
to compare the KMC simulations with the experimental results. In each cell
four lattice sites are defined: one gas site and three ion sites. The gas sites are
located in the centre of each cell, constituting the lattice for the dynamics of the
gas diffusion and in the centre of the x, y and z cell-to-cell intersecting plane,
respectively, the ion sites are located. The ion sites define the combination of
cations in and around the 8R pore, which determine the pore-to-pore diffusion
rate, either on it’s own or in addition to the number of gas molecules occupying
the gas sites involved. The skin layer gas sites allow adsorption and diffusion
to a first layer α-cage while the α-cage gas sites allow diffusion between α-
cages. The ion site occupations were held constant during the simulations and
were distributed randomly according to the ion compositions for each modeled
level of Na+-to-K+ exchange as presented in Tables 5.2 and 5.3 for CO2 and
N2, respectively.

Table 5.2: Cation distribution in % for different Zeolite NaKA structure compo-
sitions for KMC model of CO2 diffusion.

K+/(K++Na+) 0 0.08 0.17 0.33 0.50 0.67 0.83 1
8R=Na+ 67 67 44 0 0 0 0 0
8R=Na+, 4R=Na+ 33 0 0 0 0 0 0 0
8R=Na+, 4R=K+ 0 33 22 0 0 0 0 0
8R=K+ 0 0 23 67 69 75 86 0
8R=K+, 4R=K+ 0 0 11 33 31 25 14 100

Table 5.3: Cation distribution in % for different Zeolite NaKA structure compo-
sitions for KMC model of N2 diffusion.

K+/(K++Na+) 0 0.07 0.13 0.20 0.27 0.33
8R=Na+ 100 80 60 40 20 0
8R=K+ 0 20 40 60 80 100

For CO2, only the combination of the 8R and 4R occupations are considered as
the 6R occupations did not show to affect the free energy barriers of CO2 pore-
to-pore diffusion significantly. For N2, only the distribution of 8R occupations
are considered as neither the 4R or 6R occupation showed a significant effect
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on the pore-to-pore diffusion of N2.
The KMC simulations are principally a measure of the kinetic uptake de-

pendence and do not take into account the aspect of the uptake dependence on
the thermodynamic equilibrium. Hence, an uptake cap per cell unit is defined
according to the equilibrium uptake levels predicted by the GCMC uptake sim-
ulations in paper II and is set to the upper integer number of gas molecules per
α-cage for the respective level of Na+-to-K+ exchange.

When all 4R and 8R ions are exchanged to K+ at levels higher than 33%
Na+-to-K+ exchange, CO2 the uptake should not drop significantly beyond a
linear decrease following the decrease of the equilibrium uptake since the Na+-
to-K+ exchange at the 6R site does not substantially effect the free energy bar-
riers. As a possible explanation to the drastic decrease at higher levels of Na+-
to-K+ exchange seen experimentally, we suggest that the weakly bound 4R K+

ions may prefer a split 6R occupancy for certain ion configurations, resulting
in a decrease in populated 4R sites at high levels of Na+-to-K+ exchange. Us-
ing the same computational setup as for the AIMD simulations, non-dynamical
DFT geometry optimizations were performed to investigate this. We tested the
stability of the K+ occupation in the 4R site for three different starting config-
urations:

1. K+ occupied 4R with both neighboring 6Rs occupied by Na+-ions

2. K+ occupied 4R with one neighboring 6R occupied by a Na+-ion and
the other by a K+-ion

3. K+ occupied 4R with both neighboring 6Rs occupied by K+-ions

For cases (1) and (2) the K+ ion was stable in the 4R site while for case (3) the
ion relaxed to one of the neighboring 6R sites resulting in a doubly occupied
6R. At 50% Na+-to-K+ exchange, 1/4 of the 6R sites are expected to be oc-
cupied by K+ ions, at 67% 1/2, at 87% 3/4 and at 100% the 6R sites are fully
occupied by K+. The number of K+ in the 6R sites surrounding a specific
8R is expected to follow the binomial distribution determining the proportion
of K+ ions preferring the split 6R over the 4R, hence reducing the number of
K+ occupied 4Rs accordingly. These proportions have been considered when
determining the combination of ion compositions for the KMC simulations as
presented in Table 5.2.

5.5 Testing the effects of rate-determining properties

In paper IV, we test the macroscopic effect of the cation exchange and the
loading as predicted to be rate determining by previous studies [22; 53; 75; 82–
84] and by our free energy barrier computations. Additionally, we test the rate
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determining effect of the presence of skin layer surface defects blocking the
entrance into the inner volume of the material. This has been suggested by
Cheung et al. [85] to have a significant effect on the adsorption kinetics. As
adsorption is an exothermic process, the adsorption to the skin layer should not
in itself limit the diffusion and uptake of the gas molecules. However, if only
a portion of the skin layer act as entrance channels into the bulk, the uptake
will be significantly restricted. Figures 5.6 and 5.7 show the KMC modeled
uptakes testing these different effect for CO2 and N2, respectively, together
with the corresponding experimental data from paper I.

For CO2 we present three different curves modeling the uptake after 1 hour
in addition to the experimental curve:
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Figure 5.6: KMC modeled CO2 uptake after 1 hour plotted as a function of the
level of Na+-to-K+ exchange for the three different simulation setups: exclud-
ing effects of CO2 loading (blue), including effects of CO2 loading (green) and
including the effects of CO2 loading and including 75% surface defects (red).
These are compared to the experimental data from paper I (cyan). Lines are
provides to guide the eye only.

1. The blue curve in Figure 5.6 shows the KMC modeled uptake depen-
dency on the level of cation exchange. Here, the effect of the CO2
loading on the free energy barriers have not been taken into account
when computing the various pore-to-pore diffusion rates. We see a good
correspondence with the experimental data at low levels of Na+-to-K+

exchange due to the fast adsorption kinetics where the equilibrium cap
uptake levels are reached within a matter of seconds or minutes. For
Na+-to-K+ exchange levels of 33% and higher, the equilibrium cap is
not reached within the 1 hour time limit as all the 8R sites are now oc-
cupied by K+ ions. This drastically decreases the rates of diffusion.
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Hence, we see a substantial drop in the uptake, which is in correspon-
dence with that seen experimentally, however, at moderate to high levels
(33%-83%) of cation exchange the modeled uptake levels are overesti-
mated by 25-30% compared to experiments.

2. The uptake presented by the green curve in Figure 5.6 includes the effect
of the CO2 loadings predicted by the computed free energy barriers as
shown in Figure 4.5. As the loading, in total, increases the pore-to-
pore diffusion rates, the effect is mainly an acceleration of the uptake
rate resulting in an additional increase of the uptake at moderate to high
levels of cation exchange. This results in an increase of the deviation
between the modeled uptake and experimental uptake to 35-100%.

3. For the uptake data presented by the red curve in Figure 5.6, 75% of
the skin layer cells of the powder particle model have been blocked for
adsorption, hence, modeling the effect of skin layer surface defect pore
blocking. These modeled defects decrease the uptake rate and the level
of uptakes reached after 1 hour for moderate to high loadings are brought
to an excellent agreement with the experimental values.

For N2 we present the following three modeled curves, showing uptakes
after 1 hour in addition to the experimental curve:

1. As for CO2, the blue curve in Figure 5.7 shows the KMC modeled
uptake dependency on the level of cation exchange. Here, the uptake
at low loadings is overestimated by 100% or more. This is an arti-
fact of the equilibrium cap being restricted to an integer number of N2
molecules/α-cage. Here, the cap is set to 1/α-cage while the equilibrium
level is estimated to ca. 0.5/α-cage for the pure NaA structure composi-
tion and decreasing for increasing levels of Na+-to-K+ exchange.

2. The green curve in Figure 5.7 shows the KMC modeled uptake scaled
by the GCMC equilibrium levels enabling a qualitative comparison with
the experimental uptake levels. This curve shows a sharp uptake drop
starting at 15% Na+-to-K+ exchange and reaching zero uptake at 25%.
This is a slight deviation from the experimental curve showing the cor-
responding drop between 5% and 15% Na+-to-K+ exchange.

3. The red curve in Figure 5.7 shows the scaled, modeled uptake including
75% skin surface defects. The applied defects contribute to a slight im-
provement towards an agreement with the experimental data by shifting
the uptake drop region to 10-20% Na+-to-K+ exchange.

59



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

K
+
/(K

+
+Na

+
)

N
2
 u

p
ta

k
e
 [

m
m

o
l/
g

]

 

 

Modeled uptake

Scaled to eq. uptake

Scaled to eq. uptake,
incl. 75% surface defects

Experimental

Figure 5.7: KMC modeled N2 uptake after 1 hour plotted as a function of the
level of Na+-to-K+ exchange for the three different simulation setups: no scaling
(blue), scaled to fit equilibrium uptake levels (green) and scaled to fit equilibrium
uptake levels and including 75% surface defects (red). These are compared to the
experimental data from paper I (cyan). Lines are provides to guide the eye only.

5.6 Adsorption kinetics

As discussed in the recent papers by Cheung et al. [85] and Akhtar et al. [86],
the adsorption kinetics of the CO2 uptake plays an important role for potential
industrial applications. For an efficient swing adsorption process rapid uptake
dynamics are necessary where cycle times < 5 minutes are sought. Following
this reasoning, Akhtar et al. [86] presented a figure of merit taking into account
the CO2-over-N2 selectivity and level of CO2 uptake within a time limit of 1
minute, for the purpose of rating a material’s performance as a sorbent. Ac-
cording to this figure of merit, Zeolite NaKA with 10% Na+-to-K+ exchange
shows the best performance experimentally due to a fast uptake rate despite
a lower CO2-over-N2 selectivity compared to the 17% Na+-to-K+ exchange
level. Figure 5.8 shows the KMC modeled uptake for CO2 and N2 uptake after
1 minute. These results show a high selectivity at 8% Na+-to-K+ exchange
while still reaching a high level of CO2, 99% of the equilibrium level. Hence,
our results concure with those of Akhtar et al. showing that a lower level of
Na+-to-K+ exchange is preferential when taking adsorption kinetics into ac-
count.

However, when comparing the simulated time required to reach the max-
imum uptakes for 0% and 17% Na+-to-K+ exchange levels with the experi-
mental uptake times presented by Cheung et al. [85], we see that the modeled
adsorption kinetics are significantly faster. The simulations show that 90%
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Figure 5.8: KMC modeled CO2 and N2 uptake after 1 minute plotted as a func-
tion of the level of Na+-to-K+.

of the maximum uptake is reached in 0.3 and 3 seconds, respectively, while
the experiments show that corresponding uptakes take as long as 22 and 125
seconds. This indicates that additional rate limiting effects are likely to have
significant effects. Such factors as internal surface defects, heat transfer from
the the exothermic surface adsorption and presence of water have been sug-
gested to potentially affect the uptake dynamics in otherwise similar crystals
and conditions [85; 87] and should be interesting to investigate in future work.
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6. Conclusions and Outlook

This thesis has focused on describing the process of kinetic sieving for CO2-
over-N2 separation in Zeolite NaKA with a multiscale modeling approach. We
have used several different modeling methods employing various levels of the-
ory to describe and explain this molecular sieving process on different length
and timescales, extending from the electronic scale to the macroscopic scale.

In paper I, we showed that the widely used GCMC method for modeling
gas uptake in nanoporous materials is not sufficient when the system’s possi-
bility of reaching equilibrium within a given cycle time is hindered by kinetic
constriction of the pores.

In paper II, the experimental uptake dependence of CO2 on the level of
K+-to-Na+ exchange in the Zeolite NaKA material could be qualitatively re-
produced by combining the GCMC modeled equilibrium uptake levels with
the kinetic effects modeled by MD diffusion simulations. These results gave
further support to the theory of a diffusion enhanced selectivity proposed in
paper I, stating that it is the kinetic effects that really distinguishes this system
from others similar systems, which depend solely on thermodynamic effects.
Additionally, this classical modeling work suggested that the difference in mo-
bilities of the different cation types may play a role in the sieving capability in
this and similar materials.

Taking a more detailed and quantitative approach to describe the pore-
to-pore diffusion process of CO2 and N2 through different pore types, while
bypassing problems involved with the use of force fields, paper III presents a
procedure to estimate the free energy barriers of diffusion using constrained
AIMD. These computed free energy barriers show that the CO2 and N2 dif-
fusion through a cation occupied 8R is, in fact, a rare event with a higher
barrier for the kinetically larger N2 molecule compared to CO2. Additionally,
the computations show Na+-to-K+ relative transition rates in the magnitude of
104. This conveys a negligible probability of pore-to-pore diffusion through a
K+ occupied 8R explaining the zero uptake of both CO2 and N2 in Zeolite KA
shown in experiments.

Using the constrained AIMD approach presented in paper III to compute
the free energy barriers of diffusion we, in paper IV, seek to identify the local
properties in the Zeolite NaKA pore, which determine the pore-to-pore diffu-
sion rates of CO2 and N2. In particular, we investigate the role that the different
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cation occupancies in the different sites play on the free energy barrier as well
as the effect of the presence of additional CO2 molecules in the pore− the CO2
loading. We show that for CO2 the occupation of the 4R site plays a significant
role for the diffusion by lowering the barrier, while for the more inert N2 no
such effect is detected. Further, this free energy barrier information is used as
input for the KMC simulations, where we on a macroscopic scale predict the
diffusion driven uptake, enabling a direct comparison with the experiments.
With KMC we model the effects, of the cation exchange, CO2 loading and
presence of skin layer surface defects. Additionally, we suggest a model by
combining these effects, showing an excellent agreement with the experimen-
tal uptake data for CO2 and N2 from paper I. This temporal coarse graining
approach takes electronic scale information to a macroscopic level and is a
viable method to test the macroscopic scale effects of microscopic properties
while, to a large extent, bypassing the use of force field based simulation meth-
ods (Figure 6.1).

•  With constrained DFT-MD the free energy barriers of diffusion for gas molecules in porous molecular sieves can be determined 
accurately. This allows us to identify the rate determining properties of the molecular sieve for the a gas molecule.  

•  The free energy barriers from the DFT-MD simulations can be used directly into the KMC algorithm allowing us to simulate the 
diffusion of the gas molecules through the material up to microsecond timescales or even longer.  

•  This information is important insight when designing new highly selective materials for the purpose of gas separation with 
temperature/pressure swing capture processes, where employing kinetic aspects is likely to further increase energy efficiency of swing 
technologies for carbon capture and separation in addition to the more elaborately investigated equilibrium-based separation. 
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Zeolites with 8-ring window apertures, such as those of Zeolite A (LTA), coinciding with the approximate size of 
small gaseous molecules are interesting candidates for selective gas adsorbents with swing adsorption 
technologies due to their potential molecular sieving capabilities. We are investigating computationally how the 
CO2-over-N2 selectivity in LTA-type materials can be greatly enhanced by altering properties of the material, 
such as through cation exchange or variation of the Si/Al-ratio.  

To map how the sieving capabilities are affected by these alternations we use DFT based molecular dynamics 
(DFT-MD) to predict how the free energy barriers of diffusion are affected when altering the composition of the 
framework. This information can then be used to simulate the macroscopic (>µs) diffusion of these gas 
molecules by using the Transition State Theory based method: Kinetic Monte Carlo (KMC). 

 

The mean force F(d) acting on 
the gas molecule can directly be 
estimated from the force on the 
geometric constraint. 
 
The free energy of diffusion is 
then retrieved by integrating 
the force profile from the center 
of the cell to the pore window 
plane (d=6-0Å). d 
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As diffusion from one pore to 
another is a ”rare event”, the 
gas molecule needs to be 
gu ided through the pore 
window. This is done with a 
distance constraint between the 
plane of the pore window and 
the gas molecule. 
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FIG. 3: Flow chart illustrating the basic steps in the rejection-
free BKL algorithm. The loop starts with the determination
of all processes (and their rate constants) that are possible
for the current system configuration. After the generation
of two random numbers, the system is advanced according
to the process selected by the first random number and the
system clock increments according to the computed total rate
constant and the second random number, as prescribed by
an ensemble of Poisson processes. Thereafter the loop starts
anew, or the simulation is terminated, if a sufficiently long
time span has been covered.

different pathways given by the different rate constants.
Each pathway has thus its own probability distribution
function for the time of first escape. Say, if we are cur-
rently in state i, we have for each possible pathway to
another state j a Poisson distribution

pij(∆t) = kij exp (−kij∆t) . (4)

Since only one event can be the first to happen, an in-
tuitive generalization to propagate the kMC trajectory,
also known as the first-reaction method18, would be to
draw a random number for each possible pathway and
therewith determine for each one of them an exponen-
tially distributed escape time through an expression of
the form of Eq. (3). We then pick the pathway with
the shortest escape time, move the system to the state
reached by that pathway, advance the system clock by
the corresponding shortest escape time, and begin again
from the new state. Even though this is a perfectly valid
kMC algorithm, it is clearly not particularly efficient, as
we have to draw a lot of random numbers to generate all
the different escape times and then discard all but one of
them.

Among a variety of numerically efficient kMC algo-
rithms suggested in the literature19,20, the one most com-
monly used in practice is often attributed to Bortz, Kalos
and Lebowitz21 even though one can clearly trace its idea
back further8. As such, it is sometimes referred to as the
BKL algorithm, with the “N -fold way”, residence-time
algorithm or Gillespie algorithm being other frequently

employed names. Figure 3 compiles a flowchart of this al-
gorithm. As necessarily required in any kMC procedure,
it starts with the determination of all N possible pro-
cesses, aka escape pathways, out of the present system
configuration, aka state. The corresponding N different
rate constants are then summed to yield the total rate
constant

ktot =

N!

p=1

kp . (5)

Executed is the process q, which fulfills the condition

q!

p=1

kp ≥ ρ1ktot ≥
q−1!

p=1

kp , (6)

where ρ1 ∈ ]0, 1] is a random number. In order to un-
derstand the idea behind this condition imagine for each
process p a block of height kp. If we then stack all of
these blocks on top of each other as illustrated in Fig. 3,
we arrive at a stack of total height ktot. Choosing a ran-
dom height along this stack, i.e. 0 < ρ1ktot ≤ ktot, will
point to one of the blocks and this is the process that is
selected. Obviously, a process with a large rate constant,
i.e. a large block height, has a higher chance of being
chosen in this way, and this probability weighted selec-
tion is precisely what the partial sums in Eq. (6) achieve.
By executing the selected process the system is moved to
the new configuration, the system clock is advanced by

t → t − ln(ρ2)

ktot
, (7)

where ρ2 ∈]0, 1] is another random number, and the en-
tire cycle starts anew from the new system state. Instead
of drawing N different random numbers for the N pos-
sible pathways as in the intuitive first-reaction method,
this algorithm thus needs only two in each cycle, which
in case of realistic systems of the type discussed below
makes a huge computational difference. Each cycle fur-
thermore definitely propagates the system to a new state,
which is also often viewed as an advantage of the corre-
sponding class of “rejection-free” kMC algorithms.

An important aspect of the BKL algorithm is that the
time by which the clock is advanced, cf. Eq. (7), is
independent of which process was actually chosen. To
understand this it is important to realize that the overall
scale of ∆tescape is governed by the fastest process that
can occur in a given configuration. This process with
the highest rate constant has the shortest average escape
time, cf. Eq. (4), and even in the maybe more intuitive
first-reaction method a slower process has only a chance
of getting selected if its randomly drawn escape time is of
this order of magnitude. Since the Poisson distribution of
this slower process is centered around a longer average es-
cape time, this happens only rarely and correspondingly
the slow process occurs less often than the fast ones in
the generated kMC trajectory as should be the case. In

KMC-algoritm scheme borrowed from: ”First-
Principles Kinetic Monte Carlo Simulations for 
Heterogeneous Catalysis: Concepts, Status and 
Frontiers” by Karsten Reuter 
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This approach allows us to identify the systematical rate determining properties 
of the diffusion in the molecular sieve, including exchange of cations at specific 
sites, the Si/Al ratio of the framework and the loading of CO2. 
 
We observe that the CO2 molecule is strongly affected by variations of the local 
structure while N2 is much less so. However, for both CO2 and N2, the main rate 
determining property is the cation species occupying the 8R pore window site, 
which is the path of diffusion. 
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Figure 6.1: Modeling methods used in this thesis treating different levels of the
length and time scale.

This procedure should be possible to apply when investigating the kinetics
of any guest molecule in any porous material where the pore-to-pore diffusion
can be defined as a rare event. The KMC-model as implemented by KMClib is
very flexible, allowing any number of individual processes and interdependent
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dynamics of different types. This opens up for complex models to simulate re-
alistic situations. Such a model setup could consist of several different phases
with different dynamic behavior combined with a magnitude of different local
environment dependent processes in addition to macroscopic condition varia-
tions. For example, the presence of temperature gradients effecting the transi-
tion rates depending on where in the material the process takes place such as
illustrated in Figure 6.2.

Gas phase 

Surface adsorption 
First layer entrance 

Bulk diffusion 

T=298 K, P=1 atm 
 

Temperature gradient 

Figure 6.2: Example of different phases and effects, which could be added to a
KMC model.

Currently, we are computing the free energy barriers for the site-to-site
hopping of Na+ and K+ ions in Zeolite A, using a similar approach as for
pore-to-pore gas diffusion. In the near future we, hence, plan to extend our
KMC model to investigate the effects of the cation mobilities. Additional fu-
ture studies should involve a continued investigation to identify and test the
effects of additional, potentially rate determining effects using this approach.
Such additional properties interesting to investigate involve internal surface
defects, temperature effects and presence of water. On a broader scale, dy-
namical effects of the variations of pore size, shape and flexibility are highly
interesting to investigate as well as expanding the study to include other types
of extra-framework cations and other gas molecules. By collecting barrier in-
formation on a large number of different pore window apertures and gases,
this information can be combined in many different ways to model a specific
zeolite-gas system on a macroscopic timescale based mainly on information
with a quantum chemical accuracy.

Despite the exceptionally high CO2-over-N2 selectivity measured for Ze-
olite NaKA, there is one major drawback for this material when it comes to
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applicability in an industrial separation process, namely the fact that Zeolite
A is strongly hydrophilic. For water containing flue-gases, this will involve
a significant uptake of water, resulting in a decreased CO2 uptake due to the
preferential adsorption of the highly polar water molecule. Following this, one
might ask why then we are studying this material. This material has showed
very interesting properties when it comes to the phenomenom of kinetic molec-
ular sieving and how it can be tuned by ion exchange. By studying this material
we have gained insight to the properties, which effect this process and tunabil-
ity. With gained knowledge on how these processes work we are more adept to
develop new or identify existing materials with similar molecular sieving qual-
ities but with lower or less competitive uptake of water. This knowledge may
be conclusive in the attempt to lower the "parasitic energy" for carbon capture
and separation processes. Such materials, which have been studied for this
purpose, with more or less success, are certain Aluminum phosphates (AlPOs)
[88] and Silica aluminum phosphates (SAPOs) [89] in addition to the Zeolite
NaKA with Si-to-Al ratios > 1, so-called ZK-4 [90]. Of these mentioned, the
latter is also subject for an ongoing modeling work showing particularly in-
teresting behavior as the decreased number of negatively charged Al-atoms in
the framework decrease the energy potential wells in the cation sites, in turn,
increasing the cation mobilities, which may show to have a further effect on
the gas dynamics.
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Sammanfattning på svenska

Enligt en stor majoritet av de ledande klimatforskarna utgör den pågående glo-
bala uppvärmingen ett reellt hot mot mänsklighetens välbefinnande på jorden.
Det finns starka vetenskapliga bevis att denna uppvärmning är ett direkt resul-
tat av den kraftiga ökningen av utsläpp av växthusgaser, i synnerhet CO2, som
följer förbränningen av fossila bränslen såsom olja och kol som skett under
senaste århundradet. För att bromsa den negativa klimatutvecklingen behöver
CO2 utsläppen minska drastiskt på kort tid. Att utveckla effektiva metoder för
att separera och fånga upp CO2 från industriella avgaser är därmed en nödvän-
dighet. Det är även avgörande att dessa metoder är kostnadseffektiva för att
säkerställa en bred användning även i utvecklingsländer där kolförbränning är
den huvudsakliga energikällan.

Zeoliter är nanoporösa kristallina material uppbyggda av periodiska ram-
verk bestående av kisel-, aluminium- och syreatomer. Porösiteten ger materi-
alet en omfattande inre ytarea på vilken gasadsorption (bindning på yta) kan
ske. Denna egenskap har gjort zeoliter till ett särskilt intressant material för
industriell CO2 separation då de kan attrahera stora mängder CO2 molekyler
och sedan till en relativt låg energikostnad släppa dessa igen genom att variera
temperaturen eller gastrycket i systemet. Materialet kan därmed återanvändas.

Vid separationen av CO2 från N2, som utgör huvudkomponenten av kolför-
bränningsavgaser, är det två huvudsakliga skillnader hos dessa två molekyler
som kan utnyttjas i processen. För det första är CO2 mer reaktiv jämfört med
den relativt inerta N2 molekylen. Detta är framförallt på grund av att det s.k.
kvadrupolmomentet är nästan tre gånger högre hos CO2, vilket gör att den har
en starkare attraktionskraft till materialytan. För det andra har CO2 moleky-
len en lite mindre s.k. kinetisk diameter vilket gör att den kan ta sig genom
lite mindre zeolitporöppningar jämför med N2. Då den kinetiska separationen
kan ses som en passiv process, finns potential att öka kostnadseffektiviteten
hos industriella separationsprocesser om material med sådana molekylära fil-
treringsegenskaper kan komma till nytta.

Zeoliter av LTA-typ är uppbyggda av tredimensionella porer med por-
öppningar som sammanfaller med storleksordningen hos CO2 och N2, 3-5 Å
(10−10m). Genom att variera jontypen som sitter i poröppningen, är det möjligt
att även justera materialets funktion som molekylärt filter, där målet är att CO2



molekylerna fritt ska kunna tränga sig in i porerna för adsorption, medan de
större N2 molekylerna blockeras. För Zeolit NaKA (LTA-typ zeolit innehållan-
de Na+ och K+ joner) uppnås en exceptionellt hög CO2-över-N2 selektivitet.

Under de senaste årtiondena har molekylär modellering tagit en alltmer
framträdande roll i forskningen av molekylära system. För materialforskning
har modelleringen blivit en integrerad och viktig del av analysen och möjlig-
heten att förutse ett materials fysiska och kemiska egenskaper då en insyn på
molekylär-, atom- och t.o.m. elektronnivå möjliggörs.

För att noggrant kunna modellera separationsprocessen behövs en kvant-
kemisk beskrivning av systemet där den kemiska upplösningen är på elektron-
nivå. Men för industriella applikationer är det framförallt önskvärt att kunna
förutse processen på en makroskopisk skala. Därmed är flerskalig modelle-
ring en nödvändighet för att beskriva den molekylära filtreringsprocessen i sin
helhet.

I denna avhandling används ett flertal modelleringmetoder som behandlar
olika längd- och tidsskalor för att beskriva den kinetiska separationen av CO2
från N2 i Zeolit NaKA. I ett första steg används en kombination av klassisk-
mekaniska kraftfältsmetoder för att visa vikten av att inkludera både effekterna
av de termodynamiska attraktionskrafterna såväl som kinetiska effekter vid
modellering av gasadsorptionen i zeoliter där gasdiffusionen i någon grad är
hindrad av trånga poröppningar.

För att sedan ge en ytterligare detaljerad bild av gasmolekylernas dynamik
genom materialet, introducerar vi en modelleringsprocedur för att beräkna de
s.k. fria energibarriärerna som begränsar gasflödet mellan porerna. Denna pro-
cedur som baseras på kvantkemisk molekyldynamik använder vi för att iden-
tifiera vilka lokala egenskaper hos porerna som påverkar hur enkelt det är för
gasmolekylerna att förflytta sig genom Zeolit NaKA-materialet. De poregen-
skaper som vi undersöker innefattar kombinationen av Na+ och K+ joner på
olika krystallografiska positioner inom materialet samt närvaron av ytterligare
CO2 molekyler inne i porerna.

Informationen om hur energibarriärna påverkas av de olika lokala miljöer-
na inom porerna infogas i Kinetisk Monte Carlo (KMC) metoden som används
för att simulera och jämföra påverkan av dessa och andra effekter, på den kine-
tiska filtreringen och gasupptaget i en realistisk Zeolit NaKA pulverpartikel-
modell, på en makroskopiska tidsskala. Därmed skalar vi upp information som
erhållits direkt från noggranna kvantkemiska beräkningsmetoder med en upp-
lösning på elektronnivå till en makroskopisk skala. Detta möjliggör en direkt
jämförelse mellan modelleringsresultat och experiment samt en förutsägelse
av påverkan av olika materialegenskaper på industriella applikationer.
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