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Abstract

The increased emission of carbon dioxide (CO2) derived from the use of fossil fuels has a major in-
fluence on global warming and climate change. In order to reduce these emissions, carbon dioxide
can be capture from the air and converted into useful products. This can be done for example using
the Sabatier reaction, in which CO2 and hydrogen (H2) are converted into methane (CH4) and water
(H2O). This reaction is reversible and it is therefore desirable to adsorb the water to shift the reaction
equilibrium to the product side, applying Le Chatelier’s principle. Water adsorption is achieved using
zeolites, which are hydrated minerals with an open crystal structure. There are many zeolite types,
both natural and artificial. This study will focus on determining which zeolite type is the most suitable
for water adsorption in the Sabatier reaction at relevant process circumstances and which properties
account for this superior performance.

The software RASPA is used to carry out simulations that determine the amount of adsorption of each
of the components in the Sabatier reaction in a certain type of zeolite. The simulations are conducted
at two different temperatures, namely 455 K and 635 K, and at pressures ranging from 10 to 50 bar.
Monte Carlo simulations with the grand-canonical ensemble are applied. The software Zeo++ is used
to determine the inaccessible pores per zeolite and RefProp is used to determine the correct fugacity
coefficient of each component at a given temperature and pressure. This is done in combination with
the equilibrium constant, which is used to calculate the gascomposition of the mixture. At T = 455
K, the zeolites are simulated again with a higher Si/Al ratio. In order to keep the framework neutral,
sodium cations are distributed in the zeolite. The zeolites that are examined are selected and divided
into categories based on their similarities to the zeolite type FAU and whether they have large in- or
external pores. The simulated zeolite types are FAU, JSR, BOZ, SBT, EMT, SAO, SBE, SBS, IRR, ITT,
BPH, AFY, AFR and BEA.

To determine the most suitable zeolite, the adsorption of water as well as the co-adsorption of the
other components is examined. Additionally, the enthalpy of adsorption is used to give an indication of
the desorption capabilities of the zeolite.
The adsorption isotherms of each zeolite show that an increase in pressure increases the water ad-
sorption capacity. An increase in temperature decreases the adsorption capacity. An Si/Al ratio in
the range of 15-25 shows a rapid increase in the water adsorption capacity for all zeolites compared
to the frameworks without aluminum. Zeolites that have large cavity diameters, large accessible pore
volumes and many cages connected with large channels have the highest water adsorption capacity.
In this study, these zeolites are FAU, EMT, JSR, IRR and SBS, where FAU has the highest water ad-
sorption capacity of those five types, which is 174 g/kg-framework at 455 K and 50 bar. Co-adsorption
of methane is low for each zeolite compared to the water adsorption and the adsorption of carbon diox-
ide and hydrogen is negligible. Additionally, all zeolites have an enthalpy of adsorption that indicates
that desorption is possible. It does not seem to be crucial for adsorption capacities whether zeolites
have internal or external pores. In conclusion, a zeolite with many large cages connected with large
channels, a high accessible pore volume and an Si/Al ratio between 15-27 is likely to have a high water
adsorption capacity. High pressure and low temperature will further enhance the adsorption.
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Nomenclature

Latin Symbols

∆U Energy change [J]

f Fugacity [bar]

fo Standard fugacity [bar]

H Enthalpy [kJ/mol]

k Binary interaction parameter [-]

kB Boltzmann constant [1.381 ·10−23 J/K]

N Number of particles [-]

n number of moles [mol]

P Pressure [bar]

Pc Critical Pressure [bar]

Pdelete Probability of deleting particle [-]

Pinsert Probability of inserting particle [-]

q Particle charge [C]

R Universal gas constant [8.314 J/K· mol]

r Particle radius [Ä]

T Temperature [K]

Tc Critical Temperature [K]

UCoulomb Electrostatic energy [J]

ULJ Lennard-Jones potential [J]

V Volume of simulation box [m3]

Vm Molar volume [m3/mol]

x Amount of moles converted [mol]

y Mole fraction [-]

Z Compressibility factor [-]

z Amount of moles converted [mol]

Å Ångstrom [10·10−10 m]
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Greek Symbols

β 1/kT [1/J]

ϵ Minimum energy of Lennard-Jones potential [J]

ϵ0 Electric constant [8.854 ·1012 F/m]

µ Chemical potential [J/mol]

µo Standard chemical potential [J/mol]

ν Stoichiometric coefficient [-]

ω Acentric factor [-]

ϕ Fugacity coefficient [-]

σ Particle size [Ä]
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Introduction

1.1. Context
On an annual basis, 35 billion tons of carbon dioxide (CO2) are released into the atmosphere of the
Earth due to human impact [32]. Since the start of the industrial revolution in 1760, the amount of
carbon dioxide in the atmosphere has risen from roughly 280 to 425 parts per million [38]. After the
invention of the combustion engine in the late 19th century, the emitted CO2 started to increase even
more rapidly.
CO2 is a greenhouse gas and has a major influence on global warming and climate change. The in-
crease of atmospheric CO2 has led to a global temperature rise of nearly 1.2 ◦C [30]. This temperature
rise can have catastrophic consequences for many ecosystems and drastically change life on Earth.

Fortunately, many sustainable inventions have been realized and applied in industries to reduce their
CO2 emissions. However, for certain industrial sections, such as aviation and shipping, it is challenging
to reduce CO2 emissions without compromising on efficiency or simply because sustainable alterna-
tives are infeasible with a system. These industries rely heavily on fossil fuels, for example for internal
combustion engines and gas turbines. Environmental friendly alternatives, such as electric engines
or the usage of hydrogen, are not suitable for all applications without drastically changing a design or
losing on efficiency.

To prevent the CO2 these industries exhaust from being released into Earth’s atmosphere, CO2 capture
for storage or utilization can be applied. In this method, CO2 is captured from the air and either stored
directly or converted into other products which are stored or used for other purposes. This way, CO2 cy-
cles are either neutralized or negative, consequently preventing more CO2 release into the atmosphere.

A method to convert CO2 into useful products is the Sabatier reaction. This reversible reaction converts
CO2 and hydrogen (H2) into methane (CH4) and water (H2O) using for example a nickel (Ni) catalyst
[18]. The produced methane can be used for other applications, such as natural gas and hydrogen
production [42]. To prevent the reverse reaction from occurring, it is necessary to adsorb the water and
shift the reaction equilibrium to the product side. This can be achieved by using a hydrophilic zeolite
[18]. Although there are many types of zeolites, only some of the most common types are studied in
combination with the Sabatier reaction. Furthermore, knowledge on beneficial zeolite properties or de-
sign for water adsorption as well as co-adsorption is limited. This knowledge is required to determine
the most suitable zeolite for the Sabatier reaction and consequently convert the highest amount of CO2.

1.2. Background information
This section of the report gives a short description of important terms and concepts that are used in the
study, namely the Sabatier reaction, zeolites and Monte Carlo simulations.

1.2.1. The Sabatier reaction
This study focuses on the Sabatier reaction. This reaction converts CO2 into methane according to the
following reaction:

CO2 + 4 H2 ↔ CH4 + 2 H2O (1.1)

The Sabatier reaction is a reversible and exothermic process. The enthalpy change is equal to [36]:

∆H = −165 kJ/mol
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The reaction takes place at elevated temperatures and pressures around 573 - 673 K and 20-30 bar,
respectively [52]. Several types of catalysts can be used for the reaction, such as nickel, ruthenium or
bimetallic catalysts. Ni-based catalysts are the most widely used for the Sabatier reaction due to their
low cost and high activity [46].

The Sabatier reaction is used for many applications, for example on board the International Space Sta-
tion. The CO2 the astronauts exhale is used for the reaction to produce drinkable water and methane
for heating and rocket propellant [40]. Additionally, the Sabatier reaction can be used to convert excess
renewable energy, such as hydrogen, into methane, which is suitable for storage and transportation
through existing natural gas infrastructures.

As mentioned before, the Sabatier reaction is a reversible reaction. To prevent the products from
converting back to CO2 and H2, the reaction equilibrium needs to shift to the product side. This can be
achieved by changing the conditions according to Le Chatelier’s principle, which states that the position
of equilibrium will shift to counteract the changing conditions and restore a new equilibrium [50]. By
adsorbing (part of) the produced water in the Sabatier reaction, the equilibrium will shift to the product
side to counteract the change in the amount of water by producing more water and restore equilibrium.
This concept is explained further in Chapter 2.1.4.

1.2.2. Zeolites
The water on the product side of the Sabatier reaction can be adsorbed using a zeolite. Zeolites are hy-
drated aluminosilicate minerals consisting of silicon (SiO4) and aluminum (AIO4) [58]. They are solids
with a relatively open crystal structure. This structure is a tetrahedral framework with an oxygen atom
shared by two tetrahedra, which can either be silicon or aluminum. The Silicon/Aluminum (Si/Al) ratio
differs per zeolite. The presence of aluminum creates a charge imbalance that requires the presence
of other metal ions to restore this imbalance. Natural zeolites usually contain mono- or di-valent ions
such as magnesium, calcium or sodium [10].

Zeolites can form different crystalline structures with large cavities. There are roughly 40 natural zeo-
lites, one of which can be seen in Figure 1.1, and 150 artificial, synthetic zeolites [58]. Zeolite types are
denoted using a three-letter code, as shown in Table 1.1. The zeolites in this table are a selection of
the 150 artificial zeolites that will be examined in this study. As the table shows, the selection is based
on zeolites that have properties similar to the zeolite type FAU and types that have large internal or ex-
ternal pores. Chapter 3.3 elaborates further on why these are the reasons these zeolites are selected
for the study.

Figure 1.1: Natural zeolite Chabazite [55]. Zeolites have a crystal-like appearance on the inside. The size of the zeolite in the
picture is 72x54x30 mm.
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Table 1.1: Zeolite types for which the adsorption isotherms will be generated with simulations. The table shows the total
volume, accessible pore volume, largest cavity diameter and restricting pore diameter for each zeolite.

Zeolites Vol. Access. Pore Vol. Largest Cavity D. Restrict. Pore D.
[Å3] [cm3/g] [Å] [Å]

Similar FAU
FAU 14428.771 0.3723 10.696 6.950
BOZ 7112.097 0.3558 8.305 4.518
JSR 7815.473 0.4221 7.431 4.542
SBT 10501.091 0.3410 10.397 6.944

Int. pores
AFR 2109.810 0.2618 7.816 6.573
BEA 4178.433 0.2716 6.118 5.634

Ext. pores
AFY 1132.679 0.3380 7.422 5.502
BPH 1914.802 0.3023 9.108 5.614
IRR 4422.866 0.4838 13.915 11.716
ITT 3586.511 0.4094 12.771 11.602

In- and ext. pores
EMT 7207.302 0.3711 11.001 6.967
SAO 3948.063 0.3371 8.206 6.298
SBE 9320.777 0.3386 12.097 6.835
SBS 6997.151 0.3422 10.977 6.867

The properties of the zeolites in Table 1.1 can be described as follows:

• Volume: Total volume of the unit cell.
• Accessible pore volume: Volume of the zeolite that is accessible to other components. It thus
specifies how dense a zeolite is and how much open space it has.

• Largest cavity diameter: The diameter of the largest cavity in the zeolite. The cavities are
cage-like spaces in the zeolites that are larger than its channels.

• Restricting pore diameter: The largest pore diameter through which a molecule can enter the
zeolite. If this diameter is smaller than the size of the molecule, the molecule cannot enter the
zeolite and will therefore not be adsorbed.

The cage-like framework of zeolites makes them suitable for adsorption of molecules, such as water.
They can also exchange their metal ions for other positively charged ions, which is known as cation
exchange. The large cavities allow for smaller molecules to pass through while trapping larger ones.
For this reason, zeolites are sometimes used as molecular sieves [58].
Additionally, zeolites have certain properties that make them attractive for usage in the aforementioned
applications. They have high melting points (around 1900 K [9]) and can resist high pressures. They
do not dissolve in inorganic solvents or water or oxidize in air. In addition, they are highly unlikely to
have a harmful environmental impact since they are based on natural minerals [58].
The International Zeolite Association (IZA) has a database of zeolite structures where information can
be found on the framework types that have been approved by the Structure Commission (IZA-SC) [3].

1.2.3. Monte Carlo simulations
Adsorption of components in a zeolite can be examined experimentally. However, examining this for
a large number of zeolites is time-consuming and requires acquiring samples of each of the zeolite
types to be examined. It is more efficient to test the adsorption in zeolites with numerical simulations.
A computer simulation calculates the adsorption loading based on information on the zeolite structure,
components, thermodynamic laws and properties. Certain numerical methods are not time-dependent,
which makes it much faster to acquire the equilibrium situation in the zeolite and the associated adsorp-
tion loading in contrast to experimental methods.



1.2. Background information 14

An example of a time-independent numerical simulation is the Monte Carlo (MC) simulation. MC sim-
ulations are a powerful method to determine macroscopic properties of a system, such as pressure or
energy, using microscopic properties [23].
A system consisting of many molecules has an extremely high number of possible configurations. For
each configuration, the macroscopic properties can be determined, for example by using the Lennard-
Jones potential. The average of all the configurations is the value of this property for this particular
system. However, it is impossible to calculate this for all the possible configurations, since the neces-
sary computing power is simply not available [23]. Additionally, not all configurations are equally likely
to occur, depending on the energy of each configuration. Configurations with a low energy are more
likely to occur than configurations with high energy [19]. In a Monte Carlo simulation, only the most
likely configurations are considered and their properties determined.

Multiple ensembles can be used with MC simulations, such as the NV T -ensemble (canonical ensem-
ble), which keeps the number of molecules, volume and temperature constant. This is for example suit-
able for a non-isolated, closed system. Another ensemble is the NPT -ensemble (isobaric-isothermal
ensemble), which keeps the number of molecules, pressure and temperature constant and is for ex-
ample suitable for systems with fluctuating volume.
For adsorption in a zeolite, the µV T -ensemble, also known as the grand-canonical ensemble, is the
most suitable [34] [23]. This ensemble keeps the chemical potential, volume and temperature constant.
Using this ensemble, the zeolite is simulated as a box in which molecules can be inserted or removed.
An implicit reservoir mimics the bulk gas, in which all components are at equilibrium. For the bulk gas
and zeolite to be in equilibrium, the chemical potentials of both bulk gas and adsorbed gas have to be
equal and the components in the zeolite are also in chemical equilibrium [23]. This concept is shown
in Figure 1.2. Chapter 3.4 explains this further.

Figure 1.2: Adsorption equilibrium between zeolite and bulk gas leading to chemical equilibrium between the components in
the zeolite using the µV T -ensemble.

The simulation will insert or remove molecules from the zeolite to get to this equilibrium. The simulation
is conducted according to the following steps:

• The fugacity, and therefore chemical potential, of the bulk gas is determined using the fugacity
coefficient ϕ:

f = ϕP (1.2)

µ = µo +RT ln( f
fo

) (1.3)
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Fugacity is an effective partial pressure, which is used for real gasses instead of ideal gasses.
Fugacity is equal to the pressure of an ideal gas at the same Gibbs free energy and temperature
as the real gas. For an ideal gas, fugacity and pressure are equal and therefore ϕ = 1. Appendix
B shows how the fugacity coefficient for a component in a mixture can be calculated using the
Peng-Robinson Equation of State.

• The energy of the current configuration is calculated in the simulation. This energy is equal to:

Utotal = ULJ + UCoulomb (1.4)

In which ULJ is the Lennard-Jones potential, given by [12]:

ULJ(r) = 4ϵ[(
σ

r
)12 − (

σ

r
)6] (1.5)

The electrostatic energy UCoulomb(r) is given by [27]:

UCoulomb(r) =
qiqj
4πϵ0r

(1.6)

This energy is determined using the interaction between all components in the bulk gas.
• A molecule is randomly inserted into the zeolite and the energy change ∆U due to the insertion
is calculated.

• The move is accepted according to the following probability [23]:

Pinsert = min(1, fV

(N + 1)
exp[−β∆U ]) (1.7)

• The same is done for the removal of molecules from the zeolite, according to the probability [23]:

Pdelete = min(1, N

fV
exp[−β∆U ]) (1.8)

• These steps are repeated for a large number of cycles. Consequently, the system settles into a
state that corresponds to the fixed µ. The box and reservoir are now in equilibrium.

• The output of the simulation gives the number of molecules that are adsorbed into the zeolite,
which can be used to plot an adsorption isotherm for multiple fugacities.

Equations 1.7 and 1.8 show that the energy change of a move and the fugacity of the system determine
whether insertion or removal of a molecule from the zeolite is either rejected or approved. In case the
energy change after a move is negative, the exponential will be larger than 1, so the move is always
accepted. When the energy change is positive, the value of the exponential term decides the probabil-
ity that this move is accepted or rejected. This equation resembles reality, since a system will want to
convert to lower energy states, so moves that decrease the energy are always favorable.

This MC simulation uses the concept of detailed balance. This implies that the rate of transitions
between two states is equal to each other, so the probability of being in state A and switching to state
B is equal to the probability of being in state B and switching to state A [23]. Although detailed balance
is not strictly necessary to have a correct sampling, using it will ensure that the sampling is correct.
The software RASPA will be used in this research to conduct the MC simulations using the grand-
canonical ensemble.
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Literature Review

This chapter reviews previous research and analyses the research gap that follows from this review.
The thesis framework, including the objective, research questions and scope, will also be discussed.

2.1. Previous research
Several studies have been conducted to improve certain aspects of the Sabatier reaction in combina-
tion with a zeolite. The following section gives a brief overview of potentially relevant studies for this
research.

2.1.1. 13X and 5A zeolites
Delmelle et al. (2016) discovered that the zeolite framework 5Ni/13X showed improved performance
(135% at 300 ◦C) compared to 5Ni/5A and can be operated nearly three times longer when pre-dried
under an oxidizing atmosphere. This is most likely due to the larger pores that allow for better water
and air transport [18].
Wei et al. (2020) performed a study to examine if modification with nickel and/or ruthenium (Ru) of
5A and 13X zeolites improved the methanation and adsorption process. When considering conversion,
this study concluded that 13X outperforms 5A zeolites. Adding ruthenium does not improve CO2 metha-
nation, but a pure Ru catalyst does increase the selectivity of 13X zeolites and decreases selectivity
for 5A zeolites [56].
Wei et al. (2021) concluded in a successive study that Ni precursors have an influence on the per-
formance of 13X and 5A zeolites. The 13X zeolite with a nickel citrate modified catalyst showed high
activity and selectivity towardsmethane and the catalyst is stable under the experimental circumstances
[57].

2.1.2. Zeolite & reaction properties
Li et al. (2021) conducted a study on the adsorption and desorption characteristic of hydrophobic zeo-
lites. This study concluded that a low Si/Al ratio increases the hydrophilic capacity of a zeolite, while a
high Si/Al ratio increases the hydrophobic capacity [37].
The shape selectivity of zeolites is studied by Sharma et al. (2024). This study shows that the shape of
a zeolite has an impact on the hydroisomerization of linear alkanes, especially when concerning cage
or channel-like structured zeolites. Additionally, zeolites favor certain isomers less or more than others
for adsorption [51].
Grevil (2020) uses grand-canonical Monte Carlo simulations in RASPA to determine the NOx gas mix-
ture adsorption in five different zeolites, namely FAU, FER, MFI, MOR and TON. FAU showed the
highest adsorption loading for all NOx components due to a high specific volume and number of pock-
ets. Before the GCMC simulation was carried out, the inaccessible pockets in FAU and FER were
determined and blocked to avoid incorrect adsorption in these pockets [13].
As mentioned in chapter 1.2.1, the Sabatier reaction takes places at 573 - 673 K. However, high tem-
peratures negatively influence desorption. Liangyuan Wei et al. (2021) show that a temperature of 453
- 633 K can be applied when using zeolites that have catalytically active metal, such as Nickel, directly
loaded onto them. This lower temperature enhances the adsorption of components onto the zeolite
[57].
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2.1.3. Pore size
Granitsiotis (2017) proved that the amount of nickel catalyst on the surface of the zeolite influences the
performance of the reaction. The two examined zeolites were 3A and 4A, and from the experiment it
followed that smaller catalyst pellets in combination with larger-pore zeolites (4A) increase and stabilize
conversion rates, since the nickel catalyst manages to get further inside the zeolite pores compared to
3A [29].
Azad (2020) studied the sorption enhanced methanation for large-pore zeolites. Zeolite L was exam-
ined in comparison with zeolite 5A and 13X. The experiment showed that the zeolite L activity is in
between the 5A and 13X activity, despite the larger pore size. A possible explanation for this would be
the higher Si/Al ratio of zeolite L, which increases the hydrophobic capacity of a zeolite. Furthermore,
it was found that zeolite L does not show significant sorption enhancement after catalytic impregnation,
whereas 5A and 13X do show improved sorption enhancement. Azad (2020) indicates that this might
be due to non-optimal circumstances with regards to pressure and temperature for zeolite L, which
causes it not to adsorb water properly [4].
Van Kampen (2021) examined the properties of 3A (LTA) zeolites as part of a study on efficient carbon
utilization to DME by steam adsorption enhancement. 3A shows adequate adsorption capacities for
water, since the small pore size of 3A (2.9 Å) excludes many components from being adsorbed, such
as CO2 (3.4 Å) [31].

2.1.4. Equilibrium constant
The equilibrium constant K of a chemical reaction denotes the ratio between reactants and products
and shows whether a reaction under certain conditions favors the products (large K) or the reactants
(small K). As explained in chapter 1.2.1, the goal of adsorbing water from the products is to shift the
reaction equilibrium towards the product side. The effect of water adsorption on the reaction is shown
by Granitsiotis (2017) [28]. The equilibrium constant K for an ideal gas (ϕ = 1) is calculated as follows
[43]:

K =
yνC

C yνD

D

yνA

A yνB

B

(
p

pref

)νC+νD−νA−νB

(2.1)

With pref = 1.01325 bar. Using the stoichiometric Sabatier reaction (Equation 1.1), the amount of mole
for each component on the product side can be expressed using x, where x denotes the amount of
methane produced:

nCO2
= 1− x

nH2
= 4 · (1− x)

nH2O = 2 · x

nCH4
= x

ntot = nCO2
+ nH2

+ nH2O + nCH4
= 5− 2x

And for the mole fractions:

yCO2
=

1− x

ntot

yH2
=

4 · (1− x)

ntot

yH2O =
2 · x
ntot

yCH4
=

x

ntot

In equation 2.1, A & B indicate the reactants CO2 & H2 and C & D indicate the products CH4 & H2O,
respectively. This means that νA = 1, νB = 4, νC = 1 and νD = 2.
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Inserting this in equation 2.1 and rewriting gives:

K =
4x3(5− 2x)2

(1− x)(4− 4x)4
· Ptot

Pref

−2

(2.2)

Using the partial pressure of water, the following is applied:

PH2O

Ptot
= yH2O =

2x

5− 2x

Inserting this in equation 2.2 and rewriting gives:

K =
x(PH2O

Ptot
)2(5− 4x)4

(1− x)(4− 4x)4(1− PH2O

Ptot
)4

· Ptot

Pref

−2

(2.3)

Since K is fixed, reducing the partial pressure of water needs to be compensated by increasing x and
thus the reaction equilibrium is shifted towards the product side, which proves that water adsorption
enhances CO2 conversion in the Sabatier reaction [28].

2.1.5. Adsorption isotherms
Multiple works have determined adsorption isotherms of several zeolites with several adsorbed compo-
nents at various pressures and temperatures. Even though the simulation- or experimental properties
are not completely similar to the ones used in this research, it is important to check for certain trends
that are to be expected.
In various papers it can be seen that the adsorption of components increases as pressures increases.
Additionally, it is expected that the adsorption decreases as temperature increases. For example, in
Gholipour et al. [26] it is seen that both the adsorption of CO2 and CH4 on zeolite FAU increases as
the pressure increases from 0 to 10 bar. Also, the adsorption capacity decreases as the temperature
increases from 273 to 323 K. The same trend is shown in García-Sánchez et al. [25], where the ad-
sorption isotherms of CO2 on FAU are computed using both experiments and simulations. This also
shows an increase in the adsorption as pressure increases from 0 to 100 kPa. Again, the temperature
increase from 253 to 303 K causes an adsorption decrease. This trend is also seen on different zeolites,
such as LTA in Duan et al. [20], where the adsorption of CO2 increases as pressure increases form
0 to 4 MPa, whereas the adsorption decreases as temperature increases from 278 to 328 K. Water
shows the same trends according to Zhang et al. [59], where the adsorption of water on MFI zeolites
increases as the pressures increases.

The simulation properties of this research differ from ones in the discussed literature. However, the
trends that are seen for the adsorption isotherms regarding pressure and temperature are also expected
in the results from this research.

2.2. Research gap
Section 2.1 shows that several studies have been performed on adsorption of certain components in the
presence of a zeolite. This previous research indicates that several factors contribute to the suitability of
a zeolite for adsorption, such as pore size, Si/Al ratio, shape, reaction conditions, inaccessible pockets
and the location and amount of the nickel catalyst on the surface and the inside of the zeolite. It
should be noted that the majority of these studies focuses on only a few types of zeolites, mainly 13X
(FAU) and 5A (LTA). These zeolites belong to the synthetic zeolite groups A and X, which are widely
known and used for many applications [41]. However, it is not proven that these types are the most
suitable in combination with the Sabatier reaction. No studies have been conducted to determine
the most beneficial properties of a zeolite that make it a suitable adsorber of the produced water and
consequently aid converting the highest amount of CO2.
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2.3. Thesis framework
2.3.1. Objective
Using the contributing factors mentioned in chapter 2.2, this study will focus on determining the most
beneficial qualities of a zeolite that make it suitable for use in the Sabatier reaction and consequently
convert the highest amount of CO2. The main objective is to point out the most suitable zeolites for this
application from the list of synthetic zeolites [3] and establish what properties make these zeolites the
best option for adsorption of water in the Sabatier reaction.
It is important to note that desorption of zeolites is crucial to enable regeneration. In the remainder
of this report, desorption is included when considering the suitability of zeolite types. Additionally, co-
adsorption of CO2 is also determined in the simulation, since this can cause the equilibrium to shift to
the reactant side in case the co-adsorption is too high. A suitable zeolite will have a balance between
water and CO2 adsorption that will cause the equilibrium to shift to the product side.

2.3.2. Research questions
The main question to be answered in this study is:

• Which types of synthetic zeolites exhibit the highest suitability for water adsorption in the Sabatier
reaction, and what specific properties account for their superior performance?

This question can be answered by answering the following subquestions:

1. Which synthetic zeolite types have the highest adsorption capacity for water in combination with
suitable desorption and low co-adsorption capabilities in the Sabatier reaction?

2. What properties do these zeolite types have that differ from the less suitable types?
3. Which of these properties account for their superior performance in adsorbing water in the Sabatier

reaction?
4. At what temperature and pressure is the adsorption of water in the zeolite further enhanced?

As explained in chapter 1.2.3, Monte Carlo simulations will be used to answer these questions. In
this type of simulation, many different zeolites can be examined. Additionally, the simulation is time-
independent, so the time a system needs to get to the equilibrium state is irrelevant. Therefore, many
zeolites can be tested within a much shorter time range in contrast to experimental methods. Further-
more, Monte Carlo simulations have been proven to be both mathematically and thermodynamically
accurate, since only the most likely microscopic states of the system are considered (see chapter 1.2.3).
More information on the research methodology can be found in chapter 3.

2.3.3. Scope
This study focuses on determining the most suitable zeolites for the adsorption of water in the Sabatier
reaction. Additionally, the properties that account for this suitability are identified. The most optimal
temperature and pressure will also be established. As mentioned in chapter 2.3.1, desorption also
plays a role in determining the suitability of a zeolite for use in the Sabatier reaction. Desorption will
therefore also be examined for multiple zeolites. Also, co-adsorption of the other components besides
water will be determined.
Multiple types of catalysts can be used for the Sabatier reaction. However, their suitability will not
be discussed in this study. Furthermore, only existing synthetic zeolite types are examined in the
simulation. Hypothetical zeolites are not considered. Based on the results of this study, hypothetical
zeolites with the correct properties for water adsorption could be created in successive studies.
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Research Methodology

This chapter focuses on the research methodology. First, the approach to answer the questions from
chapter 2.3.2. is discussed. Second, the simulations necessary to answer these questions are ex-
plained. Furthermore, component properties and important aspects to be considered during the simu-
lation are explained. Additionally, the RASPA software used to conduct the simulations is discussed.

3.1. Approach
The main objective of this study is to determine the most suitable zeolites for water adsorption in the
Sabatier reaction. To achieve this, multiple simulations are necessary in which the adsorption and
desorption of each component in the Sabatier reaction in a zeolite are assessed. Multiple zeolites will
be used under various pressures and temperatures to get adsorption isotherms for each zeolite. This
approach is conducted using the following steps:

1. Retrieve necessary property values of water, methane, carbon dioxide and hydrogen from the
literature for the RASPA simulation (for RASPA: see chapter 3.8).

2. Determine the correct fugacity coefficient and gas composition for each component at the correct
temperature and pressure.

3. Determine inaccessible pores in the zeolite using Zeo++.
4. Set up the RASPA simulation code including the necessary files and component properties.
5. Fill in properties and information of the system in the RASPA simulation code, including the correct

file for the zeolite to be simulated and the inaccessible pores.
6. Run the simulation for all zeolite types in Table 1.1 at various pressures, temperatures and Si/Al

ratios and generate the adsorption isotherms and the adsorption energy.
7. Determine which zeolites have optimal combinations of adsorption isotherms and adsorption en-

ergy for use in the Sabatier reaction.
8. Determine for which properties these zeolites significantly differ from the types with less optimal

results and establish which of these properties are the reason for increased performance.

This approach results in an overview of the adsorption isotherms and adsorption energy of all selected
zeolite types and a conclusion on the most optimal zeolite type for water adsorption in the Sabatier
reaction. By comparing the properties of the zeolites and noting where they differ significantly, conclu-
sions can be drawn on which properties are important for the suitability of a zeolite for water adsorption.

3.2. Properties of water, methane, carbon dioxide and hydrogen
The properties for water, methane, carbon dioxide and hydrogen are given in Table 3.1[54][16][1][5]
[39][48][14][53][15][8][17][11]. These properties are necessary for the Peng-Robinson Equation of State
that will be used later in this research and for defining the components in RASPA.

20
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Table 3.1: Necessary properties of water [54][16][1][5], methane [39][48][14][53], carbon dioxide [15][8] [39] and hydrogen
[17][11] for the PR EoS. The properties include critical temperature and pressure, acentric factor, molar mass, atoms and

diameter.

Property Water (H2O) Methane (CH4) Carbon diox-
ide (CO2)

Hydrogen (H2)

Tc [K] 647.096 190.564 304.128 33
Pc [Pa] 22.064·106 4.599·106 7.377·106 1.3·106
Acentric factor [-] 0.344 0.011 0.224 -0.219
Kinetic diameter
[pm]

265 380 330 289

Molar mass [g/mol] 18.015 16.042 44.009 2.016
Atoms H H C H

O C O
Diameter [Ä] 3.0 3.8 3.3 2.89

3.3. Zeolite types and simulation conditions
In the simulation, four conditions can be altered, namely:

• Pressure
• Temperature
• Si/Al ratio
• Zeolite type

As mentioned in chapter 1.2.2, there are roughly 150 artificial zeolites. For this research, a selection
is made of the zeolite types that will be examined for water adsorption. This selection can be seen
in Table 1.1 in chapter 1.2.2 and is based on several considerations. First, zeolites that have similar
properties as the FAU type are selected. As can be read in the literature review on previous research
(Chapter 2.1), the FAU type is known to be suitable for adsorption in the Sabatier reaction. The types
that have similar properties will therefore be considered in this research to see if they have similar or
better performance compared to FAU. Additionally, certain types are selected based on their restricting
pore diameter. Since all four components need to be able to enter the pores and move through the
zeolite, only zeolite types with pores larger than 5 Å are considered. These types are divided into those
with internal or external pores, or both. Internal pores are pores that run through the zeolite. External
pores run along the surface of the zeolite. Figure 3.1 shows this difference for the AFR and IRR zeolite.
The figures are generated with iRASPA (see chapter 3.9).

(a) AFR (b) IRR

Figure 3.1: (a) AFR with internal pores (> 5 Å) and (b) IRR with external pores (> 5 Å). Internal pores pass through the zeolite
and external pores run across the surface of the zeolite. The simulation will indicate if this has an influence on the suitability for

use in the Sabatier reaction.
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The simulation will be conducted at different pressures and temperatures for each zeolite. As men-
tioned in chapter 1.2.1, the Sabatier reaction typically takes place at temperatures between 573 -673
K and pressures between 20-30 bar [52]. However, at lower temperatures, adsorption can be further
enhanced. These temperatures can be applied when the zeolite is loaded with catalytically active metal
[57]. Even though this loading cannot be simulated, the lower temperatures (453 - 633 K) will be used
in the simulations, with pressures varying from 10 to 50 bar. These conditions are shown in Table 3.2.

Table 3.2: Conditions for the simulations. At two different temperatures, the adsorption isotherm is generated at pressures
varying from 10 to 50 bar.

Temperature [K] Value [bar]
455 10 20 30 40 50
635 10 20 30 40 50

3.4. Fugacity coefficient & Gas composition
As mentioned in chapter 1.2.3, the chemical potential is calculated with the fugacity, which is deter-
mined by the fugacity coefficient and the pressure. As can be seen in chapter 3.3, various pressures
and temperatures are used for the simulations. It is important that the correct fugacity coefficient for
each component is used, corresponding to the pressure and temperature of that particular simulation.
The program RefProp is used for determining the correct fugacity coefficients for the components [35].
RefProp applies the Helmholtz Free Energy Equation of State to determine the fugacity coefficient in
mixtures, which is thermodynamically rigorous and accounts for residual parts and mixing rules [47].
In order to have RefProp determine the correct fugacity for each component, the gas composition of
the mixture has to be known. This is determined using the equilibrium constant K. This procedure is
explained further in chapter 4.2. In this process, the composition of the bulk gas is determined. This
is directly applicable to the composition in the zeolite, since bulk gas and zeolite reach an adsorption
equilibrium. This means that the chemical potential in both bulk gas and zeolite are equal to each other.
Since the components are in equilibrium in the bulk gas, the components automatically also have to
be in equilibrium in the zeolite to have adsorption equilibrium. Figure 1.2 in chapter 1.2.3 shows this
graphically. In Appendix A, Tables A.1 to A.4 show the fugacity coefficient and gas composition for the
components for each temperature-pressure combination, respectively.

3.5. Si/Al ratio and charge
As explained in chapter 1.2.2, zeolites mainly consist of silicon or aluminum in combination with oxy-
gen. The Si and Al atoms are interchangeable and effect the suitability for the zeolite regarding water
adsorption. A higher Si/Al ratio makes the zeolite more hydrophobic, while a low Si/Al ratio makes it
more hydrophilic [37].
In RASPA, the Si/Al ratio can be adjusted. It is important that charge compensation is also applied when
interchanging Si and Al atoms. Every SiO2 tetrahedral site is neutrally charged. Since Al has a differ-
ent charge, every AlO4 site has a negative charge. It is therefore important to add charge-balancing
cations. For this research, Na+ cations are used [58]. These cations need to be placed in realistic sites
in the zeolite to balance the negatively charged AlO4 sites. Additionally, oxygen atoms linking Al and
Si atoms have a slightly different charge than oxygen atoms linking Si with other Si. Table 3.3 shows
the applied charges for each molecule [2].

Table 3.3: Applied charge for each molecule present in the zeolite [2].

Molecule Charge [e]
Si 0.78598
Al 0.48598
O (Si-Si) -0.39299
O (Al-Si) -0.41384
Na+ 0.3834
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Furthermore, Al atoms cannot be placed next to each other, since this will weaken the structure. This
is called the Löwenstein rule [22]. This also determines the maximum number of Si atoms that can be
replaced by Al. A Python script using the software Porran is written in which Si atoms are replaced by
Al obeying the Löwenstein rule and that adjusts the adjacent O atoms to the correct charge. The script
is shown in Appendix D. For each zeolite, the simulations will be conducted using the structure with no
Al atoms and additionally for the structure with an Si/Al ratio between 15-27. Table 3.4 shows the Si/Al
ratio for each zeolite. An Si/Al ratio of 20 is a realistic number for each of the zeolites and by taking the
same ratio for all types, the results can be compared. However, the ratio cannot be the exactly 20 for
each zeolite, because the number of Si atoms is different for each type and the interchanged number
of atoms needs to be a whole number. Therefore, the Si/Al ratio is chosen to be as close to 20 as
possible for each zeolite type.

Table 3.4: Si/Al ratio for each zeolite.

Zeolite Si/Al ratio
FAU 20.3
BOZ 22
JSR 23
SBT 19.6
AFR 15
BEA 20.3
AFY 15
BPH 27
IRR 25
ITT 22
EMT 18.2
SAO 17.7
SBE 20.3
SBS 18.2

3.6. Inaccessible pores
Certain zeolite types have inaccessible pores. This means that the pore size is large enough for the
components to move through, but the entrance to the pore is not on the surface of the zeolite and
therefore not accessible to the molecules. Additionally, there are spaces in the zeolite that would be
large enough for the components, but the channels leading to the spaces are too small or they are not
connected to channels, which makes these spaces inaccessible as well.
To gain realistic results for the adsorption isotherms, it is important to determine these inaccessible
pores and have RASPA block these pores for the simulation, so molecules are not inserted in these
pores. With the software Zeo++, the inaccessible pores in a zeolite are determined and blocked [33].
This information is used in RASPA to make sure the simulation does not placemolecules in inaccessible
regions. Using iRASPA, the position of the blocked pores can be made visual by adding molecules at
these positions to the zeolite CIF file. This is done using Argon molecules, because their size and color
in iRASPAmake them distinguishable in the framework, as can be seen in Figure 3.3. The figure shows
excellent agreement between the position of the blocking pores in iRASPA and the ones determined
with Zeo++.
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(a) Channels in FAU (b) Blocked pores using Argon in FAU

Figure 3.2: Figure a shows channels in zeolite FAU, made visual with iRASPA. 4 of the 8 inaccesible pores are visible. Figure
b shows the inaccesible pore locations in FAU according to Zeo++, denoted with an Argon molecule (blue), made visual with

iRASPA. The Argon molecules correspond to the location of the inaccessible pores in Figure a.

3.7. Desorption
The water and methane that are adsorbed by the zeolite, need to be retrieved through desorption. If not,
the water and methane cannot be used for useful purposes and the zeolite will become saturated, in
which case it will no longer adsorb water. To determine if desorption is possible, the adsorption energy
is reviewed. The adsorption energy is the extent to which molecules are attached to the zeolite. A large
negative adsorption energy means the molecules attach to the zeolite easily and are hard to desorb.
The value for the enthalpy of adsorption for which desorption is relatively simple typically ranges from
-8 to -40 kJ/mol [45]. Between -40 and -80 kJ/mol, desorption becomes harder and above -80 kJ/mol,
desorption becomes nearly impossible. It is therefore desirable that the most suitable zeolite has an
adsorption energy between -8 to -40 kJ/mol.

3.8. RASPA
RASPA is a software package designed to simulate adsorption and diffusion of molecules in flexible
nanoporous materials, such as zeolites [21][49]. The software uses Monte Carlo simulations as ex-
plained in chapter 1.2.3. This study uses RASPA with the interface Visual Studio Code. In this chapter,
an overview on RASPA is given. Additionally, the necessary input and output files for the adsorption
simulation in RASPA are explained.

3.8.1. Overview
RASPA is written in C++23 and uses configurational-bias Monte Carlo (CBMC) and continuous frac-
tional component Monte Carlo (CFCMC) simulations. For electrostatics it uses the Ewald summation
and Molecular Dynamics (MD) calculations are based on symplectic and measure-preserving integra-
tors [21]. Transition-matrix MC is used to compute free energies and density of states [49]. These
choices provide the best accuracy and correctness out of the options available in the literature. Sev-
eral experimental studies show a high level of agreement with results from RASPA simulations.
For particles, RASPA uses three different types, namely framework atoms, adsorbates and cations.
This has the advantage that the different components of the total energy can be used and its interac-
tions examined.
RASPA puts no restriction on the number of components or molecules used in a simulation. The
C-convention is used to number components, frameworks etc., which means they start at zero. Addi-
tionally, RASPA uses the Peng-Robinson Equation of State (PR EOS) to convert pressure to fugacity
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if no fugacity coefficient is given in the input [7][21].
The following units are standard units in RASPA:

• Unit of length l0 is Ångstrom (l0 = 10−10 m)
• Unit of time t0 is picosecond (t0 = 10−12 s)
• Unit of charge q0 is the proton charge (m0 = 1.602 · 10−19 C)

All other units follow from these standard units [21].

3.8.2. Force field
The force field of a simulation is crucial in determining the energy of each cycle. The energy calculation
is given in chapter 1.2.3. In the RASPA file for the force field, the self interactions between molecules
can be specified by defining the correct type, such as Lennard-Jones. The values for the Lennard-Jones
parameters can also be assigned in this file for each component. Additionally, the pseudo atoms, their
mass and electrostatic charge can be defined.

3.8.3. Components
In another file, the components can be defined by assigning their critical temperature, critical pressure,
acentric factor and bonding type. Also, the position of the atoms relative to each other and their bonds
are defined. The force field of each component is included in this file by calling this component from
the force field file.

3.8.4. Zeolite
For simulations including a zeolite, the zeolite type must also be defined. This can be done using
iRASPA (see chapter 3.3). From this software program, a cif-file with information on a certain zeolite
can be exported to RASPA. This file contains the cell lengths, angles and cell volume. It also documents
all the atoms present in the zeolite and their position in a grid.

3.8.5. Simulation
The aforementioned files are important for the simulation file. In this file, the simulation type (in this
case Monte Carlo), the number of cycles and initialization cycles are defined. The zeolite is specified
by calling this file and defining the number of unit cells along the crystallographic axis, the external
temperature and external pressure. The force field is included by directing RASPA to the correct file in
the directory. The components are included by calling these files and specifying the fugacity coefficient,
the translation-, reinsertion- and swap probability and the number of thesemolecules that the simulation
has to create. In case of adsorption, this number is set to zero, which means there are initially no
molecules present in the zeolite. The simulation inserts or removes zeolites using swap moves.

3.8.6. Output
After conducting the simulation, RASPA gives an output file. In this file, RASPA gives the used units
and constants. It also gives an overview of the input files, such as the pressure and temperature im-
posed on the system, the components and their properties and the zeolite.
The RASPA file also shows the results of the simulation. It gives the interim results after a certain
number of cycles, which is specified in the simulation file. At the end of the simulation, an overview is
given of the end results per component. This includes energy statistics, MC-moves statistics and the
absolute and excess loading.

Figure 3.3 gives a schematic overview of the input and output files and the information in those files.
The input block represents the information that needs to be inserted in the files and the output block
represents the information that is displayed in the output file.
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Figure 3.3: Block scheme with input and output information for the Monte Carlo simulation in RASPA.

3.9. iRASPA
iRASPA is the visualization software package for RASPA, that gives many options for visualizing and
editing materials. Specific to this study, iRASPA is used to visualize zeolites and transfer the associated
cif-files to RASPA for the simulation. Additionally, iRASPA can show where the adsorbed molecules are
located in the zeolite framework. Figure 3.4 shows the visualization of zeolite type FAU in iRASPA. It can
be seen that the zeolite structure, atom positions and pores are easily examined using this visualization.
The visualization can be adjusted, for example by only showing the atoms or the channels, and in
different lay-outs.
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Figure 3.4: Example of a zeolite visualization in iRASPA. The zeolite in the picture corresponds to FAU. These visualizations
clearly indicate the position of the atoms, pores, pore sizes and channels.
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Simulation Preparation

This chapter shows the preparation for the simulations. First, the comparison between the fugacity
coefficient from RefProp and Peng-Robinson is discussed. After this, the results of the calculation for
the gas composition are shown. Also, the number of initialization cycles is determined and a comparison
is made to a previous adsorption simulation to check resemblence.

4.1. Fugacity Coefficient
4.1.1. RefProp and Peng-Robinson comparison
For the fugacity coefficient of the components at every selected temperature and pressure, the program
RefProp can be used. However, the validity of RefProp needs to be determined by comparing the values
for the fugacity coefficient to the ones calculated in the Peng-Robinson Equation of State (PR EoS) for
mixtures [6]:
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√
2)B

) (4.1)

The full PR EoS including mixing rules can be found in Appendix B. In a Matlab script, the fugacity coef-
ficient of each component in the Sabatier reaction at every temperature and pressure in the simulation
is calculated and plotted against the value from RefProp. The results for T = 455 K can be seen in
Tables 4.1 and 4.2.
Note that the calculation is done for a mixture excluding water, which is CO2, H2 and CH4, and includ-
ing water, which is CO2, H2 and CH4 and H2O. The reason for this is that water is polar, whereas the
other three components are non-polar. The Peng-Robinson EoS is less suitable for polar components.
Therefore, the comparison to RefProp is made both for a mixture with and without water to see if this
has a large impact on the difference between the two values for the fugacity coefficient. For the mixture
without water, the mole fraction of each component is y = 0.33 and with water y = 0.25.

28
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Table 4.1: Difference between fugacity coefficients calculated in RefProp and from the Peng-Robinson Equation of state at T =
455 K for a mixture without water.

Pressure [bar] Component
CH4 CO2 H2

10
PR 0.9965 0.9897 1.0057

RefProp 0.9991 0.9912 1.0084
Deviation [%] 0.3 0.2 0.3

20
PR 0.9932 0.9797 1.0114

RefProp 0.9983 0.9826 1.0168
Deviation [%] 0.5 0.3 0.5

30
PR 0.9900 0.9700 1.0171

RefProp 0.9977 0.9742 1.0252
Deviation [%] 0.8 0.4 0.8

40
PR 0.9871 0.9607 1.0229

RefProp 0.9971 0.9661 1.0337
Deviation [%] 1 0.6 1.1

50
PR 0.9843 0.9517 1.0286

RefProp 0.9967 0.9582 1.0422
Deviation [%] 1.3 0.7 1.3

Table 4.2: Difference between fugacity coefficients calculated in RefProp and from the Peng-Robinson Equation of state at T =
455 K for a mixture with water.

Pressure [bar] Component
CH4 CO2 H2 H2O

10
PR 0.9971 0.9877 1.0109 0.9620

RefProp 0.9991 0.9907 1.0146 0.9780
Deviation [%] 0.2 0.3 0.4 1.7

20
PR 0.9944 0.9758 1.0221 0.9252

RefProp 0.9987 0.9809 1.0300 0.9554
Deviation [%] 0.4 0.5 0.8 3.3

30
PR 0.9920 0.9641 1.0337 0.8897

RefProp 0.9984 0.9713 1.0457 0.9333
Deviation [%] 0.6 0.7 1.2 4.9

40
PR 0.9899 0.9528 1.0456 0.8554

RefProp 0.9982 0.9618 1.0617 0.9116
Deviation [%] 0.8 0.9 1.5 6.6

50
PR 0.9881 0.9417 1.0578 0.8224

RefProp 0.9982 0.9526 1.0780 0.8905
Deviation [%] 1 1.2 1.9 8.3

The tables show a value difference below 2% for the pressure range 10 - 50 bar, except for water. Wa-
ter has the largest value difference between the PR EoS and RefProp, which increases with increasing
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pressure.
From the tables, it can be concluded that the difference between the values from the PR EoS and
RefProp is small for both mixtures and RefProp can therefore be used to determine the fugacity coeffi-
cients for the simulations. Water is the component that has the highest difference between both values,
but since RefProp takes into account the polarity of water and PR EoS does not, it is valid and more
suitable to use RefProp for the fugacity coefficients of water as well.

4.1.2. Force field and RefProp comparison
As explained in chapter 3.4, the chemical equilibrium between the bulk gas and the zeolite is driven
by fugacity. This process relies on the assumption that the fugacity determined from the force field in
RASPA is equal to the one determined in RefProp under the same conditions. This can be verified
with a simulation without the zeolite, so the components mimic the bulk gas. In Table 4.3 the compar-
ison between both methods can be seen. The selected temperature is T = 455 K and the number of
molecules is equal to 100 per component. The components are simulated as pure components.

Table 4.3: Comparison between the fugacities from RefProp and using force fields in RASPA for each component.

fi [bar] Component
CH4 H2O CO2 H2

RefProp 1.5331 1.5201 1.5283 1.5356
Force Field 1.5336 1.535 1.5303 1.5355
Deviation [%] 0.03 0.97 0.13 0.65

As can be seen in the table, the deviations between the fugacities for each component are negligibly
small, proving that the chosen force field in RASPA calculates the correct fugacities for each component.

4.2. Gas composition
4.2.1. Calculation
To determine the gas composition of the gas mixture, the equilibrium constant is calculated.

The equilibrium constant K can be determined by either using the Gibbs free energy or the fugaci-
ties of each component. Equation 4.1 en 4.2 show the calculation for the equilibrium constant using
the Gibbs free energy.

K = exp(−∆G̊

RT
) (4.2)
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Appendix C, Table C.1 and C.2 show the values for the enthalpy and entropy for each component at
the applied temperature and pressure [44] [24].

Equation 4.3 shows the calculation using the fugacities of each component.

K =

[
(fC)

νC (fD)νD

(fA)νA(fB)νB

] [
(f̊A)

νA(f̊B)
νB

(f̊C)νC (f̊D)νD

]
(4.4)

This equation is suited for non-ideal mixtures including polar components, such as water. It therefore
differs from equation 2.1, which is only applicable for ideal gasses. Since the Sabatier reaction is a
non-ideal mixture including polar component, equation 4.3 is applied.

K is calculated using the Gibbs free energy at a certain temperature and RefProp is used to generate
the fugacities at given temperature, pressure and reference pressure (P = 1.01325 bar). In RefProp,
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the mixture and its composition need to be specified. This is the initial guess for the composition. Then,
K is determined using the fugacities and the gascomposition is adjusted soK fits the value determined
from the Gibbs free energy. These new values for the gascomposition are put into RefProp to generate
the new fugacities for this new composition. Then, K is calculated again and the gascomposition is
adjusted so K fits the value from the Gibbs free energy. This iterative process is repeated until the val-
ues for the gascomposition in RefProp and the calculation are equal and fit the value for K determined
from the Gibbs free energy.

The composition is determined for each temperature and pressure in the simulation, according to Table
3.2. The results for the fugacity and the gascomposition per component can be seen in Appendix A.

4.2.2. Comparison to Lewis-Randall
For components in an ideal gas mixture at moderate pressures, the Lewis-Randall rule can be applied
to determine the fugacity of each component:

fi = yif
pure
i (T, P ) (4.5)

This rule states that the fugacity of a component in an ideal gas mixture is directly related to its mole
fraction in the mixture. In Equation 4.3, the fugacities are directly taken from RefProp, so the Lewis-
Randall rule is not invoked. To verify this choice, the fugacities from RefProp at T=455 K and pressures
between 10-50 bar are compared to the fugacities calculated with the Lewis-Randall rule. In Table 4.4,
the percentage derivation between these two methods is shown.

Table 4.4: Percentage derivation between fugacity coefficients from RefProp and calculated using Lewis-Randall.

Pressure [bar] Component
CH4 H2O CO2 H2

10
RefProp 1.025 0.947 1.001 1.095

Lewis-Randall 0.998 0.938 0.989 1.004
Deviation [%] 3 1 1 9

20
RefProp 1.055 0.894 0.999 1.209

Lewis-Randall 0.997 0.492 0.978 1.009
Deviation [%] 6 82 2 20

30
RefProp 1.089 0.841 1.000 1.347

Lewis-Randall 0.995 0.329 0.968 1.013
Deviation [%] 9 156 3 33

40
RefProp 1.13 0.789 1.004 1.514

Lewis-Randall 0.994 0.248 0.957 1.017
Deviation [%] 14 218 5 49

50
RefProp 1.179 0.737 1.012 1.722

Lewis-Randall 0.993 0.199 0.947 1.022
Deviation [%] 19 270 7 69

It can be seen clearly that at higher pressures, the deviations start to increase rapidly, especially for H2O.
The reason for this is that water is strongly polar, and thus behaves highly non-ideal. Additionally, the
components from the Sabatier reaction form a non-ideal mixture and are simulated at high pressures.
From Table 4.4, the conclusion can be drawn that for the components in the Sabatier reaction the
Lewis-Randall rule does not give reliable results for the fugacities and is therefore not applied in the
calculation.
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4.3. Initialization cycles
After a certain number of cycles, the energy of the system starts to fluctuate around one value, which
means the system has reached equilibrium. The cycles that are conducted before this equilibrium is
reached, have energies that are too high or low compared to the equilibrium value. Therefore, these
cycles give unrealistic values for the properties of the system and should therefore not be taken into
account when calculating the value of these properties. In RASPA3, these cycles are denoted as
initialization cycles. To determine how many initialization cycles are needed, an initial simulation is
conducted from which the energy is plotted versus a large number of cycles to check when the system
starts to fluctuate around the same value. This plot can be seen in Figure 4.1.

Figure 4.1: Potential energy versus number of cycles for T = 455 K & P = 10 bar in zeolite FAU.

The figure shows that the system starts to equilibrate after 30000 cycles, denoted by the vertical orange
line. Taking into account a margin, 40000 initialization cycles will be used in the simulations.

4.4. Literature comparison
In order to check whether the simulation conditions are correct, it is important to compare the results to
the literature [25], as can be seen in Figure 4.2. This figure shows the adsorption isotherms for CO2 in
FAU for a simulation (red) and experiment (blue) conducted by García-Sánchez et al [25]. The results
for the RASPA3 simulation (green) are plotted for comparison.
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Figure 4.2: Results from the RASPA3 simulation (green) compared to simulations (red) and experiments (blue) from literature
for CO2 in FAU [25].

The figure shows agood agreement between the results from the literature and the RASPA3 simulations.
The adsorption increases with increasing pressure in the same order of magnitude for the RASPA3
simulation as it does in the literature. The small deviation between the results is most likely due to the
fact that not all simulation conditions used in the literature are reported, such as the swap- or reinsertion
probabilities, so these cannot be copied into the RASPA3 simulation. However, the deviations are
negligible, which leads to the conclusion that the simulation conditions are correct and lead to the
expected results, based on literature.
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Results

In this chapter the results from the simulations are displayed and discussed. Firstly, the adsorption
isotherms of each component in all-silica zeolites at 455 K and 635 K are shown, respectively. Then, the
adsorption isotherms of each component in zeolites including aluminum at 455 K are shown. Finally, the
enthalpy of adsorption of each component in the zeolites is displayed as a measure for the desorption
capabilities of the zeolites. The numerical results for each simulation can be found in Appendix E.

5.1. Adsorption isotherms in all-silica zeolites at 455 K
This section shows the adsorption isotherms of H2O, CH4, CO2 and H2 in several zeolite types at 455
K, respectively. The zeolites are all-silica and contain no aluminum.

5.1.1. Adsorption isotherm of H2O

Figure 5.1: Adsorption of H2O in zeolites that have similar properties as FAU and large internal pores in the pressure range 10
- 50 bar at T = 455 K.

34
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Figure 5.2: Adsorption of H2O in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 455 K, zoomed in.

Figure 5.3: Adsorption of H2O in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 455 K.
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5.1.2. Adsorption isotherm of CH4

Figure 5.4: Adsorption of CH4 in zeolites that have similar properties as FAU and large internal pores in the pressure range 10
- 50 bar at T = 455 K.

Figure 5.5: Adsorption of CH4 in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 455 K.
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5.1.3. Adsorption isotherms of CO2

Figure 5.6: Adsorption of CO2 in zeolites that have similar properties as FAU and large internal pores in the pressure range 10
- 50 bar at T = 455 K.

Figure 5.7: Adsorption of CO2 in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 455 K.
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5.1.4. Adsorption isotherms of H2

Figure 5.8: Adsorption of H2 in zeolites that have similar properties as FAU and large internal pores in the pressure range 10 -
50 bar at T = 455 K.

Figure 5.9: Adsorption of H2 in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 455 K.
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As can be seen in figures 5.1 to 5.3, the adsorption of water onto the zeolites increases as pressure
increases. This is because at higher pressure, there are more molecules per unit volume and more
collisions with the surface, in this case the zeolite. The figures 5.4 and 5.5 show that the adsorption
of methane also increases slightly as pressure increases, except for certain zeolites that have a high
water adsorption at high pressures, which are FAU and EMT. The reason for this is that the water in
these zeolites dominates at high pressures and is able to form stable structures, which prevents other
components from entering the zeolite. It is also noticeable that the adsorption isotherms for CO2 and
H2 in figures 5.6 to 5.9 show a less consistent trend than H2O and CH4 and have a low adsorption.
This is because CO2 and H2 are present in the gas mixture in a much smaller amount than the other
two components, which means there are less molecules of CO2 and H2 available to be adsorbed.
Furthermore, as can be seen for several zeolites, the adsorption of CO2 and H2 drops even further at
higher pressures, since water dominates the adsorption.

5.2. Adsorption isotherms in all-silica zeolites at 635 K
This section shows the adsorption isotherms of H2O, CH4, CO2 and H2 in the zeolites at 635 K, respec-
tively. The zeolites are all-silica and contain no aluminum.

5.2.1. Adsorption isotherm of H2O

Figure 5.10: Adsorption of H2O in zeolites that have similar properties as FAU and large internal pores in the pressure range
10 - 50 bar at T = 635 K.
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Figure 5.11: Adsorption of H2O in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 635 K.

5.2.2. Adsorption isotherm of CH4

Figure 5.12: Adsorption of CH4 in zeolites that have similar properties as FAU and large internal pores in the pressure range
10 - 50 bar at T = 635 K.
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Figure 5.13: Adsorption of CH4 in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 635 K.

5.2.3. Adsorption isotherms of CO2

Figure 5.14: Adsorption of CO2 in zeolites that have similar properties as FAU and large internal pores in the pressure range
10 - 50 bar at T = 635 K.
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Figure 5.15: Adsorption of CO2 in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 635 K.

5.2.4. Adsorption isotherms of H2

Figure 5.16: Adsorption of H2 in zeolites that have similar properties as FAU and large internal pores in the pressure range 10 -
50 bar at T = 635 K.
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Figure 5.17: Adsorption of H2 in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 635 K.

As can be seen in the figures 5.10 and 5.11 the water adsorption decreases rapidly as a result of the
temperature increase. The reason for this is that adsorption is an exothermic process, so increasing
the temperature will lead to an adsorption decrease, according to Le Chatelier’s principle. It should be
noticed that the zeolites that have a high water adsorption at T = 455 K, such as FAU and EMT, now
have a lower adsorption than some other zeolites, such as IRR. This is because at low adsorption, the
polar effects of water are less dominant. There is less water in the zeolite, so other water molecules are
also less attracted towards the surface and the stable structure in the cages cannot be created. This
is also the reason that the other components don’t experience the same large decrease in adsorption.
Since the water is less dominant, the other components have a higher chance of being adsorbed.
Similar to the lower temperatures, the adsorption increase as the pressure increases is also clearly
visible in the figures.

5.3. Adsorption in zeolites including aluminum
This section shows the adsorption isotherms of H2O, CH4, CO2 and H2 in several zeolite types at 455
K, respectively. The zeolites have a Si/Al ratio between 15 and 27. Table 3.4 shows the exact ratio for
each zeolite.
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5.3.1. Adsorption isotherm of H2O

Figure 5.18: Adsorption of H2O in zeolites that have similar properties as FAU and large internal pores in the pressure range
10 - 50 bar at T = 455 K and Si/Al ratio between 15-25.

Figure 5.19: Adsorption of H2O in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 455 K and Si/Al ratio between 15-25.
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5.3.2. Adsorption isotherm of CH4

Figure 5.20: Adsorption of CH4 in zeolites that have similar properties as FAU and large internal pores in the pressure range
10 - 50 bar at T = 455 K and Si/Al ratio between 15-25.

Figure 5.21: Adsorption of CH4 in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 455 K and Si/Al ratio between 15-25.
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5.3.3. Adsorption isotherms of CO2

Figure 5.22: Adsorption of CO2 in zeolites that have similar properties as FAU and large internal pores in the pressure range
10 - 50 bar at T = 455 K and Si/Al ratio between 15-25.

Figure 5.23: Adsorption of CO2 in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 455 K and Si/Al ratio between 15-25.
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5.3.4. Adsorption isotherms of H2

Figure 5.24: Adsorption of H2 in zeolites that have similar properties as FAU and large internal pores in the pressure range 10 -
50 bar at T = 455 K and Si/Al ratio between 15-25.

Figure 5.25: Adsorption of H2 in zeolites that have large external pores and both large in- and external pores in the pressure
range 10 - 50 bar at T = 455 K and Si/Al ratio between 15-25.
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The figures 5.18 and 5.19 show that adding aluminum drastically increases the water adsorption ca-
pacity for each zeolite. This corresponds to expectations, since it introduces a negative framework
charge, which is compensated by adding cations. This creates strong electrostatic fields that attract
water, since water has a large dipole moment and is highly polar. Additionally, Al-O bonds are more
polar than Si-O bonds and thus attract water as well. Water molecules attract other molecules and form
stable structures, so the adsorption increases further. As explained in chapter 5.1.4, other components
are excluded from adsorption as the water adsorption increases, which is shown in figures 5.20 to 5.25
where a decrease in adsorption can be seen for certain zeolites, such as FAU and JSR.

5.4. Enthalpy of adsorption
This section shows the enthalpy of adsorption for each zeolite at both temperatures. The enthalpy of
adsorption is the amount of energy released when molecules attach to the surface. Usually, ∆H < 0,
since adsorption is an exothermic process. A large enthalpy of adsorptionmeans a strong attachment to
the surface, which is an indication that desorption is difficult. As explained in chapter 3.7, an enthalpy of
adsorption between -8 to -40 kJ/mol indicates that the component can be adsorbed easily. Figures 5.26
to 5.33 show the enthalpy of adsorption for each zeolite at T = 455 K and T = 635 K. Each zeolite has
an enthalpy of adsorption in the range -8 to -40 kJ/mol, denoted as the green area, which indicates that
adsorption is possible for each type. The yellow area indicates where desorption becomes moderate
to hard and the red area indicates where desorption becomes very hard to nearly impossible.

Figure 5.26: Enthalpy of adsorption of H2O in the pressure range 10 - 50 bar at T = 455 K.
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Figure 5.27: Enthalpy of adsorption of CH4 in the pressure range 10 - 50 bar at T = 455 K. For the green-yellow-red region,
see Figure 5.26.

Figure 5.28: Enthalpy of adsorption of CO2 in the pressure range 10 - 50 bar at T = 455 K. For the green-yellow-red region,
see Figure 5.26.
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Figure 5.29: Enthalpy of adsorption of H2 in the pressure range 10 - 50 bar at T = 455 K. For the green-yellow-red region, see
Figure 5.26.

Figure 5.30: Enthalpy of adsorption of H2O in the pressure range 10 - 50 bar at T = 635 K. For the green-yellow-red region,
see Figure 5.26.
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Figure 5.31: Enthalpy of adsorption of CH4 in the pressure range 10 - 50 bar at T = 635 K. For the green-yellow-red region,
see Figure 5.26.

Figure 5.32: Enthalpy of adsorption of CO2 in the pressure range 10 - 50 bar at T = 635 K. For the green-yellow-red region,
see Figure 5.26.
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Figure 5.33: Enthalpy of adsorption of H2 in the pressure range 10 - 50 bar at T = 635 K. For the green-yellow-red region, see
Figure 5.26.

5.5. Co-adsorption of CH4 & CO2
Figures 5.34 and 5.35 shows the ratio between H2O and CH4 adsorbed in each zeolite at 455 K and a
pressure of 10 and 50 bar, respectively.

Figure 5.34: Ratio of H2O and CH4 adsorbed in each zeolite at 455 K and 10 bar.
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Figure 5.35: Ratio of H2O and CH4 adsorbed in each zeolite at 455 K and 50 bar.

The figures show that for all zeolites, the adsorption of water is higher than methane. When increasing
the pressure, the ratio increases for EMT, IRR and FAU. For the other zeolites, the ratio remains roughly
the same or increases slightly. This shows that for certain zeolites, the increase in water adsorption
excludes the adsorption of other components. It also shows that at higher pressures FAU, EMT and
IRR are the most suitable zeolites when a low co-adsorption of methane is desired.
Figures 5.36 and 5.37 shows the ratio between H2O and CO2 adsorbed in each zeolite at 455 K and a
pressure of 10 and 50 bar, respectively.

Figure 5.36: Ratio of H2O and CO2 adsorbed in each zeolite at 455 K and 10 bar.
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Figure 5.37: Ratio of H2O and CO2 adsorbed in each zeolite at 455 K and 50 bar.

The figures show that at both low and high pressures, the co-adsorption of CO2 is very low and the
H2O/CO2 ratio is incredibly high, especially for FAU and EMT at 50 bar. Under these simulation cir-
cumstances and composition of the mixture, the adsorption of CO2 can be considered negligible and
will not shift the reaction equilibrium to the reactant side, according to Le Chatelier’s Principle.

5.6. Evaluation of results
The figures 5.1 to 5.25 show that the hypotheses from chapter 2.1.5 stands. The adsorption in the ze-
olites increases with increasing pressure and decreases with increasing temperature. Since the lower
temperature clearly shows better results than the higher temperature, the results will be evaluated at
the lower temperature, which is 455 K. Table 5.1 shows the properties of the zeolites, corresponding
to Table 1.1, but in the order of their adsorption capacity. In Table 5.2, two more properties are added,
namely restricting channel diameter and the number of cages. The restricting channel diameter is the
largest diameter with which a molecule can move through the zeolite. Certain molecules are small
enough for the cavities in a zeolite, but too large for its channels. The restricting channel diameter
denotes this limit. The number of cages is the number of cavities of the zeolite that are larger than its
channels. Each zeolite has a largest cavity diameter, but some of those have the same size as their
adjacent channels and are therefore not seen as cages.

The figures for the all-silica zeolites show that FAU has a high adsorption capacity for water, which
is 174 g/kg-framework at 50 bar, followed by EMT (48 g/kg), JSR (35 g/kg) and IRR (35 g/kg). The
other zeolites have an adsorption capacity below 20 g/kg-framework and nine of them around or below
10 g/kg-framework. At 40 bar, both JSR and IRR have a somewhat higher adsorption capacity than
EMT. FAU still has the highest adsorption capacity. At lower pressures FAU, JSR and IRR start to have
roughly the same adsorption capacity, followed by EMT and SBS.
The figures for the zeolites containing aluminum show a large increase in the adsorption capacity of
water for all zeolites. FAU, IRR, JSR, SBS and EMT again have the highest capacity, and AFR, AFY,
BPH and BEA the lowest. It can be seen that the rest of the order of adsorption capacity is also roughly
equal to the one for the zeolites containing only silicon.

When evaluating this results, certain conclusions can be drawn. Firstly, whether zeolites have sim-
ilar properties to FAU or internal and/or external pores does not seem decisive for their adsorption
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capacity, since zeolites from all categories appear at random places in the order of Tables 5.1 and 5.2.
Additionally, the restricting pore diameter is not crucial for the adsorption capacity. The tables show that
larger diameters appear at the bottom of the adsorption capacity order, such as AFR, and smaller ones
at the top, such as JSR. Secondly, large cavity diameters seem to play a role in the adsorption capacity,
since zeolites with larger cavities (> 10 Å) appear at the top while the ones with smaller cavities (< 10 Å)
appear at the bottom, with the exception of SAO and JSR. The almost exact same situation can be seen
for the restricting channel diameter. It should be mentioned however, that some zeolites have narrow
channels, even though their restricting channel diameter is large enough for the molecules to move
through. For some cases, the molecules can move through the zeolites in one dimension, but not in
the other because the channels are too narrow. Therefore, not all channels are accessible from every
direction. This is the case for AFR, BEA, BOZ, SBE and SBS, which have some large channels, but
also channels that are significantly smaller and therefore difficult or even impossible for the molecules
to move through. Additionally, accessible pore volume is also important, since the zeolites where this
property is low (AFR, BEA, BPH), appear at the bottom of the list and the ones where it is higher (JSR,
IRR, FAU) appear at the top.
It is also noticeable that the zeolites with a large number of cages, such as FAU and JSR, have a high
adsorption capacity, whilst the types that have few or no distinguishable cages have a low adsorption
capacity, for example AFY and BPH. The size of the cage, so a large cavity diameter, seems to further
enhance this trend. The exception on this is IRR, which has no cages but still a relatively high adsorp-
tion capacity, most likely due to its large channel size and large accessible pore volume.
When considering desorption, figures 5.26 to 5.33 show that all zeolites have an enthalpy of adsorption
between -8 and -40 kJ/mol, which indicates that desorption is possible. For some zeolites, such as
FAU, the enthalpy of adsorption decreases with increasing pressure, making desorption harder, but
not impossible.

Table 5.1: Zeolite types for which the adsorption isotherms will be generated with RASPA simulations. The table shows the
total volume, accessible pore volume, largest cavity diameter and restricting pore diameter for each zeolite.

Zeolites Vol. Access. Pore Vol. Largest Cavity D. Restrict. Pore D.
[Å3] [cm3/g] [Å] [Å]

FAU 14428.771 0.3723 10.696 6.950
EMT 7207.302 0.3711 11.001 6.967
IRR 4422.866 0.4838 13.915 11.716
JSR 7815.473 0.4221 7.431 4.542
SBS 6997.151 0.3422 10.977 6.867
SBT 10501.091 0.3410 10.397 6.944
SAO 3948.063 0.3371 8.214 6.298
SBE 9320.777 0.3386 12.097 6.835
BOZ 7112.097 0.3558 8.305 4.518
ITT 3586.511 0.4094 12.771 11.602
BEA 4178.433 0.2716 6.118 5.634
BPH 1914.802 0.3023 9.108 5.614
AFY 1132.679 0.3380 7.422 5.502
AFR 2109.810 0.2618 7.816 6.573
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Table 5.2: Zeolite types for which the adsorption isotherms will be generated with RASPA simulations. The table shows the
total volume, accessible pore volume, largest cavity diameter and restricting pore diameter for each zeolite.

Zeolites Restrict. Channel D. Cages H2O ad. 50 bar, 455 K H2O ad. 50 bar, 455 K, Al
[Å] - [g/kg-framework] [g/kg-framework]

FAU 10.696 8 174.011 244.988
EMT 11.001 6 47.946 196.116
IRR 13.915 0 34.641 231.436
JSR 7.431 8 34.592 227.742
SBS 10.977 2 16.329 206.434
SBT 10.397 4 14.769 184.213
SAO 8.206 0 11.499 156.674
SBE 12.097 1 10.751 158.534
BOZ 8.305 2 10.549 135.229
ITT 12.771 0 10.034 146.538
BEA 6.118 0 6.796 127.078
BPH 9.108 0 5.790 114.319
AFY 7.422 0 2.982 115.542
AFR 7.816 2 2.511 118.561
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Conclusion

This study has examined which synthetic zeolites exhibit the highest suitability for water adsorption in
the Sabatier reaction, and the specific properties that account for their superior performance. From the
evaluation of the simulation results, several conclusions can be drawn in order to answer this question.
Firstly, the increase of pressure increases the adsorption capacity of water in each zeolite. The capacity
of other components increases until water becomes dominant and excludes the other components from
the framework, after which their adsorption starts to decrease. The results show that in the pressure
range of 10-50 bar, a pressure of 50 bar yields the highest water adsorption capacity for each zeolite
type.
The increase of temperature from 455 K to 635 K has a negative effect on the adsorption of water in the
zeolites, as it decreases rapidly. The other components experience a slight decrease in adsorption, but
not as much as water. This is because water is less dominant in the framework and other component
can therefore be adsorbed more easily.
Adding aluminum to the framework rapidly increases the adsorption of water compared to the all-silica
frameworks. This is because the Al-O bonds and added cations create strong electrostatic fields that
attract water, since it has a large dipole moment and is highly polar. This research shows that zeolites
with an Si/Al ratio between 15-27 experience a large water adsorption increase with respect to their
all-silica frameworks.
Additionally, all zeolites have an enthalpy of adsorption that indicates that desorption is possible.
The results show that the zeolites FAU, EMT, JSR, IRR and SBS have the highest adsorption capac-
ity for water for all-silica frameworks and frameworks including aluminum. Of these five zeolite types,
FAU shows the highest adsorption capacity for water. The zeolites AFR, AFY, BPH and BEA have the
lowest water adsorption capacity.

The zeolite properties show that the restricting pore diameter is not crucial for the adsorption capacity,
once the pores are large enough (> 5 Å) for each component to enter the zeolite. The combination
of large cavity diameters and a high accessible pore volume seem to increase a zeolites water ad-
sorption capacity. Furthermore, in some zeolites, molecules can move through the framework in one
dimension, since the restricting channel size is larger than the molecule. However, in another direction,
these channels are too narrow, which restricts the movement of molecules and has a decreasing effect
on the water adsorption capacity. Additionally, the position of the channels, internal or external, is not
crucial for the water adsorption capacity, since zeolites from each category show both higher and lower
water adsorption capacities. Lastly, the number and size of cages in the zeolite is important for the wa-
ter adsorption capacity. Zeolites that have many large cages show the highest adsorption capacity,
such as FAU and JSR. This is because the adsorption of water attracts other water molecules, which
leads to large stable water structures in the zeolites, excluding other components and attracting more
water.
Based on these results, zeolites that have a high accessible pore volume, large channels and many
large cages are expected to have a high water adsorption capacity. This can be further enhanced by
adding aluminum up to an Si/Al ratio between 15-25, applying a pressure of 50 bar and a temperature
of 455 K.
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Recommendations

This chapter will give some recommendations for improvements on this and future research regarding
zeolites and adsorption capacity, especially with regards to the Sabatier reaction.

Firstly, the results are acquired through computer simulations. Experimental research may give dif-
ferent results. Certain circumstances, such as pressure and temperature, are fixed in a simulation and
cannot fluctuate. In an experimental set-up these circumstances might fluctuate due to the surround-
ings. Additionally, zeolite samples in an experiment can show irregularities that are not present in a
simulation. The simulation uses the zeolite structure from iRASPA, which is the most ideal structure
with no irregularities. This can also have an impact on the adsorption capacity of the zeolite. An ex-
perimental test to examine the adsorption capacity of the zeolites in this research can therefore lead to
new insights or improvements on these results.

Secondly, this research is limited to certain types of zeolites, pressures and temperatures. A wider
range of tests can show different results, in which certain zeolites that are not tested in this research
could also have a high adsorption capacity. Also, different Si/Al ratios might prove that there is a limit to
the number of aluminum atoms in the zeolite after which the water adsorption does no longer increase,
or perhaps a limit to the pressure increase. Simulations or experiments that examine other pressures,
temperatures, Si/Al ratios and zeolites can build upon the insights from this research.

Additionally, in this research the Sabatier reaction itself is not simulated, only the gas composition
of the products. It can be interesting to see if or how both the composition and adsorption change if the
reaction takes places inside the zeolite. The dispersion of the nickel catalyst in the framework could
also have an influence on this. These aspects can be examined in an experimental set-up.

In conclusion, it is recommended to conduct the tests in this report in an experimental set-up, to see
how it differs from the simulations. Additionally, certain properties such as pressure, temperature, Si/Al
ratio and the zeolite types can be extended in future research. Also, artificial zeolites can be created
using the most beneficial properties found in this research for water adsorption for application in the
Sabatier reaction.
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A

Gas composition & Fugacity
coefficients

This appendix shows the fugacity coefficients for each component at T = 455 K and T = 635 K, deter-
mined using RefProp [35].

Table A.1: Fugacity coefficient of water, methane, carbon dioxide and hydrogen at T = 455 K in the pressure range 10 - 50 bar
[35].

Pressure
[bar]

ϕ Water (H2O) ϕ Methane (CH4) ϕ Carbon dioxide
(CO2)

ϕ Hydrogen (H2)

10 0.94674 1.0251 1.0013 1.0953
20 0.89371 1.0546 0.99951 1.2093
30 0.841 1.0891 1.0004 1.3466
40 0.7886 1.13 1.0043 1.5144
50 0.7365 1.1785 1.0117 1.7224

Table A.2: Fugacity coefficient of water, methane, carbon dioxide and hydrogen at T = 635 K in the pressure range 10 - 50 bar
[35].

Pressure
[bar]

ϕ Water (H2O) ϕ Methane (CH4) ϕ Carbon dioxide
(CO2)

ϕ Hydrogen (H2)

10 0.98403 1.0083 1.0054 1.0275
20 0.96802 1.0173 1.0079 1.0568
30 0.95209 1.0266 1.0107 1.0876
40 0.93627 1.0363 1.0138 1.1197
50 0.92054 1.0465 1.0171 1.1534

Table A.3: Gas compositions of the mixture with water, methane, carbon dioxide and hydrogen at T = 455 K in the pressure
range 10 - 50 bar [35].

Pressure
[bar]

y Water (H2O) y Methane (CH4) y Carbon dioxide
(CO2)

y Hydrogen (H2)

10 0.6657 0.33280089 0.00029911 0.0012
20 0.666 0.33297042 0.00020592 0.00082366
30 0.66611 0.33310126 0.00015775 0.00063099
40 0.6662 0.33317219 0.00012556 0.00050225
50 0.6663 0.33319231 0.00010154 0.00040615
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Table A.4: Gas composition for the mixture with water, methane, carbon dioxide and hydrogen at T = 635 K in the pressure
range 10 - 50 bar [35].

Pressure
[bar]

y Water (H2O) y Methane (CH4) y Carbon dioxide
(CO2)

y Hydrogen (H2)

10 0.659 0.3295 0.0023 0.0092
20 0.661 0.3305 0.0017 0.0068
30 0.662 0.331 0.0014 0.0056
40 0.6626 0.3313 0.0012 0.0049
50 0.6631 0.3315 0.0011 0.0043



B

Peng-Robinson Equation of State

This appendix shows the Peng-Robinson Equation of State for mixtures [6].

For a component i in a mixture:

ai(T ) = 0.45724
R2T 2

c,i

Pc,i
αi(T ) (B.1)

bi = 0.0778
RTc,i

Pc,i
(B.2)

αi(T ) = [1 +mi(1−
√
Tr,i)]

2 (B.3)

With:

Tr,i =
T

Tc,i
(B.4)

And:

mi = 0.37464 + 1.54226ωi − 0.26992ω2
i (B.5)

Then the mixing rules are:

amix =
∑
i

∑
j

xixjaij (B.6)

With:
aij = (1− kij)

√
aiaj (B.7)

bmix =
∑
i

xibi (B.8)

The Peng-Robinson Equation of State is:

P =
RT

Vm − bmix
− amix

Vm(Vm + bmix) + bmix(Vm − bmix)
(B.9)

Working with compressibility factor Z:

Z =
PVm

RT
(B.10)

And defining reduced EoS parameters A & B:

A =
amixP

R2T 2
(B.11)
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B =
bmixP

RT
(B.12)

Then Z is determined using the cubic equation:

Z3 − (1−B)Z2 + (A− 3B2 − 2B)Z − (AB −B2 −B3) = 0 (B.13)

The fugacity coefficient ϕi for component i can then be determined using:

ln ϕi =
bi
bmix

(Z − 1)− ln(Z −B)− A

2
√
2B

(
2
∑

j xjaij

amix
− bi

bmix
)ln(Z + (1 +

√
2)B

Z + (1−
√
2)B

) (B.14)



C

Enthalpy & Entropy

Table C.1: Thermodynamic properties for each component at T = 455 K. h◦
f
is evaluated at T = 298.15 K and P = 1 atm [44]

[24].

Property Component
CH4 H2O CO2 H2

h◦
f
[kJ/kmol] -74850 -241820 -393520 0

∆h [kJ/kmol] 16208 15254 15699.5 13032.75
s [kJ/kmol·K] 202.94 203.116 230.669 142.862

Table C.2: Thermodynamic properties for each component at T = 635 K. h◦
f
is evaluated at T = 298.15 K and P = 1 atm [44]

[24].

Property Component
CH4 H2O CO2 H2

h◦
f
[kJ/kmol] -74850 -241820 -393520 0

∆h [kJ/kmol] 24931 21678.5 23949.5 18306.375
s [kJ/kmol·K] 219.19 214.996 245.903 152.626
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D

Python script silicon to aluminum

from porran import PORRAN
# Create a PORRAN object
prn = PORRAN()

# Read the input file. We will use the zeolite method to create the structure graph
# This will create a graph of the structure based on Si-O-Si bonds.
prn.init_structure(’BEA.cif’, graph_method=’zeolite’, mask_method=’zeolite’)

# Random structures obeying the Löwenstein rule
random_strcts = prn.generate_structures(n_structures=2, n_subs=3, replace_algo=’random_lowenstein’,
create_algo=’zeolite’, write=True, writepath=’Structures/random_lowenstein’)

# Rename one of the new structure files to ’Zeolite_2.cif’

from ase.io import read, write
import numpy as np

# ====== USER INPUT ======
input_cif = ”BEA_2.cif” # Input CIF file name
output_cif = ”zeolite_relabelled.cif” # Output CIF file name
cutoff = 2.1 # Maximum Al–O bond length (in Å)

# ==========================

# Read structure
atoms = read(input_cif)
symbols = atoms.get_chemical_symbols()

# Identify indices of Al and O atoms
al_indices = [i for i, s in enumerate(symbols) if s.lower() == ”al”]
o_indices = [i for i, s in enumerate(symbols) if s.lower() == ”o”]

# Track which O atoms are bonded to Al
o_al_bonded = set()
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# Loop over all Al–O pairs and check distance
for i in al_indices:

for j in o_indices:
dist = atoms.get_distance(i, j, mic=True)
if dist <= cutoff:
o_al_bonded.add(j)

# — Build custom labels —
custom_labels = []
custom_types = []
for i, symbol in enumerate(symbols):

if i in o_al_bonded:
custom_labels.append(f”Oa{i+1}”) # label
custom_types.append(”Oa”) # type

else:
custom_labels.append(f”{symbol}{i+1}”)
custom_types.append(symbol)

# — Write CIF using ASE —
write(output_cif, atoms)

# — Post-process CIF to replace both type_symbol and label —
with open(output_cif, ’r’) as f:

lines = f.readlines()

with open(output_cif, ’w’) as f:
atom_index = 0
for line in lines:
stripped = line.strip()
if stripped == ”” or stripped.startswith(”_”) or stripped.startswith(”loop_”):
f.write(line)
continue

parts = line.split()
if len(parts) >= 6: # assume this is an atom line
parts[0] = custom_types[atom_index] # _atom_site_type_symbol
parts[1] = custom_labels[atom_index] # _atom_site_label
atom_index += 1
f.write(” ”.join(parts) + ””)

else:
f.write(line)

print(f”Relabelled {len(o_al_bonded)} oxygen atoms as Oa.”)
print(f”New CIF saved as: {output_cif}”)



E

Simulation results

Table E.1: H2O adsorption (g/kg-framework) at T = 455 K, all-silica frameworks.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 1.645 3.458 5.557 8.045 10.553
FAU 2.282 5.721 11.707 34.594 173.996
JSR 2.853 6.660 12.113 21.911 34.603
SBT 1.834 4.203 7.850 9.213 14.771
AFY 0.641 1.273 1.853 2.481 2.981
BPH 1.033 2.168 3.357 4.597 5.793
IRR 2.192 4.906 8.474 14.581 34.647
ITT 1.417 3.052 4.843 6.836 10.038
AFR 0.485 0.985 1.592 2.186 2.511
BEA 0.554 2.389 3.664 5.483 6.799
EMT 1.558 3.514 6.073 9.758 47.932
SAO 1.500 3.291 5.437 8.166 11.505
SBE 1.394 2.991 4.979 7.381 10.759
SBS 1.590 3.590 6.082 10.301 16.338

Table E.2: CH4 adsorption (g/kg-framework) at T = 455 K, all-silica frameworks.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 0.845 1.680 2.510 3.332 4.156
FAU 1.611 3.209 4.708 5.561 1.949
JSR 2.189 4.289 6.338 8.113 9.551
SBT 1.138 2.239 3.289 3.313 4.041
AFY 0.087 0.190 0.287 0.398 0.521
BPH 0.314 0.645 0.966 1.306 1.663
IRR 1.033 2.103 3.113 4.144 4.868
ITT 0.483 0.986 1.499 1.997 2.541
AFR 0.147 0.286 0.443 0.615 0.787
BEA 0.238 1.001 1.504 2.013 2.553
EMT 0.802 1.627 2.443 3.218 3.201
SAO 0.752 1.486 2.220 2.957 3.682
SBE 0.561 1.126 1.689 2.270 2.829
SBS 0.833 1.649 2.481 3.279 4.052
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Table E.3: CO2 adsorption (g/kg-framework) at T = 455 K, all-silica frameworks.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 2.07 · 10−3 3.34 · 10−3 5.81 · 10−3 3.98 · 10−3 4.54 · 10−3

FAU 5.95 · 10−3 1.01 · 10−2 1.05 · 10−2 9.77 · 10−3 4.35 · 10−3

JSR 9.69 · 10−3 9.69 · 10−3 1.21 · 10−2 1.55 · 10−2 1.22 · 10−2

SBT 4.88 · 10−3 5.70 · 10−3 5.95 · 10−3 3.31 · 10−3 4.42 · 10−3

AFY 9.15 · 10−4 1.00 · 10−10 4.58 · 10−4 4.40 · 10−4 4.40 · 10−4

BPH 7.85 · 10−4 2.62 · 10−4 5.23 · 10−4 1.57 · 10−3 7.85 · 10−4

IRR 2.82 · 10−3 3.94 · 10−3 5.49 · 10−3 2.68 · 10−3 5.07 · 10−3

ITT 1.12 · 10−3 1.91 · 10−3 2.23 · 10−3 1.91 · 10−3 1.91 · 10−3

AFR 2.29 · 10−4 6.87 · 10−4 6.87 · 10−4 4.58 · 10−4 4.40 · 10−4

BEA 4.81 · 10−3 2.06 · 10−3 2.29 · 10−3 2.63 · 10−3 1.49 · 10−3

EMT 2.29 · 10−3 3.36 · 10−3 3.97 · 10−3 4.12 · 10−3 3.74 · 10−3

SAO 2.49 · 10−3 4.06 · 10−3 4.32 · 10−3 3.40 · 10−3 3.27 · 10−3

SBE 2.06 · 10−3 2.75 · 10−3 2.98 · 10−3 3.26 · 10−3 2.69 · 10−3

SBS 2.90 · 10−3 3.51 · 10−3 4.12 · 10−3 3.82 · 10−3 4.12 · 10−3

Table E.4: H2 adsorption (g/kg-framework) at T = 455 K, all-silica frameworks.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 2.15 · 10−4 3.79 · 10−4 4.20 · 10−4 5.77 · 10−4 5.73 · 10−4

FAU 3.51 · 10−4 4.82 · 10−4 5.88 · 10−4 6.04 · 10−4 2.48 · 10−4

JSR 4.34 · 10−4 6.15 · 10−4 7.27 · 10−4 7.62 · 10−4 9.44 · 10−4

SBT 2.63 · 10−4 3.80 · 10−4 4.92 · 10−4 5.76 · 10−4 5.55 · 10−4

AFY 1.05 · 10−4 6.29 · 10−5 1.05 · 10−4 3.15 · 10−4 2.52 · 10−4

BPH 1.44 · 10−4 2.76 · 10−4 3.23 · 10−4 3.35 · 10−4 2.76 · 10−4

IRR 4.26 · 10−4 5.16 · 10−4 5.10 · 10−4 7.74 · 10−4 7.23 · 10−4

ITT 1.90 · 10−4 2.92 · 10−4 3.36 · 10−4 4.60 · 10−4 6.05 · 10−4

AFR 6.29 · 10−5 7.35 · 10−5 1.68 · 10−4 1.68 · 10−4 1.78 · 10−4

BEA 8.02 · 10−4 2.52 · 10−4 3.51 · 10−4 3.98 · 10−4 4.25 · 10−4

EMT 2.97 · 10−4 3.57 · 10−4 3.92 · 10−4 4.37 · 10−4 4.89 · 10−4

SAO 2.04 · 10−4 3.12 · 10−4 5.33 · 10−4 5.39 · 10−4 5.22 · 10−4

SBE 1.76 · 10−4 3.83 · 10−4 4.07 · 10−4 4.59 · 10−4 6.03 · 10−4

SBS 2.34 · 10−4 4.13 · 10−4 4.79 · 10−4 5.45 · 10−4 5.73 · 10−4
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Table E.5: H2O adsorption (g/kg-framework) at T = 635 K, all-silica frameworks.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 0.789 1.572 2.368 3.138 3.851
FAU 1.043 2.093 3.179 4.245 5.305
JSR 1.222 2.464 3.661 4.843 6.033
SBT 0.780 1.560 2.341 3.124 3.941
AFY 0.378 0.774 1.151 1.497 1.849
BPH 0.555 1.086 1.599 2.076 2.628
IRR 1.120 2.261 3.405 4.512 5.703
ITT 0.787 1.580 2.392 3.147 3.939
AFR 0.314 0.623 0.893 1.179 1.480
BEA 0.542 1.101 1.644 2.178 2.705
EMT 0.797 1.578 2.390 3.184 3.982
SAO 0.744 1.491 2.199 2.922 3.668
SBE 0.719 1.425 2.137 2.824 3.536
SBS 0.785 1.588 2.370 3.135 3.915

Table E.6: CH4 adsorption (g/kg-framework) at T = 635 K, all-silica frameworks.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 0.356 0.723 1.070 1.404 1.752
FAU 0.664 1.339 1.987 2.622 3.267
JSR 0.786 1.576 2.369 3.124 3.832
SBT 0.384 0.777 1.151 1.539 1.915
AFY 0.073 0.150 0.214 0.287 0.362
BPH 0.174 0.360 0.526 0.696 0.857
IRR 0.527 1.061 1.561 2.086 2.608
ITT 0.290 0.578 0.855 1.160 1.436
AFR 0.104 0.211 0.311 0.418 0.516
BEA 0.241 0.478 0.702 0.950 1.171
EMT 0.394 0.784 1.170 1.550 1.927
SAO 0.350 0.711 1.060 1.397 1.714
SBE 0.288 0.571 0.867 1.146 1.427
SBS 0.389 0.780 1.160 1.533 1.916
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Table E.7: CO2 adsorption (g/kg-framework) at T = 635 K, all-silica frameworks.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 7.00 · 10−3 1.10 · 10−2 1.30 · 10−2 1.41 · 10−2 1.92 · 10−2

FAU 1.55 · 10−2 2.54 · 10−2 3.06 · 10−2 3.41 · 10−2 3.67 · 10−2

JSR 1.84 · 10−2 2.68 · 10−2 3.49 · 10−2 3.81 · 10−2 4.18 · 10−2

SBT 7.48 · 10−3 1.35 · 10−2 1.46 · 10−2 1.67 · 10−2 2.03 · 10−2

AFY 1.00 · 10−10 1.83 · 10−3 2.75 · 10−3 9.15 · 10−4 4.58 · 10−4

BPH 2.88 · 10−3 7.32 · 10−3 4.18 · 10−3 4.45 · 10−3 6.54 · 10−3

IRR 1.00 · 10−2 1.68 · 10−2 2.08 · 10−2 2.44 · 10−2 2.70 · 10−2

ITT 4.62 · 10−3 7.64 · 10−3 1.03 · 10−2 1.16 · 10−2 1.08 · 10−2

AFR 1.14 · 10−3 1.83 · 10−3 2.52 · 10−3 2.52 · 10−3 1.60 · 10−3

BEA 4.58 · 10−3 8.12 · 10−3 8.35 · 10−3 1.01 · 10−2 1.05 · 10−2

EMT 9.84 · 10−3 1.28 · 10−2 1.51 · 10−2 1.81 · 10−2 1.98 · 10−2

SAO 8.37 · 10−3 1.14 · 10−2 1.15 · 10−2 1.54 · 10−2 1.60 · 10−2

SBE 5.72 · 10−3 9.44 · 10−3 9.73 · 10−3 1.14 · 10−2 1.45 · 10−2

SBS 7.70 · 10−3 1.11 · 10−2 1.62 · 10−2 2.02 · 10−2 1.77 · 10−2

Table E.8: H2 adsorption (g/kg-framework) at T = 635 K, all-silica frameworks.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 1.05 · 10−3 1.57 · 10−3 1.93 · 10−3 2.40 · 10−3 2.66 · 10−3

FAU 1.42 · 10−3 2.03 · 10−3 2.57 · 10−3 3.11 · 10−3 3.29 · 10−3

JSR 1.54 · 10−3 2.29 · 10−3 3.01 · 10−3 3.37 · 10−3 4.16 · 10−3

SBT 1.14 · 10−3 1.65 · 10−3 2.01 · 10−3 2.35 · 10−3 2.71 · 10−3

AFY 3.98 · 10−4 8.39 · 10−4 7.55 · 10−4 9.44 · 10−4 1.15 · 10−3

BPH 8.63 · 10−4 1.02 · 10−3 1.35 · 10−3 1.63 · 10−3 1.87 · 10−3

IRR 1.61 · 10−3 2.21 · 10−3 3.06 · 10−3 3.52 · 10−3 3.58 · 10−3

ITT 9.56 · 10−4 1.61 · 10−3 2.25 · 10−3 2.45 · 10−3 2.71 · 10−3

AFR 5.03 · 10−4 6.61 · 10−4 7.86 · 10−4 7.03 · 10−4 1.01 · 10−3

BEA 8.07 · 10−4 1.23 · 10−3 1.42 · 10−3 1.60 · 10−3 2.00 · 10−3

EMT 1.17 · 10−3 1.49 · 10−3 1.99 · 10−3 2.45 · 10−3 2.66 · 10−3

SAO 1.02 · 10−3 1.42 · 10−3 1.95 · 10−3 2.22 · 10−3 2.71 · 10−3

SBE 1.05 · 10−3 1.40 · 10−3 1.89 · 10−3 2.19 · 10−3 2.47 · 10−3

SBS 1.06 · 10−3 1.66 · 10−3 2.16 · 10−3 2.26 · 10−3 2.74 · 10−3



72

Table E.9: H2O adsorption (g/kg-framework) at T = 455 K, frameworks incl. aluminum.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 64.563 83.602 91.767 111.865 135.229
JSR 70.499 111.629 142.766 203.553 227.742
FAU 76.044 131.551 192.017 232.573 244.988
SBT 74.428 105.559 138.461 151.283 184.213
AFY 79.071 90.249 82.058 96.657 115.542
BPH 49.536 59.035 64.754 70.560 114.319
IRR 59.730 81.295 98.622 164.499 231.436
ITT 68.680 75.490 109.340 112.517 146.538
AFR 98.794 97.497 102.745 98.421 118.561
BEA 65.757 89.084 103.094 108.678 127.078
EMT 83.690 101.931 133.159 189.146 196.116
SAO 92.370 112.203 127.770 141.315 156.675
SBE 69.710 88.714 119.572 143.813 158.534
SBS 86.604 115.156 152.395 183.343 206.434

Table E.10: CH4 adsorption (g/kg-framework) at T = 455 K, frameworks incl. aluminum.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 0.652 1.170 1.544 1.770 2.010
JSR 1.741 2.838 3.597 2.912 2.599
FAU 1.433 1.945 1.445 0.865 0.692
SBT 0.661 1.055 1.208 1.475 1.245
AFY 0.071 0.095 0.220 0.178 0.254
BPH 0.258 0.473 0.686 0.914 0.789
IRR 0.938 1.788 2.405 2.360 1.833
ITT 0.400 0.772 0.922 1.188 1.171
AFR 0.084 0.172 0.237 0.411 0.434
BEA 0.375 0.574 0.739 0.866 0.834
EMT 0.626 1.148 1.278 1.036 1.004
SAO 0.541 0.945 1.184 1.507 1.490
SBE 0.445 0.777 0.926 0.950 1.016
SBS 0.614 1.081 1.147 1.049 0.869



73

Table E.11: CO2 adsorption (g/kg-framework) at T = 455 K, frameworks incl. aluminum.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 2.664 · 10−3 5.642 · 10−3 5.407 · 10−3 3.918 · 10−3 3.761 · 10−3

JSR 1.585 · 10−2 1.788 · 10−2 1.360 · 10−2 7.589 · 10−3 8.190 · 10−3

FAU 1.477 · 10−2 1.350 · 10−2 8.287 · 10−3 4.950 · 10−3 3.262 · 10−3

SBT 4.297 · 10−3 5.147 · 10−3 5.297 · 10−3 4.247 · 10−3 3.598 · 10−3

AFY 1.00 · 10−10 1.00 · 10−10 1.00 · 10−10 1.00 · 10−10 1.00 · 10−10

BPH 2.582 · 10−4 1.033 · 10−3 2.065 · 10−3 1.033 · 10−3 1.291 · 10−3

IRR 4.583 · 10−3 4.722 · 10−3 5.972 · 10−3 7.222 · 10−3 3.611 · 10−3

ITT 2.037 · 10−3 2.351 · 10−3 2.977 · 10−3 1.724 · 10−3 1.097 · 10−3

AFR 4.475 · 10−4 1.00 · 10−10 6.712 · 10−4 1.0 · 10−10 2.237 · 10−4

BEA 3.375 · 10−3 2.250 · 10−3 1.912 · 10−3 1.350 · 10−3 2.250 · 10−3

EMT 3.893 · 10−3 5.240 · 10−3 5.764 · 10−3 4.716 · 10−3 2.994 · 10−3

SAO 4.233 · 10−3 4.233 · 10−3 4.361 · 10−3 3.078 · 10−3 3.591 · 10−3

SBE 2.700 · 10−3 4.444 · 10−3 2.981 · 10−3 3.150 · 10−3 2.700 · 10−3

SBS 4.492 · 10−3 5.989 · 10−3 5.390 · 10−3 3.593 · 10−3 3.294 · 10−3

Table E.12: H2 adsorption (g/kg-framework) at T = 635 K, frameworks incl. aluminum.

Zeolite Pressure [bar]
10 20 30 40 50

BOZ 1.795 · 10−4 2.549 · 10−4 3.339 · 10−4 3.375 · 10−4 3.626 · 10−4

JSR 3.305 · 10−4 4.200 · 10−4 4.545 · 10−4 2.582 · 10−4 2.651 · 10−4

FAU 2.663 · 10−4 2.594 · 10−4 1.959 · 10−4 1.168 · 10−4 9.107 · 10−5

SBT 1.992 · 10−4 2.518 · 10−4 2.725 · 10−4 2.633 · 10−4 2.083 · 10−4

AFY 6.151 · 10−5 1.230 · 10−4 1.845 · 10−4 1.026 · 10−4 1.436 · 10−4

BPH 1.774 · 10−4 1.065 · 10−4 2.602 · 10−4 2.484 · 10−4 2.484 · 10−4

IRR 3.245 · 10−4 4.263 · 10−4 4.137 · 10−4 4.391 · 10−4 3.563 · 10−4

ITT 1.508 · 10−4 3.088 · 10−4 3.447 · 10−4 4.164 · 10−4 3.518 · 10−4

AFR 1.025 · 10−5 6.151 · 10−5 1.026 · 10−4 9.227 · 10−5 1.230 · 10−4

BEA 7.216 · 10−5 1.856 · 10−4 1.804 · 10−4 2.577 · 10−4 1.598 · 10−4

EMT 2.401 · 10−4 3.018 · 10−4 2.710 · 10−4 2.058 · 10−4 2.161 · 10−4

SAO 1.646 · 10−4 2.057 · 10−4 2.586 · 10−4 2.410 · 10−4 1.528 · 10−4

SBE 2.140 · 10−4 2.680 · 10−4 2.552 · 10−4 2.242 · 10−4 2.346 · 10−4

SBS 1.818 · 10−4 2.127 · 10−4 2.230 · 10−4 2.332 · 10−4 1.303 · 10−4
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